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Preface

The pulp and paper industry is traditionally known to be a large contributor to
environmental pollution due to its large consumptions of energy and chemicals.
Biotechnological methods, however, offer potential opportunities for changing the
industry toward more environmentally friendly and efficient operations compared to
the conventional methods. The importance of biotechnology lies in its potential for
more specific reactions, less environmentally deleterious processes, energy savings,
and capacity to be used in place of nonbiological processes. Increased pulp yield,
improved fiber properties, enhanced paper recycling, reduced processing, and
environmental problems and energy efficiency are all consequences of biotechno-
logical processes in the pulp and paper industry. The number of possible applica-
tions of biotechnology in pulp and paper manufacture has grown steadily during the
past three decades. Many applications have approached or are approaching toward
commercial reality. Applications that have been successfully transferred to com-
mercial use include xylanases for bleach boosting, cellulases for improved drainage,
lipases for pitch removal, cellulase–hemicellulase mixture for deinking and fiber
modification, esterases for stickies control, levan hydrolase, proteases, cellulases,
amylases, etc., for slime removal. The book entitled “Biotechnology for Pulp and
Paper Processing” provides the most up-to-date information available on various
biotechnological processes useful in the pulp and paper industry and covers in great
depth all the aspects of various biotechnological processes including the environ-
mental issues The first edition was published in 2011. Many new developments
have taken place in the last decade which warrants a second edition on this topic.
The second edition has been updated, revised, and extended. Several new chapters
—Laccase application in fibreboard; Biotechnology in forestry; Pectinases in
papermaking; Stickies control with pectinase; Products from hemicelluloses;
Value-added products from biorefinery lignin; Use of enzymes in mechanical
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pulping)—have been added. This book has a textbook potential for graduate course
“Biotechnology in the wood, pulp and paper industry” and is a valuable reference
which every pulp and papermaker/engineer/chemist/biotechnologist must have
access. I hope that readers will find it useful.

Kanpur, India Pratima Bajpai
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Chapter 1
Introduction

Abstract The use of “environment-friendly” processes is becoming more popular
in the pulp and paper industry and therefore, biotechnological processes are coming
to the forefront of research. The number of possible applications of biotechnology
in pulp and paper manufacture has grown steadily during the past three decades.
Many applications have approached or are approaching toward commercial reality.
Applications that have been successfully transferred to commercial use include
xylanases for bleach boosting, cellulases for improved drainage, lipases for pitch
removal, cellulase-hemicellulase mixture for deinking and fiber modification,
esterases for stickies control, levan hydrolase, proteases, cellulases, amylases, etc.,
for slime removal. A list of potential enzyme applications under investigation
includes new enzymes for kraft pulp bleaching, new enzymatic approaches to
reduce mechanical pulping energy, enzyme sensors for smart paper products, etc.
Bio-based unit operations are usually combined with traditional or new chemical
and mechanical unit operations to fully benefit the performance of enzymes.

Keywords Enzymes � Pulp and paper industry � Biotechnological process
Environment friendly process � Xylanases � Bleach boosting � Cellulases
Lipases � Pitch removal � Hemicellulase � Deinking � Fiber modification
Esterases � Stickies control � Levan hydrolase � Proteases � Amylases
Slime removal

The global pulp and paper industry is, in physical terms, one of the largest
industries in the world. It is dominated by North American (United States and
Canada), northern European (Finland, Sweden) and East Asian countries such as
Japan. Australasia and Latin America also have significant pulp and paper indus-
tries. Both India and China are expected to be key in the industry’s growth over the
next few years.

Paper is an important material. It is used daily for several purposes worldwide.
The global production of paper and paperboard stood at approximately 407 million
metric tons in 2014. More than half of that production was attributable to packaging
paper, whereas about one-third was attributable to graphic paper. The world’s three
largest paper producing countries are China, the United States, and Japan. These

© Springer Nature Singapore Pte Ltd. 2018
P. Bajpai, Biotechnology for Pulp and Paper Processing,
https://doi.org/10.1007/978-981-10-7853-8_1

1



countries account for half of the world’s total paper production, whereas the leading
paper importing and exporting countries are Germany and the United States. As of
2015, the leading companies of the forest, paper, and packaging industry were
International Paper and Kimberly-Clark, both are based in the United States.
The U.S. paper industry earned around 96.1 billion U.S. dollars of annual revenue
in 2015. In 2016, International Paper generated more than 21 billion U.S. dollars of
revenue, while Kimberly-Clark made around 18.2 billion (www.statista.com).
Other leading paper industry companies include the Indonesia-based Asia Pulp and
Paper, Svenska Cellulosa of Sweden, Stora Enso and UPM-Kymmene from
Finland, as well as Oji Paper and Nippon Paper Group from Japan. With some
407.5 million metric tons of paper consumed globally in 2014, the world’s paper
consumption is roughly equal to the amount of paper produced annually. China is
the world’s largest paper and paperboard consumer in the world, using more than
103 million metric tons annually, followed by the U.S. with a consumption rate of
more than 71 million metric tons. Per capita consumption of paper and paperboard
varies significantly from country to country and regionally. On average, one person
uses about 60 kilos of paper a year; the extremes are 300 kilos for each US resident
and some seven kilos for each African. Only around 35 kilos of paper per person is
consumed in the populous area of Asia. This means that Asian consumption will
continue to grow strongly in the coming years if developments there follow the
precedent of the West. In Finland, per capita consumption of paper and paperboard
is about 200 kilos.

Since paper can be classified as a renewable resource, recovery is crucial within
the paper industry. Paper, among many materials, has one of the highest recycling
rates. In 2013, around 233 million metric tons of recovered paper was collected
worldwide. In the United States, more than 52 million short tons of paper and
paperboard are recovered annually. The paper and paperboard recovery rate in the
U.S. was 66.8% in 2015, which is more than double the 1990 recovery rate of less
than 34%.

The global pulp and paper industry is predicted to grow at a rate of 2.8% each
year from 2014 to 2019 (Higgins 2015). This is based upon on an intensive research
involving industry major suppliers like BASF, Akzo Nobel and Dupont, etc. Asia
Pacific will emerge as the most promising market for pulp and paper industry
growing at a rate of 4.0% each year. The paper market is moving ahead with the
increase in demand.

The major driver for demand of paper in the global markets is due to increase in
usage of specialty papers in Packaging and printing applications. Favorability
toward the industry is also making the paper sector set to boom in the years to come
with the increase of usage from developing countries, forcing manufacturers to set
up bases in the region.

Recycling of paper has also registered significant growth in the recent past
because of the demand for various specialty chemicals, pushing pulp and paper
industry a key revenue generator.

Demand for paper in India, where it is booming literacy rate helping in increase
of usage in printing technology and performances are expected to drive the market
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further. Indian government inclination toward the manufacturing of various paper
products will help the manufacturers to set up industries on a war-footing basis.

The demand for packaging and labeling from various e-commerce platforms is
also making the pulp and paper industry to boom. Most of the businesses world-
wide are streamlined to online retail marketing and is directly dependent on
packaging products. Global pulp and paper industry is worth more than
$300 Billion and forecasted to touch $500 Billion soon by 2016.

The number of registered pulp and paper industries consists of approximately
5000 globally and this would exclude equal share of small and minor industries.
This number is set to grow significantly with more demand from developing
countries. Paper manufacturers are also switching over to new technologies that are
environmental friendly and have better water management facilities for increasing
the efficiency of paper production.

North America and the European Union markets are already saturated and the
focus is targeted mainly on Asia due to which plantation of raw pulp is concentrated
in countries like China, Indonesia, India, and Thailand. The demand is huge in
China and India and is expected to grow more in coming years.

The pulp and paper industry plays an important role in the country’s economic
growth. It is highly capital-intensive and has been periodically affected by over-
capacity. It is traditionally known to be a large contributor to environmental pol-
lution due its large consumptions of energy and chemicals.

This is a difficult time for the pulp and paper industry. Consumer standards are
high, and manufacturing is competitive. Cost reduction pressures are causing
consolidation of companies through mergers and acquisitions; many research and
development laboratories are being downsized, closed, or directed toward
short-term objectives and opportunities; and profitability is being constrained by
external factors including globalization, environmental concerns, and competition.
There is a need to find new ways to use forest resources more efficiently and with
fewer environmental consequences. Emerging technologies based on sustainable
use of renewable resources hold promise for the rejuvenation and growth of the
pulp and paper industry.

Biotechnology has the potential to increase the quality and supply of feedstocks
for pulp and paper, reduce manufacturing costs, and create novel high-value
products (Anon 2004, 2005; Mansfield and Esteghlalian 2003; Ojanpera 2004;
Viikari et al. 2006, 2009). Biotechnology is defined as the use of biological
organisms/systems and processes for practical or commercial purposes. In this
broad sense, biotechnology encompasses a diverse array activities including fer-
mentation, immobilized cell and enzyme technology, cell and tissue culture, and
monoclonal antibody techniques, although in recent years, the term has been
increasingly identified with techniques for genetic transfer and DNA manipulation,
i.e., genetic engineering. The attractiveness of biotechnology lies in its potential to
provide processes/products where nonbiological processes are impractical, to
increase specificity in reactions, to provide less environmentally deleterious pro-
cess, to save energy, and by virtue of foregoing to decrease cost. The raw material
in forest-based industries is wood and its components. Thus, possibilities for
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employing biotechnology in these industries are numerous since one of the nature’s
most important biological processes is the degradation of lignocellulosic materials
to CO2, water, and humic substances. In point of fact, biotechnology has been used
in the paper industry for quite some time (Bajpai 2006, 2013). Wastewater treat-
ment systems for removal of oxygen demanding substances and suspended solids,
fermenting sulfite liquors, preparing starch for paper sizing have long been part of
the industry. Improvement in fiber supply by selection of superior trees is still being
done by forest product companies. Even the control of slime and deposits on paper
machines can be considered as aspect of biotechnology. However, within the past
several years, biotechnologists have sought specific applications for
microorganisms/enzymes in the pulp and paper industry. The growth has been
fueled by several factors:

• an improved understanding of the interactions between enzymes and the con-
stituents of pulp and paper processing;

• an increase in need for the industry to adopt environmentally benign technology;
and

• development of cost-effective technology for the relevant enzymes.

Suitable biological treatments in conjunction with less intensive conventional
treatment could help solve many of the problems of currently used processes. In
response to environmental concerns and regulations, the industry has greatly
reduced chlorinated aromatic by-products that can be formed during pulp bleaching,
first by reducing the amount of residual lignin in pulps and second by turning to
other bleaching agents. An enzyme technology based on microbial xylanases has
helped to achieve this goal by reducing or even eliminating the need for chlorine in
the manufacture of elemental chlorine free (ECF) and totally chlorine free
(TCF) printing and writing paper grades (Bajpai 2004, 2009, 2013; Viikari et al.
2002). Enzymes have helped meet environmental goals in other ways as well. By
reducing costs involved in deinking, enzymes have increased the ability of man-
ufacturers to recycle fiber, thereby placing fewer demands on timber resources.
Enzymes have been used commercially to reduce paper manufacturing costs or
improve the product. Lipases can control the accumulation of pitch during the
production of paper from pulps with high resin content, such as sulfite and
mechanical pulps from pine. Enzymes also help remove contaminants in the recycle
stream. They can reduce the accumulation of adhesives and pitch residues, called
stickies, on machines. They can facilitate the deinking of recycled paper and
improve pulp drainage, which is particularly important as the amount of recycled
fiber in the feedstock stream increases. With higher drainage rates, paper machines
are able to operate faster, which again saves capital costs (Bajpai 1997, 1999).
Xylanases have saved chemical costs for the industry without interfering with the
existing process. This technology has increased the bleaching speed in both TCF
and ECF processes and, in the case of chlorine dioxide bleaching, has actually
increased the throughput of the plant due to debottlenecking at the chlorine dioxide
generator. Developments of this last type are viewed very favorably since they
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enable the industry to make better use of its existing capital equipment. Many other
enzyme applications are also possible. These include eliminating caustic chemicals
for cleaning paper machines, enhancing kraft pulping, reducing refining time,
decreasing vessel picking, facilitating retting, selectively removing fiber compo-
nents, modifying fiber properties, increasing fiber flexibility, and covalently linking
side chains or functional groups.

Table 1.1 presents the current developmental stages of various biotechnological
approaches for use in pulp and paper industry.

Most of the commercialized biotechnological applications are based on indus-
trially produced enzymes (Paice and Zhang 2005). Enzymes are Mother Nature’s
catalysts that drive the chemical reactions that are in all living things. Enzymes have
the following properties:

They are effective in very small amounts—a few enzyme molecules will catalyze
thousands of reactions per second;

– They are unchanged and are not consumed in the reaction;
– They reduce the activation energy of a reaction and therefore increase the speed

of reaction;
– They are very specific to a reaction; and
– They have a specific pH and temperature range that they are active in.

The fact that enzymes are specific to a certain reaction allows enzymatic prod-
ucts to be tailored to specific needs. The enzymes available presently are more
specific with less side activities, more tolerant with respect to pH and temperature,
and economically more competitive than those in the late 1980s. In the recent years,

Table 1.1 Biotechnology for the pulp and paper industry in different stages of development

Process Status

Bleaching of kraft pulp Commercial scale

Modification of fiber properties for improving beatability Commercial scale

Improvement of pulp drainage Commercial scale

Decreasing vessel picking Commercial scale

Deinking Commercial scale

Stickies control Commercial scale

Starch modification Commercial scale

Removal of pitch in pulp Commercial scale

Slime control in paper manufacture Commercial scale

Production of chemicals or fuels from wastes and waste liquors Commercial scale

Biomechanical pulping Pilot scale

Biochemical pulping Pilot scale

Pulp bleaching with laccase–mediator system Pilot scale

Purification of bleach plant effluents Pilot scale

Production of dissolving pulps Pilot scale

Use of enzymes for debarking Laboratory scale

Use of enzymes for retting of flax fibers Pilot scale
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there is an increased availability of a whole range of enzymes at reasonable cost.
New enzymes can be made to order, based on genome information for the major
wood-degrading microorganisms now available in the public domain. Another
factor is a concerted research effort by a number of players to develop a
cost-effective portfolio of enzyme-based applications in papermaking. The most
important commercialized applications of enzymes in the pulp and paper industry
include bleaching, energy saving in refining, removal of stickies and pitch,
deinking, improvement of paper machine runnability by hydrolysis of slimes or
extractives, and enhanced drainage, as well as fiber modification for speciality
products (Bajpai 2006). Bio-based unit operations are usually combined with tra-
ditional or new chemical and mechanical unit operations to fully benefit the per-
formance of enzymes.

Recently there has been much discussion about biorefineries, aimed at improving
the profitability of kraft mills by diversifying the product mix. One idea is to
prehydrolyze chips to provide a hemicellulose rich stream as a by-product.
Recently, Oji Paper claimed that hydrolysis of such hemicelluloses by xylanase to
give a mixture of xylooligosaccharides results in a product with therapeutic value
(Paice and Zhang 2005). Another by-product is xylitol which is widely used as an
artificial food sweetener. One suggested biorefinery product is fuel ethanol. It is
produced by enzymatic hydrolysis of cellulose substrates such as sawdust, followed
by fermentation of the resulting glucose. Although the economics of this process do
not currently compete with fuel ethanol production from starch, there has been a
significant decrease in cellulase manufacturing costs as the result of USDOE.

Global Pulp and Paper Enzymes Market size in 2016 was worth over USD 125
million and is expected to exceed 9,500 tons by 2024 (https://www.gminsights.com).
Amylase paper and pulp enzymes market was valued over USD 45 million in 2016.
The product demand in this segment will be driven by its usage in several applications
including, coating of starch, cleaning, and drainage improvement particularly in
cardboard industry and deinking. Furthermore, increasing demand for smooth sheets
to ease the printing will support the product scope.

Cellulase market is estimated to register over 3.5 kilo tons by 2024. Increased
usage of cellulase for, improving machine runnability, fiber modification, reducing
the risk of unwanted deposits, and refining of recycled waste cardboard is expected
to increase the product demand. Reduced use of harsh chemicals including, caustic
soda due to emergence of cellulase will support product demand.

Lipases are expected to witness gains at 6% up to 2024. Effectiveness in
improving pitch problems associated with sulfite pulps is projected to drive this
segment’s growth. Lipases are also used in treating unbleached sulfite for removing
most of triglycerides.

Xylanase enzymes will be worth over USD 35 million by 2024. Reduction in
amount of chemical required for bleaching of kraft pulps to achieve a specified
brightness will provide profitable opportunities for xylanases demand.

In 2016, APAC pulp and paper enzymes market was valued over USD 50
million. Favorable socioeconomic conditions particularly in Japan, India (www.
gminsights.com), China, and South Korea, has increased the industry demand.
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Paper consumption in India will rise from 13 million tons in 2014 to around 20
million tons by 2020. Growing environmental concern in the region will push the
industry demand as these enzymes help in reducing biological oxygen demand of
wastewater, thus reducing environmental damage caused by the release of heavy
amount of wastewater.

In North America, the pulp and paper enzymes market will witness over 5.5%
growth up to 2024. Presence of large-scale industries accompanied by growth of
packaging industry will drive the demand. Increasing product innovation and
research and development spending by several firms will support product scope.
Strong economic background and improved transportation service for delivery of
finished products are the major factors for the regional demand.

European pulp and paper enzymes market accounted for more than 18% of the
overall industry share in 2016. Technological advancement and innovations have
enhanced wood fibers in superior quality cardboard production. Increasing adoption
of the bio-based products will open new opportunities for the business growth in
this region.
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Chapter 2
Brief Description of the Pulp
and Papermaking Process

Abstract The paper manufacturing process has several stages—raw material
preparation and handling, pulp manufacturing, pulp washing and screening,
chemical recovery, bleaching, stock preparation and papermaking. Paper produc-
tion is basically a two-step process in which a fibrous raw material is first converted
into pulp, and then the pulp is converted into paper. The harvested wood is first
processed so that the fibers are separated from the unusable fraction of the wood,
the lignin. Pulp making can be done mechanically or chemically. The pulp is then
bleached and further processed, depending on the type and grade of paper that is to
be produced. In the paper factory, the pulp is dried and pressed to produce paper
sheets. Post-use, an increasing fraction of paper and paper products is recycled.
Non-recycled paper is either landfilled or incinerated.

Keywords Pulp and Paper making � Raw material preparation
Pulp manufacturing � Pulp washing � Screening � Chemical recovery
Bleaching � Stock preparation � Papermaking

2.1 Introduction

The pulp and paper industry is one of the most important industries in the world. It
supplies paper to over 5 billion people worldwide. Originally, papermaking was a
slow and labor-intensive process. Today pulping and papermaking are driven by
capital-intensive technical equipment and high-tech and high-speed paper machines
that produce rolls of paper at a speed that may reach 2,000 m/min. and with a web
width that may exceed 8 m.

Pulp and paper are made from cellulosic fibers and other plant materials,
although some synthetic materials may be used to impart special qualities to the
finished product. Most paper is made from wood fibers, but rags, flax, cotton linters,
and bagasse which is a sugarcane residue are also used in some papers. Used paper
is also recycled, and after purifying and sometimes deinking, it is often mixed with
virgin fibers and reformed again into paper. Other products made from wood pulp
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(cellulose) include diapers, rayon, cellulose acetate, and cellulose esters, which are
used for cloth, packaging films, and explosives. Wood is composed of cellulose,
lignin, hemicellulose, and extractives. Cellulose, comprises about 50% of wood by
ovendry weight. This constituent is of primary interest in papermaking.
Lignin cements the wood fibers together. It is a complex organic chemical. Its
structure and properties are not fully understood. It is largely burned for the gen-
eration of energy used in pulp and paper mills. As the chemistry of lignin becomes
better understood, what is now mostly a waste product used for fuel (some is
converted to chemical products), it could become a valuable feedstock for new
chemical products. The objective of pulping process is to remove as much lignin as
possible without sacrificing fiber strength, thereby freeing the fibers and removing
impurities which cause discoloration and possible future disintegration of the paper.
Hemicellulose plays an important role in fiber-to-fiber bonding in papermaking.
Several extractives (example, oleoresins and waxes) are contained in wood but do
not contribute to its strength properties; these too are removed during the pulping
process. The fiber from nearly any plant or tree can be used for paper. However, the
strength and quality of fiber, and other factors that can complicate the pulping
process, vary among tree species. In general, the softwoods (example, pines, firs,
and spruces) yield long and strong fibers that impart strength to paper and are used
for boxes and packaging. Hardwoods, on the other hand, generally have shorter
fibers and therefore produce a weaker paper, but one that is smoother, more opaque,
and better suited for printing. Both softwoods and hardwoods are used for paper-
making and are sometimes mixed to provide both strength and printability to the
finished product (Gullichsen 2000). The main steps in pulp and paper manufac-
turing are shown in Table 2.1.

Pulp mills and paper mills may exist separately or as integrated operations. An
integrated mill is one that conducts pulp manufacturing on-site. Some integrated
pulp and paper mills perform multiple operations (example, chemical pulping,
bleaching, and papermaking; pulping and unbleached papermaking, etc.).
Nonintegrated mills have no capacity for pulping but must bring pulp to the mill
from an outside source. Nonintegrated mills may perform either pulping (with or
without bleaching), or papermaking (with or without bleaching).

Integrated mills have the advantage of using common auxiliary systems for both
pulping and papermaking such as steam and electric generation and wastewater
treatment. Transportation cost is also reduced. Nonintegrated mills require less land,

Table 2.1 Steps involved in
pulp and paper manufacturing

Pulping, to separate and clean the fibers

Beating and refining the fibers

Diluting to form a thin fiber slurry

Suspended in solution

Forming a web of fibers on a thin screen

Pressing the web to increase the density of the material

Drying to remove the remaining moisture

Finishing, to provide a suitable surface for the intended end use
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energy, and water than integrated mills. Their location can, therefore, be in a more
open setting where they are closer to large workforce populations and perhaps to
their customers.

A paper mill can house a single paper machine or several machines. Each
machine can make a single grade of paper or a variety of papers. A dedicated
machine usually manufactures a commodity grade paper such as liner board or
tissue. Machines designed to make specialty grades typically have more operating
flexibility and will manufacture many types of paper. The basic process of paper-
making remains the same despite the type of paper manufactured or the size of the
machine.

2.2 Pulp and Papermaking Process

The manufacturing of paper or paperboard can be divided into several process
areas. Paper production is mainly a two-step process in which a fibrous raw material
is first converted into pulp, and then the pulp is converted into paper. The harvested
wood is first processed so that the fibers are separated from the unusable fraction of
the wood, the lignin. Pulp making can be done mechanically or chemically. The
pulp is then bleached and further processed, depending on the type and grade of
paper that is to be produced. In the paper factory, the pulp is dried and pressed to
produce paper sheets. Post-use, an increasing fraction of paper and paper products
is recycled. Non-recycled paper is either landfilled or incinerated (Casey 1983a, b;
Sixta 2006).

2.2.1 Pulp Making Process

Manufacturing of pulp starts with raw material preparation (Smook 1992; Biermann
1996) which includes debarking (when wood is used as raw material), chipping,
chip screening, chip handling and storage, and other processes such as depithing
(for example, when bagasse is used as the raw material) (Biermann 1996;
Gullichsen 2000; Ressel 2006). Wood typically enters a pulp and paper mill as logs
or chips and is processed in the wood preparation area, referred to as the woodyard.
In general, woodyard operations are independent of the type of pulping process. If
the wood enters the woodyard as logs, a series of operations convert the logs into a
form suitable for pulping, usually wood chips. Logs are transported to the slasher,
where they are cut into desired lengths, followed by debarking, chipping, chip
screening, and conveyance to storage. The chips produced from logs or purchased
chips are usually stored on-site in large storage piles. Chips are screened for size,
cleaned, and temporarily stored for further processing (Smook 1992).

Certain mechanical pulping processes, such as stone groundwood pulping, use
roundwood; however, the majority of pulping operations require wood chips.
A uniform chip size (typically 20 mm long in the grain direction and 4 mm thick) is
necessary for the efficiency of the processes and for the quality of the pulp. The
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chips are then put on a set of vibrating screens to remove those that are too large or
small. Large chips stay on the top screens and are sent to be recut, while the smaller
chips are usually burned with the bark or may be sold for other purposes.
Non-wood fibers are handled in ways specific to their composition in order to
minimize degradation of the fibers and thus maximize pulp yield. Non-wood raw
materials are usually managed in bales.

Two main products derive from debarking process, the chips which are the main
product and the bark that can be characterized as by-product. Bark can be used as a
fuel or it can be sold off-site for other purposes. Bark is typically used as a fuel in
burners for energy production. Table 2.2 shows the different types of debarkers.

After the logs have been debarked, the chipping of the logs occurs in order to
reduce logs size and produce chips; a typical option for chipping is the use of a
radial chipper. The quality of the chips is of high importance, since if the chips
produced are not homogeneous, raw material consumption will increase.
Furthermore, a homogenized chip distribution will improve the energy performance
of the system. The next process is the screening of the produced chips in order to
separate long size chips that are not properly chipped; the screening process also
contributes by removing sawdust. The recovered sawdust is also a by-product that
can be burnt while the long size chips can be re-chipped in a crusher or re-chipper.
The screening process can affect the plant’s performance. Optimizing the screening
process can lead to the production of high-quality pulp and can improve the
environmental performance of the mill by reducing pollution. In order to achieve
the optimum screening performance, however, raw material consumption should be
increased. Chips produced can now be transported to the next step which is pulping.
Chips transportation is made using conveyors. Various types of conveyors exist
(Ressel 2006) which are shown in Table 2.3.

Table 2.2 Types of
debarkers

Rotary or cradle debarker

Ring debarker

Flail debarker

Rosser head debarker

Mobile debarker

Based on Ressel (2006)

Table 2.3 Conveyors used
for chip transportation

Chain conveyor

Roller conveyor

Steel plate conveyor

Vibrating conveyor

Belt conveyor

Scraper conveyor

Screw conveyor

Based on Ressel (2006)
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Storage facilities may be required for storing materials or products in some
cases; both raw material (wood) and chips produced may demand storage. Storage
conditions are very much important in cases where the material needs to be
transported.

Cellulosic pulp is manufactured from the raw materials, using chemical and
mechanical means. The manufacture of pulp for paper and cardboard employs
mechanical (including thermomechanical), chemimechanical, and chemical meth-
ods (Table 2.4).

Mechanical pulping separates fibers from each other by mechanical energy
applied to the wood matrix causing the bonds between the fibers to break gradually
and fiber bundles, single fibers, and fiber fragments to be released (Smook 1992;
Biermann 1996). It is the mixture of fibers and fiber fragments that gives me-
chanical pulp its favorable printing properties. In the mechanical pulping, the
objective is to maintain the main part of the lignin in order to achieve high yield
with acceptable strength properties and brightness. Mechanical pulps have a low
resistance to aging which results in a tendency to discolor. The main processes are
stone groundwood pulping (SGW), pressure groundwood pulping (PGW), ther-
momechanical pulping (TMP) or chemithermomechanical pulping (CTMP). The
groundwood pulping process grinds wood into pulp. Usually this involves taking a
log and pressing it against a rotating surface to grind off small pieces. The
groundwood pulp is then often cooked to soften it. This pulp is used in newsprint
and other low-cost book grades where it contributes bulk, opacity, and compress-
ibility. Groundwood pulp is economical since all the wood is used; however, it
contains impurities that can cause discoloration and weakening of the paper (Arppe
2001). Chemimechanical processes involve mechanical abrasion and the use of
chemicals. Thermomechanical pulps, which are used for making products such as
newsprint, are manufactured from raw materials by the application of heat, in
addition to mechanical operations. The process involves high-temperature steaming
before refining; this softens the interfiber lignin and causes partial removal of the
outer layers of the fibers, thereby baring cellulosic surfaces for interfiber bonding.

Table 2.4 Types of pulping Pulp grades Raw material used

Mechanical pulps

Stone groundwood
Refiner mechanical (RMP)
Thermomechanical (TMP)
Chemimechanical (CTMP)

Mainly softwoods
Mainly softwoods
Mainly softwoods
Mainly softwoods

Chemical pulps

Sulfite pulp
Kraft sulfate pulp

Softwoods and hardwoods
Softwoods and hardwoods

Semichemical pulps

Cold-caustic process
Neutral sulfite process

Softwoods and hardwoods
Hardwoods

Dissolving pulp Softwoods and hardwoods
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TMP pulps are generally stronger than groundwood pulps, thus enabling a lower
furnish of reinforcing chemical pulp for newsprint and magazine papers. TMP is
also used as a furnish in printing papers, paperboard, and tissue paper. Softwoods
are the main raw material used for TMP, because hardwoods give rather poor pulp
strength properties. This can be explained by the fact that hardwood fibers do not
form fibrils during refining but separate into short rigid debris. Thus, hardwood
TMP pulps, characterized by a high-cleanness, high-scattering coefficient, are
mainly used as filler-grade pulp. Chemimechanical pulping and chemithermome-
chanical pulping (CTMP) are similar but use less mechanical energy, softening the
pulp with sodium sulfite, carbonate, or hydroxide. The CTMP pulps show good
strength properties, even when using hardwood as a fiber source, and provided that
the reaction conditions are appropriate to result in high degrees of sulfonation.
Mechanical pulps are weaker than chemical pulps, but cheaper to produce (about
50% of the costs of chemical pulp) and are generally obtained in the yield range of
85–95%. Currently, mechanical pulps account for 20% of all virgin fiber material.

Chemical pulping is used on most papers produced commercially in the world
today (Smook 1992; Biermann 1996). Traditionally, this has involved a full
chemical treatment in which the objective is to remove non-cellulose wood com-
ponents leaving in tact the cellulose fibers. In practice, separation of the compo-
nents is never completely realized. Yet satisfactory compromises are reached in the
processes which yield somewhere between 45 and 55% of the wood mass.
Chemical pulps are made by cooking (digesting) the raw materials, using the kraft
(sulfate) and sulfite processes. The kraft (sulfate) process is the most dominating
chemical pulping process worldwide. The term “sulfate” is derived from the
makeup chemical sodium sulfate, which is added in the recovery cycle to com-
pensate for chemical losses. In the kraft pulp process, the active cooking chemicals
(white liquor) are sodium hydroxide and sodium sulfide. Kraft process is applicable
to all types of wood species but its chemistry carries with it an inherent potential
problem of malodorous compounds. Kraft pulp possesses superior pulp strength
properties in comparison to sulfite pulp. Kraft processes produce a variety of pulps
used mainly for packaging and high-strength papers and board.

Sulfite process uses different chemicals to attack and remove lignin. The sulfite
process is characterized by its high flexibility compared to the kraft process, which
is a very uniform method, which can be carried out only with highly alkaline
cooking liquor. In principle, the entire pH range can be used for sulfite pulping by
changing the dosage and composition of the chemicals (Smook 1992; Biermann
1996). Thus, the use of sulfite pulping permits the production of many different
types and qualities of pulps for a broad range of applications. The sulfite process
can be distinguished according to the pH adjusted into different types of pulping.
The main sulfite pulping processes are acid (bi)sulfite, bisulfite (Magnefite), neutral
sulfite (NSSC), and alkaline sulfite.

Semichemical pulping uses a combination of chemical and mechanical (i.e.,
grinding) energy to extract pulp fibers. Wood chips first are partially softened in a
digester with chemicals, steam, and heat. Once chips are softened, mechanical
methods complete the pulping process. The pulp is washed after digestion to

14 2 Brief Description of the Pulp and Papermaking Process



remove cooking liquor chemicals and organic compounds dissolved from the wood
chips. This virgin pulp is then mixed with 20–35% recovered fiber (example,
double-lined kraft clippings) or repulped secondary fiber (example, old corrugated
containers) to enhance machinability. The chemical portion (example, cooking
liquors, process equipment) of the pulping process and pulp washing steps are very
similar to kraft and sulfite processes. At currently operating mills, the chemical
portion of the semichemical pulping process uses either a nonsulfur or neutral
sulfite semichemical (NSSC) process. The nonsulfur process uses either sodium
carbonate only or mixtures of sodium carbonate and sodium hydroxide for cooking
the wood chips, while the NSSC process uses a sodium-based sulfite cooking liquor
(EPA 2001a). Semichemical pulps, which apply to the category of chemical pulps,
are obtained mainly from hardwoods in yields of between 65 and 85% (average ca.
75%). The most important semichemical process is the NSSC process, in which
chips undergo partial chemical pulping using a buffered sodium sulfite solution, and
are then treated in disk refiners to complete the fiber separation. The sulfonation of
mainly middle lamella lignin causes a partial dissolution so that the fibers are
weakened for the subsequent mechanical defibration. NSSC pulp is used for
unbleached products where good strength and stiffness are particularly important;
examples include corrugating medium, as well as grease-proof papers and bond
papers. NSSC pulping is often integrated into a kraft mill to facilitate chemical
recovery by a so-called cross-recovery, where the sulfite spent liquor is processed
together with the kraft liquor. The sulfite spent liquor then provides the necessary
makeup (Na, S) for the kraft process. However, with the greatly improving recovery
efficiency of modern kraft mills, the NSCC makeup is no longer needed so that
high-yield kraft pulping develops as a serious alternative to NSCC cooking.
Semichemical pulps are still an important product category, however, and account
for 3.9% of all virgin fiber material.

Recovered paper has become an increasingly important source of fiber for
papermaking (Bajpai 2013). Currently, nearly 50% of the fiber raw material for
papermaking is based on recycled fiber. In the recycling process, recycled paper or
paperboard is rewetted and reduced to pulp, principally by mechanical means. Inks,
adhesives, and other contaminants may be removed by chemical deinking and
mechanical separation. Because the fibers in recycled paper and paperboard have
been fully dried and then rewetted, they generally have different physical properties
than virgin wood pulp fibers. In some cases, mills using recycled paper, without
deinking, can operate without any effluent discharge due to the use of closed water
cycles together with small anaerobic or aerobic biological treatment systems to
remove some dissolved organics from the recycled waters. The closed cycle pro-
cesses are practical where the product can tolerate a certain degree of dirt and
contamination, as in some packaging and construction paper grades. In some
recycle plants, approximately 30–40% of the raw material processed results in
sludge that requires management as a solid waste. Processing of recovered paper
without deinking is sufficient for applications that do not require high brightness,
such as corrugated board, carton board, and some tissue. Deinking processes are
used to remove ink to make the pulp brighter and cleaner. Sometimes bleaching is
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also applied after deinking. Recycled fiber with deinking is used for applications
requiring higher brightness, such as newsprint, magazine paper, and tissue. Process
waters are similar to those from systems without deinking. However, deinking
results in lower yields and requires additional internal treatment. The pulp yield
may be as low as 60–70% of the recovered paper entering the process; therefore, as
much as 30–40% of the entering material may enter the white water and need to be
treated and removed before discharge of the wastewater.

Dissolving kraft and sulfite pulping processes are used to produce highly
bleached and purified wood pulp suitable for conversion into products such as
rayon, viscose, acetate, and cellophane (EPA 2002).

Worldwide, non-wood sources makeup about six percent of the total fiber supply
for papermaking. Non-wood fibers are derived from agricultural fibers such as straw
and other plant fibers such as bamboo, bagasse, and annual fiber crops such as
kenaf (Ince 2004). In general, non-wood plant fibers are more costly to collect and
process than wood fiber in regions of the world where wood supplies are adequate,
and thus pulp is produced almost exclusively from wood fiber in most regions of the
world. However, substantial quantities of non-wood pulp are produced, especially
in regions of Asia and Africa where wood fiber is relatively less abundant and
non-wood fibers are available. Most non-wood fibers are relatively short, similar to
fibers derived from hardwood, and therefore are suited to similar applications, such
as writing paper. However, non-wood fibers are often used for other grades as well,
such as newsprint and corrugated board, simply because local wood is not available
for pulping. Non-wood species normally cook more readily than wood chips. Thus,
Kraft cooking is normally replaced with soda cooking (sodium hydroxide only),
and the charge is usually less. The spent liquors usually have lower concentrations
of dissolved organics and process chemicals compared with chemical pulping of
wood, thus increasing the cost of chemical recovery. In addition, non-wood pulping
plants are normally small, typically producing less than 100,000 t/year of pulp, and
therefore lack the economies of scale that make environmental investments eco-
nomical at larger facilities (Bajpai 2015). As a result, many non-wood mills have
limited or no recovery of chemicals and have substantially higher waste emissions
per ton of product than modern Kraft mills. Non-wood plants normally contain
higher amounts of silica than wood. Silica causes problems in chemical recovery
and also adversely affects paper quality. In particular, silica increases scaling in the
liquor evaporators and reduces the efficiency of both the causticizing operation and
conversion of lime mud (calcium carbonate) to calcium oxide (burnt lime) in the
lime kiln. To counter these affects, non-wood pulping facilities generally discharge
higher proportions of lime mud and purchase higher amounts of lime or limestone
as makeup. In the United States, non-wood fiber pulp production is not common
(EPA 2001b).

Each pulping process has its advantages and disadvantages (Smook 1992;
Biermann 1996). The major advantage of mechanical pulping is its high yield of
fibers up to 90%. Chemical pulping yields approximately 50% but offers higher
strength properties and the fibers are more easily breached because the mechanical
pulping process does not remove lignin. Even with subsequent bleaching, these
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fibers are susceptible to yellowing. This is the reason that paper grades containing
high quantities of mechanical pulp fiber such as newsprint discolor quickly,
especially when exposed to sunlight.

For economic and environmental reasons, chemical and semichemical pulp mills
use chemical recovery processes to reclaim spent cooking chemicals from the
pulping process (Vakkilainen 2000; Tran 2007; Reeve 2002). At Kraft and soda
pulp mills, spent cooking liquor, referred to as “weak black liquor”, from the brown
stock washers is routed to the chemical recovery area at kraft and soda pulp mills
(Bajpai 2008). The chemical recovery process involves concentrating weak black
liquor, combusting organic compounds, reducing inorganic compounds, and
reconstituting the cooking liquor. The typical kraft chemical recovery process
consists of the general steps described in the following paragraphs (EPA 2001a).

Residual weak black liquor from the pulping process is a dilute solution (ap-
proximately 12–15% solids) of wood lignins, organic materials, oxidized inorganic
compounds (sodium sulfate, sodium carbonate), and white liquor (sodium sulfide
and sodium hydroxide) (Bajpai 2015). The weak black liquor is first directed through
a series of multiple-effect evaporators to increase the solids content to about 50% to
form “strong black liquor”. The strong black liquor from the multiple-effect evap-
orators system is either oxidized in the black liquor oxidation system if it is further
concentrated in a direct contact evaporator or routed directly to a nondirect contact
evaporator, also called a concentrator. Oxidation of the black liquor before evapo-
ration in a direct contact evaporator reduces emissions of odorous total reduced
sulfur compounds, which are stripped from the black liquor in the direct contact
evaporator when it contacts hot flue gases from the recovery furnace. The solids
content of the black liquor following the final evaporator/concentrator typically
averages 65–68%. The soda chemical recovery process is similar to the kraft process,
except that the soda process does not require black liquor oxidation systems, since it
is a nonsulfur process that does not result in total reduced sulfur emissions.

The concentrated black liquor is then sprayed into the recovery furnace, where
organic compounds are combusted, and the sodium sulfate is reduced to sodium
sulfide (Vakkilainen 2000; Tran 2007). The black liquor burned in the recovery
furnace has a high energy content (5,800–6,600 British thermal units per pound
[Btu/lb] of dry solids), which is recovered as steam for process requirements, such as
cooking wood chips, heating and evaporating black liquor, preheating combustion
air, and drying the pulp or paper products. The process steam from the recovery
furnace is often supplemented with fossil fuel-fired and/or wood-fired power boilers.
Particulate matter (primarily sodium sulfate) exiting the furnace with the hot flue
gases is collected in an electrostatic precipitator (ESP) and added to the black liquor
to be fired in the recovery furnace. Additional makeup sodium sulfate, or “salt cake,”
may also be added to the black liquor prior to firing. Molten inorganic salts, referred
to as “smelt,” collect in a char bed at the bottom of the furnace. Smelt is drawn off
and dissolved in weak wash water in the smelt dissolving tank to form a solution of
carbonate salts called “green liquor”, which is primarily sodium sulfide and sodium
carbonate. Green liquor also contains insoluble unburned carbon and inorganic
impurities, called dregs, which are removed in a series of clarification tanks.
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Decanted green liquor is transferred to the causticizing area, where the sodium
carbonate is converted to sodium hydroxide by the addition of lime (calcium oxide).
The green liquor is first transferred to a slaker tank, where calcium oxide from the
lime kiln reacts with water to form calcium hydroxide (Biermann 1996; Adams
1992; Venkatesh 1992). From the slaker, liquor flows through a series of agitated
tanks, referred to as causticizers, that allow the causticizing reaction to go to
completion (i.e., calcium hydroxide reacts with sodium carbonate to form sodium
hydroxide and calcium carbonate). The causticizing product is then routed to the
white liquor clarifier, which removes calcium carbonate precipitate, referred to as
“lime mud.” The lime mud is washed in the mud washer to remove the last traces of
sodium. The mud from the mud washer is then dried and calcined in a lime kiln to
produce “reburned” lime, which is reintroduced to the slaker. The mud washer
filtrate, known as weak wash, is used in the SDT to dissolve recovery furnace smelt.
The white liquor from the clarifier is recycled to the digesters in the pulping area of
the mill (Arpalahti et al. 2000).

After pulp production, pulp is processed in wide variety of ways to remove
impurities, and recycles any residual cooking liquor via the pulp washing process.
Various benefits result from pulp washing. These are shown in Table 2.5.

Some pulp processing steps that remove pulp impurities are screening, de-
fibering, and deknotting. Residual spent cooking liquor from chemical pulping is
washed from the pulp using pulp washers, called brown stock washers for Kraft and
red stock washers for sulfite. Efficient washing is critical to maximize return of
cooking liquor to chemical recovery and to minimize carryover of cooking liquor
(known as washing loss) into the bleach plant, because excess cooking liquor
increases consumption of bleaching chemicals. Specifically, the dissolved organic
compounds contained in the liquor will bind to bleaching chemicals and thus
increase bleach chemical consumption.

Screening of the pulp is done to remove oversized and unwanted particles from
good papermaking fibers so that the screened pulp is more suitable for the paper or
board product in which it will be used (Biermann 1996; Ljokkoi 2000; Krotscheck
2006). The biggest oversized particles in pulp are knots. Knots can be defined as
uncooked wood particles. The knots are removed before washing and fine
screening. In low-yield pulps, they are broken down in refiners and/or fiberizers. In
low-yield pulps, they are removed in special coarse screens called knotters.

Table 2.5 Benefits of pulp
washing

Minimizing the chemical loss from the cooking liquor cycle

Maximizing recovery of organic substances for further
processing or incineration

Reducing the environmental impact of fiberline operations

Limiting the carryover between process stages

Maximizing the reuse of chemicals and the energy conservation
within a single bleaching stage

Obtaining a clean final pulp product
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The main purpose of fine screening is to remove shives. Shives are small fiber
bundles that have not been separated by chemical pulping or mechanical action.
Chop is another kind of oversize wood particle removed in screening. It is more of a
problem when pulping hardwoods, since it originates mostly from irregularly
shaped hardwood vessels and cells. Chop particles are shorter and more rigid than
shives. Debris is the name for shives, chop, and any other material that would have
any sort of bad effect on the papermaking process or on the properties of the paper
produced.

Mechanical pulp can be used without bleaching to make printing papers for
applications in which low brightness is acceptable—primarily, newsprint. However,
for most printing, for copying, and for some packaging grades, the pulp has to be
bleached (Smook 1992). For mechanical pulps, most of the original lignin in the
raw pulp is retained but is bleached with peroxides and hydrosulfites. In the case of
chemical pulps (kraft and sulfite), the objective of bleaching is to remove the small
fraction of the lignin remaining after cooking (Smook 1992; Reeve 1996a, b).
Bleaching of pulp is done to achieve a number of objectives. The most important of
these is to increase the brightness of the pulp so that it can be used in paper products
such as printing grades and tissue papers (Bajpai 2012). Bleaching is any process
that chemically alters pulp to increase its brightness. Bleached pulps create papers
that are whiter, brighter, softer, and more absorbent than unbleached pulps.
Bleached pulps are used for products where high purity is required and yellowing is
not desired (example printing and writing papers). Unbleached pulp is typically
used to produce boxboard, linerboard, and grocery bags. Any type of pulp may be
bleached, but the type(s) of fiber and pulping processes used, as well as the desired
qualities and end use of the final product, greatly affect the type and degree of pulp
bleaching possible. The lignin content of a pulp is the major determinant of its
bleaching potential. Pulps with high lignin content (example, mechanical or
semichemical) are difficult to bleach fully and require heavy chemical inputs.
Excessive bleaching of mechanical and semichemical pulps results in loss of pulp
yield due to fiber destruction. Chemical pulps can be bleached to a greater extent
due to their low (10%) lignin content. Whereas delignification can be carried out
within closed water systems, bleach plants tend to discharge effluent to external
treatment. Effluents from the bleach plant cannot easily be recirculated into the
chemicals recovery mainly because they would increase the buildup of chlorides
and other unwanted inorganic elements in the chemical recovery system, which can
cause corrosion, scaling, and other problems.

For chemical pulps, an important benefit is the reduction of fiber bundles and
shives as well as the removal of bark fragments. This improves the cleanliness of
the pulp. Bleaching also eliminates the problem of yellowing of paper in light, as it
removes the residual lignin in the unbleached pulp. Resin and other extractives
present in unbleached chemical pulps are also removed during bleaching, and this
improves the absorbency, which is an important property for tissue paper grades. In
the manufacture of pulp for reconstituted cellulose such as rayon and for cellulose
derivatives such as cellulose acetate, all wood components other than cellulose must
be removed. In this situation, bleaching is an effective purification process for
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removing hemicelluloses and wood extractives as well as lignin. To achieve some
of these product improvements, it is often necessary to bleach to high brightness.
Thus, high brightness may in fact be a secondary characteristic of the final product
and not the primary benefit. It is therefore simplistic to suggest that bleaching to
lower brightness should be practiced based on the reasoning that not all products
require high brightness.

The papermaking properties of chemical pulps are changed after bleaching.
Removal of the residual lignin in the pulp increases fiber flexibility and strength. On
the other hand, a lowered hemicellulose content results in a lower swelling potential
of the fibers and a reduced bonding ability of the fiber surfaces. If bleaching
conditions are too severe, there will be fiber damage, leading to a lower strength of
the paper. The purpose of bleaching is to dissolve and remove the lignin from wood
to bring the pulp to a desired brightness level (Reeve 1989, 1996a; Farr et al. 1992;
Fredette 1996; McDonough 1992). Bleaching is carried out in a multistage process
that alternate delignification and dissolved material extracting stages. Additional
oxygen- or hydrogen peroxide-based delignification may be added to reinforce the
extracting operation (McDonough 1995). Since its introduction at the turn of the
century, chemical Kraft bleaching has been refined into a stepwise progression of
chemical reaction, evolving from a single-stage hypochlorite (H) treatment to a
multistage process, involving chlorine (CI2), chlorine dioxide (CIO2), hydrogen
peroxide, and ozone (O3). Bleaching operations have continuously evolved since
the conventional CEHDED sequence and now involve different combinations with
or without chlorine-containing chemicals (Rapson and Strumila 1979; Reeve 1989,
1996a, b).

Pulp is washed with water in the bleaching process. In modern mills, oxygen is
normally used in the first stage of bleaching (Bajpai 2012). The trend is to avoid the
use of any kind of chlorine chemicals and employ “total chlorine-free” (TCF)
bleaching. TCF processes allow the bleaching effluents to be fed to the recovery
boiler for steam generation; the steam is then used to generate electricity thereby
reducing the amount of pollutants discharged. Elemental chlorine-free
(ECF) processes, which use chlorine dioxide, are required for bleaching certain
grades of pulp. The use of elemental chlorine for bleaching is not recommended.
Only ECF processes are acceptable, and, from an environmental perspective, TCF
processes are preferred. The soluble organic substances removed from the pulp in
bleaching stages that use chlorine or chlorine compounds, as well as the substances
removed in the subsequent alkaline stages, are chlorinated. Some of these chlori-
nated organic substances are toxic; they include dioxins, chlorinated phenols, and
many other chemicals. It is generally not practical to recover chlorinated organics in
effluents, since the chloride content causes excessive corrosion.
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2.2.2 Stock Preparation and Papermaking Process

Before pulp can be made into paper, it must undergo several steps called stock
preparation (Smook 1992; Biermann 1996; Paulapuro 2000). Unit processes in
stock preparation are shown in Table 2.6. Stock preparation is conducted to convert
raw stock into finished stock (furnish) for the paper machine. The pulp is prepared
for the paper machine including the blending of different pulps, dilution, and the
addition of chemicals. The raw stocks used are the various types of chemical pulp,
mechanical pulp, and recovered paper and their mixtures. The quality of the fin-
ished stock essentially determines the properties of the paper produced. Raw stock
is available in the form of bales, loose material, or, in case of integrated mills, as
suspensions. Stock preparation consists of several process steps that are adapted to
one another as fiber disintegration, cleaning, fiber modification, and storage and
mixing. These systems differ considerably depending on the raw stock used and on
the quality of furnish required. For instance, in the case of pulp being pumped
directly from the pulp mill, the slushing and deflaking stages are omitted. The
operations practiced in the paper mills are: dispersion, beating/Refining, metering
and blending of fiber and additives.

Pulpers are used to disperse dry pulp into water to form a slurry. Refining is one
of the most important operations when preparing papermaking fibers (Baker 2000,
2005; Bajpai 2005; Biermann 1996; Stevens 1992; Lumiainen 2000). The term
beating is applied to the batch treatment of stock in a Hollander beater or one of its
modifications. The term refining is used when the pulps are passed continuously
through one or more refiners, whether in series or in parallel. Refining develops
different fiber properties in different ways for specific grades of paper. Usually, it
aims to develop the bonding ability of the fibers without reducing their individual
strength by damaging them too much, while minimizing the development of
drainage resistance. So the refining process is based on the properties required in the
final paper. Different types of fiber react differently because of differences in their

Table 2.6 Unit processes in
stock preparation

Unit process

Slushing and deflaking

Screening

Fractionation

Centrifugal cleaning

Refining

Selective flotation

Nonselective flotation

Bleaching

Washing

Dewatering

Dispersing

Based on Holik (2006)
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morphological properties. The refining process must take into account the type of
fibers. During beating and refining, fibers randomly and repeatedly undergo tensile,
compressive, shear, and bending forces (Baker 2000; Bajpai 2005; Biermann 1996;
Stevens 1992). They respond in three ways

– Fibers develop new surfaces externally through fibrillation and internally
through fiber wall delamination.

– Fibers deform, resulting in changes in their geometric shape and the fibrillar
alignment along their length. Overall, the fibers flatten or collapse. Fiber curl
changes and kinks are induced or straightened. On the small scale, dislocations,
crimps, and microcompressions are induced or diminished.

– Fibers break, resulting in changes in length distribution and a decrease in mean
fiber length. A small amount of fiber wall material also dissolves. All these
changes occur simultaneously and are primarily irreversible. The extent of the
changes depends on the morphology of the fibers, the temperature, the chemical
environment, and the treatment conditions. The conditions depend on the design
of the equipment and its operating variables such as the consistency, intensity,
and amount of treatment. Each pulp responds differently to a given set of
conditions and not all fibers within it receive the same treatment.

The furnish (as it is now referred to) can also be treated with chemical additives.
These include resins to improve the wet strength of the paper, dyes, and pigments to
affect the color of the sheet, fillers such as talc and clay to improve optical qualities,
and sizing agents to control penetration of liquids and to improve printing prop-
erties (Bajpai 2004; Hodgson 1997; Roberts 1996, 1997; Davison 1992; Neimo
2000; Krogerus 2007). After stock preparation, the next step is to form the slurry
into the desired type of paper at the wet end of the paper machine.

The pulp is pumped into the head box of the paper machine at this point (Smook
1992; Biermann 1996). The slurry consists of approximately 99.5% water and
approximately 0.5% pulp fiber. The exit point for the slurry is the “slice” or
headbox opening. The fibrous mixture pours onto a traveling wire mesh in the
Fourdrinier process, or onto a rotating cylinder in the cylinder machine (Biermann
1996). The Fourdrinier machine is named after its French inventors, the Fourdrinier
brothers, and is essentially a table over which the wire moves (Ishiguro 1987; Buck
2006; Atkins 2005; Lund 1999; Malashenko and Karlsson 2000). Greater quantities
of slurry released from the headbox result in thicker paper. As the wire moves along
the machine path, water drains through the mesh. Fibers align in the direction of the
wire travel and interlace to improve the sheet formation. After the web forms on the
wire, the task of the remaining portion of the paper machine is to remove additional
water. Vacuum boxes located under the wire aid in this drainage.

One of the characteristics inherent in the performing of the sheet on a Fourdrinier
paper machine is that all the water is removed through one side of the sheet. This
can lead to differences in the sheet properties on one side as opposed to the other.
This two-sided property increases as machine speed increases. In response to this,
manufacturers developed twin wire and multiple Fourdrinier machines.
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Manufacturers of such equipment use different engineering designs that can be
vertical or horizontal. After the paper web has completed its short forming distance,
it continues along the second wire losing water as it travels.

The next stop for the paper is the pressing and drying section where additional
dewatering occurs (Smook 1992; Biermann 1996). The newly created web enters
the press section and then the dryers. As the paper enters the press section, it
undergoes compression between two rotating rolls to squeeze out more water. The
extent of water removal from the forming and press sections depends greatly on the
design of the machine and the running speed. When the paper leaves the press
section, the sheet usually has about 65% moisture content. The paper web continues
to thread its way through the steam-heated dryers losing moisture each step of the
way. The process evaporates many tons of water.

Paper will sometimes undergo a sizing or coating process. The web in these
cases continues into a second drying operation before entering the calendaring
stacks that are part of the finishing operation. Moisture content should be about
4–6% as predetermined by the mill. If the paper is too dry, it may become too
brittle. About 90% of the cost of removing water from the sheet occurs during the
pressing and drying operations. Most of the cost is for the energy required for
drying.

At the end of the paper machine, paper continues onto a reel for winding to the
desired roll diameter. The machine tender cuts the paper at this diameter and
immediately starts a new reel with the additional paper falling as an endless web.

For grades of paper used in the manufacture of corrugated paperboard, the
process is now complete. For those papers used for other purposes, finishing and
converting operations will now occur, typically off-line from the paper machine.
These operations can include coating, calendaring, or super calendaring and
winding.

Coating is the treatment of the paper surface with clay or other pigments and/or
adhesives to enhance printing quality, color, smoothness, opacity, or other surface
characteristics. There is a great demand for paper with a very smooth printing
surface.

Various grades of paper including paperboard, printing, writing, and industrial or
packaging grades sometimes have coatings. Most coated paper is ground with paper
made from mechanical pulp. The term “coated free sheet” describes paper made
from ground wood free fibers being produced from chemical pulp. Three major
coated paper categories exist—glossy, dull, and mat. Many people equate coated
paper with the gloss stock of a magazine. Books and other products may use dull
coated paper to retain the advantages of coated paper while reducing light glare.

Two popular coating methods are air knife and blade coating. In the air knife
process, a jet of air acts like a blade to remove excess coating applied to the
paperboard. The blade coating process using a flexible blade set in an adjustable
angle to remove excess coating across the web. Following the coating operation, the
sheet must again be dried and rewound.

Calendering is an on-machine process where the paper passes through a series of
polished steel rolls to smooth the paper surface before rewinding on a reel. Besides
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imparting smoothness, calendering can reduce variations in the sheet and create a
higher density sheet. It can also affect the water absorption properties of the paper.

Winding may appear to be a simple process, but anyone who has ever tried to
rewind a roll of bathroom tissue after a small child has played with it will think
differently. Maintaining proper tension on the reel so that the sheet lies flat and
attains proper alignment for both edges is a difficult task. Further complications
occur with the higher speeds (up to 6,000 ft/min) of the paper machine. At this rate,
the paper web is moving faster than a car at highway speed and paper the length of
20 football fields would wrap on a roll every minute.

Other operations can also take place including cutting, sorting, counting, and
packaging. For some products such as tissue and copy paper, the typical paper mill
will conduct all of these operations. In most cases, however, the rolls are wrapped
and readied for shipment to their final destination.

The nature of paper and papermaking has changed very little over the past
150 years since the introduction of the Kraft Fourdrinier process. However, the
techniques and equipment necessary to make paper have changed dramatically.
Because of this, we can rely on a consistent supply of high-quality graded papers
for almost any need we can imagine.
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Chapter 3
Tree Improvement

Abstract Biotechnology is becoming an increasingly important component of the
forest industry. Tree genetics offers the possibility to resolve the increased demands
on forest resources through the development of trees more tolerant to diseases,
pests, and chemicals, which have a detrimental impact on forest health.
Phytoremediation is an unique application of genetically altered trees for
cost-effective decontamination of toxic pollutants in soil. Phytoremediation depends
upon the root uptake of contaminants which are then stored by the tree or degraded
to less toxic compounds. Its advantages are that it works in situ using solar or green
energy. The technique is less expensive than ex situ techniques, however, there may
be a long time factor involved. The potential for phytoremediation includes removal
of naturally occurring selenium in irrigation water and the use of genetically altered
Eucalyptus trees to absorb and metabolize air pollutants. However, for phytore-
mediation to become a viable technology, a more complete understanding of the
process is essential. End products must be identified and the mechanism by which
toxic materials are converted needs to be elucidated. Biotechnology, as applied to
forest trees, is still a new science that requires answers to the numerous questions it
continuously unveils.

Keywords Forest industry � Genetics � Tree genetics � Phytoremediation
Selenium � Pollutants � Gene markers � Low lignin tree

3.1 Introduction

Rapid growth in world population will put increased pressures on land and wood
resources. Trees, the raw material of the industry, are a renewable resource.
However, we are faced with meeting the increased demand for forest products at a
time of increased restrictions on land use and environmental controls.
Environmental issues are intertwined with the whole fabric of society and have
many facets—social, political, economic, scientific, and ethical. Biologically based
processes can be used in the pulp and paper industry to reduce some negative
environmental impacts. Similarly, forest biotechnology can solve some problems
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faced by forest managers (Sykes et al. 1999). Effective management of forested
lands is central to our quality of life and the sustainability and health of the planet.
Policies, or a lack of policies, in one part of the world cannot be isolated from their
impact on the global community. We need to be concerned with tree improvement
as it relates to forest health, biodiversity, sustainability, resiliency, and other con-
ditions linked to the global forest resource.

While new breeding techniques, fertilizers pesticides, and improved cultural
methods are conventional ways to improve productivity, genetic engineering is a
more controversial alternative. However, biotechnology has the potential for gen-
erating forest tree cultivars that cannot be produced by conventional breeding alone.
Biotechnological approaches are being investigated for integrating conventional
forest tree breeding with forest resource productivity. In this chapter, some possi-
bilities for improving forest trees through hybridization and genetic engineering are
presented and a summary of application of genetically altered trees for ameliorating
toxins, phytoremediation, is also given.

3.1.1 Forest Trees in the Age of Modern Genetics

National Research Council of The National Academy of Sciences, through its work
Forestry Research a Mandate for Change, and the American Forest and Paper
Association, through Agenda 2020 have recognized the potential of biotechnology
through establishing common research priorities for industry (Sykes et al. 1999):

(1) Sustainable forestry
(2) Selection and hybridization
(3) Genetic engineering and tree breeding.

In keeping with these research priorities, following emerging applications of
biotechnology for forest trees are discussed.

3.1.1.1 Genetic Altering of Trees

Current developments in gene mapping techniques permit researchers to identify
trees with desired characteristics, e.g., fast growth, resistance to disease or cold
temperatures. These traits can be used to breed improved species by the use of
conventional methods. Mapping allows researchers to concentrate on specific genes
and their components at the molecular level. Identification of gene function allows
gene manipulation and the introduction of new and desirable traits is not available
in the breeding population. Ultimately, such mapping should permit isolation of
desired tree genes that could be engineered directly into target tree species. New
techniques for identifying gene “markers” facilitate the location of desired genes
useful for tree breeding. Once potentially valuable genes are located, they can be
cloned and improved strains of the same or other tree species can be created.
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An attempt is made to change the chemical structure of trees by genetic engi-
neering. More precisely, research is aimed at structural modifications of lignin, the
environmentally pernicious component of wood. The role of the genetic engi-
neering of trees could develop into providing the pulp industry with tailor-made
fibers. Genetically modified trees are an example of an integrated technology: by
substituting the current raw material, the overall process becomes less polluting.
The introduction of tailor-made fibers as raw material offers the possibility of
simplifying the current process, possibly by eliminating certain parts of it.

The expensive, energy-intensive process of turning wood into paper costs the
pulp and paper industries more than $6 billion a year. Much of that expense
involves separating wood’s cellulose from lignin, the glue that binds a tree’s fibers,
by using an alkali solution and high temperatures and pressures. Although the lignin
so removed is reused as fuel, wood with less lignin and more cellulose would save
the industry millions of dollars a year in processing and chemical costs. Research in
U.S shows promise of achieving this goal. By genetically modifying aspen trees,
researchers have reduced the trees’ lignin content by 45–50%—and accomplished
the first successful dual-gene alteration in forestry science. Their results are
described in Proceedings of the National Academy of Sciences (PNAS). Research
shows not only a decrease in lignin but also an increase in cellulose in the trans-
genic aspens and faster growth of the trees. This is indeed a very good news for the
wood, paper, and pulp industries, which do multibillion-dollar business worldwide.
Fast-growing, low-lignin trees offer both economic and environmental advantages,
because separating lignin from cellulose—using harsh alkaline chemicals and high
heat—is costly and environmentally unfriendly. Harvesting such trees, using them
as “crops” with desirable traits, would also reduce pressure on existing forests.
Four-year field trials of such trees in France and the United Kingdom show that
lignin-modified transgenic trees do not have detrimental or unusual ecological
impacts in the areas tested. In previous work, U.S researchers had successfully
reduced lignin in aspens by inhibiting the influence of a gene called 4CL. The
current research modifies the expression of both 4CL and a second gene, CAld5H,
in the trees. This dual-gene engineering alters the lignin structure, and produces the
favorable characteristics of lower and more degradable lignin, higher cellulose, and
accelerated maturation of the aspens’ xylem cells. The research is described in the
paper by Zhou et al. (2003). These results are “very significant” and will have
dramatic impacts on the future genetic improvement of forest trees for pulp and
paper production. The improved tree growth and high cellulose content will
increase pulp yield production, while the reduced lignin content will reduce the
pulping cost and energy consumption in the pulping process. The ability to produce
high-yield plantations with these desirable characteristics will enable to produce
wood more efficiently on less land, allowing natural forests to be managed less
intensively—for habitat conservation, aesthetics, and recreational uses.

Brunelli (2008) has also reported that wood products containing less lignin and
more cellulose would have a very marked effect on the environment but there are
also many other factors to take into consideration before such a living organism
could be cloned and put to extensive cultivation. Growth rates of the modified tree
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and the environmental impact of their pollen distribution upon native species would
require a vast number of generations before real results could be established. Many
years of research would be required before parasite resistance, disease resistance,
capacity to adapt to environment, food resource utilization, and environmental
stress resistance could be ascertained. To counter potentially harmful results of
uncontrollable pollen distribution or insect activity, the trees may require genetic
sterilization. Thus far, trees grown to 10 months have been shown to contain 45%
less lignin and 15% more cellulose than their natural siblings.

Chen et al. (2001) have reported the results obtained by altering the expression
of genes of the monolignol biosynthesis pathway in trees and the effect of these
modifications on the lignin polymer and on pulping. The genetic engineering of
lignin involved downregulation of caffeic acid O-methyltransferase (COMT),
downregulation of caffeoyl-CoA O-methyltransferase (CCoAMT), overexpression
of ferulic acid 5-hydroxylase (F5H), downregulation of 4-coumarate:CoA ligase
(4CL), and downregulation of cinnamyl alcohol dehydrogenase (CAD). The results
obtained by altering the expression of several genes in the monolignol biosynthesis
pathways via genetic engineering confirm that it is possible to modify lignin amount
and structure without associated detrimental effects for the plant. For some of the
transgenic trees, field trials have been established to produce sufficient quantities of
wood for larger scale pulping evaluations. These trials also aim to evaluate whether
the beneficial effect on pulping is stable over successive years of growth and to
study whether the transgenic plants show any alteration in growth and development
or disease and pest resistance, when grown under natural conditions.

Dimmel et al. (2000) have reported two approaches to developing an improved
wood raw material; one using cinnamyl alcohol dehydrogenase (CAD)—deficient
trees, the other increasing the level of natural pulping catalysts in trees. The absence
of the CAD enzyme results in a different pool of precursors for lignin production,
which possess fewer sites for polymerization, that can lead to a less branched, lower
molecular weight lignin. Wood from a 12-year-old CAD-deficient loblolly pine
(Pinus taeda) was much more easily delignified under soda, kraft, and soda/an-
thraquinone conditions, compared to a normal 12-year-old loblolly pine. Attempts
to increase the content of anthraquinone pulping catalysts in hardwoods that already
produce low levels of these materials could also lead to trees with less lignin. An
Abrabidopsis isochorismate synthase (ICS) protein in Escherichia coli has been
successfully overexpressed and experiments have been performed to deliver the ICS
gene into model cottonwood plants via Agrobacterium infection. This will make it
possible to test the hypothesis that this gene is the rate-limiting enzyme in an-
thraquinone biosynthesis.

For more than 25 years, Aracruz Celulose has been developing an intensive
research program on Eucalyptus tree improvement, looking at the introduction,
evaluation, selection, and recombination of superior trees (Bertolucci et al. 1999).
Modern biotechnological tools are being introduced into classic genetic tree
improvement programs and there is increased pressure for the definition of the most
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important forest attributes for each type of product. In 27th EUCEPA conference,
Bertolucci et al. (1999) presented Aracruz’s research addressed at obtaining clones
and varieties “engineered” to specific objectives, such as productivity and good
quality attributes.

Modifications to the lignin content or composition of wood could provide
economic benefits (Boudet 1996). The OPLIGE project was established to char-
acterize genes involved in lignification, transform models and target plans, conduct
molecular and biochemical analyses of transformants, study digestibility and pulp
production from transformed plants, and cultivate on a large scale the transfor-
mations in field trials of their agronomical properties. It appears that the lignin
component of the cell wall can be altered, despite its complex polymer biosynthetic
pathway. Genetic manipulation of the genes involved in monolignol biosynthesis
can improve the lignin content and composition. The manipulation of other genes in
the pathway also impacts on the monomeric composition of lignins. Downstream
genes might be suitable for reducing the lignin content of woody species.

At the University of Wisconsin-Madison and Ohio State University, researchers
introduced genes with desirable traits from non-tree species to poplars and white
spruce to make these wood species resistant to insect pests or herbicides and further
improve their qualities by genetic manipulations. The resultant trees were protected
against defoliating insects and, in some cases, a high percentage of the insects
feeding on their leaves were killed (Kleiner et al. 1995). Finnish researchers have
identified gene markers for cold hardiness in Scots pine and are using these markers
to identify trees that could thrive near the Arctic Circle (Anne 1996). This approach
has also been used by researchers at North Carolina State University, the USDA
Forest Service in Athens, Georgia, and the New Zealand Forest Research Institute
at Rotorua to locate a gene that imparts resistance to a major fungal pathogen in
loblolly pine (Dean et al. 1997; Todd et al. 1995).

Cloning permits replication of genetically engineered trees and enables mass
production of embryos of identical trees that contain one or more value-added traits.
Embryos are inserted into manufactured seed and the seeds are sown following
conventional culture in a nursery. Identical trees are advantageous in ensuring a
uniform raw material that is relatively predictable in its requirements for conversion
to pulp and paper (Cyr et al. 1997).

Another approach to genetic altering of trees, which utilizes “antisense con-
structs” (nucleic acids that bind to the genes themselves or messenger RNAS) to
inhibit enzyme production needed for lignin synthesis, has been used by Eriksson
et al. (1996) in their work to minimize the lignin content of trees. Obviously,
successful development of this work would revolutionize delignification as it is now
known. Some of the tree species selected for genetic engineering include loblolly
pine, eucalyptus, poplar, sweet gum, and spruce. These species are either fast
growing and especially valuable in the pulp and paper industry. Most tree genetics
research is presently conducted at universities or government agencies, often in
cooperation with paper companies.
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3.1.1.2 Phytoremediation

One of the most fascinating possibilities of biotechnology is that of genetically
improving trees to remediate soil contaminated by toxic wastes. Trees are already
used for wastewater cleanup, for site stabilization, and as barriers to subsurface flow
of contaminated groundwater. Trees are ideal remediators because they are
fast-growing perennial plants with extensive root systems and high transpirational
rates (Pullman et al. 1998). Their large biomass is advantageous because it allows
higher tolerance for toxic materials and has the capacity for accumulating con-
taminants. Because plant remediation is done in situ, it has the potential to be
substantially less expensive than alternative technologies used for detoxification.

Phytoremediation (“phyto” means plant) is a generic term for the group of tech-
nologies that use plants for remediating soils, sludges, sediments, and water con-
taminated with organic and inorganic contaminants (Table 3.1). Phytoremediation
can be defined as “the efficient use of plants to remove, detoxify or immobilise
environmental contaminants in a growth matrix (soil, water or sediments) through the
natural biological, chemical or physical activities and processes of the plants” UNEP
(2000). Plants are unique organisms equipped with remarkable metabolic and
absorption capabilities, as well as transport systems that can take up nutrients or
contaminants selectively from the growth matrix, soil or water. Phytoremediation
involves growing plants in a contaminated matrix, for a required growth period, to
remove contaminants from the matrix, or facilitate immobilization (binding/
containment) or degradation (detoxification) of the pollutants. The plants can be
subsequently harvested, processed, and disposed.

Plants have evolved a great diversity of genetic adaptations to handle the
accumulated pollutants that occur in the environment. Growing and, in some cases,
harvesting plants on a contaminated site as a remediation method is a passive
technique that can be used to clean up sites with shallow, low to moderate levels of
contamination. Phytoremediation can be used to clean up metals, pesticides, sol-
vents, explosives, crude oil, polyaromatic hydrocarbons, and landfill leachates. It
can also be used for river basin management through the hydraulic control of
contaminants. Phytoremediation has been studied extensively in research and
small-scale demonstrations, but full-scale applications are currently limited to a
small number of projects. Further research and development will lead to wider
acceptance and use of phytoremediation.

Table 3.1 Phytoremediation

Direct use of living green plants for in situ or in place, removal, degradation, or containment of
contaminants in soils, sludges, sediments, surface water, and groundwater

A low cost, solar-energy-driven cleanup technique

Most useful at sites with shallow, low levels of contamination

Useful for treating a wide variety of environmental contaminants

Effective with, or in some cases, in place of mechanical cleanup methods
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Phytoremediation is an alternative or complimentary technology that can be used
along with or, in some cases in place of mechanical conventional cleanup tech-
nologies that often require high capital inputs and are labor- and energy-intensive.
Phytoremediation is an in situ remediation technology that utilizes the inherent
abilities of living plants. It is also an ecologically friendly, solar-energy-driven
cleanup technology, based on the concept of using nature to cleanse nature.
Figure 3.1 shows the mechanisms for phytoremediation.

Several key factors should be considered when evaluating whether phytoreme-
diation is a potential site remedy (Table 3.2).

The most important methods of phytoremediation are

1. Decontamination; and
2. Stabilization and containment.

In decontamination the amount of toxic pollutants in the soil is significantly
reduced or eliminated; in stabilization and containment, the plants and their asso-
ciated microflora do not remove contaminants but rather alter the soil chemistry and

Fig. 3.1 Mechanisms for phytoremediation
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sequester, reduce, or eliminate the environmental risk of the toxin (Stomp et al.
1993). Research is being conducted to screen tree species for their ability to tolerate,
take up, translocate, sequester, and degrade organic compounds and heavy metal
ions. Clonal propagation and genetic engineering techniques already exist for a
number of species, which opens the door to the creation of tree “remediation”
cultivars (Cunningham et al. 1995). This in situ use of plants to stabilize, remediate,
and restore a contaminated site is referred to as phytoremediation (McIntyre and
Lewis 1997). All plants have the ability to accumulate metals essential for their
growth and development; these metals include iron, manganese, zinc, copper,
magnesium, molybdenum, and possibly nickel (Salt et al. 1995). Certain plants
accumulate heavy metals that have no known biological function: these metals
include cadmium, chromium, lead, cobalt, silver, selenium, and mercury. However,
significant accumulation of heavy metals is usually toxic to most plants. For some
time, botanists have been aware that certain tree species are endemic to soils
containing high metal content (Baker and Brooks 1989).

Identification of heavy metal tolerance by some plants has led to research that
exploits this characteristic for removing metal contaminants by establishing selected
vegetation on contaminated soil; these plants are called “accumulating” plants.
A specific example of this technology is the development of a transgenic yellow
poplar developed for remediating mercury-contaminated soil (Rugh et al. 1998).
Hyperaccumulating plants promise effective, inexpensive remediation of soil,
sediment, and groundwater. Whereas metal-tolerant plants exclude toxic metal ions
from uptake, hyperaccumulating plants take up high amounts of toxic metals and
other ions. An exciting possibility of applying biotechnology lies in identifying a
tree species with the ability to tolerate or accumulate toxic substances such as heavy
metals or organic compounds. Once identified, this tree species could be introduced
in contaminated areas. Furthermore, genetic modification could accelerate reme-
diation by making the tree a hyperaccumulator, by adapting its growth to diverse
climatic conditions, or by enabling faster growth (Rulkens et al. 1998).

Table 3.2 Technical considerations for phytoremediation

1. Determine whether evidence of the potential effectiveness of phytoremediation is specific to
the site matrix and contaminants. If laboratory studies on the plants and contaminants of
interest are the primary evidence used to support the use of phytoremediation at the site, the
studies should at least show that the plants to be used at the site are capable of remediating site
contaminants

2. Consider the protectiveness of the remedy during the time it takes the plants associated with
phytoremediation to establish themselves at the site to a point where they are containing/
degrading the contaminants of interest

3. Consider whether phytoremediation is likely to clean up the site in an acceptable time frame

4. An adequate backup or contingency technology should be identified in the event that
phytoremediation is attempted and does not succeed

Based on US EPA (2000)
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Phytoremediation is based on root uptake of contaminants and storage in the
plant or partial/complete degradation to less toxic compounds. This type of reme-
diation could promote degradation of organic pollutants by increasing soil organic
carbon content or by releasing enzymes that promote microbial activity through the
plant roots. Phytoremediation could be useful in ameliorating heavy metals and
organic compounds such as 2,4,6-trinitrotoluene (TNT), trichloroethylene (TCE),
benzene, toluene, xylene, and ethylbenzene (Anon 1996). The benefits of phy-
toremediation include the fact that it is done in situ and that it is a passive,
solar-driven “green” technology. Roots are exploratory, liquid-phase extractors that
can find, alter, and/or translocate elements and compounds against large chemical
gradients (Cunningham et al. 1993). This technology is most effective on sites
containing a low level of contamination that are widely dispersed over a large area
in the upper surface of the soil. Phytoremediation can work side by side with site
restoration with minimum site disruption. Additionally, plant biomass can be har-
vested to remove contaminants from the site and trees will resprout without dis-
turbing the site. In sites where a valuable heavy metal has accumulated, it may be
possible to reclaim the metal from the harvested tree. Phytoremediation techniques
are less expensive than ex situ methods, but they require a long time to work.
Long-term site remediation and stabilization using trees makes remediation and
restoration synonymous, which lowers costs and is compatible with public objec-
tives. The most appropriate type of remediation for a specific site depends on the
degree of pollution and the type of toxic material. More intensive remedies are
required for localized, highly contaminated sites. Conventional soil remediation
methods are more suitable for these sites. These methods typically involve exca-
vation of contaminated soil followed by extraction of the toxin. This ex situ
technique is usually extremely expensive. Toxic metal contamination of soil and
groundwater is a major environmental and human health problem for which
affordable, effective solutions are urgently needed. In agricultural areas, sites are
frequently contaminated by a buildup of residual herbicides Atrazine, a commonly
used agricultural herbicide, has been the focus of bioremediation researchers
(Burken and Schnoor 1997). Research with hybrid poplars has resulted in soma-
clonal variants that tolerate lethal dosages of herbicides. Another aspect of engi-
neered tolerance, pesticide, and herbicide resistance is especially interesting. If trees
could be engineered to be more tolerant of the ubiquitous chemicals in soils,
substantially higher yields of forest trees could be realized. Such an application was
reported by Meilan et al. (1997) in their work on an engineered resistance to the
herbicide roundup.

Other possibilities for phytoremediation range from removing concentrations of
naturally occurring selenium solubilized in irrigation water and accumulated in
surrounding groundwater (Bañuelos et al. 1997) to using genetically altered euca-
lyptus trees for absorbing and metabolizing air pollutants (Sorge 1995). The pos-
sibilities seem to be limited only by the imagination of researchers and the toxic
material present.
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Chapter 4
Biotechnology in Forestry

Abstract Biotechnological applications in forestry—propagation, genetic trans-
formation, transgenic approaches, in vitro culture, abiotic stress resistance, biotic
stress resistance, modification of lignin, RNAi interference, marker-assisted selec-
tion and QTL mapping—are discussed in this chapter. The economic benefits
resulting from the introduction of forest biotechnology will be reduced costs and
increased availability of wood and wood products. Important environmental issues,
including rehabilitation of habitats altered by disease and the overuse of natural
forests for industrial wood, may also get benefitted from biotechnology solutions.

Keywords Biotechnology � Forestry � Propagation � Genetic transformation
Transgenesis � In vitro culture � Abiotic stress resistance � Biotic stress resistance
Modification of lignin � RNAi interference � Marker-assisted selection
QTL mapping

4.1 Introduction

Today, biotechnology is being introduced into forestry so this area is on the
threshold of promising change (Sedjo 2001a). Sophisticated tissue cultures for
cloned seedlings and genetically modified organisms indicate several benefits as
more of the world’s industrial wood is being produced on planted forests. In several
cases, biotechnology in forestry is simply an extension of agricultural innovations,
such as herbicide resistance. But, biotechnology also has applications unique to
forestry such as lignin reduction, fiber modification, extraction, and sterility, which
is an important factor to prevent modified genes from “leaking” into the natural
environment. The introduction of biotechnology to forestry will result in economic
benefits such as reduced costs and increased availability of wood and wood
products. Additionally, innovations in forest biotechnology have the potential to
address important environmental issues, including the rehabilitation of habitats
altered by disease, like the American Chestnut blight, or invasive exotics.
Furthermore, the increased productivity of tree plantations may free large areas of
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natural, or primary, forest from pressures to supply industrial wood and thus
improve their ability to preserve biodiversity. And as trees are modified to grow in
previously unsuitable areas—such as arid lands or saline soils—the new forests
could not only produce more wood but also improve watershed protection and
sequester carbon for climate change mitigation.

Forestry has been tremendously benefited from the development and imple-
mentation of improved forest management and silvicultural, practices, and breeding
techniques, which have contributed greatly to the improvement of forest tree species
in the past, and will continue to have a significant impact on the genetic gain and
productivity of economically important tree species by providing better germplasm
and improved management practices for plantation forests. Although good progress
has been made in breeding trees for altered xylem-fiber lengths and lignin content,
which is valuable to the paper and pulp industries, much less progress has been
made in improving timber quality, precisely because the wood formation is so
poorly understood (Turnbull 1999; Heilman 1999; Lev-Yadun and Sederoff 2000;
Plomion et al. 2001). Probably, it is one of the most complex phenomena facing
plant biologists today, with perhaps 40,000 genes being involved so without
biotechnological tools to get a better understanding of the process, markers for
wood-quality characteristics will remain a distant prospect (Lorenz and Dean 2002).

Traditional breeding methods are often constrained by the long reproductive
cycles of most tree species and the difficulty in achieving significant improvements
to the complex traits such as wood properties, disease and pest control, and tol-
erance to abiotic stresses. The state of food and agriculture reported that biotech-
nology is more than genetic engineering (FAO 2004). In fact, 81% of all
biotechnology activities in forestry over the past 10 years were not related to
genetic modification (Wheeler 2004). Genetic engineering has the potential to boost
global wood production in many ways (Sutton 1999; Sedjo 2001b).

Applications which are under consideration currently, for plantation forests,
include resistance to biodegradable herbicides, changed lignin properties for
reduced downstream processing costs or improved burning, altered reproductive
mechanisms for faster breeding or genetic containment, resistance to selected pests
phytoremediation of polluted sites, and the production of novel chemicals or
pharmaceuticals (Strauss et al. 1999, 2001). Also, it might be possible to manip-
ulate, photosynthetic efficiency, wood-quality traits and tolerance to abiotic stresses
such as drought.

4.2 Historical Perspectives

The planting of forests for timber started in Europe in the nineteenth century and
about the middle of the twentieth century in North America (Sedjo 2001a). Over the
past four decades, industrial plantation forests have become a major supplier of
industrial wood, largely due to the higher productivity of planted forests and the
higher costs of extracting timber from natural forests under strict environmental
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standards. The traditional breeding techniques practiced in forestry have followed
the model of other agricultural crops. Early improvements in trees involved iden-
tification of superior trees with desired characteristics and attempts to capture off-
spring having those characteristics. The planting of genetically improved stock
started in 1970. Modern biotechnology, including genetic modification and tissue
culture, began to be undertaken in forestry in the 1990s. As more of the world’s
industrial wood is being produced on planted forests, the potential benefits from
introducing desired genetic alterations into the seedling used in planting have
become obvious. Benefits will be found in reduced costs of wood production,
which in turn will result in reduced costs to consumers of wood/wood products.
Also, biotechnology in forestry has the potential to address important environ-
mental issues (Table 4.1). On the cost side, concerns relate to potential genetic
transfers between transgenic and wild trees, and the potential implications for the
natural environment.

4.3 Biotechnological Applications in Forestry

The term “biotechnology” is a combination of biology and technology. Modern
biotechnology focuses on, transfer of single genes from a different species,
DNA-level analyses and cloning by somatic embryogenesis. Biotechnology
involves traditional tree improvement practices and uses; fundamental discoveries
in the field of plant tissue culture for clonal forestry, gene transfer techniques,
molecular biology, and genomics. These new discoveries now provide an extended
platform for the improvement of characteristics that have previously been consid-
ered impractical via traditional breeding methods.

Biotechnology provides opportunities for understanding genome organization
and functioning of genes associated with complex value-added traits, and also to
transfer such genes into economically important tree species. This will result in the
development and deployment of trees ready to meet the future demand of increasing

Table 4.1 Environmental benefits

Biotechnological innovation Environmental output

Plantation wood substitutes for wood
from natural forests at lower costs

Pressure to log primary forests can be reduced

Trees are genetically modified to adapt
to traditionally unsuitable sites

Carbon-sequestrating forests can be established on
sites previously not suitable for forestry

Trees are genetically modified to grow
in arid or saline conditions

Protection forests can be established on degraded
lands

Cold-tolerant species of a desired genus
are developed

The range of desirable trees can be extended

Based on Sedjo (2001a)
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population of world for timber and other forest products, while preserving natural
forests for future generations.

Biotechnological innovation in forestry falls into three major areas

• The use of vegetative reproduction methods;
• The use of genetic markers
• The production of genetically modified organisms (GMOs), or transgenic trees.

Most of the biotechnologies used in forestry today involve vegetative reproduction
through tissue culture and molecular marker applications. However, GMOs are also
likely to play a significant role in forestry. Using methods adapted from agriculture,
selected foreign genes are introduced into the plant genome. In one such method,
specific genes are identified and modified to affect biochemical pathways and the
resulting phenotypes. For instance, the promise of controlling the lignin (cells that
impart strength to the tree’s structure but that must be removed in papermaking)
depends on the ability to identify and modify lignin genes, thus changing the type,
amount, and form of lignin that is produced in the tree. The ease of gene trans-
formation varies with different species. It is generally found more difficult in
conifers in comparison to hardwoods.

Over the past few decades, traditional tree improvement programs have been
used for improving plantation forestry yields. These have been found useful. These
programs involve selection, genetic crosses, and recurrent testing. Unfortunately,
the recognition of the potential of biotechnology in the forest sector is not too much.
But, it is becoming an increasingly important component of the processing sector,
such as pulp and paper production, and it also plays an important role in various
stages of the production chain, from planting to harvesting. One of the first
applications of biotechnology in forestry was the inoculation of seedlings with
symbiotic organisms (specifically mycorrhizae) with the objective of increasing
seedling growth. Since then, significant progress has been made in the field of forest
biotechnology, which currently focuses on main areas shown in Table 4.2 (Kumar
et al. 2015).

Table 4.2 Biotechnological
applications in forestry

Propagation

Genetic engineering

Transgenesis

In vitro culture

Abiotic stress resistance

Biotic stress resistance

Modification of lignin

Tissue culture

RNA silencing or interference

Marker-assisted selection and QTL mapping

Based on Kumar et al. (2015)
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4.3.1 Propagation

Plant propagation is the process of producing new plants from different sources:
seeds, cuttings, bulbs, and other plant parts. Plant propagation can also refer to the
artificial or natural dispersal of plants.

Plant cloning has been used for tree breeding and propagation using both grafts
and cuttings. Cunninghamia lanceolata (Chinese fir) has been propagated by cut-
tings for clonal forestry in China for more than 800 years and Cryptomeria
japonica (Japanese cedar) has been propagated clonally by cuttings in Japan for
plantations since the beginning of the fifteenth century (Li and Ritchie 1999; Toda
1974). Some tree species are easier than others to propagate by cuttings. Hardwood
species, such as willows, poplars, and few eucalyptus species, and conifer species,
such as redwood, spruces and some pines are widely planted as cuttings in family or
clonal plantations (Assis et al. 2004; Menzies and Aimers-Halliday 2004; Ritchie
1991; Ahuja and Libby 1993). The use of vegetatively propagated trees for
intensively managed, high-yielding plantations is expected to increase in different
parts of the world in the future. Whereas the major use of propagation technologies
has been for forest establishment of genetically improved clones/families, there is
also a conservation use for those species which are at risk, rare, endangered, or of
special cultural, economic, or ecological value (Benson 2003). Integrating tradi-
tional methods (in situ conservation and seed storage) with biotechnologies
(micropropagation and cryopreservation) can provide successful solutions.

4.3.2 Genetic Engineering

Biotechnology has tremendous potential in tree improvement. Genetic transfor-
mation makes a major contribution to overcome constraints like long breeding
cycles, species barriers, and narrow genetic pools in cultivated commercial tree
crops. It also complements the conventional selection and breeding of superior
trees. Genetic engineering (GE) is actually the modification of an organism’s
genetic makeup, or genome, by deliberately introducing genes or by removing or
suppressing a part of the organism’s genetic material. Organisms that result from
this process are referred to as “genetically modified organisms” (GMOs). While
introduced genes may come from other individuals of the same species, they typ-
ically come from other species, such as bacteria, viruses, and other plants and
animals, in which case they are referred to as “transgenic”. The introduced genes
may act only as genetic markers, or they may allow the organism to express a novel
trait. GE can produce novel traits that cannot be delivered through traditional tree
breeding programs. Although it may be about 15–20 years before a genetically
engineered tree could be released for commercial use, the use of GE technologies in
tree genetics research may soon benefit tree breeding programs. Fillatti et al.
1987 achieved the first successful transformation in trees. Since then, progress has
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been slow but steady and has seen many new inventions and techniques over the
last decade (Herschbach and Kopriva 2002; Merkle and Dean 2000; Pena and
Seguin 2001; Diouf 2003; Gallardo et al. 2003; Gartland et al. 2003). The major
theme to attempt genetic transformation in trees is the improvement of quality and
also productivity. The potential of production of trees with novel traits is one of the
most important benefits of genetic transformation. The idea of using several dozen
species, most of which belong to the genera Eucalyptus, Populus, Pinus, Picea, and
Rubber for molecular farming of desired products, is also gaining momentum.

Among forest trees, angiosperm trees, feature easy transformation and regen-
eration, vegetative propagation, rapid growth, and modest genome size. Extensive
genomic resources, including a fully sequenced genome, are presently available for
poplars thus making them ideal model organisms for tree molecular biology and
biotechnology. Genetic modification of conifers, such as spruce and pine, is also
important for forest biotechnology. Genome sequencing of conifers is a significant
challenge because of their large genome size, but methods for genetic transfor-
mation are available. The main focus of the new biotechnology of forest trees has
been in the following areas:

• improving growth rate;
• wood properties and quality;
• pest resistance;
• stress tolerance; and
• herbicide resistance.

One of the most important traits of industrially important forest trees is wood
yield. Therefore, intensive research efforts have been focused on improving the
growth rates of trees. As a result, several genes have been identified which improve
the growth of transgenic poplars. Among these is the cytosolic pine glutamine
synthase (GS). This is a main enzyme involved in nitrogen assimilation.
Overexpression of this gene in poplar increases height by 41% and stem diameter
by 36%. Also improved growth and cellulose production have been obtained by
overexpression of a fungal xyloglucanase gene and an Arabidopsis endoglucanase
gene in poplar. Remarkably, overexpression of a horseradish peroxidase in poplar
increases oxidative stress resistance and plant height by 25%; stem volume by 30%,
and increases oxidative stress resistance. The mechanism behind the enhanced
growth rate is related to altered ascorbate/dehydroascorbate levels. These play an
important role in cell division and elongation.

Unlike many other plants, trees have very long juvenile phases during which
they are not able to initiate flowering and subsequent seed development. This is the
major factor contributing to the long breeding cycles in trees. Study of herbaceous
and woody species suggest that the juvenile to adult transition is regulated by
genetic and environmental controls. So, the juvenile to adult transition allowing the
seasonal induction of flowering can be controlled with genetic engineering of the
regulatory pathways. Present understanding of the control of flowering transition is
usually based on studies in Arabidopsis, leading to the identification of some of the
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major genes. Among these is a unique transcription factor (LFY). Constitutive
expression of the Arabidopsis LFY gene in a male hybrid aspen clone (Populus
tremula � Populus tremuloides) induced the development of flowers in transgenic
juvenile trees, which would normally take 15 years for developing flowering. This
is the first demonstration that GE can be used to affect complex physiological
processes such as the generation time of tree.

4.3.3 Transgenesis

Transgenesis is the process of introducing an exogenous gene—called a transgene—
into a living organism so that the organism will show a new property and transmit
that property to its offspring. Transgenesis can occur in nature. Transgenesis can be
facilitated by

• Liposomes;
• Enzymes;
• Plasmid; vectors
• Viral vectors;
• Pronuclear injection;
• Protoplast fusion; and
• Ballistic DNA injection.

Transgenic organisms can express foreign genes because the genetic code is
similar for all the organisms. A specific DNA sequence will code for the same
protein in all organisms. Scientists can cut DNA at these common protein points
due to this similarity in protein sequence and add other genes. An example of this is
the “super mice” of the 1980s. These mice were able to produce the human protein
tPA to treat blood clots.

Several sources of transgenes and regulatory elements, and intended character-
istics, have been studied (Viswanath et al. 2011). This includes

• Expression of reporter genes;
• Modified wood properties;
• Modified flowering and fertility;
• Modified growth rate and stature; and
• Insect, disease, and herbicide resistance.

Procedures for genetic transformation of forest trees differ slightly from those for
other plant species and are mainly confined to the use of Agrobacterium, with a few
reports on particle bombardment-mediated transformation. Differentiation of
transformed cells is a necessary requirement for obtaining transgenic plants and two
systems are being used in forest trees: organogenesis and embryogenesis. These
procedures, including the use of selectable markers and screening methods, are very
well established. Introduction of one or more perfectly characterized new characters
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without, in theory, negatively affecting the overall genetic makeup of the plant is
possible. This approach also offers the possibility of overcoming the genetic barrier
between species, in a relatively lesser time frame than through traditional tree
breeding. The major problems faced to efficiently produce transgenic trees are listed
below (Harfouche et al. 2011):

(i) difficulties in plant regeneration from Agrobacterium-infected or
particle-bombarded explants;

(ii) incomplete development beyond the in vitro stage of rooted plants for per-
forming trials in field; and

(iii) transgene instability during the long life span of forest trees, including
transgene silencing and somaclonal variation.

Once transgenesis is performed at the cell level, in vitro culture techniques can be
used for regenerating the entire tree.

4.3.4 Lignin Modification

During chemical pulping of wood, lignin is separated from cellulose and hemi-
cellulose Bajpai (2015). The production of plant material with lower contents of
lignin would mean a significant reduction of cost as well as pollution to the paper
industry. Lignin is one of the major wood components that must be effectively
removed from pulps in order to guarantee high brightness of the paper products.
Because of its importance for the pulp and paper industries, the biochemistry and
molecular biology of lignin biosynthesis are currently well understood. The key
enzymes in the relevant biochemical pathways have been identified and charac-
terized. Therefore, it has been possible to use genetic engineering to modify lignin
content and/or composition in poplars. For example, suppression of cinnamyl
alcohol dehydrogenase (CAD), the final enzyme in the biosynthesis of lignin
monomers, results in lignin with altered structure, and suppression of caffeate/
5-hydroxyferulate O-methyltransferase (COMT). This enzyme is involved
in syringyl (S) lignin synthesis and results in dramatic reduction in S lignin content.
The pulping performance of transgenic trees with altered lignin has also been
evaluated in long-term field trials conducted in France and England. Kraft pulping
of the transgenic tree trunks showed that the reduced-CAD lines had better char-
acteristics, showing easier delignification, using smaller amounts of chemicals,
while yielding more better quality pulp. These experiments show for the first time
the potential of genetic engineering in producing wood which is more easily pro-
cessed by Kraft pulping, and producing pulp with better properties. Because of the
genetic modification savings in energy and pollutant chemicals were also achieved,
thus leading to an environmentally more sustainable process.

It is now possible to develop transgenic trees having lower lignin content, but do
not have unfavourable physiological characteristics. Biochemical pathways in
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lignin synthesis have been the subject of several studies, and several genes
responsible for the enzymes involved have been characterized (Tzfira et al. 1998;
Merkle and Dean 2000). One of the approaches for obtaining reduced lignin forest
trees has been the down regulation of lignin biosynthesis pathways (Hu et al. 1999).
The main genes involved with genetic transformation targeting lignin reduction are
4-coumarate: coenzyme A ligase (Pt4CL1) cynnamyl alcohol deshydrogenase
(CAD-the final enzyme in the biosynthesis of lignin monomers) and caffeate/
5-hydroxyferulate O-methyltransferase (COMT-enzyme involved in syringyl lignin
synthesis) (Hu et al. 1999; Baucher et al. 1996; Lapierre et al. 1999). After cellu-
lose, lignin is the most abundant organic compound in the biosphere and makes up
15–35% of the dry weight of trees. By manipulating the expression of these genes,
it has been possible to modify the lignin structure or lignin content. Current tree
biotechnology emphasis on low lignin quantity and greater lignin reactivity and,
finally, a combination of low and reactive lignin traits. Lignin quantity and reac-
tivity [which is associated with its syringyl/guaiacyl (S/G) constituent ratio] are two
major barriers to wood pulp production.

4.3.5 In Vitro Culture

In vitro culture technique involves propagating plant tissues in a controlled envi-
ronment which should be free of microorganisms. Almost 34% of all biotechnology
activities reported in the area of forestry over the past decade related to propagation
(Chaix and Monteuuis 2004; Wheeler 2004). From a single cell, an entire tree can
be regenerated. In vitro culture can be used for reproducing seedlings and to cry-
opreserve cell lines from which it will be possible to regenerate other copies of the
same seedlings in the future. In in vitro plant culture, regeneration takes place via
two main pathways: organogenesis and somatic embryogenesis. Organogenesis is
the regeneration of plants through organ formation on an explant or from cell
masses, and for somatic embryogenesis, it is done through the formation of
embryo-like structures. In somatic embryogenesis (SE), the embryonic plants are
produced from the somatic, or nonreproductive, tissue of a seed. The resulting
“somatic seedlings” contain only the genetic material found in their parent trees,
and thus are similar to rooted cuttings. The main difference between using cuttings
and SE is the “unlimited” number of plants that theoretically can be produced from
SE. Organogenesis has been the preferred method for species such as poplar and
eucalyptus. Embryogenesis has been used very successfully with conifers (Park
et al. 1998). Both processes provide the means to clonally propagate large numbers
of elite trees for research and reforestation. One drawback of somatic embryoge-
nesis is that it is fully applicable only using juvenile material as initial explants
(embryos but difficult to carry out with needles). To obtain maximum gains, a
two-step procedure must be established. First, while testing new lines produced
with replicated clonal trees, tissue lines must be cryopreserved. Second, once the
best clone has been identified after a few years of testing, cryopreserved tissue of
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the best lines are put back into in vitro culture for tree multiplication and propa-
gation. In vitro culture is also important for genetic engineering or transgenesis
work as it provides the material on which the technology can be carried out.

4.3.6 Stress Resistance

4.3.6.1 Abiotic

Abiotic stress is the negative impact of the nonliving factors on living organisms in
specific conditions. In case of plants, those plants express resistant to such factors
called abiotic stress resistant plants. The examples of abiotic stresses are extreme
temperatures, high winds; drought, flood, etc. Drought is often associated with
osmotic or salinity stress. It is a major factor involved in the decrease in forest
productivity. Enhancing salinity tolerance and drought is of particular importance
when reforesting marginal arid and semiarid areas, which are prone to degradation.
Molecular control of plant response to abiotic stress is complex. It usually involves
coordinated expression of several genes. The use of known abiotic-stress-associated
genes from other species to enhance tolerance in forest trees has been limited.
Harfouche et al. (2011) have reported that recent studies in genomics, transcrip-
tomics, and proteomics in several forest tree species, as well as release of the draft
Eucalyptus grandis genomic sequence (www.eucagen.org), have provided new
tools for improving abiotic stress tolerance in trees. Overexpression of a pepper
ERF/AP2 transcription factor, CaPF1, in eastern white pine resulted in a substantial
increase in tolerance to drought, freezing and salt stress (Tang et al. 2007). The
increased tolerance was associated with polyamine biosynthesis. Furthermore,
overexpression of the choline oxidase gene from Arthrobacter globiformis resulted
in increased tolerance to NaCl in several lines of Eucalyptus globules (Yu et al.
2009).

4.3.6.2 Biotic

Biotic stress occurs as a result of damage done to an organism by other living
organisms, such as bacteria, viruses, fungi, parasites, beneficial and harmful insects,
weeds, and cultivated or native insects, weeds, and cultivated or native plants. It is
quite different from abiotic stress which is the negative impact of nonliving factors
on the organisms such as temperature, sunlight, wind, salinity, flooding, and
drought. The types of biotic stresses imposed on an organism depend on the climate
where it lives and also the species’ ability to resist particular stresses. Biotic stress is
a broadly defined term and those who study it face many challenges, such as the
greater difficulty in controlling biotic stresses in an experimental context compared
to abiotic stress.
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The use of genetic engineering to improve tree resistance to insects and
microbial pests has been the subject of investigation in several laboratories. For
example, at Natural Resources Canada (NRC), researchers introduced the gene
corresponding to the toxin Bacillus thuringiensis (B.t.) into white spruce (Picea
glauca [Moench] Voss). White spruce is susceptible to spruce budworm, an insect
that has caused the defoliation of large areas in Canada. The transgenic trees
obtained were tested for their toxicity to spruce budworm and complete resistance
was observed in many trees (Peña and Séguin 2001). This research is part of the
development of a research model and is not aimed at the commercialization of such
a product. Similarly, in several parts of the world, fungal and bacterial infestations
cause significant forest losses. These losses are very often underestimated, as
compared to the damage caused by insects, because the damage is not much visible.
But, it is possible to induce resistance by introducing genes associated with the
production of antifungal or antibacterial proteins (e.g., endochitinase, PPO) (Séguin
1999). Several approaches, which are presently in the experimental stage, will be
used to assess the effectiveness of these strategies for forest trees (Peña and Séguin
2001). Genetically engineered insect resistance can be environmentally advanta-
geous because of the reduced need for synthetic insecticides. Hybrid triploid
poplars [(Populus tomentosa � Populus bolleana) � P. tomentosa] transformed
with a cowpea trypsin inhibitor gene (CpTI) exhibited resistance to three defoliating
insects: forest tent caterpillar (Malacosoma disstria), gypsy moth (Lymantria dis-
par), and willow moth (Stilpnotia candida) (Zhang et al. 2005). Forest trees play
host to several fungal, bacterial, and viral pathogens. Trees engineered for disease
resistance can provide both environmental and commercial advantages. Enhanced
disease resistance has been achieved using a variety of genes derived from plants
and microorganisms, with varying degrees of success. For example, Chinese white
poplar (P. tomentosa) expressing a chitinase gene from Beauveria bassiana
(Bbchit1) showed increased resistance to a pathogenic fungus (Cytospora chry-
sosperma) (Jia et al. 2010).

Testing for disease resistance in a natural setting is imperative and multiyear
field trials will be needed to verify the durability of resistance against ever-evolving
pathogen populations.

4.3.7 Tissue Culture

Tissue culture is a process that involves exposing the plant tissue to specific
nutrients, hormones, and lights under sterile, in vitro conditions to produce many
new plants, each a clone of the original mother plant, over a very short period of
time. The term plant tissue culture is generally used for the aseptic culture of cells,
tissues, organs, and their components under defined chemical and physical condi-
tions in vitro. Plant body can be dissected into smaller part termed as “explants” and
any explants can be developed into a whole plant.
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The advantages of tissue culture planting material are presented in Table 4.2.
Plant tissue culture techniques are of tremendous potential value to forest tree
improvement. This technology is playing a complementary role to traditional
methods through exploiting spontaneous or induced genetic and epigenetic vari-
ability in culture, by use of haploidy and protoplasts. Clonal propagation is an
important part of any tree improvement program, and in addition can play an
independent role in reforestation, clonal orchard establishment, and in energy
foresting. We have not given up on the possibility of growing haploid tissues of
hardwoods and pines because of the extremely important application of these
procedures to forest genetics. With the production of haploid tissues, followed by
chromosome doubling, and the formation of plantlets (roots and buds), a ho-
mozygous line would be effectively produced. Geneticists have always attempted to
create genetic options for the future. If we look carefully at where these current and
future biotechnologies are heading in forestry, it is explicit that the research and
development will mainly be used in support of advancing clonal forestry. So, it is in
the context of appropriate clonal forestry that most of the issues need to be
examined and evaluated (Table 4.3).

4.3.8 RNA Interference

RNA silencing or interference refers to a family of gene silencing effects by which
gene expression is negatively regulated by noncoding RNAs such as microRNAs.
RNA silencing may also be defined as sequence-specific regulation of gene
expression triggered by double-stranded RNA (dsRNA).

Table 4.3 Advantages of tissue culture planting material

True to the type of mother plant under well management

To produce free for viral, fungal and bacterial pathogen of quality seedlings

Uniform growth and increases yield (20–30%)

Shorter crop rotation with minimum cost of cultivating maximum land use is possible in a low
land holding country like India

New varieties can be introduced and multiplied in a short duration

Planting possible as seedlings are made available throughout the year

High multiplication rate per unit area

A quick way for breeding and production of excess plants

Homogeneity in plant growth and timing of flowers and fruits

No staggered harvesting

Faster diffusion of improved varieties

Easy transfer of seedlings and availability throughout the year

Based on Kumar et al. (2015)
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RNA silencing is a novel gene regulatory mechanism which limits the transcript
level as follows (Agrawal et al. 2003):

• by either suppressing transcription (transcriptional gene silencing [TGS]) and
• by activating a sequence-specific RNA degradation process (posttranscriptional

gene silencing [PTGS]/RNA interference [RNAi]).

Although there is a mechanistic connection between TGS and PTGS, TGS is an
emerging field while PTGS is undergoing an explosion in its information content
(Baulcombe 2000; Matzke et al. 2001). Double-stranded RNA-mediated gene
suppression, also known as RNA interference (RNAi), was first reported in
Caenorhabditis elegans almost two decade ago (Fire et al. 1998). It is currently the
most widely used methods to downregulate gene expression. It can be used to
knock out all copies of a given gene, thus providing insight into its functionality.
But, it does not always result in complete inhibition of a gene’s expression. Recent
advances in targeted gene mutagenesis and replacement using the yeast RAD54
gene (Shaked et al. 2005) or zinc-finger nucleases (Lloyd et al. 2005; Wright et al.
2005) may eventually lead to efficient methods for engineering null alleles in trees.

The natural function of RNAi involves the following:

• Cellular defence against viruses;
• Genomic containment of retrotransposons; and
• Posttranscriptional regulation of gene expression.

RNAi can specifically silence individual genes and create knockout phenotypes,
either in transformants which can produce the required hairpin RNAs, or upon
infection with recombinant RNA viruses that carry the target gene (VIGS,
viral-induced gene silencing) (Tenea 2009). The mechanism of RNAi has been
reviewed and then some of its applications in plants have been discussed (Zhu and
Galili 2003; Tang et al. 2007; Davuluri et al. 2004; Van Uyen 2006; Goldstein et al.
2009; Hu et al. 1999; Teo et al. 2006; de Souza et al. 2007). The efficiency and
stability of RNA interference (RNAi) in perennial species, particularly in natural
environments, are not completely understood. Li et al. (2008) studied 56 inde-
pendent poplar RNAi transgenic events in the field over a period of 2 years.
A resident BAR transgene was targeted with two different types of RNAi con-
structs: a 475-bp IR of the promoter sequence and a 275-bp IR of the coding
sequence, each without and with the presence of flanking matrix attachment
regions. RNAi directed at the coding sequence was a strong inducer of gene
silencing. About 80% of the transgenic events showed more than 90% suppression
whereas RNAi targeting the promoter resulted in only 6% of transgenic events
showing more than 90% suppression. For functional genomics and biotechnology
of perennial plants, RNAi can be highly effective. This has enabled the creation of
varieties of coffee that produces natural coffee with low caffeine content, thus
bypassing the requirement of extraction (Van Uyen 2006).
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4.3.9 Marker-Assisted Selection and QTL Mapping

Marker-aided selection or marker-assisted selection (MAS) is an indirect selection
process. The trait of interest is chosen based on a marker (morphological, bio-
chemical or variation in DNA/RNA) linked to a trait of interest example produc-
tivity, disease resistance, abiotic stress tolerance, and quality, rather than on the trait
itself. This process is used in plant breeding and also in animal breeding.

Use of MAS to select individuals with disease resistance involves identifying a
marker allele linked with disease resistance rather than the level of disease resis-
tance. Marker associates at high frequency with the gene or quantitative trait locus
(QTL) of interest, because of genetic linkage (close proximity on the chromosome,
of the marker locus and the disease resistance-determining locus). MAS can be
useful for selection of the traits which are expensive to measure, show low heri-
tability and/or are expressed late in development. At certain points in the breeding
process, the specimens are checked to ensure that they express the desired trait.

The main objective of tree breeding is to increase the quality and quantity of
wood products from plantations. Major gains have been obtained using recurrent
selection in genetically diverse breeding populations to capture additive variation.
But, the long generation times of trees, along with poor juvenile-mature trait cor-
relations, have promoted interest in MAS to accelerate breeding through early
selection. MAS identifies DNA markers, which explain a high proportion of vari-
ation in phenotypic traits. For most commercial tree species, genetic linkage maps
have been developed and these can be used to locate chromosomal regions where
DNA markers co-segregate with quantitative traits (quantitative trait loci, QTL).
MAS based on QTL is most likely to be used for within-family selection in a
limited number of elite families that can be clonally propagated. Limitations include
—low resolution of marker–trait associations, the small proportion of phenotypic
variation explained by QTL, and the low success rate in validating QTL in different
environments and genetic backgrounds. This resulted in a change in research focus
toward association mapping for identifying variation in the DNA sequence of genes
directly controlling phenotypic variation (gene-assisted selection, GAS). The
advantages of GAS are the high resolution of marker–trait associations and the
ability to transfer markers across families and even species (Guimarães et al. 2007).
Association studies are being used to study the adaptive significance of variation in
genes controlling wood formation and quality, pathogen resistance, cold, and
drought tolerance. QTL mapping in forest trees has been applied to several species
and traits for more than 20 years. The traits that have been mostly studied are
complex and are usually related to the fitness of trees. They fall into following four
categories regardless of species (Neale and Kremer 2011).

• Growth and biomass;
• Apical bud phenology;
• Resistance to biotic or abiotic stresses; and
• Wood properties.
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The lack of resolution in mapping candidate genes and QTL alleles can be over-
come by association genetics, using natural populations in which the long evolu-
tionary history has broken up the linkage between genes and markers (Neale and
Savolainen 2004). A necessary requirement is the presence of large allelic variation
in the population. Sequencing alleles in a range of candidate genes in aspen, eu-
calyptus and pine show that such variants, including single-nucleotide polymor-
phisms (SNPs) and insertions–deletions (indels), can be found (Gill et al. 2003;
Brown et al. 2004; Poke et al. 2003; Ingvarsson 2005). Single-nucleotide poly-
morphisms (SNPs) and insertions–deletions (InDels) are valuable molecular
markers for molecular breeding among genetically closely related cultivars. In the
loblolly pine germplasm, linkage disequilibrium (LD) decays in the order of the
physical length of a gene, and in European aspen, LD extends only a few hundred
base pairs, showing the potential of association genetics to identify genes respon-
sible for variation in the trait (Ingvarsson 2005; Brown et al. 2004).
Single-nucleotide polymorphisms (SNPs) in these gene sequences associated with
trait variation can then be used for early selection. Markers for SNPs can be
transferred among individuals regardless of pedigree or family relationship. This
will increase opportunities for their application in tree breeding programs in
developing and developed countries. Improved efficiencies in gene discovery and
substantial reductions in genotyping costs will further improve these opportunities.
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Chapter 5
Biodebarking

Abstract The removal of tree bark is the first step in all processing of wood. This
step consumes a substantial amount of energy. Extensive debarking is needed for
high-quality mechanical and chemical pulps because even a small amount of bark
residue causes the darkening of the product. In addition to its high energy demand,
complete debarking leads to losses of raw material due to prolonged treatment in
the mechanical drums. The border between the wood and bark is the cambium,
which consists of only one layer of cells. This living cell layer produces xylem cells
toward the inside of the stem and phloem cells toward the outside. In all the wood
species, the common characteristics of the cambium include a high content of
pectins and the absence or low content of lignin. The content of pectins in cambium
cells varies among the wood species but may be as high as 40% dry weight. The
content of pectic and hemicellulosic compounds is very high in the phloem.
Pectinases are found to be key enzymes in the process but xylanases may also play
a role because of the high hemicellulose content in the phloem of the cambium.
Enzymatic treatments cause significant decreases in energy consumption during
debarking. The energy consumed in debarking is decreased as much as 80% after
pretreatment with pectinolytic enzymes. The enzymatic treatment also leads to
substantial savings in raw material. Enzymes may be able not only to increase
existing debarking capacity, thus saving capital investment but may be also
available as an aid to be used when debarking is difficult.

Keywords Bark � Debarking � Mechanical pulp � Chemical pulp
Mechanical drum � Cambium � Pectins � Phloem � Pectinases � Enzymatic treat-
ment � Hemicellulases � Cellulases

5.1 Introduction

Bark is the outermost layer of tree trunks and branches (Fig. 5.1). It protects the tree
from its environment. It is distinct and separable from wood. Bark refers to all the
tissues outside of the vascular cambium. It overlays the wood and consists of the
inner bark and the outer bark. The inner bark, which in older stems is living tissue,
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includes the innermost area of the periderm. The outer bark in older stems includes
the dead tissue on the surface of the stems, along with parts of the innermost
periderm and all the tissues on the outer side of the periderm. The outer bark on
trees is also called the rhytidome.

The border between wood and bark is cambium (Fig. 5.1), which consists of
only one layer of cells. This living cell layer produces xylem cells toward the inside
of the stem and phloem cells toward the outside. The cambial cells divide con-
tinuously and have a lower mechanical strength than that of other wood cells.
Cambium characteristics include high pectin and protein content and the absence or
low concentration of lignin (Simson and Timell 1978; Thornber and Northcote
1961; Kato 1981; Fu and Timell 1972). The cambial tissue consists of intracellular
material and primary cell walls. According to a model presented for the primary cell
wall of dicotyledonous plants, the following carbohydrate polymers are present:
cellulose, pectin, xyloglucan, arabinogalactan, and hydroxyproline-rich glycopro-
tein. The pectins in primary cell walls of dicotyledons are heteropolymers. In
addition to galacturonic acid units, they also contain rhamnose linked to galactur-
onic acid units in interior chains, whereas galactose and arabinose are present as
side chain structures (Aspinall 1980; Dey and Brinson 1984). The primary cell-wall
structure in coniferous trees has not been studied as closely as that of
dicotyledons. The content of pectin compounds in the cambial cells varies between

Fig. 5.1 Cross-sectional line drawing of wood
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the wood species studied. In Betula platyphylla (birch), Fraxinus elatior (ash),
Pinusponderosa (pine), and Acer pseudoplatanus (sycamore), the contents of pectic
substances in the cambium are 18, 6.6, 8.5, and 15%, debarking, respectively
(Thornber and Northcote 1961). The cambium of Pinus silvestris (pine) consists
mainly of pectic material (partially esterified polygalacturonic acid, arabinan, and
galactan). In addition, cellulose, glucomannan, and glucurono-araboxylan are pre-
sent (Meier and Wilkie 1959). In P. silvestris, 59% of the galacturonic acid units
extracted from cambium were methylated. The cambial tissue of Populus tremu-
loides (quaking aspen) contains 40% pectins in addition to smaller amounts of
arabinogalactan, xyloglucan, xylan, glucomannan, cellulose, and protein (Simson
and Timell 1978).

Trees have a cambium layer between the bark and the wood. It is the cambium
layer that is the living and continuously growing part of the tree. The cells in this
layer divide continuously, which is why they tend to have a lower mechanical
strength than cells elsewhere in the tree. In debarking, the aim is to remove the bark
together with the cambium layer. Characteristically, the cambium comprises a high
pectin content. Pectin polymers consist of galacturonic acid, ramnose, arabinose, and
galactose. As well, the cambium comprises hemicellulose, cellulose, and protein.

Debarking using conventional commercial procedures usually does not remove
all of the bark from logs. It is recognized that up to approximately 3% of bark from
coniferous wood and approximately 10% of bark from non-coniferous wood may
remain after debarking. Bark has complex anatomy and chemistry. It is a con-
taminant in the wood supply used for making pulp, decreasing the quality of pulp in
proportion to its level. There is very little usable fiber in bark, mostly because bark
fibers are very small and bark consumes chemicals during the pulping and
bleaching stages (Smook 1992). Furthermore, it causes dark specks in the final
paper product. Some types of bark (e.g., western red cedar and aspen) contain
significant quantities of fiber and can be tolerated to an extent in an alkaline pulping
system. The relatively high level of non-process elements (impurities), such as
silica and calcium, interferes with chemical recovery process. For the pulp industry,
typical bark tolerances in wood chips are 0.3–0.5%, although the kraft process is
more tolerant than the other pulping processes. Bark removed from wood is usually
burned as a fuel. Whole-tree chopping in the forest (a practice some argue will
become important in the future as it gives a higher yield of wood chips) requires
that the chips be cleaned before pulping to remove bark, dust, needles or leaves,
twigs, etc.

A significant disadvantage of current mechanical debarking methods and
equipment is that in order to achieve a desired degree of debarking it is necessary to
continue the debarking process well beyond the time it takes to remove substan-
tially all the bark, in order that pieces which hold steadfastly to the logs can be
removed. This results in significant wood loss especially in the trunk areas already
completely debarked. Moreover, it leads to increased debarking times and greater
energy consumption. Enzymes specific for the hydrolysis of the cambium and
phloem layers have been found to facilitate bark removal (Bajpai 1997, 2006, 2009;
Viikari et al. 1989, 1991a, b, 1992; Wong and Saddler 1992; Ratto et al. 1993;
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Grant 1992, 1993, 1994; Hakala and Pursula 2007; Ma and Jiang 2002). Enzymes
actually weaken the bonds between the bark and wood and break down polymers
present in the cells of the cambium layer. The logs may be subjected to enzyme
treatment prior to debarking by known methods. If desirable, the enzyme treatment
may also be effected after debarking, i.e., part of the bark is first removed, possibly
after enzyme treatment, whereupon the logs are subjected to an enzyme treatment
designed to weaken the bonds between the wood and the remaining portions of the
bark. This allows the remaining bark portions to be removed during a second
debarking procedure which may consist of mechanical or some other kinds of
treatment. The enzyme treatment may also be implemented in other ways in con-
junction with the debarking.

The enzyme treatment may be implemented by immersing the logs in the
treatment solution, or by flushing and/or spraying the logs with the treatment
solution. The enzyme treatment has the effect of reducing the detaching resistance
of the bark, i.e., it tends to make the bark loosen. This facilitates mechanical
debarking and significantly increases the speed thereof. The fact that the bark is
more easily removed reduces the amount of energy needed for the debarking.
A higher and more constant degree of debarking is achieved. Moreover, enzyme
treatment helps reduce wood losses that occur in traditional mechanical debarking
as a result of differences in the barking resistance between different trunks or logs.
Enzymatic method shows great potential for saving both energy and raw material
(Viikari et al. 1989; Ratto et al. 1993).

5.2 Enzymes Used for Debarking

Pectin breaking enzymes, hemicellulases, cellulases and/or proteases, and other
enzymes capable of weakening the bonds between wood and bark and/or breaking
down polymers present in the cambium have been used. Many commercial
preparations of these enzymes are available.

5.3 Application of Enzymes for Debarking

Finnish researchers (Ratto et al. 1993; Viikari et al. 1989, 1991a, b) used debarking
enzymes, specific for the hydrolysis of the cambium and phloem layer, from
Aspergillus niger. A clear dependence was observed between the polygalacturonase
activities in the enzyme preparation and reduced energy consumption in debarking.
In addition to polygalacturonase, the enzyme mixture produced by A. niger also
contained other pectolytic and hemicellulolytic activities. The amount of energy
needed for removal of bark was found to decrease to 20% of the reference value
(Table 5.1). In this experiment, wood disks were soaked in the enzyme solution and
the enzyme was diffused mainly tangentially to the border between wood and bark.

Ratto et al. (1993) studied the effect of enzymatic pretreatment on the energy
consumption of wood debarking on the laboratory scale, using enzymes to degrade
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the cambium layer. Three different pectinases and xylanases were used—a com-
mercial preparation Pectinex Ultra SPL (NOVO) and two preparations produced at
VTT biotechnical laboratory: polygalacturonase produced by A. niger and a par-
tially purified polygalacturonase obtained from A. niger (Bailey and Ojamo 1990;
Bailey and Pessa 1990). Xylanase was a commercial preparation, Pentosanase
(MKC). The pectinases were dosed (185 n kat/mL) according to their polygalac-
turonase activity and the hemicellulase (100 n kat/mL) according to its xylanase
activity. All the enzymes were found to reduce the energy consumption to some
extent (Table 5.2). The best result—a 50% decrease in energy consumption—was
obtained with Pectinex Ultra SPL. Of the three pectinases, this preparation showed
the widest spectrum of the activities of enzymes that hydrolyze the various cambial
components. In addition to polygalacturonase, pectin lyase, xylanase, and
endoglucanase activities were also detected. The partially purified polygalactur-
onase with the lowest xylanase and endoglucanase activities was the least efficient
of the three pectinases. About 18% decrease in energy consumption was obtained
with the xylanase preparation.

For Pectinase Ultra SPL, the effects of enzyme dosage and treatment time were
studied (Ratto et al. 1993). As much as 80% decrease in energy consumption was
obtained with a polygalacturonase dosage of 900 n kat/mL in a 24-h treatment.
A moderate effect, a 25% decrease in energy consumption, was obtained when only
4% of this activity (40 n kat/mL) was used. For a 50% decrease in energy con-
sumption, a polygalacturonase dosage of 185 n kat/mL was needed. With this
dosage, a 40% decrease was obtained in 12 h, whereas only a slight effect was
observed after four hours of treatment (Table 5.3).

Ratto et al. (1993) also studied the stability of the enzyme in process waters
containing various components dissolved from wood and bark, to evaluate the
possibilities for enzyme recycling. Ultra SPL was incubated in process water from
an industrial-scale debarker used for debarking spruce and the residual activity was
measured. The polygalacturonase activity was relatively stable, showing more than
70% residual activity after 15 days at 50 °C (Table 5.4). Thus, it appears possible
to decrease the costs of the enzymatic pretreatment by repeated use of the same
enzyme solution.

The efficiencies of the enzymes in the hydrolysis of isolated cambial tissue were
also compared. Cambial tissue was isolated from spruce felled during the spring.

Table 5.1 Effect of pretreatment with polygalacturonase enzyme on energy consumption during
debarking of spruce

Polygalacturonase activity (nkat/ml) Relative energy consumption (%)

0 100

37 75

185 45

195 20

Based on data from Ratto et al. (1993)
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The polysaccharides in isolated cambium were partially degraded during the iso-
lation, as indicated by the high content of reducing sugars (51% of dry weight) in
the reference sample. This effect was probably caused by the endogenous enzymes.
However, galacturonic acid was not detected in the reference samples. When the
substrate was hydrolyzed with the three pectinases dosed to the same polygalac-
turonase activity, the most efficient hydrolysis of cambial pectin to galacturonic
acid was obtained with Pectinex Ultra SPL (Table 5.5). The amounts of galactur-
onic acid released by crude polygalacturonase and partially purified polygalactur-
onase were less than half of that released by Pectinex Ultra SPL. In addition to
polygalacturonase, Pectinex Ultra SPL contained the highest pectin lyase activity.

Table 5.3 Effect of enzyme treatment time on energy consumption during debarking of spruce

Treatment time (hour) Relative energy consumption (%)

0 100

2 98.0

12 62.0

24 50.0

Based on data from Ratto et al. (1993)

Table 5.4 Stability of enzyme in the debarking water

Incubation time (days) Residual activity (%)

0 100

3 100

8 84.0

10 78.1

15 76.2

Based on data from Ratto et al. (1993)

Table 5.5 Effects of various pectinases on hydrolysis of isolated cambium

Enzyme Hydrolysis products, % of substrate
Reducing sugars
Galacturonic acid

Reducing sugars Galacturonic acid

Pectinex Ultra SPL 42 12.3

Crude polygalacturonase 38 3.9

Partially purified polygalacturonase 38 5.4

Pentosanase 35 0.8

Reference 0.4

Based on data from Ratto et al. (1993)
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Due to chemical complexity at the cambium interface and its variation among
tree species, research to identify suitable enzymes was conducted. Metra-Serla and
Kone Wood have jointly conducted pilot-scale tests (Grant 1992, 1993, 1994).

Enzyme-assisted debarkers use about 0.01 GJ/t of debarked logs of electricity
(Jaccard and Willis 1996). Electricity savings of about 0.021 GJ/t-debarked logs are
estimated. Assessment does not include the energy required to produce
enzymes. This measure is applied to 15% of debarked logs throughput. The nec-
essary capital investments are of $3.9/t of wood pulp (Martin et al. 2000). The
energy associated with the production of enzymes is not included. Investment costs
for an enzyme-assisted debarker are about $CAN 1.4 million (1990) for an 800 tpd
plant, while operation and maintenance costs are the same as for other dry debarkers
(Jaccard and Willis 1996). CO2 emissions reduction by around 0.7 kg/t-debarked
log is estimated (Martin et al. 2000, p. 21) Investment cost for an enzyme debarker
is estimated to be $CAN 1.4 million (1990) for an 800 tpd plant. (Martin et al.
2000).

A method for the debarking of logs is disclosed US 5103883 A, which com-
prises treating the logs with enzymes to weaken the bonds between the bark and
wood. An apparatus is also disclosed for the debarking of logs, comprising a
conveyor for conveying the logs to a debarker, a piping system with nozzles for
spraying the logs with an enzyme solution, a device for separating the enzyme
solution from the logs and conducting it back into the piping system, and a feed
device for supplying enzyme solution into the circulation system.

5.4 Advantages of Biodebarking

Enzymatic method is an attractive approach for debarking. Enzymatic treatments
cause significant decreases in energy consumption during debarking. The energy
consumed in debarking is decreased as much as 80% after pretreatment with
pectinolytic enzymes. The enzymatic treatment also leads to substantial savings in
raw material. Enzymes may be able not only to increase existing debarking
capacity, thus saving capital investment but may be also available as an aid to be
used when debarking is difficult. The enzyme treatment may be implemented by
immersing the logs in the treatment solution, or by flushing and/or spraying the logs
with the treatment solution. The enzyme treatment has the effect of reducing the
detaching resistance of the bark, i.e., it tends to make the bark loosen. This facil-
itates mechanical debarking and significantly increases the speed thereof. The fact
that the bark is more easily removed reduces the amount of energy needed for the
debarking. A higher and more constant degree of debarking is achieved. Moreover,
enzyme treatment helps reduce wood losses that occur in traditional mechanical
debarking as a result of differences in the barking resistance between different
trunks or logs.
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5.5 Limitations and Future Prospects

In logs, the bark forms an effective barrier to the enzyme and may exclude enzyme
diffusion. This barrier could be overcome in practice by applying the enzymatic
treatment to poorly debarked logs selected after preliminary mechanical debarking.
In the case of poorly debarked wood, the major portion of the bark would already
be removed and diffusion of the enzyme would therefore be facilitated. In a mill, it
might be advantageous to spray poorly debarked logs with enzyme solution before
repeating the mechanical debarking. A substantial disadvantage of the current
mechanical debarking methods is that the process has to be continued well beyond
the time required to remove most of the bark in order to remove few pieces of bark
that hold tenaciously to the logs. The enzymatic treatment applied after preliminary
debarking could reduce the wood losses that normally occur. Thus, the enzymatic
treatment could lead to substantial savings in raw material in addition to the savings
in energy. The studies conducted so far have used enzyme preparations with
polygalacturonase or xylanase as the main activity. In addition to these, other
enzymes that act on the various components of the cambium may also have an
effect. There is a need to study the role of each enzyme and the optimal composition
of the enzyme mixture for debarking.

References

Aspinall GO (1980) Chemistry of cell wall polysaccharides. In: Preiss J (ed) The biochemistry of
plants, vol 3. Academic Press, San Diego, pp 473–500

Bailey Ml, Pessa E (1990) Strain and process the production of polygalacturonase. Enz Microb
Technol 12:266

Bailey MJ, Ojamo H (1990) Selective concentration of polygalacturonase and b-glucosidase of
Aspergillus niger culture filtrate using mineral adsorbents. Bioseparation 1:133–139

Bajpai P (1997) Microbial xylanolytic enzyme systems—properties and applications. Adv Appl
Microbiol 43:141–194

Bajpai P (2006). Potential of biotechnology for energy conservation in pulp and paper. Energy
management for pulp and papermakers. Budapest, Hungary, 16–18 Oct. 2006, Paper 11, 29 pp

Bajpai P (2009) Xylanases in “Encyclopedia of Microbiology”. In: Schaechter M, Lederberg J
(eds), 3rd edn, vol 4. Academic Press, San Diego, California, USA, pp 600–612

Dey PM, Brinson K (1984) Plant cell walls. Adv Carbohydr Chem Biochem 42:226
Fu YL, Timell TE (1972) Polysaccharides in the secondary phloem of Scots pine (Pinus

sylvestris L.). Cellulose Chem Technol 6:517–519
Grant R (1992) Enzymes reveal plenty more potential. Pulp Pap Int 34(9):75–76
Grant R (1993) R&D optimizes enzyme applications. Pulp Pap Int 35(9):56–57
Grant R (1994) Enzymes future looks bright, as range improve and expands. Pulp Pap Int 36

(8):20–21
Hakala T, Pursula T (2007) Biotechnology applications in the pulp and paper industry. In:

Hermans R, Kulvik M, Nikinmaa H (eds) Biotechnology as a competitive edge for the Finnish
forest cluster, Chapter 6, pp 57–63

Jaccard M, Willis Enterprises Associates (1996) Energy conservation potential in six Canadian
industries

5.5 Limitations and Future Prospects 65



Kato K (1981) Ultrastructure of the plant cell wall: biochemical viewpoint. In: Tanner W,
Loevus EA (eds) Plant carbohydrates, vol 11. Springer-Verlag, Berlin, pp. 29–46

Ma JH, Jiang C (2002) Enzyme applications in pulp and paper industry. Prog. Pap. Recycl 11
(3):36–47

Martin N, Anglani N, Einstein D, Khrushch M, Worrell E, Price LK (2000) Opportunities to
improve energy efficiency and reduce greenhouse gas emissions in the U.S. pulp and paper
industry. Lawrence Berkeley National Laboratory, Berkeley, CA, Report LBNL-46141

Meier H, Wilkie KCB (1959) The distribution of polysaccharides in cell wall of tracheids of pine
(Pinus silvestris L.). Holzforschung 13:177–182

Ratto M, Kantelinen A, Bailey M, Viikari L (1993) Potential of enzymes for wood debarking.
Tappi 1 76(2):125–128

Simson BW, Timell TE (1978) Polysaccharides in cambial tissues of Populus tremuloides and
Tilia americana. II. Isolation and structure of a xyloglucan. Cellulose Chem Technol 12:39
(1978)

Smook GA (1992) Wood and chip handling. In: Handbook for pulp & paper technologists, 2nd
edn. Angus Wilde Publications, Vancouver, p. 20

Thornber JP, Northcote DH (1961) Changes in the chemical composition of a cambial cell during
its differentiation into xylem and phloem tissue in trees. Biochemical 1(81):449–455

Viikari L, Rato M, Kantelinen A (1989) Finish Patent Appl. 896291
Viikari L, Kantelinen A, Ratto M, Sundquist J (1991a) Enzymes in pulp and paper processing.

ACS Symp Ser 460:12
Viikari L, Kantelinen A, Rättö M, Sundquist J (1991b) Enzymes in pulp and paper processing. In:

Leatham GF, Himmel ME (eds) Enzymes in biomass conversion. ACS Symposium of Series,
vol 460, American Chemical Society, Washington, DC, pp 426–436

Viikari L, Ratto M, Kantelinen (1992). A method for the debarking of logs US 5103883 A
Wong KY, Saddler JN (1992) Trichoderma xylanases, their properties and application. Crit Rev

Biotechnol 12(516):413–435

66 5 Biodebarking



Chapter 6
Biodepitching

Abstract The formation of deposits of resinous substances, pitch, in paper
machine systems presents a serious problem for the paper industry. Pitch deposited
on exposed part of the paper machine can degrade product quality and can impair
the production process. Solving these problems effectively is a major concern of
pulp and paper industry. Any treatment, which reduces the amount of pitch for-
mation, could lead to savings in downtime and production costs. Lipophilic
extractives responsible for pitch problems include fatty acids, fatty alcohols, resin
acids, hydrocarbons, steroids, triterpenoids, and triglycerides. Therefore, biotech-
nological processes capable of modifying these compounds would be potential tools
for reducing pitch problems during pulp and paper manufacture. Both microbial and
enzymatic products have been commercialized to be applied on wood and pulp,
respectively. The enzymatic method for pitch control using lipase was the first
successful case of the use of an enzyme as a solution to pitch problems in the
papermaking process. Similarly, the fungal method for pitch control, using a col-
orless isolate of Ophiostoma piliferum, was the first successful example of using a
living organism as a solution to pitch problems, particularly in softwood mechanical
pulping. Lipase enzymes are found useful in pulping of high-resin-content soft-
woods. However, lipases are not useful when pitch originates from other lipids,
such as steroids and terpenes, and the sapstain inocula are also only partially
effective. In the search for efficient biocatalysts to degrade recalcitrant lipids, the
potential of white-rot fungi and their enzymes has been shown. When these fungi
are used, wood treatment must be controlled to avoid cellulose degradation. The
efficiency and selectivity of the laccase–mediator system permits its integration as
an additional bleaching stage. A double benefit can be obtained since it enables
extensive degradation of pulp extractives including the most recalcitrant
compounds, such as sterols and resin acids and removal of residual lignin
making possible the implementation of totally chlorine free pulp bleaching.

Excerpted from Bajpai et al. (1999). “Biotechnology for Environmental Protection in the Pulp
and Paper”, Chap. 2, Wood pretreatment to remove toxic extractives, with kind permission from
Springer Science+Business media

© Springer Nature Singapore Pte Ltd. 2018
P. Bajpai, Biotechnology for Pulp and Paper Processing,
https://doi.org/10.1007/978-981-10-7853-8_6
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6.1 Introduction

Lipophilic extractives from wood and other lignocellulosic materials often referred
to as wood resin, cause the so-called pitch deposits along the pulp and paper
manufacturing processes. Pitch presents a serious problem for the paper industry
and has been the subject of many papers published over several decades. Wood
resins include alkanes, fatty alcohols, fatty acids, resin acids, sterols, other ter-
penoids, conjugated sterols, triglycerides, and waxes. Pitch problem makes the
paper machine operation difficult/inefficient and is responsible for reduced pro-
duction levels, higher equipment maintenance costs, higher operating costs, and an
increased incidence of defects in the finished products, which reduces quality and
benefits (Back and Allen 2000). Furthermore, process effluents containing wood
extractives may be toxic and harmful to the environment (Leach and Thakore 1976;
Liss et al. 1997). Pitch problems are greater in mills with a high degree of water
circuit closure (Otero et al. 2000).

There are considerable differences in resin content and composition between the
different hardwoods and softwoods and even between different parts of the plant
(Back 2000). Some differences are also due to the growing conditions, age of the
tree, and other genetic and environmental factors. The resin components of soft-
woods have been extensively studied (Ekman and Holmbom 2000). Triglycerides,
resin acids, and fatty acids represent a high percentage of Scots pine extractives,
their composition also varying between sapwood and heartwood of the same spe-
cies, the latter mainly consisting of resin acids. Norway spruce contains similarly
high amounts of triglycerides, resin acids, and steroids. The above lipophilic
compounds are often associated to pitch problems (Back and Allen 2000; Ekman
and Holmbom 2000). Among hardwoods, silver birch, and trembling aspen have
been traditionally used as raw materials for paper pulp production, and therefore,
their wood resins have been thoroughly studied (Ekman and Holmbom 2000).
A significantly higher proportion of sterols and other unsaponifiable lipids has been
reported in birch and aspen compared to softwoods, although triglycerides pre-
dominate in both species. Sterol esters and waxes on one side and triterpenols and
saturated fatty acids on the other side (Chen et al. 1995; Bergelin et al. 2005) have
been reported to be the main compounds present in pitch deposits in aspen and
birch processing, respectively. Enormous information on the composition of lipo-
philic extractives from another hardwood, eucalyptus, has emerged during last
decade due to the increasing consumption of this fast-growing hardwood by the
pulp and paper industry. Free and conjugated sterols are the main lipophilic com-
ponents of eucalyptus wood together with other steroids and free fatty acids (Freire
et al. 2002; Gutiérrez and del Río 2001; Gutiérrez et al. 1999a, 2001a; Rencoret
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et al. 2007), being also the main responsible for pitch deposition in pulp and paper
manufacture (del Río et al. 1998, 1999, 2000; Freire et al. 2005; González-Vila
et al. 1997; Gutiérrez et al. 2001b; Silvestre et al. 1999). On the other hand, the
chemical composition of lipophilic extractives from non-woody species used by the
pulp and paper industry, has not been studied to the same extent as that of woody
species, although during the last years more knowledge has been produced (del Río
and Gutiérrez 2006; Gutiérrez and del Río 2003a, b, Gutiérrez et al. 2004, 2006d,
2008, 2009; Morrison and Akin 2001). Alkanes, fatty alcohols and aldehydes,
sterols, and waxes are the major compounds identified in non-woody plants such as
flax, hemp, kenaf, sisal, and abaca, which are used in the production of high-quality
pulps for specialty papers. In pulping of non-woody plants, such as hemp, fatty
alcohols, alkanes, and sterols are the compounds responsible for pitch deposits
(Gutiérrez and del Río 2005).

Pitch problems are also dependent upon the type of pulp processing (chemical
versus mechanical). Pitch is liberated from the pulp fibers at various points of time
during processing particularly when there is a change of pH and/or temperature.
Pitch can be deposited alone or with fibers, fillers, and defoamer components,
coating binders from the broke and insoluble inorganic salts. The formation of pitch
deposits begins with chlorine during the bleaching process, when the double bonds
of the pitch triglycerides are chlorinated. The chlorinated pitch is then released from
the fibers and accumulates in the water used for paper manufacturing. Through
largely unknown mechanisms, these chlorinated triglycerides form pitch deposits.
Pitch problems are particularly severe for mechanical and sulfite pulping operations.
During the Kraft process, the cooking liquors saponify triglycerides (TGs) so that
pitch problems due to these compounds are reduced. However, certain wood spe-
cies such as aspen have high levels of non-saponifiables that cause severe pitch
problems for Kraft pulping operations.

6.2 Environmental Impact of Lipophilic Extractives

Besides causing a number of serious problems in the productions process, pitch is
the major contributor to toxicity to aquatic life. Resin acids are environmentally
significant because of their relative persistence and toxicity to fish and are
responsible for a large part of the acute toxicity of pulp mill effluents (Sunito et al.
1988). The main resin acids contributing to toxicity in pulp mill effluents are
dehydroabietic, abietic, isopimaric, and pimaric acids. Acute toxicity levels for
these resin acids are between 0.4 and 1.8 mg/L (Chung et al. 1979). The works of
Rabergh et al. (1992), Pesonen and Andersson (1992), Tana (1988), Oikari et al.
(1983), and Oikari and Nakari (1982) give strong evidence that extractives such as
resin acids are cytotoxic and enzyme inhibitors and that defensive responses would
be expected in fish exposed to effluents containing high levels of extractives. Tana
(1988) reported inhibition of the conjugation enzyme uranosylglucur
onosyl-transferase (UDP-GT), which eliminates substances from the body, in
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rainbow trout exposed to 5 µg/L dehydroabietic acid (DHAA) for 60 day, and also
reported decreased liver glycogen values in fish exposed to DHAA for 80 day
Pesonen and Andersson (1992) tested DHAA on primary cell cultures of rainbow
trout hepatocytes. They found that this resin acid decreased the enzyme
7-ethoxyresorufin-o-deethylase (EROD) activity at concentrations between 0.1 and
40 µg/L. In a study by Rabergh et al (1992), the cytotoxic action on isolated
rainbow trout hepatocytes by resin acids was studied. Exposure to dehydroabietic
and isopimaric acid inhibited bile acid uptake, confirming that resin acids cause
impaired liver function in fish and can be major contributors to pulp mill effluent
toxicity. The resin acids concentrations used by Rabergh et al. (1992) were much
higher, 30–97 mg/L, than those used by Oikari and Nakari (1982) in a 3–11-day
experiment with rainbow trout and simulated unbleached kraft mill effluent (70–
150 µg/L).

Time-dependent stimulation and inhibition of the UDP-GT activity in rainbow
trout simultaneously exposed to DHAA and trichlorophenol was observed by Tana
(1988). Such response may be caused by compounds with different modes of action
at the subcellular level so that some compounds such as trichlorophenol stimulate
conjugation processes, whereas DHAA damages membranes and partly inhibits
enzyme activities (Oikari and Nakari 1982). Resin and fatty acids levels are nor-
mally reduced to sublethal concentrations with the implementation of secondary
treatment (Servizi et al. 1986). Besides being the major contributors to toxicity to
aquatic life, these lipophilic extractives (pitch) cause a number of serious problems
in the production process (Allen 1975). During the pulping process, these resinous
materials are released from wood and later stick to tile and metal parts including the
rolls and wires of the papermaking machines. The pitch also stains the felts and
canvas and eventually reaches the dryer section. This pitch accumulation can cause
paper spotting and web breaks on the machine, which are severe problems in
production. Wood extractive components such as triglycerids, resin acids, and steryl
esters are major components of paper machine pitch deposits (Irie and Hata 1990;
Fujita et al. 1992; Brush et al. 1994; Hata et al. 1996). In addition, pitch outbreaks
are more common when resinous wood species are used and during seasons when
wood resin content is particularly high. Pitch of pines, including loblolly, slash, and
red pines, is known to cause serious problems. Hardwood pitch, particularly from
tropical hardwood species and eucalyptus, can also be detrimental. In addition,
these extractives are thought to increase the yellowing, i.e., brightness reversion of
the pulp and paper products, to cause odor problems and to increase the necessity
for chlorination of the pulp (Allen 1975).

Due to the toxicity of these lipophillic wood extractives, it is necessary to have a
pretreatment that reduces the liberation of these compounds, especially in mills
lacking secondary effluent treatment.
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6.3 Methods for Pitch Control

6.3.1 Conventional Treatment

Traditional methods to control pitch problems include deliberate storage of logs or
wood chips in the mill before pulping (natural “seasoning”) and adsorption or
dispersion of the pitch particles with chemicals in the pulping and papermaking
processes, which can be accomplished by adding alum, talc, ionic or nonionic
dispersants, cationic polymers, and other types of additives (Allen 2000a, b;
McLean et al. 2010). During wood storage, the content of extractives is decreased
since some of them are subjected to hydrolytic or oxidative transformation by plant
enzymes as well as by the action of wood colonizing microorganisms. The reactions
of wood resin components during storage have been studied for several pulpwood
species including spruce, pine, birch, aspen, and eucalypt (Ekman 2000; Gutiérrez
et al. 1998; Silvério et al. 2008). However, prolonged storage cause decreases in
pulp brightness and yield due to the uncontrolled action of microorganisms;
therefore, the industrial practice today does not include overlong log or chip storage
times. As an alternative, the use of selected fungi to accelerate and control the
seasoning of wood, or enzymes to treat the pulp has been considered.

6.3.2 Biological Treatment

Biological treatments with microorganisms or enzymes have been suggested and
tested in mill trials as an alternative to conventional treatments.

6.3.2.1 Use of Fungi

A variety of wood-inhabiting fungi including sapstain fungi, basidiomycetes, and
molds are capable of degrading wood extractives (Farrell et al. 1997).

Sapstain fungi rapidly colonize the sapwood of logs and wood chips. These
fungi grow mainly in ray and parenchyma cells and are capable of deeply pene-
trating logs and wood chips. These fungi can also grow within resin canals, tra-
cheids, and fiber cells and penetrate simple and bordered pits and sometime form
boreholes through wood cell wall. Extractives and simple sugars found in the
parenchymal cells are the major nutrient source for sapstain fungi. These fungi are
not capable of degrading cellulose and lignin. Hemicellulose is degraded to a very
small extent. Common species of softwood sapstain include Ophiostoma ips,
Ophiostoma piliferum, O. piceae, Aureobasidium pullulans, Leptographium lund-
bergii, Alternaria alternata, Cephaloascus fragrans, Cladosporium spp.,
Lasiodiplodia theobromae, and Phialophora spp. Common species of sapstain
fungi on hardwood include Ophiostoma pluriannulatum, Ceratocystis moniliformis,
L. theobromae, and Ceratocystis rigidum (Zabel and Morrell 1992). Many of these
species are capable of degrading wood extractives. Extractive degradation by
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Ophiostoma spp. particularly O. piliferum and O. piceae has been most widely
studied (Brush et al. 1994; Dorado et al. 2000a; MartínezÍñigo et al. 1999; Gutiérrez
et al. 1999b; Rocheleau et al. 1999; Chen et al. 1994; Josefsson et al. 2006; Leone
and Breuil 1998; Su et al. 2004).

A wide variety of sapstain fungi have been found to degrade wood extractives
(Farrell et al. 1997; Breuil et al. 1998). Ceratocystis adiposa, O piliferum, and
O. piceae were found to be best species for extractive reduction. About 41, 32, and
26% reduction in extractives of southern yellow pine was obtained in 2 weeks at
room temperature with C. adiposa, O. piceae, and O. piliferum, respectively
(Table 6.1).

Screening of nine different strains of O. piliferum on sterile southern yellow pine
showed that five strains reduced dichloromethane extractives by 25–35%; three

Table 6.1 Extractive degradation by sapstain fungi on nonsterile southern yellow pine

Fungal species Control extractives
(%)

Treated
extractives (%)

Reduction
(%)

C. adiposa 2.13 1.26 41

O. piliferum 3.34 2.27 32

C. adjuncti 1.98 1.44 27

C. minor 2.13 1.57 26

O. piceae 2.13 1.57 26

O. populina 2.13 1.62 24

O. abiocarpa 2.13 1.61 24

C. tremuloaurea 2.13 1.65 23

O. fraxinopennsylvanica 2.13 1.71 20

O. plurianulatum 2.13 1.73 19

E. aereum 1.98 1.61 19

C. ponderosa 2.19 1.86 18

C. penicullata 1.98 1.58 15

O. olivaceum 2.27 1.93 15

E. clavigerum 2.13 1.84 14

C. hunti 2.13 1.89 11

C. ambrosia 2.13 1.92 10

O. distortum 2.27 2.07 9

E. robustum 2.27 2.06 9

C. virescens 2.27 2.11 7

O. galeiformis 2.13 1.98 7

C. coerulescens 2.13 2.13 0

O. dryocetidis 2.24 2.27 0

O. stenorcerns 2.13 2.21 0

X. conudamae 2.44 3.16 0

X. hypoxylon 2.44 2.88 0

Farrell et al. (1997); reproduced with permission
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strains did not degrade the extractives. Screening of 45 different strains of O. piceae
on sterile aspen chips showed that one strain reduced the extractives by 60%,
13 strains reduced extractives by 16–35%, 21 strains reduced extractives by 1–15%,
and 10 strains did not degrade the extractives.

Chen et al. (1994) also reported degradation of extractives in aspen and
lodgepole pine with five different sapstain fungi. Triglycerides were found to be the
most abundant component of both aspen and softwood extractives. The wax and
steryl ester content of aspen was about 3 times that of lodgepole pine. Fatty acids
and resin acids were the second most common component of lodgepole pine
extractives but were present in very small amounts in aspen. The extractives were
reduced by 28–33% in aspen and 10–17% in lodgepole pine (Table 6.2). Analysis
of extractive components showed that all the five fungi decreased triglyceride
content and that four of the five fungi increased free fatty acid content.

The fungus O. piliferum is marketed as Cartapip to the pulp and paper industry.
Several papers are available concerning Cartapip Technology (Held et al. 2003;
Vanneste et al. 2002; Farrell and Thwaites 2001; Harrington et al. 2001; Schirp
et al. 2000; Blanchette et al. 2000; Schirp et al. 1999; White-McDougall et al. 1998;
Rocheleau et al. 1998; Farrell and Allison 1997). O. piliferum removes extractives
by metabolizing them. The organism isolated from southern yellow pine wood
chips is an albino strain of the staining fungus O. piliferum that does not color wood
(Blanchette et al. 1992) and often dominates in naturally seasoned piles. Cartapip is
marketed as a dry powder. It is diluted with water to a 1–3% solids solution and
sprayed on to wood chips. It rapidly proliferates and removes pitch/resin from wood
chips within 4–10 days. Chip piles show good coverage of fungal growth, with
pitch, as determined by dichloromethane extractable, being reduced 50% or more
(Hoffman et al. 1982; Blanchette et al. 1992; Farrell et al. 1992, 1993). In general,
fungal treatment results in an overall decrease in total fatty acids and total resin
acids. Triglycerides are almost completely hydrolyzed. The following resin acids
are decreased by more than 50% after 2 weeks of treatment: levopimaric, abietic,
palustric, pimaric, and neoabietic. Linoleic and palmitic fatty acids are decreased by
more than 50% after 2 weeks of treatment, and oleic acid is decreased by 41%. The
results of Cartapip treatment, such as pitch removal and maintenance of chip

Table 6.2 Extractive content of sterile lodgepole pine and aspen treated with sapstain fungi

Treatment Aspen extractives (%) Lodgepole pine extractives (%)

Control 3.09 ± 0.07 2.31 ± 0.03

Aged control 2.88 ± 0.04 2.26 ± 0.02

Cartapip 97 2.15 ± 0.01 1.94 ± 0.03

Strain A 2.13 ± 0.02 2.08 ± 0.01

Strain B 2.22 ± 0.01 NA

Strain C 2.07 ± 0.04 1.92 ± 0.01

Strain D 2.08 ± 0.05 1.92 ± 0.01

NA Data not available
Farrell et al. (1997); reproduced with permission
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brightness and improved paper machine runnability, have been documented by use
in mills. In a thermomechanical pulp mill, using southern yellow pine, a trial was
performed comparing a 2-week period using the Cartapip product on their wood
chips to a 2-week period without using Cartapip; the results are shown in Table 6.3.
Reductions in the dichloromethane extractive content of secondary refiner pulp
caused expected reductions in use of alum, a pitch control chemical. Use of
Cartapip resulted in 36.9% reduction in bleach usage along with an increase in
paper brightness of 0.9%. In addition, strength properties were increased due to
lower extractive content of the paper.

A 2-month Cartapip 97 trial at a U.S. thermomechanical pulp mill using southern
yellow pine showed significant reduction in the dichloromethane extractives of
wood chips and an increase in burst index (Chen et al. 1994). A 1-week trial was
performed at a mill in Northwestern USA using a blend of 60% lodgepole pine and
spruce, and 40% fir and hemlock. Cartapip 97 treatment reduced the averaged
dichloromethane extractive content of the chips reclaimed from the storage pile by
25% (Haller and Kile 1992). Both fungal treatment and natural microbial activity
increased the free fatty acid content of the extractives. The increase in free fatty acid
content results from initial hydrolysis of esterified fatty acids to free fatty acids. The
free fatty acid content of the Cartapip-treated chips is lower than that of the nat-
urally aged chips, indicating further metabolism and removal of these components
by the fungus. To date, the wood species that have been effectively treated for pitch
removal include many different pine species, spruce, birch, eucalyptus, aspen, and
mixed tropical hardwoods. The dosage of the fungus product and storage time in the
chip pile may vary depending upon temperature and wood species. Cartapip is a
unique solution to pitch problems before the wood enters the mills.

Cartapip technology is currently owned by Parrac Limited of New Zealand and
originally developed by Sandoz Chemicals Biotech Research Corporation in the
early 1990s. The product was first developed with the thermomechanical pulp mill
Bear Island Paper Co. of Ashland, Virginia, USA in order to reduce resin extrac-
tives in southern yellow pine wood chips, reduce bleach usage, and improve
brightness of resulting pulp. The current product, Cartapip 97, consists of
freeze-dried albino strain #97 of O. piliferum. Generally, Cartapip technology can
refer to any albino Ophiostoma sp. that can be used for resin (pitch) decrease,
non-destructive penetration of wood cells, and also resulting in maintenance of

Table 6.3 Use of a
depitching organism in a
TMP mill

DCM extractive content of secondary refiner pulp −37.5%

Alum usage −31.7%

Bleach usage −36.9%

Brightness +0.9%

Tensile index +5.4%

Tear index +3.4%

Burst index +3.3%

Farrell et al. (1997); reproduced with permission
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brightness levels in storage and transportation of wood chips prior to pulping, with
resultant decreased pulp bleaching requirement, and some modifications to fiber.

Cartapip 97 was marketed by Sandoz Chemicals Corp. from 1991 to 1995, and
subsequently by Clariant Corp. in 1995 when Sandoz AG spun off its worldwide
chemical businesses. In 2000, Clariant Corp. sold the Cartapip technology and
relevant patents to AgraSol. In December 2004, the Cartapip technologies,
know-how and IP, were purchased by Parrac Ltd., a New Zealand business.
Co-investment for this purchase was through Denken Ltd. of Tokyo, Japan. The
intellectual property position upon acquisition of the Cartapip patents provides a
clear freedom to operate. Regulatory requirements have a significant impact on this
type of business, and the Cartapip 97 product has regulatory approvals and regis-
tration in many countries around the globe.

Cartapip products are supplied currently by Parrac Ltd. Rayonier Fernandina
Beach Pulp Mill in Florida, USA have used Cartapip 97 seasonally since 1996 and
have signed a supply agreement for the product. Concerning safety/health and
environmental issues, Cartapip 97 has USDA verification that it is not a pathogen,
has had full acute toxicity testing at the Huntingdon Research Laboratories with no
demonstrated negative effects, and EPA ruling determining that Ophiostoma pilif-
era is not subject to Federal Plant Pest Act regulations and not regulated by TSCA.
Significantly, the product was granted in 2007 Canadian Pest Management
Regulatory Agency Registration under the name Sylvanex (Registration numbers
27580 and 27581) verifying its compliance with strict safety and environmental
requirements. Parrac Ltd. improved production and storage qualities of Sylvanex
and announced the relaunching of Cartapip 97/Sylvanex 97 worldwide. Generally,
this technology can refer to any albino Ophiostoma strain that can be used for resin
decrease, also resulting in maintenance of brightness levels in transportation and
storage of wood before pulping (Farrell 2007).

Albino strains of O. piliferum and related species also exert a biocontrol effect in
addition to pitch reduction, preventing sapstaining and other wood-rotting fungi
from growing on logs and wood chips (Held et al. 2003). This is due to the ability
of O. piliferum as an early wood colonizer, which is specially noticeable when
applied on freshly cut wood, and results in excluding not only late wood colonizers
such as white-rot fungi but also other sapstaining species that are not able to start
wood colonization due to the previous presence of the albino strain.

Free and esterified sitosterol, the main lipophilic constituents of eucalypt wood
extractives, have been associated with the formation of pitch deposits during
manufacturing of pulp from Eucalyptus globulus wood. Martinez-Inigo et al. (2000)
analyzed these and other lipophilic compounds, by gas chromatography–mass
spectrometry in the course of wood treatments (up to 7 weeks) with four
extractive-degrading fungi in order to optimize biotechnological control of pitch
deposition in eucalypt pulp (with moderate loss of wood weight). In contrast to
commercialized fungi used in pitch control, which are not able to degrade sitosterol,
the fungi investigated produced a rapid decline of both free and esterified sterols in
wood. The degradation rate of steroid hydrocarbons and squalene was moderate,
and the amount of steroid ketones (probably formed during oxidative degradation of
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steroids) and triglycerides increased at different stages of wood treatment. Up to
95% removal of total steroids (including free and esterified sterols, steroid ketones,
and steroid hydrocarbons) by fungi was obtained at the end of wood treatment
under the solid-state fermentation conditions used. The most promising results from
the point of view of industrial applicability, however, were obtained after 1–
2 weeks of treatment with either Phlebia radiata or Poria subvermispora, which
enabled 70% steroid removal with a moderate wood weight loss of 1–4%.

To study a biotechnological approach for reduction of wood extractives,
Josefsson et al. (2006) treated wood chips from sapwood of Scots pine (Pinus
sylvestris) and Norway spruce (Picea abies) with a commercial albino strain of the
sapstain fungus O. piliferum. During 2 weeks of controlled seasoning, the content
of wood extractives decreased by approximately 40% for Scots pine and 25% for
Norway spruce, where the triglyceride contents were degraded to a greater degree.
Thermomechanical pulps were produced from untreated and pretreated pine chips.
The properties of these pulps and corresponding laboratory sheets were investi-
gated. The pretreated pulps showed less shortened fibers, lower amounts of
triglycerides, and enhanced strength properties. The mechanisms behind these
effects are discussed. Furthermore, the ability of the albino O. piliferum to displace
mold growth from wood chips was investigated in a series of experiments. It was
concluded that the fungus should preferably be inoculated on fresh chips in order to
repress mold growth.

Basidiomycetes also degrade extractives effectively (Farrell et al. 1997). These
fungi extensively colonize wood. Brown-rot fungi preferentially degrade wood
polysaccharides including cellulose and cause rapid depolymerization.
Brown-rotted wood usually shows virtually no decrease in total lignin content.
These fungi do not degrade lignin but modify it by oxidation and demethylation of
methoxy groups. White-rot fungi are the predominant degraders of lignin in nature.
Some species of white-rot fungi preferentially degrade lignin to wood polysac-
charides and other species degrade all wood components simultaneously. The ba-
sidiomycetes have been shown to degrade pitch extractives. It has been reported
that ethanol/benzene (1:2) extractive content of oak, treated with Phaenerochaete
chrysosporium, decreased by 46% after 12 weeks (Lim and Cho, 1992). Treatment
of sterile southern yellow pine wood chips with P. chrysosporium for 2 weeks
resulted in a 21% reduction in dichloromethane extractives (Farrell et al. 1997).
Two biopulping fungi Cereporiopsis subvermispora and P. chrysosporium have
been examined to lower the resin content of wood chips (Fischer et al. 1994; Akhtar
et al. 1998). The comparison was made with the commercial depitching fungus O.
piliferum, C. subvermispora, and O. piliferum lowered the resin content of loblolly
pine (2.55–2.64%) by 18–27% in 2 weeks and 33–35% in 4 weeks. In spruce
wood, all three fungi lowered the resin content from 1.2 to 0.8–0.9% in 2 weeks
(Tables 6.4 and 6.5). Various basidiomycetes have shown significant reduction in
extractive content (Farrell et al. 1997; Breuil et al. 1998) (Table 6.6). About 51%
reduction in dichloromethane extractives in southern yellow pine was obtained with
P. chrysosporium in 2 weeks at room temperature. Hyphodontia setulosa,
Perenniporia subacida, Pinguicula gigantea, and Phlebia tremellosa also
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Table 6.4 Resin content (% of dry wood) of loblolly pine chips treated with C. subvemispora or
O. piliferum after 1–4 weeks incubation

Incubation time Control (No treatment) C. subvermispora O. piliferum

0 2.55 2.55 2.55

One week 2.62 2.04 2.39

Two weeks 2.64 1.93 2.16

Three weeks 2.55 1.75 1.81

Four weeks 2.63 1.75 1.70

Based on data from Fischer et al. (1994)

Table 6.5 Resin content of spruce chips treated with various fungi after 2 weeks incubation and
Kappa numbers after sulfite cooking

Fungus Resin content (%) Kappa number (% reduction)

Control 1.2 25.9

C. subvermispora 0.8 20.1 (22.39)

O. piliferum 0.9 25.5 (1.54)

P. chrysosporium 0.9 23.8 (8.1)

Based on data from Fischer et al. (1994)

Table 6.6 Extractive content of sterile southern yellow pine treated with various Basidiomycetes

Fungal species Control
extractives (%)

Treatment
extractives (%)

Reduction (%)

Phanerochaete
chrysosporium

2.19 1.30 41

P. subacida 3.34 2.01 40

P. gigantea 3.34 2.03 39

P. tremellosa 1.98 1.21 39

H. setulosa 1.98 1.20 39

Coriolus versicolor 1.98 1.28 36

Inonotus rheades 3.34 2.18 34

Trichaptum abietinium 4.70 3.13 33

C. subvermispora 3.34 2.18 29

Trichaptum biforme 4.70 3.13 24

Schizophyllum commune 2.50 2.03 17

Sistotrema brinkmanii 2.44 2.17 11

Pleurotus ostreatus 2.44 2.30 6

Aleurodiscus sp. 2.44 3.70 0

Ganoderma callosum 2.29 1.75 23

Phellinus igniarius 2.44 2.48 0

Farrell et al. (1997); reproduced with permission
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performed well, reducing the extractives by 40%. Treatment with two brown-rot
fungi, Coniophora puteana and Gloeophyllum saepiarium, and one white-rot
fungus, Phellinus igniarius, resulted in large reductions in extractive content
(Farrell et al. 1997).

Some studies report the fungal degradation of lipophilic extractives in sapwood
and heartwood from Scots pine by white-rot fungi compared with sapstain fungi
(MartínezÍñigo et al. 1999). Triglycerides, fatty acids, sterol esters, and waxes in
pine sapwood were almost completely degraded by all the fungi assayed. Moreover,
sterols and resin acids were extensively degraded by the white-rot strains but very
poorly removed by the sapstain fungi. This work shows that the fungal degradation
of heartwood extractives was not only limited by the degradative ability of the
various tested fungi but also by the inhibitory effect exerted by the extractive
fraction. The white-rot fungus Funalia trogii was particularly inhibited on heart-
wood, whereas Bjerkandera sp. showed a higher tolerance to toxic extractives and
was the most efficient fungus in degrading extractives in Scots pine heartwood and
sapwood. Resin acids were reported to cause inhibition of other wood-inhabiting
fungi (Eberhardt et al. 1994).

In another study, several white-rot fungi were tested for removal and detoxifi-
cation of extractives from Scots pine sapwood and the time course of extractives
degradation by two selected species namely Bjerkandera sp. and Trametes versi-
color was monitored (Dorado et al. 2000b, 2001). These authors showed a fungal
removal up to 90% of most lipophilic extractives that was accompanied by a seven
to 17-fold reduction in toxicity in the Microtox bioassay. Further studies were
performed by these authors with T. versicolor to evaluate the effect of the fungal
treatment of spruce chips on a laboratory scale, in terms of pulp and paper quality,
thermomechanical pulping (TMP) parameters, and effluent toxicity, to identify
advantages and potential problems before a pilot-scale trial (van Beek et al. 2007).
On the other hand, several studies on lipophilic extractives removal from
E. globulus wood showed that several white-rot fungi were able to remove up to
100% of all main lipophilic extractives present in this wood. These studies started
with a screening of a large number of fungal species (21 ascomycetes, 33 basid-
iomycetes, and 19 conidial fungi) including strains isolated from eucalypt wood
(Martínez et al. 1999). Different patterns of lipophilic extractives degradation were
analyzed (Gutiérrez et al. 1999b), and several white-rot basidiomycetes, including
Phlebia species, were selected for their ability to efficiently remove (up to 100%)
both free and esterified sterols abundant in eucalypt wood unlike several
ascomycete-type fungi, including Cartapip™ that although they decreased the sterol
ester content they did not decrease the amount of free sterols. Further, the time
course of the fungal removal of these compounds was followed to optimize the
duration of the fungal treatment with selected fungal species, namely P. radiata,
C. subvermispora, Bjerkandera adusta, and Pleurotus pulmonarius (Martínez-Íñigo
et al. 2000). Kraft pulping and TCF bleaching of the eucalypt chips treated with
these four basidiomycetes, followed by papermaking evaluation of the pulps
obtained, confirmed their potential for pitch biocontrol in hardwood pulping
(Gutiérrez et al. 2000). Resin removal by wood chip treatment with white-rot fungi
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often has additional benefits in biomechanical and biochemical pulping due to the
preferential removal of lignin resulting in energy savings (Akhtar et al. 2000; Bajpai
et al. 2001).

Molds are capable of degrading wood extractives to a lesser extent because
molds grow less prolifically in wood than do other wood-inhabiting fungi. Molds
grow best on wood that is very wet or that has been exposed to very high humidity
for a long time. On softwoods, molds grow mainly on wood surfaces. On hard-
woods, molds can enter the wood at exposed parenchyma, vessels, or ruptured cells
and can move throughout the wood by penetrating pit membranes (Farrell et al.
1997; Breuil et al. 1998). Penicillium roqueforti, Penicillium funiculosum, Rhizopus
arrhizus, and Trichoderma lignorum were found to degrade wood waxes in liquid
culture (Nilsson and Asserson 1969). R. arrhizus, Gliocladium viride, Penicillium
rubrium, T. lignorum, and Aspergillus fumigatus were found to reduce the ethanol/
benzene (1:2) extractive content of wood chips (Farrell et al. 1997). The wood chips
were stored at 35 °C and sampled after 30 days. The type of wood chips tested was
not given. Screening of various molds for their ability to degrade wood extractives
revealed that the best fungus was P. roqueforti (Breuil et al. 1998). It reduced the
dichloromethane extractive content by 33% in 2 weeks in southern yellow pine
chips at room temperature (Table 6.7).

6.3.2.2 Use of Enzymes

An increasing range of enzymes are available for treating the resins which occur
naturally in wood fibers (Covarrubias 2009). Both hydrolytic and oxidative
enzymes have been used.

Table 6.7 DCM extractive content of nonsterile southern yellow pine treated with various molds

Fungal species Extractives (%)
controla

Extractives (%)
treatment

Reduction
(%)

Phlebia roqueforti 3.34 2.16 35

Leptographium
terrebrantis

2.27 1.92 15

Verticicladiella truncata 2.27 1.96 14

Diplodia pinea 2.27 2.01 11

Codinaea sp. 2.27 2.07 9

Aureobasidium
pullulans

3.34 3.26 2

aThe control was chips that had been frozen at −20 °C since the start of the experiment
Farrell et al. (1997); reproduced with permission
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Hydrolytic Enzymes

Use of hydrolytic enzyme (lipase) to treat the pulp was the first case in the world in
which an enzyme was successfully applied in the papermaking process (Bajpai
et al. 1999; Bajpai and Bajpai 2001; Fujita et al. 1991, 1992; Hata et al. 1996;
Matsukura et al. 1990). This enzymatic pitch control technology was initially
developed in the 1980s by Jujo Paper Co. (later Nippon Paper) in conjunction with
the Japanese office of Novozymes. Lipase enzymes form a group of well-known
hydrolytic enzymes (Bornscheuer et al. 2002; Hasan et al. 2006). These enzymes
catalyze the hydrolysis of triglycerides which have been identified as one of the key
components for pitch troubles (Fig. 6.1).

Lipases from Aspergillus oryzae, Candida cylindraceae, and Pseudomonas
sp. have been used (Irie and Hata 1990; Fujita et al. 1992; Gibson 1991; Fischer and
Messner 1992a, b; Fischer et al. 1993). Some thermostable lipases have been also
evaluated (Fujita et al. 1992). Few commercial preparations of lipases for pitch
removal are commercially available (Bajpai et al. 1999; Fujita et al. 1992).

Lipase from C. cylindraceae was used for pitch removal from groundwood pulp
from Japanese red pine (Irie and Hata 1990). On the laboratory-scale studies, when
the resinous materials in the groundwood pulp slurry were treated with lipase,
triglyceride (TG) was hydrolyzed and the pitch deposits were remarkably reduced
(Table 6.8). Since the effect of lipase on reducing pitch deposits was confirmed, the
technology was applied to the actual papermaking process (Irie and Hata 1990).
The effects of enzyme concentration, reaction temperature, reaction time, and
agitation mode on the hydrolysis of triglyceride were investigated in order to select
optimum conditions of the lipase treatment for the mill trial (Irie and Hata 1990). It
was found that it was necessary to have a strong mixing system to keep contact
between enzyme and triglyceride for the effective reaction. Under sufficient mixing
conditions, lipase 5,000 U/kg groundwood pulp could hydrolyze more than 80% of
the triglyceride in the surface pitch within two hours. No effect of the lipase
treatment on the brightness and strength properties of the pulp was observed. The
effect of lipase treatment on the pitch deposition was investigated at No. 9 paper
machine in Ishinomaki mill of Jujo Paper Company. The lipase was added to the

Fig. 6.1 Hydrolysis of pitch by lipase
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groundwood pulping line, and the hydrolytic rates were determined. In the three
trials, the lipase was added into 4% groundwood pulp slurry at the rates of 5, 3, and
1 ppm, respectively. The hydrolytic rates of triglyceride were 74.2, 50, and 12.9%,
respectively (Table 6.9). During the trials, pitch deposits were rarely observed at
the stock chest and the dryer felt rolls. Also, the frequency of pitch holes in the
paper web was notably reduced and the amount of pitch control agents such as talc
was reduced. A long run mill trial of 1 month was also conducted on the same paper
machine. The lipase was added to the groundwood stock chest at the rate of 3 ppm.
The content of surface pitch and triglyceride in the pulp stock, amount of wet pitch
(pitch deposit in the wire and press section), number of holes in the paper web
caused by the pitch, and visible pitch deposition on the wall of the chest were
measured during the production of yellow telephone-directory paper and newsprint.
Lipase treatment was found to have a great effect on preventing pitch troubles
during the long run mill trial.

Lipases from A. oryzae for control of pitch were also used (Gibson 1991). It was
found that lipases rapidly hydrolyzed triglycerides. Normally, dosages of 100–
500 g enzyme preparation per ton of pulp added directly to the white water system
were used for 90% destruction of triglycerides.

A commercial preparation of lipase (Resinase® A2X) for the control of pitch was
also used (Fujita et al. 1992). The effect of lipase dose on rate of triglyceride
hydrolysis was investigated in laboratory experiments. More than 70% of triglyc-
eride was hydrolyzed at 500 ppm of lipase. At the Yatsushiro mill of Jujo paper
Co., the plant-scale trial for enzymatic pitch control with Resinase® A2X revealed

Table 6.8 Effect of lipase treatment on pitch deposition

Resinous solida

Polar compounds/Nonpolar compounds !
9/1 7/3 5/5

Pitch–water suspension

Control (mg) 76 137 204

Lipase treatment (mg) 49 53 79

Pitch–pulp suspensionb

Control (mg) 30 46 50

Lipase treatment (mg) Trace Trace Trace
aContained 0.6 g of both compounds totally
bPulp consistency: 1%
Based on data from Irie and Hata (1990)

Table 6.9 Effect of lipase concentration on hydrolysis of triglycerides

Lipase concentration ppm/4% pulp slurry Hydrolytic rate of TG (%)

1 12.9

3 50.0

5 74.2

Based on data from Irie and Hata (1990)
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that the enzymatic treatment reduced triglyceride content (Fujita et al. 1992). The
contents of the surface pitch in groundwood pulp produced from unseasoned wood
were 2.6–2.8% compared with 1.5–2.2% in groundwood produced from seasoned
wood. TG content in the surface pitch of the seasoned wood was 7–9%. On the
other hand, they were 18–25% in unseasoned wood, which was 2.5 times higher.
The enzymatic treatment reduced TG content at the inlet of the mixing chest to less
than 6%, while 50% unseasoned was used. During the entire trial period, the
removal frequency was kept at less than 0.3 times per day by the enzymatic
treatment. So, the enzyme addition guaranteed a normal and stable operation at the
paper machine with a relatively high unseasoned wood mixture. Finally, it was
concluded that the enzymatic treatment would reduce woodyard space required for
seasoning. Since the trial, enzymatic pitch control and unseasoned wood have been
continuously used at the Yatsushiro mill. The groundwood pulp produced from
fresh wood was found to give a brightness of 3.5 points higher than that from the
wood which was seasoned to reduce the pitch. The mill has reduced the cost of
seasoning and bleaching chemicals. At the Ishinomaki mill, the plant-scale trial
with Resinase® A2X had a dramatic effect on all pitch-related parameters. The
amount of pitch was reduced to about 50% of the normal level. The significant
decrease in the number of heavy and light defects resulted in less frequent recycling
of substandard paper product. The use of micronized talc was reduced. During the
trial, the paper dynamic friction coefficient (DFC) increased and white carbon
additions were reduced to 1%. DFC increased with enzyme addition but its effect
leveled off with addition of more than 1,000 ppm. DFC of paper is normally
affected by extractives, pigments, and fillers. Triglyceride was found to be one of
the key compounds for decreasing DFC since the enzyme hydrolyses only
triglyceride in pitch and the other compounds may remain unchanged.

In addition to Resinase®, other industrial lipases have been investigated for the
enzymatic control of pitch (Gutiérrez et al. 2001b). Enzyme from EDT was used in
Nanping paper mill in China (Chen et al. 2001). This enzymatic pitch control
process has demonstrated its cost-effectiveness in maximizing the mill’s PM
No. 5 uptime, operating speed, and product quality. The quality improvement was
most clearly evident in reduced pitch deposits, fewer holes in the sheet, and
improved sheet strength properties. With the new enzymatic method to control pitch
outbreaks, the mill could also increase brightness significantly with increased use of
fresh logs that had not been used in an attempt to minimize the pitch. The mill
increased the use of fresh logs to 50% from practically zero before enzyme use. This
change allows reduction of wood inventory and more efficient use of the woodyard.
Nanping Paper Mill found that the new enzymatic pitch control process is a reliable
and superior technology. The application has successfully solved the historically
frequent pitch outbreaks at the mill associated with the use of Masson pine. The
new technology creates additional possibilities to meet future mill capacity growth
needs and achieve improved profitability. Within days of enzyme application, the
pitch deposits on the machine press, felt, wire, and dryer fabric decreased dra-
matically, machine uptime increased, web breaks per day decreased, and production
tonnage grew. Within the first month of application, the machine shutdown
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cleaning frequency went from 7 to 10 times per week to once per week. The
machine speed increased from 1,100 to 1,350 m/min. Within the first 6 months of
use of the enzymatic technology, the machine cleaning frequency further improved
to once every 10 days. Pulp brightness increased from the initial value of
approximately 52% ISO with aged wood to 55–57% ISO using up to 50% fresh
wood. Machine speed increased to 1,500 m/min. Figure 6.2 shows the final pulp
brightness from the TMP plant versus fresh wood use during the enzyme treatment.
The enzyme treatment allowed significant increases in use of fresh wood and
substantially improved brightness. The results of using this technology were found
to be very significant (Table 6.10).

In the recent past, Novozymes developed by using directed evolution technique a
Resinase variant which is over 15 °C more stable than the wild-type enzyme, in the
frame of a European-Commission-funded RTD project. The optimum temperature of
this Resinase® HT ranges from 70 to 85 °C. Currently, Resinase® A2X and
Resinase® HT are used in mills from USA, Canada, China, Japan, and other coun-
tries in the far east (that process wood species with very high resin content). It has

Fig. 6.2 Effect of enzyme treatment on TMP brightness and wood use

Table 6.10 Performance of enzyme application at Nanping paper mill

Essentially solved pitch deposit problem

Reduced sheet breaks and machine cleaning frequency

Increased paper machine uptime and production

Improved pulp brightness and strength properties

Minimized maintenance costs

Extended felt and wire life spans

Increased operational cash flow by reducing the capital needs for wood storage

Improved operating environment
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been shown that combining a novel ecological surfactant with a lipase it is possible to
reduce a broad range of extractives in a softwood TMP pulp (Dubé et al. 2009).

Fujita et al. (1992) developed a thermostable fungal lipase which was found to
be effective at 80 °C. Mill trial with this enzyme at a concentration of 1,000 ppm
resulted in 75% hydrolysis of triglycerides. The results were better than those
obtained in the laboratory-scale experiments.

The other common source of pitch deposits, sulfite pulp, also responds to lipase
treatment. Fisher and Messner (1992a) assessed on the laboratory scale a method of
triglyceride removal from sulfite pulp that utilizes the hydrolysis of the triglycerides
by lipases and the removal of the liberated fatty acids with sodium hydroxide. Pitch
fractions with and without triglycerides and free fatty acids were chlorinated with
chlorine water to simulate chlorination during the bleaching process. Chlorinated
pitch without triglycerides and the fatty acids was found to be less adhesive than
pitch containing free fatty acids or pitch that was treated with enzyme. It was found
that (a) triglycerides content in pulp was a major contributor to pitch adhesiveness
and (b) enzyme treatment followed by sodium hydroxide extraction reduced pitch
adhesiveness. Fischer et al. (1993) also performed pilot-scale experiments con-
cerning the application of lipases to unbleached pulp. Twelve tons of pulp per day
were treated with enzyme in a continuous process, the process conditions and the
enzyme concentrations were varied, and the resins were analyzed for triglycerides
and free fatty acids. The resin content of the pulp was reduced by about 60% during
the process from 0.68 to 0.28% of the dry pulps. The hydrolysis of triglyceride,
C 57 fraction, which contains the main part of the most important unsaturated fatty
acids (oleic acid and linoleic acid) was about 85%.

Lipases from C. cylindraceae have been shown to be effective in hydrolyzing
triglycerides in extractives of fresh birch and birch kraft pulp (Mustranta et al.
1995). The total amount of esterified compounds in fresh birch was decreased by
34%. The decrease was most significant in the fatty acids. About 50% of the
esterified fatty acids and even 65% of the saturated fatty acids were hydrolyzed. The
esters of fatty alcohols were also hydrolyzed to the same extent. The amounts of
esterified sterols and terpenoids remained the same. For treatment of birch sulfate
pulp, the lipases of C. cylindraceae hydrolyzed 30% of the esterified lipids as
compared to 40% hydrolyzed by Resinase A (Aspergillus lipase). Esters of satu-
rated fatty acids, alcohols, and sterols were hydrolyzed by both lipases. The
C. cylindraceae lipase was incapable of degrading esters of betulaprenols and
triterpenoids, whereas the Aspergillus lipase hydrolyzed them to the some extent.

A combination of lipase and cationic polymers has been used in controlling pitch
deposits during papermaking (Sarkar et al. 1995; Sarkar and Finck 1993). Lipase
was found to be effective in reducing the triglyceride content of the stock slurry via
hydrolysis to glycerol and fatty acids and cationic polymer reduced concentration of
fatty acids released during hydrolysis.

To attain an improved understanding of pitch problems associated with the kraft
pulping and bleaching of Eucalyptus spp., Scheepers (2000) did various analyses on
wood and pulp extractives and pitch from a South African kraft pulp mill. High
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molecular weight compounds (involatile) were found to constitute a large portion of
the extracts and pitch. Approximately, 40% of volatile Eucalyptus grandis extract
was f3-sitosterol, with fatty acids (22.8%) and triglycerides (15.5%) also making a
substantial contribution. Fatty acid amides were a prominent fraction of pulp
extracts from the latter stages of bleaching. The amides constituted 38.3% and
triglycerides 10.1% to total volatile pitch deposits. Lipases hydrolyse triglycerides
and could therefore help to reduce pitch problems. Consequently, 381 filamentous
fungi isolated from indigenous and commercial forests in South Africa were
screened for lipase activity on tributyrin and Tween 80. Eight strains were selected,
and the tributyrin and Tween 80 assays were repeated by monitoring lipase activity
over a 7-day period. The selected strains were also assayed for their activity toward
p-nitrophenyl palmitate. O. piliferum Cartapip 58™ and P. chrysosporium
BKM-F-1767, two strains known for, respectively, their biodepitching and biop-
ulping ability, were used as controls. A few of the strains compared well and even
outperformed the control strains, indicating their potential for use in pitch control.
The effect of pretreatment with the eight selected fungal strains on E. grandis wood
and pulp extractives was determined. Cartapip 58™ and P. chrysosporium
BKM-F-1767 were used as control strains. Several of the strains compared well to
the control strains in their ability to reduce the triglyceride content of wood extract.
The South African isolate, white-rot fungus Phanerochaete psuedomagnoliae nom.
prov., reduced triglyceride content significantly. Consequently, it can act as an
agent for both biopulping and biodepitching. The treated wood samples had a lower
triglyceride content than the sterile controls. Consequently, more triglycerides
would be released into process waters by the sterile controls than the treated
samples. The effect of commercial lipases on deposited brown stock pulp extract
was also evaluated. The lipases did not reduce the triglyceride content of the
deposited extract. The addition of lipases in pulping and bleaching processes would
therefore not affect already deposited pitch.

Effects of treatment conditions such as pH, enzyme dosage, time, and temper-
ature were investigated on the removal of lipophilic extractives from wheat straw
(WS) using C. cylindracea lipases (Jiang et al. 2009). The influences of lipase
treatment on WS weight gain percent from acetylation and the inner bonding
strength of WS particle board were also examined. The WS lipophilic extractives
were analyzed by GC-MS. Test results showed that the removal rate of lipophilic
extractives was 62% under the optimal conditions: 50 °C, pH 7.5, lipase dosage
7.5 � 10−3 mol/(min.g) (based on oven-dried WS), and time 8 h. The inner
bonding strength of particle board manufactured from the treated WS could increase
by 4.5-fold due to the increase in −OH concentration on the WS surface. The
GC-MS results showed that the main components of n-hexane extractives of WS
were fatty acids, waxes, and steroids, and their removal rates by lipases were 79.67,
69.04, and 41.47%, respectively. There were some glycerides, fatty alcohols, silicon
oxide, and phenolics in the extractives, and their removal rates by lipases were
80.98, 63.30, 43.31, and 36.35%, respectively. It was concluded that the removal of
the lipophilic extractives from the WS by lipases could increase the hydroxyl group
concentration and the mechanic performance of WS particle board.
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Using enzyme-based approaches, a pitch control method was developed for use
with thermomechanical pulping of softwood and for pitch removal from process
water (Dube et al. 2008). Results showed that with combination of a novel
biodegradable surfactant and a lipase resin acids, sterols and triglyceride groups
were reduced by 48, 32, and 78%, respectively, compared with untreated samples.
Using laccase treatment of the process water, the fatty and resin acids were reduced
by 42% and the lignans by 60%. By combining the proposed pulp treatment with
laccase decontamination of the process water, this new method offers an efficient
alternative to control the various pitch-associated problems.

A method of treating wood chips or sawdust with an enzyme formulation, prior
to refining, in order to reduce the total extractives content of the wood chips or
sawdust and to modify the wood structure is described in Patent WO 2007035481
A1 (Xiang et al. 2007). The wood chips or sawdust are treated with one or more
enzymes such as lipases, esterases, pectinases, cellulases, laccases, hemicellulases,
and combinations thereof. The enzyme formulation can be applied to the surface of
the wood chips or sawdust, e.g., by spraying, or can be impregnated into the wood
chips. The enzyme formulation can further comprise one or more surface-active
agents which can enhance the effectiveness of the enzyme treatment by improving
the diffusion or impregnation of the enzymes into the wood chips. The enzyme-
based treatment can be applied at any of several different locations prior to the
pulping process including chip piles, chip conveyors, chip silos, chips washers, chip
washer water stream, impregnation liquor, or during chip storage. The enzyme-
based treatment is quick and easy to apply in most commercial mill operations. The
enzyme-based treatment is effective at temperatures from about 20 °C to about
100 °C, preferably from about 35 °C to about 70 °C. The wood chips or sawdust
can be treated for a period of time from about 0.10 to about 200 h, more preferably
from about 10 to about 72 h. The addition of the enzyme formulation into the wood
chip or sawdust pile increases the concentration of pitch-degrading enzymes on the
chip or dust surfaces which can significantly accelerate the degradation of pitch
components inside the chips or sawdust. Decreasing the total extractives content of
the wood chips and modifying the structure of the wood chips or sawdust leads to a
decrease in the apparent pitch content during pulping and in reduced energy
requirements, increased paper strength, improved paper machine run ability, and
lower costs associated with paper manufacturing.

Oxidative Enzymes

Promising results have been reported by the use of oxidative enzymes, particularly
laccases in the presence of redox mediators that are effective on several lipophilic
extractives such as fatty acids, resin acids, free and conjugated sterols, and
triglycerides. Laccases are characteristic of white-rot fungi and, as in the case of
wood treatment with these lignin-degrading basidiomycetes, a double benefit can be
obtained from their application on pulps in the presence of redox mediators. These
compounds enable laccase removal of residual lignin, as well as extensive
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degradation of pulp extractives including the most recalcitrant compounds, such as
sterols and resin acids. Karlsson et al. (2001) first reported reactivity of laccase
(from a Trametes species) on polyunsaturated fatty acids (20% decrease after 4 h)
and conjugated resin acids (29% decrease). Similar action (20–35% reduction after
3 h) of laccase on trilinolein was reported by Zhang et al. (2002). In the reaction of
trilinolein, the dominant oxidation products detected were monohydroperoxides,
bishydroperoxides, and epoxides. Likewise, a decrease over 30% of lipophilic
extractives present in softwood pulp from TMP pulping and process waters was
also reported (Buchert et al. 2002; Dubé et al. 2009; Zhang et al. 2000, 2005). Paice
(2005) reported about 85% removal of extractives from mechanical pulp by laccase
treatment (Fig. 6.3).

Gutiérrez et al. (2006b) reported for the first time the high efficiency of the
laccase–mediator system for the removal of lipophilic extractives present in pulps
from different origins regardless of the pulping process, the raw material, or the
chemical nature of the compound to be degraded, and a patent application was filed
(Gutiérrez et al. 2006c). In these studies, the laccase from the basidiomycete
Pycnoporus cinnabarinus in the presence of the mediator HBT was very efficient in
removing free and conjugated sterols (95–100% decrease) from eucalypt kraft pulp;
triglycerides, resin acids, and sterols (65–100% decrease) from spruce TMP pulp;
and fatty alcohols, alkanes, and sterols (40–100% decrease) from flax soda
pulp. The removal of lipids by laccase–HBT resulted in the formation of several
oxidized derivatives that were absent or presented low abundances in the initial
pulps. In spite of this, the total lipid content in pulps decreased significantly, and the
most problematic compounds were completely removed. In another work, this

Fig. 6.3 Effect of Laccase treatment on removal of extractives from mechanical pulp. Based on
Paice (2005)
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enzymatic treatment was applied as an additional stage of an industrial-type TCF
sequence for bleaching eucalypt kraft pulp (Gutiérrez et al. 2006a) showing the
complete removal of free and conjugated sitosterol. Pulp brightness was also
improved due to the simultaneous removal of lignin by the laccase–mediator sys-
tem. Further investigations on the chemistry of the reactions of the laccase–medi-
ator system with model lipids representative for the main lipophilic extractives
present in hardwood, softwood, and non-wood paper pulps (including alkanes, fatty
alcohols, fatty acids, resin acids, free sterols, sterol esters, and triglycerides) were
carried out, and the reaction products were identified and quantified during the
treatment, to better understand the degradation patterns observed in pulps (Molina
et al. 2008). These studies evidenced that a 60–100% decrease of the initial amount
of unsaturated compounds, such as abietic acid, trilinolein, linoleic and oleic acids,
sitosterol, cholesteric palmitate, oleate, and linoleate, was found at the end of 2-h
laccase–HBT treatment. Likewise, a decrease of 20–40% of these unsaturated lipids
was observed after treatment with laccase alone except in the cases of abietic acid
that decreased 95%, and cholesteryl palmitate and sitosterol that were not affected.
The above study confirmed that laccase alone decreased the concentration of some
unsaturated lipids (Karlsson et al. 2001; Zhang et al. 2002). However, the most
rapid and extensive lipid modification was obtained with the laccase–mediator
system (Molina et al. 2008). Model unsaturated lipids were largely oxidized and the
dominant products detected were epoxy and hydroxy-fatty acids from fatty acids,
and free and esterified 7-ketosterols and steroid ketones from sterols and sterol
esters. In the case of sterol linoleate, breakdown of the fatty acid chain is produced
releasing the so-called core aldehydes. The enzymatic reaction on sterol esters
largely depended on the nature of the fatty-acyl moiety, i.e., oxidation of saturated
fatty acid esters started at the sterol moiety, whereas the initial attack of unsaturated
fatty acid esters was produced on the fatty acid double bonds. In contrast, saturated
lipids were not modified, although some of them decreased when the laccase-
mediator reactions were carried out in the presence of unsaturated lipids suggesting
participation of lipid peroxidation radicals.

In a study by Gutiérrez et al. (2007), unbleached eucalypt kraft pulp was treated
with a fungal laccase in the presence of syringaldehyde, acetosyringone, and
p-coumaric acid as mediators. The enzymatic treatment using syringaldehyde as
mediator caused the highest removal (over 90%) of free and conjugated sitosterol,
similar to that attained with HBT, followed by acetosyringone (over 60% removal),
whereas p-coumaric acid was barely effective. Moreover, recalcitrant-oxidized
steroids surviving laccase–HBT treatment could be removed when using these
natural mediators. Pulp brightness was also improved (from 57 to 66% ISO
brightness) by the laccase treatment in the presence of the above phenols followed
by the peroxide stage due to the simultaneous removal of lignin. The use of natural
compounds as laccase mediators makes these enzymatic treatments more feasible to
be applied in the pulp and paper industry. However, more work is required before
this enzymatic treatment for simultaneous removal of pitch, and lignin can be
considered as a serious scheme to be implemented in the pulp and paper industry.
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Finally, the use of lipoxygenases (EC 1.13.11.12) has been recently suggested
by Zhang et al. (2007) for pitch control in softwood TMP pulp. The lipophilic
extractives content of TMP pulp samples was reduced by more than 25% after a 2-h
treatment with soybean lipoxygenase. In this work, the activity of lipoxygenase
toward wood extractives was determined using a mixture extracted from
TMP. Lipoxygenase exhibited a significant activity toward these wood extractives.
However, it was found that some of the extractives (such as resin acids) and lignin
products may have inhibitory effects on lipoxygenase-catalyzed reactions with li-
noleic acid. Earlier work in a patent by Novozymes had suggested the possibility of
using lipoxygenases to degrade a model wood “pitch” mixture containing linoleic
acid, abietic acid, oleic acid, and olive oil (Borch et al. 2003). Additional studies on
lipoxygenases for pitch biocontrol are in progress (Nguyen et al. 2007).

6.4 Advantages, Limitations, and Future Prospects

Biological treatment with enzymes or fungi helps to reduce pitch-related problems
to satisfactory level (Bajpai et al. 1999; Bajpai and Bajpai 2001). It reduces the
downtime of the paper machine, by reducing defects on the paper web as well as the
frequency of cleaning pitch deposits in the paper machine, and improves the pulp
drainability and machine runnability and thus indirectly saves energy in subsequent
operations. At the same time, it also offers several other advantages such as
eco-friendly and nontoxic technology, improved pulp and paper quality, reduction
in bleaching chemical consumption, reduction of effluent load, and space and cost
savings in a mill wood yard using unseasoned logs. By reducing the outside storage
time of logs, this method reduces wood discoloration, wood yield loss, and the
natural wood degradation, which occurs over longer storage time. The white carbon
(talc) dosage is also reduced because the enzymatic treatment hydrolyses triglyc-
erides and then increases the dynamic friction coefficient of the paper. With
chemical pulps, the application of lipase improves the properties of the resins by
lowering their adhesiveness.

Biotechnological processes based on the use of selective white-rot fungi could
have some advantages compared to sapstain fungi. Some lipophilic extractives,
such as triglycerides and fatty acids, are easily degraded by different fungi, and
even an effective hydrolysis of sterol esters can be achieved by several
ascomycetous fungi including sapstain species. However, free sterols and triter-
penols as well as resin acids are more recalcitrant toward microbial degradation, and
better removal has been obtained with white-rot basidiomycetes. In addition to the
advantages directly resulting from the removal of wood extractives, white-rot fungi
could accomplish other significant benefits. Wood chip pretreatment with white-rot
fungi capable of degrading lignin (and recalcitrant extractives) selectively, a process
known as biopulping, enables substantial savings in energy required for obtaining
mechanical pulps. Unlike white-rot fungi, ascomycetes are unable to attack lignin.
Therefore, such fungal treatments are not expected to reduce the energy
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requirements. Another limitation of sapstain ascomycetes is their poor ability to
colonize the heartwood of most softwood species. Taking into account that the total
amount of extractives in heartwood is generally much higher than in sapwood, the
low susceptibility of heartwood to biological colonization by sapstain fungi limits
the effectiveness of wood depitching. The applicability of white-rot fungi in
pulpwood depitching would greatly depend on their effects on pulp yield and
properties. Fungal attack of cellulose in pulp fibers is highly undesirable as it causes
reduction in yield and pulp strength properties. Therefore, these biodepitching/
biopulping treatments need to be applied under controlled conditions to attain a
maximal removal of lipids and lignin with a minimum deterioration of fibers and
hydrolysis of cellulose.

The use of enzymes to remove extractives from pulp has advantages, compared
to the use of fungal inocula to remove extractives from the wood before pulping,
such as the shorter treatment times and the higher specificity in the removal of wood
components. Commercial lipases are successful in the hydrolysis of triglycerides in
softwood mechanical pulps, being currently used in different types of mills.
Recently, some promising results have been reported by the use of oxidative
enzymes, particularly laccases in the presence of redox mediators that are effective
on several lipophilic extractives such as fatty acids, resin acids, free and conjugated
sterols, and triglycerides. Laccases are characteristic of white-rot fungi and, as in
the case of wood treatment with these lignin-degrading basidiomycetes, a double
benefit can be obtained from their application on pulps in the presence of redox
mediators. These compounds enable laccase removal of residual lignin, as well as
extensive degradation of pulp extractives including the most recalcitrant com-
pounds, such as sterols and resin acids.

Many mechanical and Kraft pulp mills are utilizing wood containing high
content of extractives and are spending substantial amount of money on the
chemicals for controlling the pitch. For these mills, the biological treatment pro-
cesses seem to have great potential.
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Chapter 7
Bioretting

Abstract Flax for centuries has provided important industrial products such as
textiles, oilseed, and paper/pulp. Fibers are obtained from flax stems by the process
of retting. Two methods employed for retting flax at commercial levels using
pectinolytic microorganisms are water- and dew-retting. Water-retting traditionally
depends upon anaerobic bacteria, such as Clostridium spp., that live in lakes, rivers,
ponds, and vats to produce pectinases and other enzymes to ret flax. The stench
from anaerobic fermentation of the plants, extensive pollution of waterways, high
drying costs, and putrid odor of resulting fibers resulted in a move away from
anaerobic water-retting in the mid-twentieth century to dew-retting. Dew-retting is
the result of colonization and partial plant degradation by plant-degrading, aerobic
fungi of flax stems, which are harvested and laid out in swaths in fields. The highest
quality linen fibers are produced using dew-retting but concern exists within this
industry about low and inconsistent quality. Enzymes have the potential to provide
an improved method to ret flax for textile fibers. Enzymatic-retting produces high
and consistent quality fibers of staple length for blending with cotton and other
fibers. Enzymatic-retting is faster and more reproducible than traditional methods
and may provide the spinners with a better quality product.

Keywords Flax � Retting � Enzymes � Pectinolytic microorganisms
Dew-retting � Water-retting � Anaerobic bacteria

7.1 Introduction

Flax provides a variety of important industrial products such as textiles, oilseed, and
paper/pulp. Fibers from flax are the oldest textile known, dating back to early
Egyptian times (Van Sumere 1992). Flax has been considered a prime source of
natural fibers to replace glass in composites (Lepsch and Horal 1998; Van den
Oever et al. 1999). Flax is also the source of linseed oil for industrial uses (Domier
1997) and nutritional flaxseeds (Westcott and Muir 2000). Fiber flax produced for
textiles is grown under precise conditions to optimize fiber quality and harvested
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prior to full seed maturity (Van Sumere 1992). In contrast, seed flax is optimized for
seed yield and quality, and the fiber, which is from straw residue, is generally
shorter, coarser, and lower in quality. The large tonnage of straw residue from the
linseed industry (Domier 1997; Euroflax Newsletter 2001), and perhaps future
increases due to nutritional and health emphases of flaxseeds, constitutes an
increasing environmental problem for disposal. Efforts are under way to use larger
amounts of the linseed straw for high-value fibers such as those in composites.

Fibers are obtained from flax stems by the process of retting. Retting is the
separation or loosening of fiber bundles from the cuticularized epidermis and the
woody core cells and subdivision to smaller bundles and ultimate fibers. Microbial
activity during retting causes a partial degradation of the components that bind
tissues together, thereby separating the cellulosic fibers from non-fiber tissues.
Earlier work has clearly indicated the requirement of pectinases in flax-retting
(Sharma 1987a; Van Sumere 1992).

7.2 Methods for Retting

Two primary methods for retting, namely water- and dew-retting, have been used
traditionally to extract fibers for textile and other commercial applications. Despite
the fact that the highest quality flax fiber is produced by water-retting, this practice
has been largely discontinued in western Europe due to the high costs and the
pollution and stench arising from fermentation of the plant material. Fermentation
products absorbed by the fibers during water-retting impose an unpleasant odor.
Dew-retting is now the most common practice for separating flax fibers, even
though some water-retted fiber is still marketed (Van Sumere 1992).

Dew-retting is reportedly the oldest method of retting (Van Sumere 1992). Even
though the flax fiber is of lower quality than that from water-retting, lower labor
costs and high fiber yields make dew-retting attractive. Stalks are pulled, spread in
uniform and thin, non-overlapping swaths, and left in the field where the moisture
and temperature encourage colonization and partial degradation of flax stems,
primarily by saprophytic fungi. Dew-retting suffers from several disadvantages
(Van Sumere 1992). In addition to poor and inconsistent fiber quality since
dew-retting replaced water-retting (Sharma and Faughey 1999), dew-retting
requires occupation of agricultural fields for several weeks and is restricted to
geographical regions with appropriate moisture and temperature for effective
microbial growth (Brown 1984; Van Sumere 1992). In Western Europe, which
reportedly produces the highest quality linen due to a favorable climate for
dew-retting (Hamilton 1986), substantial crop losses frequently occur. Too much
rain and lack of sufficient time for drying further contribute to failed harvests of flax
fiber. In other regions, dry weather after harvest prevents microbial growth and
therefore retting. Considerable research has been undertaken to find a replacement
for dew-retting. Chemical-retting has been evaluated using a variety of methods,
including ethylenediaminetetraacetic acid (EDTA) or other chemical chelators at
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high pH, detergents, strong alkali, and steam explosion (Adamsen et al. 2002b;
Henriksson et al. 1998; Sharma 1987b, 1988; Tubach and Kessler 1994). Sharma
(1987b) patented a chemical-retting method using chelating agents. Flash hydrol-
ysis or steam explosion treatment, with or without impregnation before steam
treatment, has been used to remove pectins and hemicelluloses from decorticated
flax (Sotton and Ferrari 1989; Kessler et al. 1998); a fast decompression separates
bundles to smaller bundles and ultimate fibers. Successful laboratory results have
been reported with chemical-retting methods but at times fiber properties are less
satisfactory than those from other methods. Chemical treatment increases cost but
cost efficiencies are usually not reported. To date, no chemical-retting methods for
flax are used commercially.

Enzymes have been considered for some time as a potential replacement for
dew-retting of flax (Brown and Sharma 1984; Brown et al. 1986; Brown 1984;
Sharma and Robinson 1983). Early work with water- and dew-retting microor-
ganisms showed conclusively that pectinases were required for effective retting
(Van Sumere 1992). Other matrix-degrading enzymes are often considered to be
important for effective retting, possibly giving an appropriate balance of enzymes
for degrading flax polysaccharides (Sharma 1987a; Sharma and Van Sumere 1992).
Enzyme mixtures of polygalacturonase, pectinases, and hemicellulases have been
found to give successful retting of flax in vitro (Gillespie et al. 1990; Sharma
1987a).

7.3 Enzymes Used in Flax-Retting

A wide range of enzyme mixtures containing polygalacturonases, pectin lyase,
hemicellulases, and cellulases have been used for retting (Gillespie et al. 1990;
Sharma 1987a, b, c; Bajpai 1997, 1999; Ebbelaar et al. 2001; Kenealy and Jeffries
2003; Hoondal et al. 2002; Antonov et al. 2007; Sakai et al. 1993; Paridah et al.
2011; Saleem et al. 2008; Sharma and Satyanarayana 2012; Zhang et al. 2003;
Bruhlmann et al. 1994, 2000; Hoondal et al. 2002; Jayani et al. 2005; Akin et al.
1997, 1999).

These enzymes are commercially available. Enzymes, through selective
biodegradation of the pectinaceous and matrix substances, facilitate the removal of
fibers from the woody portion (i.e., shive) of a flax plant (Van Sumere 1992).
A wide range of enzyme mixtures containing polygalacturonases, pectin lyase,
hemicellulases, and cellulases have been used for retting (Gillespie et al. 1990;
Sharma 1987a; Bajpai 1999; 2009, 2013; Ebbelaar et al. 2001; Kenealy and Jeffries
2003; Hoondal et al. 2002; Antonov et al. 2007; Akin et al. 1997, 1999, 2000,
2001a, b, 2002, 2004, 2007; Akin 2013; Daenekindt 2004; Durden et al. 2001;
Etters et al. 2001; Henriksson et al. 1999; Zhang et al. 2000; Adamsen et al. 2000a).
Commercially available enzymes have been shown to promote a controlled retting
of flax in a laboratory setting useful for developing improved retting methods (Van
Sumere 1992; Akin et al. 1997, 2000; Akin 1998; Foulk et al. 2000).
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7.4 Application of Enzymes in Flax-Retting

A chronological listing of research for enzyme-retting of flax beginning in 1932 has
been reported by Van Sumere (1992). In the 1980s, extensive research was con-
ducted to find an enzymatic replacement for dew-retting of flax for linen in Europe
(Sharma and Van Sumere 1992). A wide range of commercially available enzyme
mixtures containing polygalacturonases, pectin lyase, hemicellulases, and cellulases
were screened for retting (Sharma 1987b) (Table 7.1). Novozyme 249 was found to
be the most suitable for retting, with conditions of 55 °C for 20 h and a straw:liquid
ratio of 1:11. Thermal stability of all four enzyme preparations was also tested, and
it ranged between 45 and 60 °C. A semi-industrial retting of flax with Novozyme
249 was carried out in tanks (2000-L capacity) loaded with 80 kg of flax stems
maintained at 49 ± 5 °C for 26 h (Sharma 1987b). Novozyme 249 was used at a
concentration of 5 g/L at straw:liquor ratio of 1:11. The flax was well retted along
the length of the stem. During enzyme-retting, the pH declined slowly from 6.2 to
4.6 after 20 h, and at the end of retting the pH increased slightly to 4.8. The
population of bacteria steadily rose during the retting trial, peaking at the end at a
density of 18 � 106 viable bacterial cells. The bacteria present during enzyme-

Table 7.1 Effect of enzymes on flax-retting

Enzyme Fiber fineness (Decitex) Fiber strength (g/denier)

30 °C 45 °C 60 °C 30 °C 45 °C 60 °C

Novozyme 249 33.4 29.5 28.2 5.3 4.6 4.2

Novozyme 249 +
Pectinol AC

35.0 35.0 33.5 4.9 4.6 4.5

Novozyme 249 +
Ultrazym

37.0 30.0 28.0 5.2 4.3 4.0

Novozyme
249 + Celluclast

36.8 30.2 28.0 5.2 2.7 2.0

Pectinol AC + Ultrazym 34.6 30.0 30.0 5.2 4.4 4.4

Pectinol
AC + Ultrazym +
Celluclast

35.6 32.0 30.2 5.1 3.0 2.9

Pectinol AC 42.0 36.0 35.6 4.8 4.2 4.1

Ultrazym 46.0 45.0 36.1 5.0 4.8 4.2

Celluclast 46.2 40.3 36.1 4.0 2.8 2.1

S.E. 3.14 3.32 2.05 0.33 0.24 0.12

Novozyme 249 contained 835 µg/mL/h polygalacturonase, 100 µg/mL/h pectin lyase
350 µg/mL/h xylanase, 100 µg/mL/h cellulase
Pectinol AC contained 850 µg/mL/h polygalacturonase, 100 µg/mL/h pectic lyase, 205 µg/mL/h
xylanase
Ultrazym contained 275 µg/mL/h polygalcaturonase, 2100 µg/mL/h xylanase
Polygalacturonase and pectin lyase activities µg/mL/h galacturonic acid equivalent
Xylanase and cellulase activities = µg/mL/h glucose equivalent
Based on Sharma (1987b)
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retting were mainly Actinobactor calcoaceticus. The bacteria present may have
contributed to retting of the flax by releasing further polysaccharide-degrading
enzymes. At the end of retting, the enzyme levels of polygalacturonase, xylanase,
and cellulase remained quite high. After the concentration of enzymes in the liquor
was adjusted, the effluent from the retting trial could be reused for retting another
batch of flax. During World War 11, unretted flax stems were processed to produce
coarse green fibers, and the fibers were treated chemically (NaOH) to produce fine
flax fibers. Preliminary research in the last 3–4 years on chemical-retting by
chelating agents (EDTA, Trilon TB, BSF Ltd.) presented a fresh opportunity
(Sharma 1987b) to examine the effects of chemical-retting on fiber yield and
fineness (Table 7.2). Studies have shown that green flax fibers in the form of roving
or in bundles can be treated with Novozyme 249 to produce fine flax fibers.

Flaxzyme, a product from Novo Nordisk, was developed and was reported to
produce fibers with good yield and quality (Van Sumere and Sharma 1991). The
yield of enzyme-retted fibers was as good or even better than those from
high-quality water-retting. A disadvantage, however, was potential lower fiber
strength due to the continued activity of the cellulases in the mixtures. Treatment
with an oxidizing agent, such as sodium hypochlorite, or reagents giving a high pH
that denatured the enzymes prevented the continuing cellulolytic activity. Research
on enzyme-retting led to a series of patents and to a semi-industrial-scale trial (Van
Sumere 1992) but no commercial system was developed.

Gillespie et al. (1990) used the commercial enzyme Biopectinex, enzymes from
Penicillium capsulatum, and an unidentified fungal isolate (possibly a mucor spe-
cies) for retting of flax. Each of the enzyme preparations was found to affect the
release of reducing sugars from flax straw. In the case of Biopectinex, the amounts
of sugars released reflected the amount of enzyme used and up to about 20 h, also
reflected the length of incubation. At 26 h, the amounts of reducing sugars in the
supernatants were considerably less than that at 20 h because of the growth of
contaminating microorganisms under the nonsterile conditions. The straw samples
treated with the highest concentration of Biopectinex were fully retted only at 26 h,
while those treated with lesser amounts of Biopectinex preparation were still poorly
retted even at this time. By contrast, the P. capsulatum and preparation X-treated
straws were well retted at 17 h and fully retted at 26 h, at which time the cellulose
fibers were easily separated from the residue of the straw. The amounts of
P. capsulatum and preparations used to obtain retting had considerably lower

Table 7.2 Effects of enzyme, chemical, and water-retting on fiber yield and fiber properties

Retting Fiber
yield
(%)

Fiber
fineness
(g denier−1)

Fiber
strength
(decitex)

Caustic
weight loss
(%)

Fluidity Moisture
regain
(%)

Enzyme 15.4 46.1 7.4 28.4 0.6 11.1

Chemical 14.3 42.3 6.8 18.6 0.6 10.6

Water 14.9 40.9 6.7 24.7 0.7 10.6

S.E. 0.46 1.94 0.25 0.38 0.05 0.05

Based on Sharma (1987b)
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pectin-degrading and other enzyme activities than had the Biopectinex preparation.
Yet, they released almost as many reducing sugars and effected retting at the same
time. Some other enzyme activities besides pectinase-polygalacturonase, xylanase,
arabinase, FPase, and CMCase might have contributed to the retting process. Each
of the enzyme preparations affected the release of uronic acid-containing materials
of various degrees of polymerization from the straw to the supernatant solution. The
solubilized polymeric material eluting between fractions 12 and 17 had an apparent
M value of 9.6 kDa. Much of the soluble uronic acid eluted at the same volumes as
standard galacturonic acid (fractions 51–57), indicating that significant amounts of
flax pectin (or other uronic acid-containing polymers in flax) had been converted to
its monomeric constituents. For all the enzymes, the flax samples were adjudged
visually to have been retted at 26 h. Treatment with preparation X and Biopectinex
had removed the bulk of the pectin from the flax samples. Treatments with
preparation X yielded 55 mg uronic acid per gm of straw, i.e., 145% on pectin
basis. Scanning electron microscopic observation of the flax samples before and
after treatment confirmed the effectiveness of the enzyme-retting.

Sharma (1987c) investigated the enzymatic degradation of residual noncellulosic
polysaccharides present on dew-retted flax fibers with polysaccharide-degrading
enzymes, and noted their effects on yarn quality number, strength, extension, caustic
weight loss, and fluidity. Three commercial enzymes—Pectinol AC, Ultrazym, and
Novozyme 249—and enzymes extracted from Ceraceomyces sublaevis and hybrid
strains ofPleurotus ostreatus andPleurotusfloridawereused.Novozyme249contains
polygalacturonase, pectin lyase, xylanase, and traces of cellulase. In Pectinol AC,
polygalacturonase, pectin lyase, xylanase, and traces of cellulase were present.
Ultrazym contains xylanase as the main component along with traces of polygalac-
turonase. Laccase was not detected in any of the three commercial enzymes. Culture
extracts of C. sublaevis contained mainly xylanase and laccase along with traces of
polygalacturonase, pectin lyase, and cellulase. Xylanase, polygalacturonase, and lac-
casewere detected in high concentrations alongwith traces of pectin lyase and cellulase
in extracts of Pleurotus. All the enzymatic treatments gave yarns with high-quality
numbers than that of the control. The coefficient of variation was also lower for yarns
from the enzyme-treated rovings comparedwith control. Amixture of PectinolAC and
Ultrazym was most effective in removing pectins and hemicellulases left on the
dew-retted fibers. Of the two culture extracts, enzymes produced by C. sublaeviswere
the most effective in deploymerizing the residual noncellulosic materials left on the
fiber. The quality number of yarn samples spun from rovings treated with an enzyme
mixture of Pectinol AC and Ultrazym, and NaOH at 95 °C was marginally better than
the quality number of the yarn spun from rovings treated with extracts ofC. sublaevis.
The reduction in weight loss was significantly lower for all the yarns spun fromNaOH
(high temperature) and enzyme-treated rovings compared to the control yarn. The
enzyme extract of C. sublaevis was most effective in the removal of residual hemi-
celluloses, pectin, and lignin as shownbya low%causticweight loss.Thefluidity of the
yarns spun from all NaOH- and enzyme-treated rovings revealed that the NaOH
treatment and enzymatic depolymerization of the polysaccharides did not significantly
reduce the chain lengths of cellulose andas a result,fluidities for the test yarnswere low.
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Interest has continued on use of enzymes for retting and bast fibers, including
flax, with considerable interest at major international conferences (Gűbitz and
Cavaco-Paulo 2001; Hardin et al. 2002; Kozlowski et al. 2005). The Agricultural
Research Service of US Department of Agriculture began a project on enzyme-
retting in the mid-1990s toward improving flax fibers that could be used in short
staple spinning systems for the US textile industry. The objective of this work was,
therefore, not long line fiber for traditional linen but instead short staple fibers for
blending with cotton and other fibers. The requirements to maintain long fiber
length and other restrictions necessary for traditional linen could be avoided, and
new methods could be explored to produce a total fiber product from diverse
sources of flax. Results from several studies have been reviewed by Akin et al.
(2004). From available enzyme sources evaluated at the time, Viscozyme L was
found to be the most useful. This enzyme in combination with ethylenedi-
aminetetraacetic acid (EDTA) was extensively evaluated, and a spray
enzyme-retting method was developed (Akin et al. 2000). Fibers produced from
various formulations and flax sources were evaluated and ranked in test yarns (Akin
et al. 2001a). Use of Viscozyme and EDTA became the basis on which other
products and protocols were compared. Akin et al. (2001a, 2002) reported that
0.05–0.3% of the commercial product Viscozyme L with about 18–25 mM EDTA,
pH 5.0, 40 °C for 24 h resulted in an appropriate retting formulation and method.
Progressively higher levels or longer incubation times with Viscozyme weakened
the fibers. While washing and drying by the methods used prevented continued
action of cellulases (Akin et al. 2004), their presence initially in the mixture
weakened fibers. Eliminating cellulases and strength loss from commercial retting
enzymes became a goal.

Advances in enzyme technology have resulted in new products and processes for
textiles (Akin and Hardin 2003), including enzymes with potential to improve
retting of flax (Antonov et al. 2005; Kozlowski et al. 2005). Further work involving
these and other pectinolytic enzyme products (Brühlmann et al. 2000) could
improve current retting methods. Foulk et al. (2008) screened new pectinolytic
enzymes for retting efficiency, using a series of tests. The more likely candidates
were further evaluated by retting in larger amounts and processing in the USDA
flax fiber pilot plant, using commercial-type cleaning equipment. Fibers were
assessed for fiber yield, fine-fiber yield, and properties important for textile appli-
cations. Finally, chemical costs were compared based on available information. The
Fried Test identified the most efficient enzymes and best retting conditions. All
enzymes-retted flax stems better in the presence of 18 mM EDTA. Pectinases that
also contained cellulases reduced fiber strength, whereas those without cellulases
effectively retted flax without substantial strength loss. Viscozyme, which has been
used extensively in enzyme-retting research, and several pectinolytic enzymes were
compared in pilot plant scale tests. Texazym BFE and Bioprep 3000 L retted flax as
well as Viscozyme in this system, and the fibers had higher tenacity. The mono-
component nature, commercial availability and price, and ability to ret flax in
combination with EDTA at high pH indicated a potential advantage for Bioprep
3000 L in these tests. Retting with different enzymes and formulations resulted in
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fibers with different properties, thereby leading to protocols for tailored fiber
characteristics. Retting with Texazym BFE and Bioprep, which reportedly contain
only pectinases, resulted in fibers with significantly higher strength than cellulase-
containing mixtures, i.e., Multifect Pectinex FE and Viscozyme. Bioprep in all
formulations resulted in higher elongation, although values were still small at 2.0–
2.5% (Table 7.3). Retting with Bioprep and Viscozyme produced fibers that tended
to be finer than those from other treatments.

Kawahara et al. (2007) studied enzymatic-retting of kudzu fibers with several
commercial enzymes, and the effects on the retting were compared with respect to
the smoothness of the surface of the fibers and the mechanical properties. The
commercial enzymes were classified into two types, that is, cellulase and pectinase.
For the cellulase type, enzymatic decomposition occurred almost topochemically
because of the cooperation of cellulase with high activity, and then the retting was
fully achieved, suppressing the damage to the intercellular matrix (middle lamella)
by pectinase. For the pectinase type, decomposition predominately occurred in the
middle lamella joining the adjacent fibrous cells. Therefore, the tensile properties of
the retted fibers were lowered. In the retting of kudzu fibers, a topochemical process
is promising for producing fibers with excellent luster that retains the tensile
properties.

Henriksson et al. (1997) reported that addition of chelating agents, i.e., oxalic
acid and EDTA, significantly increases the retting effect on flax by the commercial
enzyme products Ultrazym and Flaxzyme (Novo Nordisk), as shown by scanning
electron microscopy, release of reducing sugars, and the Fried test. Degradation of
pectin-rich citrus peel by these enzymes also increases with the addition of oxalic
acid and EDTA, whereas citric acid has a low or insignificant effect. Oxalic acid at
50 mmol concentration reduces the amount of Flaxzyme required to effectively ret
flax stems, according to the Fried test, by a factor of about 50. Retting with
Flaxzyme and 50 mmol oxalic acid is completed in approximately half the time at

Table 7.3 Properties of fibers from flax retted with different enzymes

Enzyme formulation Strength
(g/tex)

Elongation
(%)

Fineness
(SSI)

Unretted 42.0 1.9 5.20

2.0% Texazyme BFE + Mayoquest 200 36.7 1.8 4.69

5.0% Texazyme BFE only 34.6 1.6 4.27

0.1% Multifect FE + Mayoquest 200 21.6 1.3 4.33

0.2% Multifect FE + Mayoquest 200 17.8 0.5 4.12

0.1% Bioprep only 33.2 2.0 3.79

0.1% Bioprep + Mayoquest 200 34.9 2.3 2.95

0.1% Bioprep + Barapon + Clavodene 34.8 2.5 3.55

0.05% Viscozyme + Mayoquest 200 27.6 1.4 3.60

Based on Foulk et al. (2008)
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45 °C, compared with that at 22 °C. A mechanical pretreatment that crushes flax
stems by pulling them over a surface at a 90° angle opens the flax structure and
further increases the efficiency of enzymatic-retting. These procedures seem to
modify both the chemical and structural features of flax, and they reduce the time as
well as the amount of enzyme required to ret flax, therefore improving technical
efficiency and economic attractiveness at the commercial level.

Evans et al. (2002) conducted enzyme-retting of flax via individual treatment
with four polygalacturonases (PGase) containing solutions of various fungal
sources and characterized the resulting fibers. The retting solutions were equili-
brated to contain 2.19 U of PGase activity as determined via a dinitrosalicylic acid
reducing sugar assay. As compared with the buffer control, treatment with the
various enzyme solutions increased the yield of fine fibers. Treatment with
Aspergillus niger PGase resulted in a 62% increase in fine-fiber yield as compared
with the buffer control, and fiber strength did not statistically differ (P � 0.05)
between these treatments. Retting via PGases of Rhizopus origin produced the
weakest fibers. These results illustrate that the crude PGases differ in their ability to
ret flax and that under the defined experimental conditions the A. niger PGase is a
better retting agent. Light microscopy showed the ability of all enzymes to separate
fiber from shive and epidermal tissues. Enzyme profiles of the solutions were
determined via viscometric assays. Pectinolytic activity was the major activity of all
enzymes tested. Activity against carboxymethyl cellulose was a minor component
of all solutions except A. niger PGase for which no activity was detected.

Flax that has been mechanically treated in an opener–blender to disrupt stem
integrity was enzymatically retted with a series of enzyme formulations with dif-
ferent doses of Flaxzyme with or without EDTA as a chelator (Akin et al. 1999).
Samples were then characterized by light and transmission electron microscopy and
fiber tests for micronaire, strength (g/tex), and elongation. Unretted control fibers
are off scale for micronaire and consist of fiber bundles with associated epidermis/
cuticle fragments. Structurally, the lowest dose of Flaxzyme used, i.e., 0.05% (w/v),
plus 50 mmol EDTA produces ultimate fibers and bundles of various sizes without
evidence of associated epidermis/cuticle. This formulation yields flax fibers with
similar micronaire values and about 34% more strength than the recommended
level of 0.3% Flaxzyme. A level of 3.0% Flaxzyme extensively removes middle
lamellae from the bundles, produces the smallest micronaire values, and reduces
strength to about 30% of fibers treated with 0.05% Flaxzyme plus chelator.
Variations in fiber properties with the different formulations suggest that pectin
degradation varies for different regions of the bast tissues and that specific strategies
for improving enzymatic-retting can be developed. Results show that fiber quality
tests for cotton are useful in differentiating formulations for enzymatic-retting of
flax, and 0.05% Flaxzyme plus 50 mmol EDTA is the most efficient retting
formulation.

Alkaline pectate lyase (PL) from the commercial product BioPrep 3000 and
EDTA as a calcium chelator were used in various formulations to ret flax stems
(Akin et al. 2007). Retted stems were then mechanically cleaned through the USDA
Flax Fiber Pilot Plant and passed through the Shirley Analyzer. The PL and chelator
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effectively retted flax from both fiber flax and linseed stems, and the use of enzyme
plus chelator-retted flax stems better than either component alone. Fiber yield and
strength were greater than retting with a mixed-enzyme product that contained
cellulases. Retting with PL and chelator was optimized based on fine-fiber yield,
remaining shive content, and fiber properties. PL at levels of about 2% of the
commercial product for 1 h at 55 °C followed by treatment with 18 mM EDTA for
23–24 h at 55 °C provided the best fibers based on these criteria. Yield and fiber
properties determined by these tests were not improved with PL levels of 5% of the
commercial product. Fiber yield, fineness, and cleanliness were not improved with
higher PL levels. Sequential treatment of PL followed by EDTA was the most
effective for retting but combining both enzyme and EDTA also retted flax. The
procedure most effective for producing fine, clean fiber was as follows: saturate
crimped flax stems with PL at 2% of the commercial product; incubate for 1 h at
55 °C; without washing, re-soak with 18 mM EDTA at pH 12; continue incubation
at 55 °C for about 24 h total time; and wash and dry fiber in preparation for
mechanical cleaning. Both Viscozyme and BioPrep can ret flax, providing fibers
with different characteristics. Fiber strength is higher with BioPrep. The attack on
fiber nodes by cellulases, however, in Viscozyme and other commercial mixtures
may be advantageous for easier refining such as pulping. The use of various
enzymes for retting, therefore, provides selective properties for different
applications.

Foulk et al. (2007) examined new commercial pectinase products both with and
without EDTA for retting efficiency. The Fried Test identified the most efficient
enzymes and best retting conditions. All enzymes-retted flax stems better in the
presence of 18 mM EDTA. Pectinases that also contained cellulases reduced fiber
strength, whereas those without cellulases effectively retted flax without substantial
strength loss. Viscozyme, which has been used extensively in enzyme-retting
research, and several pectinolytic enzymes were compared in pilot plant scale tests.
Texazym BFE and Bioprep 3000 L retted flax as well as Viscozyme in this system,
and the fibers had higher tenacity. The monocomponent nature, commercial
availability and price, and ability to ret flax in combination with EDTA at high pH
showed a potential advantage for Bioprep 3000 L in these tests. Retting with dif-
ferent enzymes and formulations resulted in fibers with different properties, thereby
leading to protocols for tailored fiber characteristics.

Sharma (1987b, c) reported that enzymes other than those for retting may be
important to remove components on dew-retted flax fibers and add value to
low-quality yarns. Similarly, fibers retted with Bioprep or Viscozyme might benefit
from additional enzyme that removes noncellulosic residues and improves utiliza-
tion. Such work with increased enzyme levels remains to be done.

Chiliveri et al. (2016) demonstrated the simultaneous production and opti-
mization of pectinolytic enzymes (pectate lyase and polygalacturonase) under SSF
from Bacillus tequilensis SV11-UV37 using wheat bran as a substrate, which is
commercially viable and cost-effective. Optimization by one variable-at-a-
time-approach showed a maximum yield of pectate lyase (1371.25 U/gds) and
polygalacturonase (85.45 U/gds) with wheat bran using 80% (v/w) moisture,
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0.7 mm particle size, 20% (v/w) inoculum, 1% (w/w) pectin at 37 °C, pH 6 and
72 h of incubation. In addition, optimization using central composite design
achieved 1.6-fold improvement in both pectate lyase (1828.13 U/gds) and poly-
galacturonase (105.55 U/gds) yield at optimum levels of pectin (3%, w/w),
inoculum size (20%, v/w), and moisture level (80%, v/w). The enzyme mixture was
efficient in separating the whole fiber from kenaf and part (>75%) from sunn hemp.
In degumming of sunn hemp fibers, amount of galacturonic acid released and
percentage weight loss was higher in successive alkali and enzymatic treatment than
their independent treatments. The scanning electron microscopic analysis also
confirmed that alkali followed by enzymatic treatment effectively removed non-
cellulosic gummy material from the fiber; hence, this enzyme mixture may find
feasible applications in the fiber and textile industry.

Akin et al. (2004) conducted pilot-scale tests, with 10 kg samples of flax retted
with a series of enzyme formulations, and found that spray enzyme-retting (SER),
method effectively retted flax stems from a variety of sources, including fiber flax,
mature fiber flax, and linseed straw. Fiber yield, strength, and fineness were sig-
nificantly influenced by variations in enzyme–chelator amounts. Cellulases in
pectinase mixtures appeared to preferentially attack dislocations in fibers and fiber
bundles resulting in loss of fiber strength. Polygalacturonases alone effectively
separated fiber from non-fiber components. The SER method proved to be an
effective framework for further tests on enzyme–chelator formulations that now
must be integrated with physical processing to optimize the extraction of flax fibers
based on cost and fiber yield and properties.

7.5 Effect of Enzyme-Retting on Fiber Yield
and Properties

In the retting trials carried out on a semi-industrial-scale, flax stems retted with
enzyme yielded more fibers than chemically retted or water-retted stems. This may
have been due to effective hydrolysis of the flax pectins and hemicelluloses by their
respective enzymes without damage to celluloses (Sharma 1987b). The differences
in fiber fineness and strength of chemically retted, enzyme-retted, and water-retted
stems were not significant. Fluidities of the samples from the three treatments were
low, suggesting that cellulose chain lengths were not reduced by enzyme treatment.

7.6 Effect of Enzyme-Retting on Effluent Properties

The analysis of the effluents from chemical-retting, enzyme-retting, and
water-retting revealed that biochemical oxygen demand (BOD) and chemical
oxygen demand (COD) levels were highest in the effluents derived from the
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enzyme-retting trial, and lowest in the effluents resulting from the water-retting trial
(Sharma 1987b) (Table 7.4). This may have been because of the presence of the
by-products of enzymatic hydrolysis. Total nitrogen, sulfate, and potassium were
present in higher levels in samples from enzyme-retting than those from water-
retting. Continuous aeration of the liquor during enzyme-retting may help to reduce
the levels of BOD and COD without denaturing the enzymes present in the liquor.

Since flax-retting by polysaccharide-degrading enzymes is quicker and relatively
free from the bad odor usually associated with water-retting, this process would be
preferable to either water or chemical-retting. The cost-effectiveness of using
complex enzyme mixtures would improve if the liquor could be used for more than
one cycle. This would minimize the need for effluent treatment usually associated
with other forms of retting (Sharma 1987b).
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Chapter 8
Biopulping

Abstract Biopulping is the fungal pretreatment of wood chips for production of
mechanical or chemical pulps. Its concept is based on the ability of a restricted
number of white-rot fungi to colonize and degrade selectively the lignin in wood,
thereby leaving cellulose relatively intact. This process appears to have the potential
to overcome some problems associated with conventional chemical and mechanical
pulping methods. Biopulping is an environmentally friendly technology that sub-
stantially increases mill throughput or reduces electrical energy consumption at the
same throughput in conjunction with mechanical pulping. Electrical energy is the
major cost of conventional mechanical pulping. By producing stronger pulp with
longer fibers and increased fibrillation, biomechanical pulping may reduce the
amount of kraft pulp required to increase pulp strength. Some selected lignin-
degrading fungi can alter cell walls of wood in a short period after inoculation.
A comprehensive evaluation of biopulping at the Forest Products Laboratory
showed that these fungi can be economically grown on wood chips in an outdoor
chip pile-based system. Results also demonstrate the great potential of fungal
pretreatment of wood chips prior to chemical pulp production. The most prominent
benefit of fungal pretreatment is improved effects on cooking, leading to reduced
Kappa numbers/reduced active alkali charge and/or reduced cooking time after only
1–2 weeks of fungal treatment. Fungal pretreatment also reduces the pitch content
in the wood chips and improves the pulp quality in terms of brightness, strength,
and bleachability. The bleached biopulps are easier to refine than the reference
pulp. The process has been scaled up toward industrial level, with optimization of
various process steps and evaluation of economic feasibility. The process can be
carried out in chip piles or in silos. The biochemical mechanism of biopulping is
still mostly unknown. It is, however, likely that the biopulping effect is caused by
the lignin-degrading system of white-rot fungi. There has been quite little corre-
lation between removal of specific components of the wood by the fungi and
efficacy of the fungal pretreatment in either energy savings or paper strength
property improvement. Biopulping technology has advanced rapidly within recent
years, and pilot mill trials have been started worldwide. This technology coincides
perfectly with environmentally safe production strategies and can be implemented
in existing production plants without major changes.
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8.1 Introduction

In the manufacture of paper from wood, the wood is first converted to pulp. Pulping
involves treating wood to separate the cellulose fibers. Pulping processes are
divided into two broad classes: chemical pulping and mechanical pulping.
Chemical pulping involves the use of chemicals to solubilize the lignin in the wood
cell wall and to release cellulose fibers. Lignin is a natural glue-like material that
holds the wood cell wall together. Chemical pulping is a low-yield process (about
50%) with significant waste treatment and chemical recycling costs; however, the
pulp produced has extremely high-strength properties. Mechanical pulping involves
the use of mechanical force to separate cellulose fibers. Mechanical processes are
high yield (up to 95%) but give paper with lower strength properties, high color
reversion, and low brightness. Thus, currently available pulping processes offer a
spectrum of pulp properties ranging from high-yield, low-strength mechanical pulps
to low-yield, high-strength chemical pulp. A mixture of chemical pulp and me-
chanical pulp is used in many paper production processes to exploit these
differences.

It has been suggested that biological systems can be also used to assist in the
pulping of the wood. Attempts to improve primary pulp production processes using
isolated ligninolytic enzymes have so far been inhibited by the complex chemistry
of the ligninolytic enzyme system, low yields in enzyme production, and the
ultrastructure of wood itself. White-rot fungi, however, have great potential for this
application. The concept of biopulping is based on the ability of some white-rot
fungi to colonize and degrade selectively lignin in wood thereby leaving cellulose
relatively intact. There are certain process conditions and design requirements
necessary to gain a biopulping effect (Akhtar et al. 1998). Biopulping can be carried
out in bioreactors of different types, including open chip piles, depending on the
requirements of the particular microorganism would have for optimal results. High
moisture content (around 55–60%) should be kept in wood chips during the
biotreatment step to ensure an optimal colonization and penetration of fungal
hyphae. The degree of asepsis should be controlled to ensure a successful wood
colonization by the particular fungal strain used depending on its resistance against
contamination and ability to compete with the microbial biota existing in the wood
chips.

In mechanical pulping, biotreated wood allows energy savings during refining
and provides stronger pulps. In chemical pulping, the wood biotreatment can
increase pulp yield, reduce alkali requirement, and increase the cooking capacity
during kraft pulping (Bajpai et al. 1999).
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8.2 Pulping Processes

The manufacture of pulp for paper and paperboard employs mechanical (including
thermomechanical), chemimechanical, and chemical pulping methods.

8.2.1 Mechanical Pulping

Mechanical pulping processes are mainly of the four types—stone groundwood
(SGW) pulping, refiner mechanical pulping (RMP), thermomechanical pulping
(TMP), and chemithermomechanical pulping (CTMP) (Leask and Kocurek 1987).
The groundwood pulping process was the first process used for the production of
paper from wood. This process involves pressing a log against a grindstone to pull
off fibers, which are continuously washed away by a water stream. High temper-
atures in the refining zone caused by friction soften the wood and ease fiberization.
The yield is high (about 95%) but because most of the lignin remains, the fibers are
stiff and bulky. Paper produced from groundwood pulp has low strength and high
color reversion but the opacity is excellent. Groundwood pulping is an
energy-intensive process (Table 8.1). Groundwood pulp has been the quality leader
in magazine papers, and it is predicted that this situation will remain (Arppes 2001).
In the RMP process, chips are processed through a rotating disk refiner. The refiner
plate is made up of three zones to first break the chips, then to produce intermediate
size fragments, and finally to produce single fibers. This produces fibers with better
bonding properties, and thus better paper strength than SGW pulp. However,
opacity is reduced, color reversion is similar, and the energy expenditure is
increased compared to SGW pulping (Table 8.1). RMP, as well as TMP and
CTMP, is usually performed as a two-stage process. The first stage separates wood
into individual fibers. The second stage loosens the structure of the fiber walls to
increase fiber flexibility and fibrillation, improving fiber bonding and thus paper
strength. The TMP process is a modification of the RMP process involving a steam
pretreatment at 110–150 °C to soften the wood followed by refining. In the first
stage, the refiners are at elevated temperature and pressure to promote fiber libera-
tion; in the second stage, the refiners are at ambient temperature to treat the fibers for
papermaking. The higher temperature during refining in the first step, 110–130 °C,
softens the fibers and allows their recovery with minimal cutting and fines

Table 8.1 Energy requirement in the production of mechanical pulps

Process Net energy requirement (kWh/ton)

Refiner mechanical pulping (RMP) 1975–2275

Groundwood pulping (SGW) 1300–1675

Thermomechanical pulping (TMP) 2175–2900

Chemithermomechanical pulping (CTMP) 1375–1775
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generation. The refining is performed just under the glass transition temperature of
lignin, approximately 140 °C, so that separation of fibers occurs at the S-1 cell-wall
layer. This improves fibrillation and access to hydroxyl groups for hydrogen
bonding. The high strength of this pulp relative to the other mechanical pulps has
made it the most important mechanical pulping process. Energy requirements are
2175–2900 kWh/ton (Table 8.1). Over two-thirds of this is used in the primary
pressurized refining step, and less than one-third is used in the secondary atmo-
spheric pressure refining step. The pulp yield is >93%. Solubilization of wood
components results in relatively high BOD in mill effluents. The CTMP process is a
further refinement of TMP which involves pretreatment of wood chips with sodium
sulfite (about 2% on dry wood) at pH 9–10 or sodium hydroxide (with hydrogen
peroxide in the alkaline peroxide method), then steaming at 130–170 °C, and
finally refining. Liquor penetration is often achieved by a system that compresses
the wood chips into a liquid-tight plug that is fed into the impregnator vessel where
the chips expand and absorb the liquor. Chemical pretreatments of wood chips are
used to enhance the strength properties of mechanical pulps. The addition of CTMP
to pulp blends may reduce or eliminate the requirement for kraft pulp. Capital
expenditures for a CTMP plant are one-fifth those of a kraft mill of comparable size
(Karl 1990). The energy expenditures are decreased (Table 8.1) but the yield is also
decreased to 85–91% by removing wood substance. The CTMP process generates
more pollutants than other mechanical pulping processes and thus increases waste
treatment costs.

Currently, mechanical pulps account for 20% of all virgin fiber material. It is
foreseen that mechanical paper will consolidate its position as one major fiber
supply for high-end graphic papers. The growing demand on pulp quality in the
future can only be achieved by the parallel use of softwood and hardwood as a raw
material. The largest threat to the future of mechanical pulp is its high specific
energy consumption. In this respect, TMP processes are most affected due to their
considerably higher energy demand than groundwood processes.

8.2.2 Semichemical Pulping

Semichemical pulping processes are characterized by a mild chemical treatment
preceded by a mechanical refining step. Semichemical pulps, which apply to the
category of chemical pulps, are obtained predominantly from hardwoods in yields
of between 65 and 85% (average ca. 75%). The most important semichemical
process is the neutral sulfite semichemical process (NSSC), in which chips undergo
partial chemical pulping using a buffered sodium sulfite solution, and are then
treated in disk refiners to complete the fiber separation. The sulfonation of mainly
middle lamella lignin causes a partial dissolution so that the fibers are weakened for
the subsequent mechanical defibration. NSSC pulp is used for unbleached products
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where good strength and stiffness are particularly important; examples include
corrugating medium, as well as grease-proof papers and bond papers.

8.2.3 Chemical Pulping

Chemical pulps are made by cooking (digesting) the raw materials, using the kraft
(sulfate) and sulfite processes.

8.2.3.1 Kraft Process

Kraft process produces a variety of pulps used mainly for packaging and
high-strength papers and board. Wood chips are cooked with caustic soda to pro-
duce brownstock, which is then washed with water to remove cooking (black)
liquor for the recovery of chemicals and energy. The Kraft process dominates the
industry because of advantages in chemical recovery and pulp strength. It represents
91% of chemical pulping and 75% of all pulp produced. A number of pulp grades
are commonly produced, and the yield depends on the grade of product.
Unbleached pulp grades, characterized by a dark brown color, are generally used
for packaging products and are cooked to a higher yield and retain more of the
original lignin. Bleached pulp grades are made into white papers. Nearly half of the
Kraft production is in bleached grades, which have the lowest yields. The superi-
ority of kraft pulping has further extended since the introduction of modified
cooking technology in the early 1980s.

8.2.3.2 Sulfite Process

This process uses different chemicals to attack and remove lignin. Compared to
Kraft pulps, sulfite pulps are brighter and bleach more easily but are weaker. Sulfite
pulps are produced in several grades but bleached grades dominate production.
Yields are generally in the range of 40–50% but tend toward the lower end of this
range in bleached grades. Compared to the Kraft process, this operation has the
disadvantage of being more sensitive to species characteristics. The sulfite process
is usually intolerant of resinous softwoods, tannin-containing hardwoods, and any
furnish containing bark. Sulfite process produces bright pulp which is easy to
bleach to full brightness and produces higher yield of bleached pulp which is easier
to refine for papermaking applications. The sulphite process is characterized by its
high flexibility compared to the kraft process, which is a very uniform method,
which can be carried out only with highly alkaline cooking liquor. In principle, the
entire pH range can be used for sulphite pulping by changing the dosage and
composition of the chemicals. Thus, the use of sulphite pulping permits the pro-
duction of many different types and qualities of pulps for a broad range of
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applications. The sulphite process can be distinguished according to the pH
adjusted into different types of pulping. The main sulphite pulping processes are
acid (bi)sulphite, bisulphite (Magnefite), neutral sulphite (NSSC), and alkaline
sulphite.

8.3 Biomechanical Pulping

White-rot fungi have great potential for biotechnological applications. They not
only produce the whole set of enzymes necessary for lignin degradation but can
also act as a transport system for these enzymes by bringing them into the depth of
the wood chips and create the physiological conditions necessary for the enzymatic
reactions. Fresh wood chips stored for pulp production are rapidly colonized by a
variety of microorganisms, including many species of fungi. These organisms
compete vigorously while easily assimilable foodstuffs last and then their popula-
tion decrease. They are replaced by fungi that can degrade and gain nourishment
from the cell-wall structure polymers: cellulose, hemicelluloses, and lignin. Left
unchecked, these last colonizers, mostly white-rot fungi, eventually decompose the
wood to carbon dioxide and water. Some white-rot fungi selectively degrade the
lignin component, which is what chemical pulping process accomplish. It is these
fungi which are useful for biopulping (Eriksson and Vallander 1980; Patel et al.
1994; Hernández et al. 2005; Selvam et al. 2006; Ek et al. 2009; Singh et al. 2010;
Behrendt and Blanchette 1997; Ferraz et al. 2007, 2008; Maijala et al. 2008; Shukla
et al. 2004).

Fungal delignification of wood for biopulping was first seriously considered by
industrial researchers of West Virginia Pulp and Paper Company (now Westvaco
Corporation) in 1950s (Lawson and Still 1957). The researchers wondered whether
wood chips could be inoculated with a lignin-degrading fungus during transport and
storage, and thereby become partially pulped. They published a survey of 72 lignin-
degrading fungi, summarizing knowledge about fungal degradation of lignin. In the
1970s, Eriksson’s group at the Swedish Forest Products Laboratory (STFI) laun-
ched a more intensive investigation. A fungus isolated in Sweden, Phanerochaete
chrysosporium, was characterized by a high optimum temperature for growth, rapid
growth, and selective lignin degradation in incipient stages of birch wood decay.
This fungus was proposed to be a useful “wood defibrator” in the pulping process.
A U.S. patent was obtained by STFI for the process (Eriksson et al. 1976).
Considerable efforts at STFI were directed toward developing cellulase-less mutants
of selected white-rot fungi to improve the selectivity of lignin degradation and thus
the specificity of biopulping (Johnsrud and Eriksson 1985). In one study, using
spruce and pine wood, up to 23% energy savings and an increase in tensile index
was noticed. On a large scale, success was achieved on bagasse (Johnsrud et al.
1987) while the results using wood chips were less encouraging. An energy
requirement of 4,800 kWh/ton for producing chemimechanical pulp (CMP) of 70°
SR according to the Cuba-9 process (6% NaOH treatment at 90 °C for 10–20 min)
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was decreased to 1700 kWh/ton by pretreating the bagasse with fungi as shown in
Table 8.2. The strength properties of biochemimechanical pulp (BCMP) were better
than those of CMP but there was a small drop in the yield of BCMP due to fungal
degradation of bagasse. STFI’s work has been summarized in a number of publi-
cations on biomechanical pulping and related aspects (Eriksson et al. 1976;
Johnsrud and Eriksson 1985; Johnsrud et al. 1987; Ander and Eriksson 1975;
Eriksson et al. 1980; Eriksson and Vallander 1980, 1982; Eriksson 1985; Setliff
et al. 1990).

Preliminary research on biopulping was conducted at Forest Products Laboratory
(FPL-USDA) at Madison, Wisconsin in 1970s (Kirk 1993). Kirk et al. (1994) at
FPL showed that aspen wood chips treated with Rigidoporus ulmaris consumed
less energy during pulping and produced stronger paper (FPL internal report 1972).
Bar-lev et al. (1982) showed that treatment of a coarse mechanical pulp with
P. chrysosporium decreased the energy requirement (25–30%) for further fiber-
ization and improved the paper strength properties. Akamatsu et al. (1984) found
that treatment of wood chips with white-rot fungi decreased the mechanical pulping
energy and increased paper strength.

A comprehensive evaluation of biomechanical pulping was launched in 1987 at
the Forest Products Laboratory at Madison, Wisconsin after the establishment of
Biopulping Consortium I, which involved the Forest Products Laboratory, the
Universities of Wisconsin and Minnesota, and 20 pulp and paper and related
companies. The overall goal was to establish the technical feasibility of using
fungal treatment with mechanical pulping to save energy and/or improve paper
strength. It was assumed that fungal pretreatment would have less environmental
impact than would chemical pretreatments, which turned out to be the case. The
consortium research was conducted by seven closely coordinated research teams:
fungal, pulp and paper, enzyme, molecular genetics, economics, engineering and
scale-up, and information. The scientists of the consortium investigated all fields of
research relating to biopulping (Kirk et al. 1994; Lawson and Still 1957; Otjen et al.
1987; Blanchette et al. 1988; Myers et al. 1988; Sachs et al. 1989, 1990, 1991;
Leatham and Myers 1990; Akhtar et al. 1992a, b, 1993, 1998; Blanchette et al.
1992a, b; Leatham et al. 1990a, b; Wegner et al. 1991). The first report of
Biopulping Consortium I, a 5-year research and information program, was pub-
lished in 1993 (Kirk 1993). Biopulping Consortium II was established in 1992 and
extended until June 1996, mainly for the scale-up of the process and other important
aspects. Several white-rot fungi were screened for their biopulping performance

Table 8.2 Energy
requirement for
chemimechanical pulp and
biochemimechanical pulp
from bagasse

Refining equipment Energy input (kWh/
ton)

CMP BCMP

Defibrator and PFI mill 4800 1700

Disk refiner 3100 2100

Based on Johnsrud et al. (1987)
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using aspen wood chips (Myers et al. 1988; Leatham and Myers 1990; Leatham
et al. 1990a, b; Akhtar et al. 1996). Based on energy savings and improvements in
paper strength properties, six fungi—Phanerochaete chrysosporium, Hypodontia
setulosa, Phlebia brevispora, Phlebia subserialis, Phlebia tremellosa, and
Ceriporiopsis subvermispora—were selected. The energy saving potentials of these
fungi on biomechanical pulping of loblolly pine are given in Table 8.3.

Out of about 200 strains, two fungi exhibiting a great deal of intraspecific
variation (Akhtar et al. 1992a; Blanchette et al. 1992b) seem to be especially useful
for biopulping: P. chrysosporium for hardwoods and C. subvermispora for hard-
woods and softwoods. Various reactor types including rotary drums (Myers et al.
1988), stationary trays (Akhtar et al. 1992a; Akhtar et al. 1996), and a static bed
bioreactor (Akhtar et al. 1992b) were tested on a 2–5 kg scale. The best results were
obtained with strains of C. subvermispora on aspen and loblolly pine (Akhtar et al.
1992b). On aspen, energy savings of 48% were accompanied by increases in burst
and tear indices of 40 and 162%, respectively. The effects on loblolly pine
amounted to 37% energy savings and 41% and 54% increase in burst and tear
indices, respectively. The optical properties deteriorated with both types of wood.
After 4 weeks of treatment, a weight loss of 6% for aspen and 5% for loblolly pine
was measured. C. subvermispora proved to be superior to other selective white
rotters (Leatham et al. 1990a, b). However, P. chrysosporium has the advantage of
competitiveness at temperature between 35 and 40 °C. When different strains of
C. subvermispora were tried on pine, the energy savings ranged from 21 to 37%
(Kirk 1993). Adding nutrient nitrogen to the chips as a defined source (L-glutamate
or ammonium tartrate) increased energy savings and improved strength properties
but led to a high weight loss. Addition of a chemically undefined N source to aspen
chips gave large biopulping benefits with low weight loss, using both
P. chrysosporium and C. subvermispora. Wood batch was found to have little
influence on the outcome of biopulping and chip storage method (fresh, air-dried, or
frozen) and inoculum age and form (spore, mycelial suspension, or colonized chips)
were without significant influence.

Another American group has also reported that aspen chips treated with
C. subvermispora for 17 days required 20% less energy for pulping, while the refining

Table 8.3 Energy savings
from biomechanical pulping
of loblolly pine chips with
different white-rot fungi
(4-week incubation)

Fungus Energy savings (%)

Phanerochaete chrysosporium 14

Hyphodontia setulosa 26

Phlebia brevispora 28

Phlebia subserialis 32

Phlebia tremellosa 36

Ceriporiopsis subvermispora 42

Based on Leatham et al. (1990a, b)
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energy of Norway spruce was reduced by 13% (Setliff et al. 1990). Strength
properties were increased with aspen and spruce but no increase was found with
eucalyptus.

In Japan, biopulping research has been conducted mainly in industrial labs. Kobe
steel and Oji paper seem to be the major industrial players. Kobe steel has obtained
a broad US patent on the use of white-rot fungi particularly NK-1148, for the
treatment of primary mechanical pulp to save energy (Kobe Steel 1988).
Applications for four Japanese patents were filed: (1) an inoculum method (Kojima
1988), (2) two improved biopulping strains (Kobe Steel 1988), (3) a silo type
bioreactor (Akamatsu et al. 1988), and (4) treatment of chips during transport in
ships with a white-rot fungus to enhance pulping (Heden et al. 1988). Nishida
(1989) and Nishida et al. (1988) have developed a screening method for selective
lignin degradation which was used to identify the strains used in two of the above
patents.

Biomechanical pulping of non-wood fibers–straw, kenaf, and jute was also
successful (Martinez et al. 1994; Sabharwal et al. 1994, 1995). The energy con-
sumption in refining was substantially lower and the strength properties higher for
the fungal-treated bast strands (Sabharwal et al. 1994, 1995). The opacity and
drainage properties were also superior for biomechanical bast pulps but the
brightness level was lower. Scanning electron microscopy of fungus-treated bast
strands after refining showed that fibers appeared to separate more readily from
adjacent fibers than in non-inoculated treatments. Italian researchers studied treat-
ment of non-woody raw materials with a mixture of various types of enzymes for
saving energy and reducing chemical consumption while maintaining good prop-
erties of CTM pulp (Giovannozzi-Sermanni et al. 1997). The level of energy
savings was found to depend on the type of raw material, ranging from 21% for rice
straw up to 40% for kenaf bast. Enzyme treatment significantly improved tear index
regardless of the cellulose source, whereas the tensile index decreased in wheat
straw and kenaf bast samples. Burst index was slightly improved in all the bio-
treated samples, except kenaf. Pulp yields of the biotreated samples were, without
exception, significantly higher than those of the corresponding control samples.
This was apparently due to the lower chemical charge needed for biotreated
samples.

Mushrooms of Pleurotus sp. can preferentially remove lignin from agrowaste
with limited degradation to cellulose. Nambisan and Koshy (2011) studied use of
Pleurotus eous for biopulping of paddy straw by solid substrate fermentation. SMS,
the mushroom growing medium that results from cultivation process, is a good
source of fiber and can be pulped easily. Ligninases present in SMS were found to
reduce lignin content to nearly half the initial amount by 21st day of cultivation.
Highest cellulose content (% dry weight) was observed on 21st day, whereas cel-
lulase production started from 28th day of cultivation. SEM images showed that
SMS fibers are still associated with noncellulosic materials when compared to
chemically (20% w/v NaOH) extracted fibers.

Sikora et al. (2014) examined the biopulping of pineapple leaf fiber (PALF) by
C. subvermispora. The individual fibers showed good tensile properties at 0.3% of
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fungal treatment and desirable structural properties as characterized by Fourier
transform infrared (FTIR) spectroscopy. PALF paper achieved desirable tear index
value and uniform morphological observations compared to the conventional
chemical pulping method. This new approach of pulping PALF finds applications
in paper and packaging products which requires biofriendly characteristic and
cost-effectiveness.

Guerra et al. (2005) treated Eucalyptus grandis wood chips with the white‐rot
fungus C. subvermispora in a 100‐L bioreactor for 15 days. The treatment was
characteristic of a selective biodelignification (7.6 ± 0.2 and 0.3 ± 0.2% of lignin
and glucan losses, respectively) with concomitant removal of extractives
(17.7 ± 0.2%). Biotreated samples and non‐inoculated controls were pre‐cooked in
alkaline sulfite and post‐refined in a Jokro mill. The biotreated pulps fibrillated
more rapidly and contained reduced amounts of rejects than the control. To achieve
a freeness of 400 mL, the control pulp required 125 min of beating, whereas the
biopulp required only 95 min, a reduction of 24%. Unbleached biopulps showed
better strength properties than control pulps because higher tensile indexes were
obtained for the entire range of tear indexes. Bleaching with 8% hydrogen peroxide
increased the brightness of these pulps by 17 points. At low peroxide dose, the
brightness increase for biopulps was lower than for the control pulps. Still, the
bleachability of both pulps was similar for peroxide loads higher than 2%. After a
two‐stage hydrogen peroxide‐bleaching sequence, final brightnesses for the control
and biopulps were 59.7 ± 0.8 and 60.5 ± 0.4%, respectively. Brightness stability
of the bleached control and bio‐CMP pulps to photo- and thermal aging were very
similar.

Pinus taeda wood chips were treated with C. subvermispora under solid-state
fermentation for 15 to 90 days (Guerra et al. 2004). Milled wood lignins extracted
from sound and biotreated wood samples were characterized using wet-chemical
and spectroscopic techniques. Treatment of the lignins by derivatization followed
by reductive cleavage (DFRC) made it possible to detect DFRC monomers and
dimers which are diagnostic of the occurrence of arylglycerol-b-O-aryl and b-b,
b-5, b-1, and 4-O-5 units in the lignin structure. Quantification of these DFRC
products showed that b-O-aryl cleavage was a significant route for lignin
biodegradation but that b-b, b-5, b-1, and 4-O-5 linkages were more resistant to the
biological attack. The amount of aromatic hydroxyls did not increase with the split
of b-O-4 linkages, showing that the b-O-4 cleavage products remain as
quinone-type structures as found by UV and visible spectroscopy. Nuclear mag-
netic resonance techniques also showed the formation of new substructures con-
taining nonoxygenated, saturated aliphatic carbons in the side chains of lignins
extracted from biotreated wood samples.

Hakala et al. (2004) found promising novel fungal isolates for biopulping of
Norway spruce (Picea abies). Three hundred fungal isolates were evaluated by agar
plate tests. According to the results, 86 isolates were chosen to a wood block decay
test. The characteristics of the fungal attack and the wood decay were studied, and
chemical analyses of cellulose, lignin, and hemicelluloses in the residual wood were
performed. The results showed both interspecies and intraspecies variations in the
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degradation patterns of these compounds. After a 10-week incubation period, 17 of
the novel white-rot strains showed selective lignin-degrading ability, based on the
chemical analyses. Some of these lignin-selective strains also grew well even at
+37 °C. The selectivity value, i.e., the lignin/cellulose loss ratio, was higher for 11
of the studied strains compared to the widely studied C. subvermispora. In this
study, Physisporinus rivulosus T241i was shown to be a superior novel isolate for
softwood biopulping applications based on its growth characteristics through a wide
temperature range and its selectivity toward lignin.

The actinobacterium Streptomyces cyaneus CECT 3335 was evaluated for its
ability to delignify spruce wood chips (P. abies) after 2 weeks of incubation before
RMP (Hernández et al. 2005). Weight loss of the chips during the treatment ranged
from 2 to 3%. Chemical analysis of the treated wood showed an increase in
acid-soluble lignin content concomitant with a notable increase in the acid/
aldehyde + ketone [AC/(AL + KE)] ratio of the lignin compared with the control.
Structural alterations in wood cell walls were seen by optical and scanning
microscopy using astra blue-safranin staining and cryosections stained with gold/
palladium, respectively. A gradual loss of lignin from the lumen toward the middle
lamella and incipient defiberization could be observed. The estimation of specific
energy for the defibration and refining stages of treated pulp showed a 24%
reduction in the energy required, largely due to a 30% saving in the defibration of
chips. The analysis of handsheets obtained from treated pulp showed a significant
improvement in some strength properties, such as tear index, breaking length, and
stretch. In addition, the high Gurley air resistance value shows more packing of the
voids of the fiber network. These results show for the first time the suitability of S.
cyaneus for biomechanical pulping purposes.

A novel two-stage, whole organism fungal biopulping method was examined by
Giles et al. (2011) for increasing the yield of enzymatic hydrolysis of wood into
soluble glucose. Liriodendron tulipifera wood chips (1 g) were exposed to liquid
culture suspensions of white-rot (C. subvermispora) or brown-rot (Postia placenta)
fungi and incubated at 28 °C, either alone in single-stage 30-day (one fungal
species applied) or two-stage 60-day (both fungal species applied in alternative
succession) treatments. Fungi grew in all treatments but did not significantly
decrease the percent carbohydrate content of the wood. Two-stage treatments dif-
fered significantly in mass loss depending on the order of exposure, suggesting
additive or inhibitory fungal interactions occurred. Treatments consisting of
C. subvermispora followed by P. placenta showed 6 ± 0.5% mass loss and
increased the yield of enzymatic hydrolysis by 67–119%. This significant hydrol-
ysis improvement suggests that fungal biopulping technologies could support
commercial lignocellulosic ethanol production efforts if further developed.

One of the major costs foreseen during the scale-up of biopulping was for
inoculum production. Akhtar et al. (1996, 1997a, b) discovered that the amount of
inoculum could be lowered to 5 kg/ton wood chips (dry weight basis) or less by
adding an inexpensive and commercially available nutrient source, corn steep liquor
(CSL), to the mycelial suspension. Subsequent studies have also identified a better
strain of C. subvermispora that gave up to 38% energy savings and improved tear
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index by 51% compared to the control in the presence of CSL (Akhtar et al. 1996).
After the practical and economical feasibility of biopulping was proved on the
laboratory scale, accurate kinetic data were needed to determine the potential for the
biopulping process on a large scale. Techniques for monitoring dry weight loss and
growth rate as functions of time using carbon dioxide production data have been
developed (Wall et al. 1993). Other aspects of biomechanical pulping like pre-
diction of energy saving and brightness stability were also studied (Akhtar 1994;
Akhtar et al. 1995a, b; Sykes 1993). Based on the practical and economical fea-
sibility study of biopulping, a chip pile-based system has been proposed (Fig. 8.1)
(Akhtar et al. 1997a).

Biopulping consortium conducted successful 5- and 100-ton trials in outdoor
chip piles at the Forest Products Laboratory-USDA, Madison, Wisconsin. The
results obtained were similar to those obtained in the laboratory-scale bioreactors.
The fungal treatment saved 32% electrical energy (Akhtar et al. 1997a). Equipment
and techniques for the pilot-scale treatments and scale-up to mill scale were dis-
cussed by Scott et al. (1997, 2002). Contaminating microorganisms on the chip
surfaces are controlled by brief exposure of the chips to steam, before addition of
the fungal inoculum fortified with CSL. Metabolic heat from the growth of the
fungus on the wood chips is removed by forced ventilation. The fungus
P. subserialis showed operational advantages over C. subvermispora, because less
mycelial growth outside the chips and lower compressibility of the treated chips
resulted in lower resistance to air flow (Scott et al. 1997). Economic analysis of a
mill-scale design suggested net savings of about $10/ton and a 25% annual return
on investment (Scott et al. 1997). The biopulping consortium has obtained several
patents on the process (Blanchette et al. 1991; Akhtar et al. 1995a, b; Akhtar 1997).

Brazilian researchers biotreated E. grandis wood chips with C. subvermispora in
a 50-ton chip pile and evaluated for TMP and CTMP processing on a mill scale
(Guerra et al. 2004, 2005, 2006). Biotreatment on the 50-ton chip pile was per-
formed after a series of scale-up procedures starting with pre-colonized wood chips

Fig. 8.1 Biopulping process can be fitted into an existing mill’s wood handling system
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prepared in 20 L bioreactors. The first step included 760 kg of decontaminated
wood chips and 40 kg of the start-up pre-colonized wood chips. Second scale-up
used the 800 kg colonized wood chips to prepare an 8-ton pile. A final scale-up was
conducted using the wood chips pre-cultured in the 8-ton pile as inoculum seed to
build a 50-ton pile. After 60 days of biodegradation, the wood chips from the last
pile were refined on a mill scale using a two-stage thermomechanical process
(Guerra et al. 2006). In this trial, the wood weight loss was 9% based on basic wood
density values of untreated and biotreated samples: 413 and 376 kg/m3, respec-
tively. The average energy consumption for producing TMP pulps with 450–470
CSF was 913 and 745 kWh/ton for control and biotreated wood chips, respectively
(18% of energy saving in the pulping process). In the case of CTMP pulps with
similar CSF, energy consumption was 1038 and 756 kWh/ton for control and
biotreated wood chips, respectively (27% of energy saving in the pulping process).
Tensile indexes of biomechanical pulps were higher in comparison to reference
pulps (Table 8.4). However, chip pile contamination with opportunist fungi has
been observed when the process was initiated by wood chip inoculation with
blended mycelium and CSL as a cosubstrate (Ferraz et al. 2008).

Brazilian researchers further investigated biopulping of E. grandis wood chips
with P. chrysosporium RP-78 under non-aseptic conditions in laboratory and mill
woodyard (Masarin and Ferraz 2008; Masarin et al. 2009). The ability of
P. chrysosporium to compete with indigenous fungi present in fresh wood chips
was notorious under controlled laboratory experiments. A subsequent step involved
an industrial test performed with 10 tons of fresh wood chips inoculated and
maintained at 37 ± 3 °C for 39 days in a biopulping pilot plant. Biotreated wood
chips were pulped in a CTMP mill. Net energy consumption during refining was
745 and 610 kWh ton−1 of processed pulp for control and biotreated wood chips,
respectively. Accordingly, 18.5% net energy saving could be achieved. Biopulps
contained lower shive content and had improved strength properties compared to
control pulps. Tensile index improved from 25 ± 1 to 33.6 ± 0.5 N mg−1 and
delamination strength from 217 ± 19 to 295 ± 30 kPa (Table 8.5).

Mechanical pulping processes release organic materials (sugars, low molecular
weight lignins, extractives) from wood, and these materials appear in the effluent
stream (Eriksson 1985). Mill effluents could contain as many as 100 potentially
toxic constituents. Moreover, even low levels of several benign compounds could
interact synergistically to produce a toxic effluent (Johnson and Butler 1991).
CTMP processes produce effluents of high color and BOD which may be difficult to
treat; environmental considerations have kept this process from being used in many
locations. Canadian CTMP mills have been reported to generate effluents having
pollution loads of 35–65 kg BOD/ton pulp and 70–200 kg COD/ton pulp,
depending on the pulping conditions and process as well as wood species used
(Environment Canada Report 1988). Lo et al. (1991) based on the characterization
of effluents from seventeen different sources in a Canadian CTMP pulp and paper
mill showed that the concentrations and loadings of BOD, COD, resin and fatty
acids (RFA), and other polluting constituents in the effluent from CTMP washing
were very much higher than those in other effluents. The approximate pollutant
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amounts sent to the receiving water from the primary clarifier are BOD 63.3 kg,
COD 90 kg, and RFA 0.43 kg per ton pulp. Resin and fatty acid constituents of
wood are extracted during mechanical pulping/refining, and are major contributors
to effluent toxicity (Leach and Thakore 1976). CTMP wastewater characteristics are
given in Table 8.6, and the compositions of resin acids are represented in Table 8.7
(Kennedy et al. 1992). It has also been observed that the CTMP wastewater can be
toxic to anaerobic bacteria (anaerobic treatment is sometimes given to CTMP
effluents to reduce their pollution load) because of the presence of resin acids
(Welander 1988; Hall and Cornacchio 1988). However, Kennedy et al (1992)
reported that resin acids were toxic to anaerobic bacteria but were not responsible
for all the toxicity in bleached CTMP effluent. Furthermore, resin acid shocks were
found to be inhibitory to the batch anaerobic system. However, short-term shocks of
resin acids up to concentrations of 400 mg/L (38 mg resin acid/g VSS.d) had little
effect on UASB (Upflow anaerobic sludge blanket) reactor efficiency. Long-term
continuous exposure to abietic acid up to a concentration of 600 mg/L (60 mg resin
acid/gVSS.d) did not significantly affect UASB reactor performance. In other
words, anaerobic bacterial biomass can be acclimatized, to some extent, to the resin
acid containing wastewater from CTMP plants.

Table 8.6 Characteristics of
bleached CTMP wastewater

Parameter Value

pH 6.5

Acetic acid (mg/L) 1360

COD-total (mg/L) 9300

COD-soluble (mg/L) 5030

TSS (g/kg) 2.45

VSS (g/kg) 1.98

Resin acids (mg/L) 36–40

Based on Kennedy et al. (1992)

Table 8.7 Composition of
resin acids in bleached CTMP
wastewater

Resin acid Percentage

Pimaric 7

Sandarocopimaric 6

Isopimaric 12

Levopimaric 21

Dehydroabietic 22

Abietic 26

Neoabietic 6

100

Based on Kennedy et al. (1992)
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The environmental impact of a new pulping process is a critical factor in
assessing its viability. Ideally, a new process should be more environmentally
compatible than existing processes. One question about biopulping is whether its
effluents are more detrimental to the environment than are effluents from traditional
mechanical pulping and refining. Specifically, do fungal metabolites or fungal
degradation products of wood introduce additional toxicity to the effluent or sig-
nificantly increase the BOD and COD load?

The microtox method of toxicity test has been used satisfactorily as a rapid
screening method in the evaluation of acute toxicity of pulp mill effluents (Firth and
Backman 1990). Microtox assay uses luminescent bacteria to measure acute toxi-
city. Samples of wastewater from the first refiner passes of aspen chips pretreated
with either P. chrysosporium or C. subvermispora were analyzed for BOD, COD,
and microtox toxicity (Kirk 1993; Sykes 1994). Effluents from pulping
fungus-treated chips were substantially less toxic than effluents from pulping raw
chips (Table 8.8) (Sykes 1994). BOD values for effluents from fungus-treated pulps
were slightly higher than for refiner mechanical pulps (RMP) of raw chips.
The COD for effluents from fungus-treated pulps were considerably higher than for
RMP of raw chips probably because of the release of lignin degradation products
(Sykes 1994). Addition of nutrients to the aspen chips also affected the BOD and
COD loads of effluents. BOD decreased after 4-week incubation with
nutrient-enriched P. chrysosporium, while BOD remained unchanged following
incubation with nutrient-enriched C. subvermispora. COD remained unchanged
after 4-week incubation with nutrient-enriched P. chrysosporium, while COD
increased in effluents from chips pretreated for 4 weeks with nutrient-enriched C.
subvermispora. As different white-rot fungi used for pulp treatment have differing
nutrient requirements, an important factor in optimizing the biopulping process is to
establish the minimum amount of nutrient required to assure fungal growth.
The BOD and COD data indicate that C. subvermispora does not require much
added nutrients. It has been concluded that the aspen biopulp effluents were less
toxic, and probably contained considerably lower BOD and COD levels, than aspen

Table 8.8 BOD, COD, and toxicity of nonsterile aspen chips after treatment with
C. subvermispora

Pulpa BOD (g/kg pulp) COD (g/kg pulp) EPA toxicityb (100/EC50)

Raw chips 18 40 33

Control

No nutrients 10 30 5

Nutrients added 12 33 9

Fungus treated

No nutrients 10 33 6

Nutrients enriched 11 35 4

Based on Sykes (1994)
aAll pulps incubated for 4 weeks at 27 °C, expect raw chips
bEC50 is a measure of toxicity
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TMP or CTMP at comparable yields (Sykes 1994) although no data on CTMP were
available for comparision. It is likely that the environmental impact of CTMP
effluent will be more than that of RMP or TMP effluents because of more extrac-
tives in the CTMP effluent. As the resin content of the wood chips decreases on
fungal treatment (Fischer et al. 1994), it is expected that the amount of these
extractives will be less in the effluent after mechanical pulping/refining of these
chips, resulting in reduced toxicity (Table 8.9).

Published values for BOD load, based on the EPA survey for establishing
effluent guidelines, are 20 kg/ton of o.d. pulp for TMP and 95 kg/ton of o.d. pulp
for CTMP (Springer 1986). A commercial CTMP mill reported a BOD load of
45 kg/air dry ton, or approximately 52 kg/ton of o.d. pulp, for aspen CTMP (Jakko
Poyry 1985). C. subvermispora biopulping effluents contained approximately
24 kg/ton pulp and P. chrysosporium biopulping effluents contained 20 kg/ton
pulp, at comparable yield (Sykes 1994) less than half the commercial CTMP values.
P. chrysosporium has been used to remove color in the MyCoR (mycelial color
removal) system (Eaton et al. 1982; Joyce and Pellinen 1995), and it was later
discovered that this also decreased effluent toxicity. The decrease of toxicity
observed for the fungus-treated biopulps is consistent with biotreatment of mill
effluents by MyCoR system.

8.4 Biochemical Pulping

Fungal pretreatment of wood before chemical pulping has received relatively little
attention. However, the fungi that are effective in biomechanical pulping have been
tested as pretreatments for both kraft and sulfite pulpings in a few studies (Messner
et al. 1997).

Kraft pulps prepared from chips of aspen or red oak pretreated with
P. chrysosporium for 10–30 days cooked faster and gave higher yields at a given
Kappa number (residual lignin content) than pulps from untreated chips (Oriaran
et al. 1990, 1991). The improved cooking properties of the fungus-treated chips

Table 8.9 Effect of fungal treatment on resin content (% of dry wood) of loblolly pine and spruce
chips

Time
(weeks)

Loblolly pine Spruce

Control C.
subvermispora

Control C.
subvermispora

P. chrysosporium

0 2.55 2.55 1.2 1.2 1.2

1 2.62 2.04 – – –

2 2.64 1.93 1.2 0.8 0.9

3 2.55 1.75 – – –

4 2.63 1.75

Based on Fischer et al. (1994)
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were attributed to enhanced penetration of cooking liquor and a lower lignin
content. The fungus pretreated pulps were more responsive to beating and gave
higher tensile strength than the control pulps (Oriaran et al. 1990). The environ-
mental consequences of the fungal treatments were not addressed in these studies
but the substantial wood weight loss (up to 17%) during the fungal pretreatment
would negate the reported yield improvement, and the darkening of the wood by the
fungus would probably require application of more bleaching chemicals.

Pretreatment of mixed hardwood chips with the Cartapip® 97 fungus,
Ophiostoma piliferum, for 21 days improved kraft pulping efficiency; the Kappa
number decreased by 29% or the active alkali concentration in the pulping liquor
decreased by 20% (Wall et al. 1996). Pulp yield was unaffected and viscosity, an
indicator of pulp strength, was increased. The improvements were attributed to
enhanced liquor penetration resulting from removal of ray parenchyma cells, resin
deposits, and pit membranes. The Cartapip pretreatment could be used to reduce the
environmental impact of kraft pulp production by decreasing bleach chemical usage
or by decreasing cooking chemical usage (Wall et al. 1996).

Screening of 283 basidiomycetes for ability to improve the efficiency of kraft
pulping of pine chips revealed Coriolus versicolor, Pycnoporus sanguineus, and
Stereum hirsutum as the most promising species (Wolfaardt et al. 1996).
Pretreatment of the pine chips with S. hirsutum for 9 weeks reduced the cooking
time required to reach a Kappa number of 28 but increased alkali consumption and
lowered pulp yield and viscosity. The fungal pretreatment did not seem to give
economical or environmental benefits.

Bajpai et al. (2001, 2003) observed that extractives content reduced by 17–39%
and the AA requirement reduced by 18%, when eucalyptus chips treated with the
fungus C. subvermispora for 2 weeks were subjected to Kraft pulping (Table 8.10).
Brightness and strength properties of biopulps were better than the control, and the
pulps were easier to bleach and easier to refine—requiring less energy (by
18–30%).

Copur and Tozluoglu (2007) examined the effects on pulp and paper properties
of pretreating Brutia pine wood chips with C. subvermispora and adding AQ and
sodium borohydrate to the white liquor. Results showed that, compared with the
control kraft method, pulp rejects were lower for biokraft pulp, and a significant
reduction was observed when the biokraft process was modified by sodium boro-
hydride. An increase in pulp yield and reduction in Kappa number was also seen
with biokraft pulp. The addition of AQ and sodium borohydride into biopulping
gave positive results in terms of pulp yield and Kappa number compared with
biokraft pulp. There was a significant increase in pulp brightness when biokraft
pulping was modified with 2% sodium borohydrate. Biotreatments resulted in pulps
that were easier to refine, and the refined biokraft-AQ pulps had the highest tensile
index. However, biopulps had a lower tear but higher burst index compared to the
control kraft pulp.

Recently, research has been carried out by Garmaroody et al. (2011) in which
poplar chips were pretreated by Trametes versicolor for 1, 2, and 3 weeks and then
after washing, the chips were air-dried for kraft pulping to achieve pulp Kappa
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number of around 20. Analysis of the pulp samples indicated that fungi pretreat-
ment of chips can degrade lignin and carbohydrates and affect kraft pulping and
fiber characteristics. In pretreated pulp samples, higher chemical charge in pulping
was observed, together with lower fine and higher long fiber fraction. Increasing
pretreatment time increased the fiber length, cross-sectional area, width, cell-wall
thickness, and volume index, while fine length, fiber coarseness, and curl were
reduced. It has been recommended that 2-week pretreatment of chips would pro-
duce acceptable overall fiber properties in kraft pulping.

Bajpai et al. (2004a) also studied pretreatment of wheat straw with lignin-de-
grading fungi to study its effect on chemical pulping. Treatment with C. subver-
mispora reduced the lignin and extractives content of wheat straw by 16.5 and
44.3%, respectively. For chemical pulping, pretreatment reduced the Kappa number
by 22–27% at the same alkali charge, reduced the alkali charge by 30 kg/ton of raw
material for the same Kappa number (Table 8.11), or reduced the cooking time by

Table 8.10 Biokraft pulping of eucalyptus with C. subvermispora at reduced active alkali charge

a. Pulp properties

Parameter AA charge (%)

17 14 14 14

Control Treated Control Treated

P. No. 13.50 15.86 16.28 15.86

Lignin (%) 1.55 1.57 – –

Unbleached brightness (% ISO) 27.3 28.3 25.9 28.3

Unbleached pulp yield (%) 45.67 45.53 47.15 45.53

Final brightness (% ISO) 87.0 88.3 87.6 89.1

Bleach chemical consumption (kg/ton)

–Elemental Cl2 37.5 37.5 46.1 46.1

–NaOH 19.1 19.1 18.9 18.9

–Hypo 13.5 13.5 12.8 12.8

–Chlorine dioxide 6.0 6.0 6.0 6.0

b. Strength properties

Parameter Unbleached Bleached

Control Treated Control Treated

17% AA 14% AA 14% AA 17% AA 14% AA

Wetness (°SR) 16.5 17.0 17.5 35.0 35.0

Beating time (min) – – – 29.0 22.5

Tensile index (N m/g) 33.68 34.10 40.75 66.25 72.26

Breaking length (m) 3435 3478 4157 6757 7364

Burst index (kN/g) 1.38 1.62 1.89 4.30 4.85

Tear index (mN m2/g) 5.45 5.77 6.81 7.68 7.88

Double fold (no.) 5 8 10 58 80

Fungal treatment for 2 weeks; inoculum level, 5 g/T wood
Bajpai et al. (2001, 2003)
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up to 30% for the same Kappa number. The biopulp had higher brightness and
whiteness than the pulp obtained from feedstock without any fungal treatment
(Table 8.12). The COD load in the effluent was lower for biopulping than for
conventional pulping. Biopulping benefits obtained with other white-rot fungal
cultures, P. subserialis and P. brevispora, were less pronounced than the benefits
obtained with C. subvermispora.

Bajpai et al. (2004b) also studied the pretreatment of bagasse with
C. subvermispora strains and its effect on chemical pulping. Treatment of depithed
bagasse with different strains of C. subvermispora reduced the Kappa number by
10–15% and increased unbleached pulp brightness by 1.1–2.0 ISO points on
chemical pulping at the same alkali charge. Bleaching of biopulps at the same
chemical charge increased final brightness by 4.7–5.6 ISO points and whiteness by
10.2–11.4 ISO points. Fungal treatment did not result in any adverse effect on the
strength properties of pulp.

At the first glance, enzymatic treatment of native wood does not seem like a
good idea, since lignification makes the wood so compact that the large enzyme
molecules cannot penetrate into the cell wall. Nevertheless, enzymatic treatment of
wood chips with different enzymes has given positive effects on both mechanical

Table 8.11 Soda pulping of wheat straw with C. subvermispora strains 1 and 2 at reduced alkali
charges

Parameters Control Strain 1 Strain 2 Strain 3

EA (%) 12 10 10 9.0

Kappa no 28.6 28.6 26.7 28.3

Yield (%) 45.9 48.1 45.9 46.7

Brightness (% ISO) 34.6 34.6 35.7 34.7

Residual alkali (g/L) 1.9 2.1 2.2 1.9

Based on Bajpai et al. (2004a)

Table 8.12 Effect of cooking time on soda pulping of C. subvermispora treated wheat straw

Cooking time
(min)

Kappa
no.

Yield
(%)

Brightness (%
ISO)

Control 60 28.1 45.9 34.1

45 30.1 46.5 33.9

30 31.5 47.1 33.1

15 Ellipsis – –

C. subvermispora strain 2 60 21.9 46.1 38.2

45 22.5 47.2 37.6

30 24.1 47.8 37.1

15 26.1 48.1 36.2

Based on Bajpai et al. (2004a)
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and chemical pulpings. Pretreatment of pine chips with the ligninolytic enzyme has
been shown to lower the energy consumption of mechanical pulping by 6–8%.
Some researchers have also used laccase–mediator system (LMS) for biopulping
(Dyer and Ragauskas 2004; Petit-Conil et al. 2002; Vaheri et al. 1991). Pine chips
were treated with laccase together with mediator ABTS, HBT, or violuric acid
(VA) by Dyer and Ragauskas (2004) before kraft pulping. Laccase/HBT was found
to be the most effective LMS for increasing delignification and pulp yield.
Petit-Conil et al. (2002) treated spruce chips with laccases obtained from three fungi
with a mediator HBT before TMP. Use of Laccase/HBT saved refiner energy with
two of the laccases by up to 20% but the use of third laccase increased it. The effect
on pulp properties in terms of brightness and mechanical strength properties was
mostly positive. The improved pulp properties were attributed to a modification of
surface chemistry of the fiber and increased external fibrillation and bonding
potential. A reduction of 15% in peroxide consumption during subsequent
bleaching to comparable brightness was obtained with one of the laccases without
using mediator compared to bleaching without laccase pretreatment. In a patent by
Vaheri et al. (1991), use of laccase pretreatment for reducing energy consumption
during mechanical pulping was described. The treatment also enhanced the pulp
strength properties and blue reflectance factor. Laccases can depolymerize lignin
and delignify wood pulps due to its property of removing potentially toxic phenols
which are generated during degradation of lignin (Virk et al. 2012). First laccase
acts on small phenolic lignin fragments which react with the lignin polymer, and
then results in its degradation. Furthermore, pretreatment of wood chips with
ligninolytic fungi increases the pulp strength, and the energy requirement for me-
chanical pulping is also reduced. Cryptococcus albidus producing laccase enzyme
was effective in reducing the lignin content of eucalyptus wood and found suitable
for biopulping (Singhal et al. 2005). Pretreatment of hardwood with P. tremellosa
(laccase producer) produced an 80% increase in the tensile strength. In
P. brevispora another laccase producer, energy requirement was reduced by 47%
by incubating aspen chips for 4 weeks.

Also, pretreatment with manganese peroxidase seems to have similar effects. The
mechanism behind this effect is probably depolymerization or modification of lignin
structure, although no mass loss of the treatment has been detected. However,
manganese peroxidase is technically more difficult to apply in the process.
Pretreatment of wood chips with polysaccharide-degrading enzymes (cellulases,
xylanases, and pectinases) give some improvements of Kraft pulping (lower reject
and increased delignification). The mechanism behind these effects may be that
non-lignified parts in the wood, such as boarded pits, are degraded, and that this
enhances the penetration of the white liquor in the wood chips during pulping.
Pulping of non-wood raw material with assistance of enzymes has better possi-
bilities. High-quality pulps of cotton and bast fibers of flax and hemp are made by
an intense beating of the raw fibers that make them more flexible and shorten them.
This process is energy consuming but addition of cellulases and—for hemp and
flax—pectinases shorten the beating time considerably. The technique has been
tested in full scale but is presently not used.
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Treatment of birch, maple, oak, sycamore, or pine chips with an enzyme mixture
containing cellulase and hemicellulase for 24 h disrupted the pit membranes
blocking pores between cells and increased the longitudinal and transverse diffusion
rates of sodium hydroxide in the chips (Jacobs-Young et al. 1998a). Kraft pulping
experiments with enzyme-treated sycamore chips confirmed the expected
improvement in delignification; addition of pectinase to the enzyme mixture further
lowered Kappa numbers without reducing yield (Jacobs-Young et al. 1998b). The
pulps produced from enzyme-treated chips were easier to bleach with chlorine
dioxide than control pulps and had comparable strength properties. Reduced
bleaching chemical use should result in lower effluent BOD, COD, and
chloro-organic loadings.

Franco et al. (2006) studied the potential of Drimys winteri for the conventional
kraft and biokraft pulp production. For biokraft pulping, wood chips were bio-
treated with the white-rot fungus Ganoderma australe. During the biotreatment, a
selective pattern of biodelignification was observed, and the wood chips biotreated
for 15, 30, and 45 days were submitted to kraft cooking. At low cooking severity
(H-factor below 1500 h–1, 15% active alkali and 25% sulfidity), all biopulps
presented lower Kappa numbers than control pulps and approximately the same
screened pulp yield. Biopulps were easily refined in a PFI mill, requiring less PFI
revolutions to achieve the same fibrillation degree. The strength properties of the
biopulps were similar to those of the control pulps.

E. niten requires more severe cooking conditions to produce bleachable kraft
pulps. Mardones et al (2006) attempted to find out whether a pretreatment of
E. nitens with C. subvermispora would improve its performance during kraft
pulping and improve the pulp properties. The biotreatment of the chips carried out
for a period of 15 days resulted in 13.3% lignin loss and a limited glucan degra-
dation (2%). The pulping of biotreated samples required lower active alkali charge
to reach the target Kappa number compared to the control untreated sample and
exhibited better pulping selectivity. The pulp yield increased by 3 and 1.5% for the
pulps of 22 and 16 Kappa numbers, respectively. The biotreated pulp’s strength
properties were improved and were similar to those of Eucalyptus globulus refer-
ence pulp (Table 8.13).

Pretreatment of chips with white-rot fungi increases the rate of their delignifi-
cation in sulfite pulping also (Messner et al. 1997). In magnesium-based sulfite
pulping, treatment of birch and spruce chips with P. tremellosa, P. brevispora,
Dichomitus squalens, and especially C. subvermispora for 2–4 weeks significantly
reduced pulp Kappa number. However, the fungal treatments also reduced pulp
strength and brightness. Pretreatment of loblolly pine chips with C. subvermispora
for 2 weeks increased the rates of lignin and yield loss to the same extent in sodium
bisulfite pulping but preferentially enhanced delignification in calcium-acid sulfite
pulping and decreased shives production. The fungal treatment darkened the chips,
so that equal amounts of bleaching chemicals were needed to brighten the treated
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and control pulps. BOD and COD levels were the same in effluents from the
fungus-treated and control pulps but the Microtox toxicity in the effluent from the
fungus-treated chips was less than half that of the control. The reduced toxicity was
attributed to biodegradation of resin and fatty acids by the fungus (Messner et al.
1997).

The effect of CSL loading on white-rot fungi inoculums in the biochemical
pulping of betung bamboo was investigated by Falah et al. (2011). The best con-
dition of the pretreatment was also determined. There were two conditions of CSL
amount used, i.e., 1% (v/w) and 10% (v/w) of CSL used in 100 ml of inoculums. In
short, fresh bamboo chips without bark were incubated with Phanaerochaete
chrysosporium inoculum stocks for 30 and 45 days at room temperature and fol-
lowed by Kraft and Soda pulpings. SEM images of pretreated chips were taken after
incubation. The pulp yield, Kappa number, freeness, delignification selectivity, and
brightness were analyzed. The more CSL amount added with Kraft process gave
better results on pulp yield. Increasing incubation time increased pulp yields and
decreased the Kappa numbers. On the other hand, freeness and brightness of pulp
increased especially for Kraft process. The SEM images showed that there were cell
walls degradation activities. The best properties of pulp were obtained by the Kraft
process for the treatment of 10% CSL with 30 days of incubation time.

Table 8.13 Properties of kraft pulpsa prepared from E. nitens and E. globules

(a) Physical strength properties

Sample Burst index
(kPa m2 g−1)

Tensile index
(N m g−1)

Tear index
(mN m2 g−1)

Control
E. nitens

5.9 110.2 6.6

Biotreated
E nitens

6.2 113.8 7.1

E. globulus 6.5 114.6 7.4

(b) Brightness and opacity

Sample Opacity (%) Brightness (%)

Control E. nitens 96.2 39.4

Biotreated E nitens 94.2 41.3

E. globulus 93.4 39.5

(c) Fiber properties

Sample Coarseness
(mg 100 m−1)

Average fiber length
(mm)

Fines content
(%)

Control E. nitens 5.79 0.63 6.08

Biotreated E
nitens

5.39 0.64 7.06

E. globulus 5.81 0.68 5.98

Based on Mardones et al. (2006)
aKappa number 16 ± 1
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8.5 Organosolv Pulping

Sound (undecayed control) and fungally pretreated wood samples were submitted
to organosolv delignification. The cooking liquor used was methanol/water (78:22
v/v) containing CaCl2 and MgSO4 each at a concentration of 25 mmol dm−3. The
cooking process was performed at 180 °C for reaction times varying from 5 to
100 min. Despite some differences in the lignin removal pattern, pseudo-first-order
kinetic models permitted a prediction of delignification rate constants for all
experiments. All biodegraded samples provided higher delignification rate con-
stants than the undecayed control (2.0 � 10−2 min−1 for the undecayed control
and, for example, 14.2 � 10−2 min−1 for the sample decayed by T. versicolor
[C. versicolor] for 2.5 months). Biodegraded samples also presented significantly
increased xylan removal rates. The type of biodegradation affected the behavior of
wood samples under organosolv pulping. The highest delignification and xylan
removal rate constants were observed in the sample decayed by C. versicolor for
2.5 months (17% weight loss). However, high delignification and xylan removal
rate constants were also observed in the sample decayed by Punctularia artrop-
urpurascens for only 0.5 months (1.2% weight loss). Data obtained from a single
fungal species pretreatment or data from all fungal pretreatments indicated that
there is no clear correlation between the delignification constants and the wood
weight or component losses. This lack of correlation suggested that the structure of
residual polymers in decayed wood affects the delignification process in the
organosolv pulping more than the removal extent of each individual component.

8.6 Biopulping with Laccase–Mediator System

The bulk of biopulping research on lignocellulosics has focused on the utilization of
the white-rot fungi. Some researches have also used laccase–mediator system to
study biopulping (Widsten and Kandelba 2008; Dyer and Ragauskas 2004;
Petit-Conil et al. 2002; Vaheri et al. 1991). Dyer and Ragauskas (2004) pretreated
softwood (pine) chips with laccase together with an ABTS, HBT, or VA mediator
before kraft pulping. Laccase/HBT was the most beneficial LMS in terms of
enhancing delignification and pulp yield. Petit-Conil et al. (2002) treated softwood
(spruce) chips with laccases obtained from three fungi with a mediator (HBT) prior
to TMP. Laccase/HBT saved refiner energy with two of the laccases by up to 20%
but the third laccase increased it. The effect on pulp properties in terms of
mechanical strength and brightness of handsheets was mostly positive. The
improved pulp properties were attributed to a modification of the fiber surface
chemistry and increased external fibrillation and bonding potential. A decrease of
15% in peroxide consumption during subsequent bleaching to equal brightness was
achieved with one of the laccases without mediator compared to bleaching without
laccase pretreatment. The patent by Vaheri et al. (1991) describes the use of laccase
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pretreatment for reducing energy consumption during mechanical pulping. The
treatment also boosts the pulp strength properties and blue reflectance factor.

8.7 Mechanism of Biopulping

Mechanism of biopulping is not completely understood though extensive investi-
gation has been made over the last decade. Akhtar et al. (1998) examined at the
microscopic level the fungal growth patterns of P. chrysosporium and C. subver-
mispora in aspen wood chips to gain insight into the mechanism of biopulping.
P. chrysosporium grew well both across the chip surfaces and throughout the cell
walls. The hyphae penetrated the chips through the lumens of wood vessels and
fiber cells, as well as through natural wood cell pits and fungal bore holes. Partial
degradation of the cell lumen walls was evident. Erosion troughs and localized wall
fragmentation or thinning were clearly visible, as was a generalized swelling and
relaxing of the normally rigid wood cell-wall structure. C. subvermispom-treated
aspen chips showed packed hyphae within the ray cells. Numerous crystals of
calcium oxalate were found on the hyphae, during both the incipient and advanced
stages of growth. Physical basis for the biopulping efficacy of the fungal treatment
is likely to involve an overall softening and swelling of the cell walls, as well as
thinning and fragmentation in localized areas (Sachs et al. 1989). Use of scanning
electron microscopy revealed increased fibrillation on biomechanical pulp as
compared with refiner mechanical pulp (control). The biomechanical pulp fibers
appeared more woolly, looser, and more uniform in length than the conventional
mechanical and CMP fibers. Fiber bonding in handsheets produced from biome-
chanical pulp fibers appeared to be similar to that observed in handsheets produced
from chemical pulps. Handsheets made from mechanically processed pulps showed
uncollapsed fibers, leading to poor conformability and reduced bonding. The kraft
pulps yielded handsheets that exhibited fibers of enhanced compressibility and
conformability. Handsheets prepared from biomechanical pulps visually resembled
the kraft handsheets, exhibiting good compressibility and conformability of the
fibers.

Beneficial effects of wood pretreatment with white-rot fungi are obtained in the
initial stages of biodegradation when weight losses are lower than 5% (Akhtar et al.
1998). Within biodegradation periods as short as 1 week, biotreated wood chips
become softer and easier to disrupt along the fiber axes. This softening effect has
been the basis for initial proposal of biological pretreatment of wood chips for
mechanical pulping. In mechanical pulping, wood chips are disrupted in disk
refiners to produce fibers suitable for papermaking. The process is energy-intensive,
and pulp quality depends on several variables including the refiners design, wood
species, and the desired refining level. In this way, wood chips that disrupt along
fibers by requiring less mechanical strain would save energy and provide stronger
pulps simply because fibers would suffer less damage during refining steps.
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Guerra et al. (2002, 2003, 2004) have pointed out for two different types of
wood transformations considering the chemical changes induced by the fungus in
wood. One of them involves intense lignin depolymerization in short biotreatment
periods, while the another indicates that esterification of oxalate secreted by the
fungus on the polysaccharides chains increases the water saturation point of the
fibers (Hunt et al. 2004). Both transformations are expected to affect the fiber–fiber
bonding and, consequently, the physical resistance of wood. Obviously, these
changes in wood structure are not isolated events, and the overall change in the
wood structure and ultrastructure would affect the behavior of biodegraded wood
chips during mechanical or chemical pulping processes. Lack of correlation is
found between the biopulping benefits and the extent of wood weight or component
losses (Leatham et al. 1990a, b; Hunt et al. 2004; Ferraz et al. 2000; Mendonca
et al. 2002). For example, the extent of lignin removal during fungal pretreatment is
not related to the energy savings in biomechanical pulping or to the increase in
delignification rates observed in kraft pulping.

Extensive removal of extractives during wood biodegradation by some white-rot
fungi should provide alkali savings in kraft cooking. Extractives removal can result
in unobstructed resin canals, facilitating the liquor penetration and reducing the
active alkali consumption by non-lignin components. Actually, this benefit has been
reported by Fischer et al. (1994) and Kohler et al. (1997) for seasoning of wood
chips as well as for wood chips biotreatment by the non-lignin-degrading fungus O.
piliferum. Pulping experiments with extractive-free wood chips have been useful to
evaluate the benefits of extractives removal during biopulping. The residual lignin
contents in pulps prepared from extractive-free samples are midway between the
undecayed controls and the fungal-treated samples (Mendonca et al. 2002),
showing that extractives removal facilitates the subsequent kraft pulping but it
cannot explain all the benefits observed in biokraft pulping, since even a sample
without extractives is not delignified as easily as the fungal-treated samples. The
extent of extractives removal during biopulping confirms this conclusion, since,
similar to lignin losses, extractive losses are progressive with biodegradation time,
whereas the benefits of the fungal treatment are not (Mendonca et al. 2002). The
changes induced in the wood chips that provide benefits for mechanical pulping
processes are not necessarily the same ones required for chemical pulping. For
example, although correlating with the benefits in biomechanical pulping, esteri-
fication of oxalate to the fibers is not expected to present a clear benefit for kraft
pulping because the oxalate esters would consume part of the active alkali used in
the cooking process.

Hunt et al. (2004) investigated how biopulping modifies chemical and physical
properties of wood and how these changes affect the properties of the resulting
fiber. Mechanical and chemical testing revealed wood cell changes during 2 weeks
of colonization by C. subvermispora. Typical mechanical properties, such as
modulus of elasticity and maximum load, tracked reductions in energy needed for
mechanical refining to pulp. The data indicate the fiber saturation point of spruce
increased from 29 to 42% during biopulping. At the same time, titratable acid
groups increased up to 62%. Chemical analysis showed that oxalic acid esters were
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produced in the wood during biopulping in sufficient amounts to account for the
increase in acid groups. The benefits of biopulping—energy savings and increased
handsheet strength—as well as other physical property changes are consistent with
the mechanism proposed: biopulping increases the acid group content of wood.

Schwanninger et al. (2004) have reported that some near-infrared (NIR) bands
from wood change significantly in biodegradation periods as short as 4 days. These
changes in NIR band intensities prove that structural changes in wood components
initiate very early during biodegradation. More relevant is that NIR bands can
reflect not only changes in the covalent bonds of wood components but also
changes in fiber–fiber interactions such as hydrogen bonds. It is possible that minor
changes in hydrogen bonding between fiber surfaces would be responsible by the
softening effect observed in wood chips biotreated by white-rot fungi that facilitates
disruption of the lignocellulosic matrix by disk refiners. To arrive at a compre-
hensive description of the biopulping chemistry, wood transformations occurring
during biodegradation need to be explored in detail.

Significant contributions have been made to understand the ligninolytic system
of the biopulping fungus, C. subvermispora; however, the reason why this fungus
selectively degrades lignin is still unclear. Guerra et al. (2003) evaluated the de-
polymerization of wood components induced by C. subvermispora during wood
decay under solid-state fermentation. Pinus taeda wood chips were biotreated for
periods from 15 to 90 days. The fungus degraded lignin and extractives extensively
without removing large amounts of glucan. Alpha-cellulose samples were prepared
from decayed and undecayed wood chips for evaluation of cellulose depolymer-
ization. The yields of alpha-cellulose decreased from 47.8% for undecayed wood to
42.6 and 34.2% for the wood samples biotreated for 30 and 90 days, respectively.
High-performance size exclusion chromatography of tricarbanyl derivatives of
these alpha-cellulose preparations indicated a progressive decrease in the poly-
merization degree values from the 30th day of biotreatment. Lignin depolymer-
ization, evaluated by gel permeation chromatography (GPC) of residual MWLs,
was rapid in the first 30 days of biodegradation. After this period, an extensive
mineralization occurred. Some relevant hydrolytic and oxidative enzymes present
in the culture extracts were studied. Xylanase was the main hydrolytic enzyme
produced, while laccase was not detected in any biodegradation period evaluated.
A correlation between the levels of wood-degrading enzymes produced and the
pattern of wood constituents degradation was tentatively established.

8.8 Advantages of Biopulping

Biomechanical pulping saves substantial amount of electrical energy or increases
mill throughput significantly. It also improves paper strength compared to con-
ventional RMP. Studies suggest that fungal treatment is also effective for depitching
wood chips. It decreases dichloromethane extractable resin by about 30% (Fischer
et al. 1994) including a 60% reduction in triglycerides which are responsible for
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sticky deposits on the paper machine (Fischer and Messner 1992). The cost of
incorporating the fungal treatment process into existing mills is minimal. It is a
relatively simple process that can be carried out in any woodyard.

Biochemical pulping reduces the amount of cooking chemicals, increases the
cooking capacity, or enables extended cooking, resulting in lower consumption of
bleaching chemicals. Increased delignification efficiency results in an indirect
energy saving for pulping and reduces pollution (Kirk et al. 1994). The waste load
produced by biopulping should be considerably lower and more benign than
effluents currently produced by commercial CTMP mills. In fact, the effluents from
fungus-treated mechanical pulps have been found to be less toxic (Sykes 1994)
although sometimes they may contain slightly higher BOD and COD than effluents
from untreated pulp. These findings suggest that biopulping is environmentally
compatible. Biopulping technology has advanced rapidly within recent years, and
pilot mill trials have been started worldwide (Reid et al. 2010).

8.9 Limitations and Future Prospects

A biopulping process would require inoculum on a regular basis for
commercial-scale applications, which would involve additional work and expense.
Large-scale production of basidiomycetes is usually difficult. The fungal treatment
is lengthy; a minimum 2- week incubation is required to get the desired benefits. At
first glance, the long reaction time needed for the fungal process seems to be a great
disadvantage. However, considering that wood chips are often stored at the mill for
at least 2 weeks, time and space should be available in the pulp mill to introduce
this process. In fact, this type of bioprocess is already familiar to the pulp and paper
industry as a similar process based on Cartapip® has been used commercially in
many US mechanical pulp mills since 1990 (Farrell et al. 1992; Brush et al. 1994;
Wall et al. 1994). The success of the Cartapip process shows that mills are able and
willing to insert a biological step into their existing operations. Nevertheless, it is
desirable to apply classical or molecular genetic methods to improve the effec-
tiveness of the biopulping fungi, leading to shorter reaction treatment times.

Although a chip pile-based biopulping system has been designed and evaluated
on a pilot scale, the process requires demonstrated long-term operation at mill scale.

Fungal treatment reduces the brightness of resulting mechanical pulps by as
much as 15–20 Elrepho brightness points in 4 weeks and 8–10 points in 2 weeks.
However, aspen bio-refiner mechanical pulp (BRMP) could be readily bleached to
60% Elrepho brightness with 1% sodium hydrosulfite, and 80% brightness with a
two-step bleach sequence using sodium hydrosulfite and alkaline hydrogen per-
oxide. Based on the accelerated thermal and photoaging tests, the brightness sta-
bility of BRMP was found to be slightly lower than that of refiner mechanical pulp
but slightly higher than that of CTMP (Sykes 1993).

Although biomechanical pulping seems to have a high potential to reduce pol-
lution problems, very few data on the environmental performance of biomechanical
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pulping vis-à-vis CTMP and other high-yield pulping processes are available. These
data need to be generated from systematic studies comparing biomechanical
pulping to other pulping processes, for equivalent quality and yield of pulp.
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Chapter 9
Use of Enzymes in Mechanical Pulping

Abstract Mechanical pulping process is an energy-intensive process. Enzyme
treatment of wood and pulp is an attractive alternative to reduce energy demand in
the refining process and to introduce novel functional properties of fibers. This
chapter discusses the use of enzymes in mechanical pulping process.

Keywords Mechanical pulp � Thermomechanical pulping � Refining
Energy consumption � Cellulase � Xylanase � Oxidative extracellular enzymes
Lignin peroxidase (LiP) � Manganese-dependent peroxidase � Laccase
Hydrogen peroxidase � Ligninolytic fungi

9.1 Introduction

The production of mechanical pulp requires large amount of energy. Nowadays, the
dominating refiner-based mechanical pulping process is the thermomechanical
pulping (TMP) process (Tienvieri et al. 2000). Thermomechanical pulp is actually a
type of high-yield pulp which is comparatively cheap and provides good printing
properties.

Mechanical pulp mills require much lower capital investment than chemical pulp
mills (Ramos et al. 2004). However, the mechanical pulping processes require large
quantities of expensive electrical energy (Tienvieri et al. 2000; Maijala et al. 2008).
This is due to the reason that mechanical pulp is produced by grinding and refining
methods. Because of the friction, the structure of the wood is softened and loos-
ened, finally leading to the separation of the fibers from each others. However, only
a small part of the energy brought into the system is used for separating the fibers;
the major part being converted into heat. So, the total effective energy amount is
very low (Flyate 1988).

Enzymatic treatment of wood and pulp attracts more and more attention of pulp
producers. This is an attractive alternative to reduce energy demand in the refining
process and to introduce novel functional properties of fibers (Ecotarget Project
2006; Bajpai 2015; Torres et al. 2012). For example, several enzyme applications in
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pulp bleaching already are working in a full scale in many mills around the world
(Ramos et al. 2004; Paice 2005; Bajpai 1999, 2004).

The enzymes of industrial interest are mainly reproduced by fungi. The exam-
ples are various oxidative extracellular enzymes like lignin peroxidase (LiP),
manganese-dependent peroxidase (MnP), laccase, and hydrogen peroxidase effused
from ligninolytic fungi (Ragauskas 2002). The natural origin, mild operating
conditions of fungi and nontoxicity, stimulates researches on their applicability in
the forest-based industry (Saloheimo 1991).

Study of fungi and their action on wood components showed the possibility of
using enzymes for wood treatment. So, new functional properties of wood can be
introduced by enzymes (Mohlin and Pettersson 2002; Kallioinen 2002). Several
studies have been conducted which show reduction of specific energy consumption
for chip refining. The pulp properties, such as strength, light scattering, opacity,
etc., have also been improved by the treatment (Pere et al. 2002).

The enzymes are added to the wood chips between the first and secondary
refiner. The enzymes hydrolyze the hemicellulose and improve the fiber freeness of
the cellulose fibers. This would allow reduction in the necessary time in the sec-
ondary refiner.

Manganese peroxidase (MnP), laccase–mediator system, pectinase, endoglu-
canase, and cellulase mixture have been used in different studies for finding the
suitable enzymes for reducing energy consumption in refining (Aehle 2004; Pursula
2005). Cellulases affect on crystalline parts of cellulose and forms cavities in wood
structure which result in an increase in fiber flexibility and fibrillation. But the yield
is also affected, because some part of cellulose gets destructed by cellulases
(Hatakka et al. 2002).

Manganese peroxidases affect the lignin structure and play a part in lignin
degradation processes. Pectinase enzymes are commonly used in processes
involving the degradation of plant materials. They are active in 4–5 pH range, so
they are suitable for use in mechanical pulp production process. The less aggressive
pectinase was more selective and resulted in thermomechanical pulps of higher pulp
strength and scattering coefficient as compared with the aggressive pectinase.

Pulps produced using the multiple component enzyme blend showed the highest
pulp strength properties. For example, pulps produced from the pectinase pre-
treatment achieved similar pulp strength with higher scattering coefficient and
reduced COD generation in comparison to bisulfite pulp. The optimal performance
range is between 40 and 55 °C for most enzymes, which have been tested for wood
fiber treatments. This also provides their applicability (Michel 2003; Ecotarget
Project 2006; Kirk and Jeffries 1996).

The physical–chemical mechanism during the production of mechanical pulp is
not completely known. Particularly, effects of different components of fiber wall
structure on either biopulping or development of pulp properties are not known well
in the industrial processes. Biological methods make possible to achieve more
controlled effect to different fiber cell-wall components. This opens new possibil-
ities to tailor-made TMP pulp and also makes it possible to widen the range of
resources for production.
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9.2 Effect of Different Enzymes

9.2.1 Cellulase Treatment

Luo et al. (2011) examined the effects of cellulase treatment on the surface and
quality of masson pine fiber of mechanical pulp. The treatment with 75 IU/g (to
bone dry materials) of enzyme, at 50 °C, for 150 min, at a pH of 5.5 and pulp
concentration of 15%, produced a smooth modification of the fiber surface. The
surface roughness was improved due to the breaking of middle lamella, primary
wall, and outer layer of secondary wall.

The treatment with Novozym 476 (Cellulase) shows a significant saving of
electricity in the second stage of refining and in the reject refiner by softening
cellulose fibers (−160 kWh/t pulp). Combustion of wood chips does not actually
add to fossil energy consumption and does not contribute to global warming. This
explains why the advantages of enzyme use are greater for these two impact cat-
egories than for acidification, nutrient enrichment, and photochemical smog for-
mation. The treatment with Novozym 476 (Cellulase) shows saving of electricity in
the second stage of refining and in the reject refiner by softening cellulose fibers
(−160 kWh/t pulp).

9.2.2 Xylanase Treatment

Studies with wood chips treated with xylanase (0–50 AXU/g) before a CTMP
process (consistency 10%) shows that after xylanase treatment of wood chips at 40–
65 °C, for two hours, fiber separation occurs more often between the S1 and S2
layers. On the other hand, without xylanase treatment, the majority of separations
occur in the middle lamella region. Xylanase hydrolyzes only xylan in wood. When
xylan in the secondary wall is removed or degraded, the fiber wall structure will
open up at the particular points, and in the subsequent refining process fiber sep-
aration will take place more likely along the weakened points. Moreover, if fiber
separation takes place in the secondary wall, less energy would be needed for fiber
development in the second stage of refining (Li et al. 2010).

9.2.3 Cellobiohydrolase (CBH I) Treatment

In a study by Pere and Viikari (2000), CBH I with molecular weight 64 kDa was
used to analyze the effect of CBH on specific energy consumption. In three inde-
pendent series, coarse once refined TMP pulps, with CSF of 450–550 ml, were
treated with CBH I enzyme. The consistency of the pulp suspension during treat-
ment in each experiment was 50 g o.d.p./l of tap water, the treatment time 2 h, and
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temperature 45–50 °C. The amount of treated pulp was 1 kg of dry pulp and the
enzyme dosage 0.5 mg/g of pulp. The pulps were further refined using a
single-rotating disk atmospheric refiner using decreasing plate settings. The refining
was followed by determining the CSF values of the intermediate samples and
stopped when the CSF values were below 100 ml. The energy consumption in each
refining experiment was measured, and the specific energy consumption was cal-
culated and reported as kWh/kg oven dry weight basis. The results are presented in
Table 9.1 (Pere and Viikari 2000). It can be observed from results that using the
CBH I is possible to reduce the energy consumption by 15–20% in comparison to
the reference sample. Similar effect was also obtained, when the preparation con-
tained both CBH activities.

9.2.4 Cellobiohydrolase and Mannanase Blend Treatment

To evaluate the effect of mannanase on SEC level and on paper properties, several
studies have been conducted (Pere and Viikari 1999). Mannanase with molecular
weight 51–53 kDa and CBH I with MW 64 kDa were used in experiment. In the
experiment, the enzyme dosages were as follows: (1) CBH I 0.2 mg/g o.d.p. and
(2) CBH I 0.1 mg/g o.d.p. + mannanase 0.1 mg/g o.d.p. Spruce TMP pulp samples
(CSF 640 ml) were treated for 2 h at 45–50 °C. After treatment, pulp was refined
in Sprout-Waldron single-rotating disk refiner to obtain CSF values about
150–160 ml. From refined pulp, handsheets were also made and tested. Results of
the experiments are presented in Table 9.2. Treatment with CBH I + mannanase
gives a reduced energy consumption and improves ISO brightness and light
scattering in comparison with control and treated with CBH I samples (Pere and
Viikari 1999).

Table 9.1 The specific energy consumption with CSF level of 100 ml for treated with CBH I and
CBH I/CBH II enzymes

Treatment Exp. 1
(kWh/kg)

Exp. 2
(kWh/kg)

Exp. 3
(kWh/kg)

Exp. 4
(kWh/kg)

Controls 1.97 2.05 2.39 2.08

CBH I 1.73 1.64 2.04 1.81

CBH I/CBH II – – – 1.77

Based on Pere and Viikari (2000)
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9.2.5 Lignin Peroxidase, Manganese Peroxidase,
and Laccase Treatment

Lignin peroxidase (LiP), manganese peroxidase (MnP), and laccase were used to
study their effect on specific energy consumption (SEC) for refining TMP and
CTMP pulp from sugarcane bagasse. The enzymes were extracted from
Phanerochaete chrysosporium fungi. Bagasse was treated with enzyme for 12, 36,
and 48 h, at 25–29 °C. Water to bagasse ratio was 8:1, and 5 ml of hydrogen
peroxide were added to activate peroxidase enzymes (Ramos et al. 2004).

Table 9.3 shows that enzymes from P. chrysosporium fungi reduce the energy
consumption by 29.2% with 36 h treatment for TMP processing and by 17.3% with
36 h treatment for CTMP processing (Ramos et al. 2004).

In another study, treatment with MnP and laccase separately has been evaluated.
The higher initial load means more effective chip refining. The initial refiner load of
compressed and MnP enzymes treated spruce wood was slightly higher than that of
the fresh wood. It means that MnP treatment softened the wood material (Maijala
et al. 2008; Camarero and Ibarra 2007).

MnP treatment decreases SEC in refining of spruce chip; laccase treatment did
not show significant effect on SEC (Fig. 9.1). Energy saving by MnP treatment of
spruce chips was 6%. This was reached at CSF level of 350 ml (Maijala et al.
2008). Wong and Mansfield (1999) reported that laccase treatment alone reduced
energy consumption by 5%.

Table 9.2 Specific energy consumption (at CSF level of 120 ml) and optical properties of
handsheets

Treatment SEC
(kWh/kg)

ISO
brightness (%)

Light
scattering
coef. (m2/kg)

Light
absorption
coef. (m2/kg)

Opacity
(%)

Controls 2.25 58.0 50.1 2.87 92.3

CBH I 2.15 58.2 50.2 2.73 91.0

CBH I + mannanase 2.0 59.8 52.5 2.46 91.0

Based on Pere and Viikari (1999)

Table 9.3 Energy consumption for TMP and CTMP pretreated with enzymes (refining degree for
all of the pulps was 70°SR)

Energy consumption (kWh/ton)

TMP ETMP12 ETMP24 ETMP30 CTMP ECTMP12 ECTMP24 ECTMP30
1,192 895 851 844 991 833 830 820

Based on Ramos et al. (2004)
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9.2.6 Pectinase Treatment

Some studies have been conducted to determine the effect of pectinases on energy
consumption during refining (Peng and Ferritsius 2005). Pretreatment process was
carried out by compression of chip in screw compression device or by twin roll
press. Compression ratio was from 1:1 to 8:1, and also pre-steaming process was
included in the chip preparation. Impregnation followed immediately after the
compression and/or thermal pretreatment. The retention time of treatment was
120 min at 50 °C. To reach a given pulp freeness of 100 ml CSF, the energy
reduction was 400 kWh/t (2,500 kWh/t without pectinase treatment to 2,100 kWh/t
with pectinase treatment—16%) (Fig. 9.2) (Peng and Ferritsius 2005). In another
study under the high-intensity conditions (HI-TMP)—preheating steam pressure
5.9 bars instead of 2.8 bar pressure in normal conditions and time of pre-steaming
12 s instead of 3–4 min—better results were obtained (Fig. 9.3). The energy
reduction was about 500 kWh/t (20%) (Peng and Ferritsius 2005).

Kazymov (2010) studied the effects of endoglucanase pectinase, and a mixture
of enzymes on three different size raw materials—normal size chip, crushed chip,
and water impregnated—instantly preheated, pressed, and then fibreized at
400 kWh/t chip further named fibreized pulp showed that 5 kg/t of endoglucanase
reduced the energy consumption by 20% while the use of 1.5 kg/t of the mixture of
enzymes produced a reduction of about 15% of energy consumption during re-
fining. Pectinase at different dosages to a maximum of 5 kg/t and different treatment
times did not show significant effect on energy consumption. These results differ

Fig. 9.1 CSF as a function of specific energy consumption for the spruce pulp treated with
laccase and manganese peroxidase enzyme (Maijala et al. 2008)
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from those obtained by Sabourin and Hart (2010) who used two pectinases for
treatment of TMP of black spruce (Picea mariana) wood chips. The treatment was
done for a period of 2.5 h. The average temperature during the reaction period was
47–48 °C. Enzymatic effects were studied in two refined pulps (1800 PFI revolu-
tions). Pectinex 3XL® is a polygalacturonase, and the enzyme protein used was

Fig. 9.2 CSF as a function of specific energy consumption for TMP pulp treated with pectinase
enzyme (Peng and Ferritsius 2005)

Fig. 9.3 CSF as a function of specific energy consumption for HI-TMP pulp treated with
pectinase enzyme (Peng and Ferritsius 2005)
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separated and purified from Aspergillus aculeatus and Aspergillus niger. The
application dosage was 720 g/t wood. The Novozyme 863® was a more aggressive
enzyme preparation produced by a selected strain of A. aculeatus. This enzyme
preparation contains polygalacturonase, other pectolytic activities, and a range of
hemicellulolytic activities. It has the ability to disintegrate wood fiber cell-wall
material and works well in the temperature range of 25–50 °C. The application
dosage was 830 g/t wood. The specific energy consumption was reduced by 9 and
9.6%, respectively. The Pectinex 3XL® enzyme treatment successfully improved
the tensile and tears indexes of the resulting pulp through specific surface activity in
a desirable way, while Novozyme 863® was somewhat harmful toward some of the
desired pulp properties (Sabourin and Hart 2010). So far, this technique has been
tested in several laboratory tests and on pilot plant scale. Also, short-term studies
(1.2 weeks) have been carried out in the TMP line of UPMK Kymmene/Rauma
mill. Major environmental benefit derived from the application of the technique
would be the reduction of electricity consumption in the second refiner, due to
shorter refining time. Trials conducted so far point out that energy savings in the
reject refiners of up to 10–15% could be possible.

9.2.7 Manganese Peroxidase, Laccase, and Pectinase
Blend treatment

Maijala et al. (2008) examined 100 U g−1 of MnP produced by Bjerkandera adusta
from JenaBios GmbH (Germany), laccase produced by Trametes versicolor, and
pectinase (Aspergillus) from Fluka (Germany). The energy consumption for re-
fining was studied with a laboratory low-intensity refiner after 6 h enzyme treat-
ments. The work conditions were 10% of consistency, pH 5, and 40 °C. The
specific energy consumption in the refining of Scots pine wood chips treated with
MnP reduced by about 11%, and in the refining of Norway spruce by 6%. Pectinase
and MnP treatments on pine resulted in similar energy savings on average, though
the hydrolytic enzyme treatments at their best reached about 16% energy savings.
They induced changes in the wood structure which do not correlate to the total
energy consumption, and an increase of the surface charge of the fibers in the case
of MnP-treated pine pulps refined to reach a value of CSF between 85 and 130 mL
was observed. Most laboratory handsheet properties, i.e., strength, light scattering,
and opacity, were improved at a given specific refining energy. Only brightness was
slightly reduced.
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9.3 Conclusions

Results showed the xylanase, cellulase, and pectinase blend as most promising for
energy reduction in TMP process. Surfactants were found to be effective for energy
saving with enzymes.
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Chapter 10
Biobleaching

Abstract Use of enzymes in pulp bleaching has attracted considerable attention in
recent years and achieved interesting results. Enzymes of the hemicellulolytic type,
particularly xylanases, are used commercially for pulp bleaching. Xylanase
enzymes have proven to be a cost-effective way for mills to realize a variety of
bleaching benefits including reducing AOX discharges primarily by decreasing
chlorine gas usage, debottlenecking mills limited by chlorine dioxide generator
capacity, eliminating chlorine gas usage for mills at high chlorine dioxide substi-
tution levels, increasing the brightness of the ceiling particularly for mills con-
templating ECF and TCF bleaching sequences, and decreasing the cost of bleaching
chemicals, particularly for mills using large amounts of peroxide or chlorine
dioxide. These benefits are achieved over the long term when the enzymes are
selected and applied properly in the mill. The use of oxidative enzymes from
white-rot fungi can directly attack lignin. These enzymes are highly specific toward
lignin; there is no damage or loss of cellulose and can produce larger chemical
savings than xylanase but has yet not been developed to the full scale. It is being
studied in several laboratories all over the world. Certain white-rot fungi can
delignify kraft pulps increasing their brightness and their responsiveness to
brightening with chemicals. The fungal treatments are too slow but the enzymes,
manganese peroxidase and laccase, can also delignify pulps and enzymatic pro-
cesses are likely to be easier to optimize and apply than the fungal treatments.
Development work on laccase and manganese peroxidase continues. The overview
of developments in the application of xylanase enzymes, lignin-oxidizing enzymes,
and white-rot fungi in bleaching of chemical pulps is presented.

Keywords Enzymes � Pulp bleaching � Xylanase enzymes � Lignin-oxidizing
enzymes � Manganese peroxidase � Laccase � AOX � ECF bleaching
TCF bleaching � Oxidative enzymes � White-rot fungi � Delignification
Lignin � Kraft pulp
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10.1 Introduction

Pulp and paper industry is a capital and resource-intensive industry that contributes to
many environmental problems including global warming, human toxicity,
eco-toxicity, photochemical oxidation, acidification, nutrification, and solid wastes.
Most significant environmental impacts of the pulp and paper manufacture result
from the pulping and bleaching processes: some pollutants are emitted to the air,
others are discharged to the wastewaters, and solid wastes are generated as well.
Much research has focused on the bleaching technology employed because this
component of the production process has historically been associated with the for-
mation of chlorinated dioxins and other chlorinated organic chemicals. These pol-
lutants are toxic, nonbiodegradable, and have the tendency to contaminate food
chains through bioaccumulation. The dioxins are known for their extreme toxicity
and are believed to be carcinogenic. Pulp mills are being forced to reduce their use of
chlorine and chlorine dioxide in the bleaching process because of the market and
environmental pressures. There are several options for mills to do this, but most
require the expenditure of large sums of capital. Biobleaching is one of the promising
alternatives for reducing/eliminating chlorine-based chemicals in pulp-bleaching
process. This process requires little capital investment and is thus attractive to the
industry. So far, two enzyme-based approaches have been investigated; one uses
xylanase enzymes and the other uses ligninolytic enzymes. Significant effort has been
also made to study the potential of white-rot fungi for bleaching of chemical pulps.

10.2 Xylanase Enzymes

Xylanase enzyme has been found to play a crucial role in the green technology and
energy sectors. Extensive research is being carried out with an objective to produce
xylanases that would fulfill industrial parameters, in the pulp and paper and fuel
industries. Xylanases with good thermal stability find a promising use for
biobleaching in pulp and paper industry. Currently, renewable energy is a growing
area, where xylanase finds a major role. Xylanase is synergistically involved with
other cooperating enzymes for the deconstruction of lignocellulosic raw material,
which ultimately paves way for the production of fuel ethanol. Efficient utilization
of lignocellulosic raw materials will positively boost the economies of the alter-
native fuel industry (Bajpai 2016).

The use of xylanase enzymes to enhance the bleaching of the pulp was first
reported by Viikari et al. in 1986. The concept of enzyme bleaching is based on the
fact that limited removal of hemicellulose in kraft pulps by hemicellulases increases
the extractability of lignin in subsequent chemical bleaching stage (Viikari et al.
1994). Xylanase bleaching of chemical pulp is the most widely used and best
established biotechnical application in pulp bleaching (Bajpai 1997b, 1999; Batalha
et al. 2011; Beg et al. 2001; Jimenez et al. 1996; Kim and Paik 2000; Ledoux et al.
1993; Lin et al. 2013; Manimaran et al. 2009; Nagar et al. 2013; Saleem et al. 2009;
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Salles et al. 2005; Chauhan et al. 2006; Gliese et al. 1998; Jeffries 1992; Pham et al.
1995; Ratanachomsri et al. 2006; Simeonova et al. 2007; Spence et al. 2009;
Subramaniyan and Prema 2002; Wong et al. 1996, 1999; Gangwar et al. 2014;
Sharma et al. 2014, 2015; Singh et al. 2016; Milanez and Colodette 2009). This
technology has become one of the solutions considered by the pulp and paper
industry to give an innovative, environmentally, and economically acceptable answer
to the pressures exerted on chlorine bleaching by the regulatory authorities in
Western countries and by more demanding, environmentally minded consumers
(Bajpai 2004; Viikari et al. 2002, 2009; Reid et al. 2010). There has been a significant
application in kraft mills, due in part to the rapid advances in biotechnology and
molecular biology resulting in more effective cheaper enzymes.

Today more than 10% of all kraft pulp is manufactured with xylanase pre-
bleaching. In North America, Iogen Corp, based in Ottawa has established a market
leadership position. Globally, other suppliers such as Novozymes, Genencor, AB
Enzymes, and more recently Diversa, are also selling this in the market. In Japan,
Oji Paper is unique in manufacturing xylanase onsite at its Yonago mill (Paice and
Zhang 2005). The enzyme is produced from a bacterial fermentation of pulp-side
stream, which results in a xylanase/pulp mixture. This mixture is then fed to the
main pulp brown stock storage tank.

10.2.1 Production and Properties of Xylanases

Several articles have been published on the production and properties of xylanases
(Biely 1985; Viikari et al. 1990, 1993; Wong et al. 1988; Suominen et al. 1992;
Polizeli et al. 2005; Bajpai 1997a; Yang et al. 2005). These enzymes are produced
by fungi, bacteria, yeast, marine algae, protozoans, snails, crustaceans, insect,
seeds, etc. Filamentous fungi are particularly interesting producers of this enzyme
from an industrial point of view, due to the fact that they excrete xylanases into the
medium. Furthermore, xylanase levels from fungal cultures are generally much
higher than those from yeasts or bacteria. In addition to xylanase, fungi typically
produce several accessory xylanolytic enzymes, which are necessary for
debranching-substituted xylans. Fungi known to produce xylanase include
Aspergillus, Disporotrichum, Penicillium, Neurospora, Fusarium, Neocallimastix,
Trichoderma, Coniothyrium, Thermomyces lanuginosus, etc. Xylanases are also
produced from several species of bacteria, some from extreme environments (hot,
alkaline, etc.) which makes them more suitable for industrial environments.

The cost of enzymes is one of the factors determining the economics of a
biocatalytic process and can be reduced by finding optimum conditions for their
production by the isolation of hyperproducing mutants and (possibly) by the con-
struction of efficient producers using genetic engineering. A rational approach to
these goals requires the knowledge of the regulatory mechanisms governing en-
zyme production. Studies of the regulation of xylanolytic enzymes have largely
focused on the induction of enzyme activities under various conditions rather than
on gene regulation. In addition, the studies have mainly focused on xylanase and
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xylosidase. Xylanases appear to be inducible. They are produced in high amounts
during growth on xylan and the synthesis of the enzyme is catabolite repressed by
easily metabolized carbon sources such as glucose or xylose. Xylan cannot enter the
cells, so the signal for accelerated synthesis of xylanolytic enzymes must involve
low molecular weight fragments, mainly xylobiose and xylotriose. The oligosac-
charides are formed by the hydrolysis of xylan in the medium by small amounts of
enzymes produced constitutively. Induction can also be achieved by various syn-
thetic alkyl and aryl ß-D-xylosides in a Streptomyces sp. and by methyl ß-D-xyloside
in yeast. These compounds enable the production of xylanolytic enzymes in the
absence of xylan and xylooligosaccharides. In the yeast Candida albidus, only
methyl ß-D-xyloside induced the xylanolytic system. Other alkyl and aryl ß-D-
xylosides were unable to do so; they could induce a nonspecific ß-glucosidase that
hydrolyzed aryl ß-D-xylosides but not xylooligosaccharides.

Xylanolytic systems of yeast can also be induced by positional isomers of xy-
lobiose (Bajpai 2009). Induction with l,2-ß-xylobiose is analogous to the induction
of cellulases in filamentous fungi by sophorose. However, the slow response of
cells to l,2-ß-xylobiose compared to l,4-ß-xylobiose, as well as the evidence for its
transformation into 1,4-ß-xylobiose, the natural inducer, suggested that in yeast, the
isomeric disaccharide is a precursor of the natural inducer. The nature of the reg-
ulation in filamentous fungi has not been established. Generalization will perhaps
never be possible due to the diversity of cellular control mechanisms. Fungal
xylanases appear to be inducible or under derepression control, which includes
enzyme production on carbon sources that are used slowly. Regulatory studies in
fungi are often complicated by the concurrent production of xylanase and cellulase
and by substrate cross-specificity of cellulases and xylanases. There are different
types of cellulases and xylanases, the substrate specificities of which range from
absolute for one polymer to about equal affinity for both polymers. The xylanolytic
and cellulolytic systems in some filamentous fungus are likely to be under separate
regulatory control. During growth on xylan, several species produce specific
xylanases with little or no cellulase. However, when grown on cellulose, cellulases
are produced together with xylanases. The reason for the production of specific
xylanases on cellulose is unclear. Perhaps, it results from the presence of xylan
remnants in cellulose or depression on cellulose, a carbon source that is used
slowly. Experiments with defined low-molecular weight inducers in Trichoderma
reesei afforded similar results. Sophorose induced both specific and nonspecific
endo-l,4-ß-glucanases, cellobiohydrolase I, and very little xylanase. Induction with
xylobiose produced only specific xylanases. Therefore, the strategy for xylanolytic
systems free of cellulases might be simply to grow cells on xylan uncontaminated
by cellulose. However, this strategy could not be applied to all fungi. In
Schizophyllum commune, high xylanase production is linked strictly to cellulase
production. The fungus grows poorly on xylan in the absence of cellulose. The
possibility of producing xylanolytic systems free of cellulase should be clarified in
strains of Aspergillus, because they belong to the best xylanase and xylosidase
producers. An alternative and promising approach to the production of xylanolytic
systems free of cellulases is the isolation of cellulase-deficient mutants. Another
possibility is the construction of appropriate recombinants by genetic engineering.

162 10 Biobleaching



RecombinantDNA techniques offer opportunities for the construction ofmicrobial
strains with selected enzyme machinery. In xylan bioconversion, the main objectives
for recombinant DNA technology are the construction of producers of xylanolytic
systems free of cellulolytic enzymes and the improvement of the fermentation char-
acteristics of industrially important xylose-fermenting organisms by introducing
genes for xylanase and xylosidase so that the direct fermentation of xylan is possible.

Most of the published cloning work has been restricted to bacterial genes. The
isolation of xylanase genes from Bacillus sp. and their expression in Escherichia
coli have been reported. In only one case does the expressed enzyme appear to be
secreted from the host cells. Further biochemical studies of xylanase-secreting and
nonsecreting transformants could lead to a better understanding of the secretory
process and to the development of cloning strategies that would guarantee the
secretion of the desired products. Further difficulties with cloning genes from
eukaryotic microorganisms can be expected. In addition to permitting the intro-
duction of novel genes, cloning techniques could enable the amplification of the
expression genes already present. For instance, the production of xylanase in
Bacillus subtilis was enhanced successfully using a plasmid vector carrying the
Bacillus pumilus genes. The transformant produced approximately three times more
extracellular xylanase than the donor strain. Moreover, the enzyme was produced
constitutively, suggesting that regulatory elements of the donor organism were
absent in the vector used for the transformation.

Several fungal xylanases as well as bacterial xylanases have been extensively
studied (Bajpai 1997a). A large number of the xylanases that have been purified are
rather small (molecular weight 20 kDa) monomeric proteins with basic isoelectric
points (pI 8–9.5). They also show great homology at the molecular level and belong
to the family G (or 11) of glycosyl hydrolases. The other xylanases with high
molecular mass (molecular mass >40 kDa) and lower pI values belong to the other
identified endoxylanase family, F (or 10). The optimum pH for xylan hydrolysis is
around five for most fungal xylanases, and they are normally stable between pH
values of 2 and 9. The pH optima of bacterial xylanases are generally slightly
higher than those of fungal xylanases. Alkalophilic Bacillus species and alkalophilic
actinomycetes produce xylanases with high activity at alkaline pH values. Most of
the fungi and bacteria produce xylanases that tolerate temperatures below 40–50 °
C. Xylanases have also been characterized from thermophilic organisms. These
strains include Thermoascus aurantiacus, Talaromyces emersonii, T. lanuginosus,
Melanocarpus albomyces, and Sporotrichum thermophile. The most thermostable
xylanase described is that from an extremely thermophilic species of Thermotoga
with a half-life of 20 min at 105 °C. Xylanases with half-lives from a few minutes
up to 90 min at 80 °C are produced by Thermoascus aurantiacus, Bacillus
stearothermophilus, Caldoceum saccharolyticum, Clostridium stercorarium, and
Thermomonospora sp. (Gruninger and Fiechter 1986; Luthi et al. 1990; Mathrani
and Ahring 1992; McCarthy et al. 1985; Perttula et al. 1993; Tan et al. 1987).

The most important characteristics of xylanases are their pH and temperature
stability and activity (Viikari et al. 2009). A number of enzymes produced by
extremophilic organisms have been characterized. Particularly, enzymes originating
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from thermophilic bacteria have shown superior characteristics but, surprisingly, are
not available for commercial use, obviously due to problems related to their effi-
cient production in heterologous host strains.

Xylanases show the highest activity against polymeric xylan; the rate of the
hydrolysis reaction normally decreases with the decreasing chain length of oligo-
meric substrates (Biely 1985). They do not hydrolyze xylobiose, and the hydrolysis
of xylotriose is in most cases negligible or at least limited. The main products formed
from the hydrolysis of xylan are xylobiose, xylotriose, and substituted oligomers of
two to four xylosyl residues. The length and type of the substituted products depend
on the mode of action of the individual xylanases. Most of the enzymes studied
cleave the xylan backbone, leaving the substituent on the nonreducing end of the
xylosyl chain of the oligosaccharide. Some xylanases leave the substituent on the
nonreducing end and in the middle of the oligosaccharide chain of the end products;
xylotriose has been reported to inhibit the action of xylanases. In addition to
hydrolytic activity, transferase activity has been detected in several xylanases.

Of the xylanases produced by Trichoderma species, two main groups can be
identified (Polizeli et al. 2005). Both types have low molecular weights, but the
isoelectric points are different. Whereas xylanases with high pI have been quite
extensively studied, the other type of xylanase (with pI near to pH 5) has been
purified and characterized only from Trichoderma lignorum and T. reesei. Basic
xylanases have been isolated from Trichoderma harzianum, Trichoderma koningii,
and Trichoderma longibrachiatum. However, only one of these enzymes made a
major contribution to the total xylanase activity in the culture filtrate. The pI 9.0 and
pI 5.5 xylanases of T. reesei have been shown to be different gene products and
were both classified as belonging to the family G. Multiple xylanases have also
been purified from culture filtrates of Aspergillus niger, Aspergillus oryzae,
Aspergillus kawachii, Aspergillus awamori, and other fungi, as well as from bac-
teria. Xylanases with high pH and temperature optima have been isolated and tested
for improving the bleachability of kraft pulps. Several alkali-tolerant strains of
Bacillus have been used for the production of xylanases with pH optima of around
9.0. T. lanuginosus has been found to be an excellent producer of thermostable ß-
xylanase. A wild-type strain has been found to produce about 60,000 nkat/ml xy-
lanase activity in 6 days. The most thermophilic xylanases described are produced
by an extremely thermophilic bacterium, Thermotoga sp. Thermotoga maritima
produces at least two hyperthermophilic xylanases; one has its temperature opti-
mum at 90 °C and the other at 105 °C. However, microorganisms living in extreme
conditions are often difficult to grow in the laboratory and the productivity of
xylanases is usually low. The amino acid homology of xylanases has opened up the
possibility of using novel genetic techniques to screen for better xylanases for
industrial applications. Thus, several xylanase genes encoding proteins active at
temperatures from 75 °C up to 95 °C (pH 6–8) have been isolated from the
extremely thermophilic bacteria Thermotoga and Dictyoglomus without the labo-
rious production and purification of the enzymes.

The research progress and trend in the structure correlating with the important
properties of xylanases has been reviewed (Yang et al. 2005). Analyses of
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three-dimensional structures and properties of mutants have revealed that glutamine
and aspartic acid residues are involved in the catalytic mechanism. The ther-
mostability of xylanases correlated with many factors, such as disulfide bridges, salt
bridges, aromatic interactions, content of arginine and proline, and some multido-
main xylanase have thermostability domains in N or C terminal. But no single
mechanism is responsible for the remarkable stability of xylanases. The isoelectric
points and reaction pH of xylanase are influenced by hydrophobicity and content of
electric charges. Many researchers have demonstrated that aromatic amino acid,
histidine, and tryptophan play an important role in improving enzyme-substrate
affinity. The research on structures and functions of xylanases are of great signif-
icance in understanding the catalytic mechanism and directing the improvement of
properties of xylanases to meet the application requirement.

10.2.2 Performance of Xylanases in Bleaching

The use of xylanases in different bleaching sequences of kraft pulp consistently
leads to a reduction in chemical consumption (Viikari et al. 1994; Bajpai 1999,
2004, 2009). However, the benefits obtained by enzymes are dependent not only on
the type of pulp but also on the chemical bleaching sequence used as well as the
final target brightness and environmental goals of the mill. Originally, xylanases
were applied in order to reduce the consumption of chlorine chemicals especially
elemental chlorine. Later, enzymes have been combined with various ECF and TCF
bleaching sequences to improve the otherwise lower final brightness value of pulp
or to decrease the bleaching cost. Results from laboratory studies and mill trials
show about 35–41% reduction in active chlorine at the chlorination stage for
hardwoods and 10–20% for softwoods, whereas savings in total active chlorine
were found to be 20–25% for hardwoods and 10–15% for softwoods (Tolan and
Canovas 1992; Werthemann 1993; Skerker et al. 1992; Yang and Eriksson 1992;
Allison et al. 1993a, b; Bajpai et al. 1993, 1994; Bim and Franco 2000; Valchev
et al. 1998, 2000; Zhan et al. 2000; Awakaumova et al. 1999; Senior and Hamilton
1991, 1992a, b, c, 1993; Senior et al. 1992, 1999, 2000; Thibault et al. 1999;
Atkinson et al. 1993; Saleem et al. 2009; Ko et al. 2011).

In the elementary chlorine-free bleaching sequences, the use of xylanase
increases the productivity of the bleaching plant when the production capacity of
ClO2 is a limiting factor. This is often the case when the use of chlorine gas has
been abandoned. In totally chlorine-free (TCF) bleaching sequences, the addition of
xylanase increases the final brightness value, which is a key parameter in the
marketing of chlorine-free pulps. In addition, the savings in TCF bleaching are
important with respect both to costs and to the strength properties of the pulp.

For the batch kraft pulp, xylanase treatment decreased the demand for active
chlorine by 15% but decreased active chlorine of pulp from a continuous process by
only 6–7%. It has been shown that the prebleaching effect on black spruce pulp is
associated with a drop in the degree of polymerization, even though the xylan
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content decreases slightly. Prebleaching thus appears to be associated with xylan
depolymerization, even though not necessarily with solubilization of the
xylan-derived hemicellulose components. Canadian researchers showed that xy-
lanase treatment and extraction change the reactivity of the pulp by enabling a
higher chlorine dioxide substitution to achieve a target brightness and that they raise
the brightness ceiling of fully bleached pulps. Xylanase enzyme was used in a
Canadian pulp mill to reduce the consumption of chlorine and chlorine dioxide in
the bleaching processes (Manji 2006). The total equivalent chlorine decreased by
8 kg/air dried (a.d.) metric ton of pulp during enzyme treatment (Table 10.1a).
Consequently, the substitution in the front end of the bleach plant increased from
28.5 to 36.4%. In addition, the active chlorine multiple decreased from 0.23 to 0.21
without a loss in pulp production rate and an insignificant change in the physical
properties of pulp. During the enzyme treatment period, the AOX being discharged
into the receiving waters decreased from 2.4 to 2.2 kg/a.d. metric ton. The pulp
quality results showed no significant difference in the strength factor during the
enzyme treatment period (Table 10.1b).

The Marathon Pulp Inc. mill in Marathon, Ontario, Canada used Xylanase
treatment of brown stock (Tolan and Collins 2004). They used BioBrite® UHB
xylanase supplied by Iogen Corporation. During the period April 1, 2001 through
February 19, 2002, the mill carried out xylanase enzyme treatment of the brown
stock for 152 days and ran 48 days control run. When using xylanase, the mill
adjusted the pH of the brown stock to 6.5–7.0 by adding sulfuric acid at a level 2–
5 kg/t. The tower storage level of 50% delivered a pulp retention time of approx-
imately 60 min. The enzyme was effective in the pH range that is achieved in the
high-density storage tower. Following xylanase treatment, the pulp was bleached in
a five-stage bleaching sequence DEopDED and the pulp was washed after each
stage. Xylanase treatment offered a consistent saving in chemical usage for the mill.
The xylanase-treated pulp was bleached with a total Kappa factor that was 0.02–
0.04 lower than that required for the untreated pulp on most days. The bleaching
chemical use for the mill showed that most of the savings in bleaching chemicals
resulted from the reduced chemical usage in the Do stage. The value of the
chemical savings from xylanase treatment was more than the cost of the enzyme
treatment. This allowed the mill to save 3.4% of its bleaching chemicals cost by
using xylanase treatment. The enzyme-treated pulp averaged 5% higher tear
strength than the average untreated pulp. Xylanase treatment resulted in a higher
unbeaten tear strength more than 90% of the time. The enzyme-treated pulp showed
6% lower burst strength and 8% lower tensile strength than the untreated
pulp. Enzyme treatment resulted in a cleaner pulp, with decreases in the dirt and an
increase in brightness after the pulp machine. There was little effect of enzyme
treatment on freeness.

Latorre et al. (2008) reported that in Jacarei mill (Votorantim Celulose e Papel),
xylanase treatment enabled a decrease of 1.5 points of Kappa number and an
increase of 2.5% ISO in brightness. In addition, no differences in viscosity were
observed between pulps treated enzymatically and those without enzymatic
treatment.
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Valls et al. (2010) used two new bacterial xylanases from families 11 and 5 to
obtain modified fibers with high-cellulose content. When these xylanases were
applied separately or simultaneously in a complete elemental chlorine-free
(ECF) bleaching sequence, both xylanases were found to improve delignification
and bleaching during the sequence, while a synergistic effect of the enzymes was
observed on several pulp and paper properties. The xylanases enhanced the release
of xylooligosaccharides branched with hexenuronic acids (HexA), producing fibers

Table 10.1 Plant-scale trial results with xylanase

(a) Effect on bleach chemical requirement

No enzyme Enzyme

Production rate (a.d. metric tons/day) 796 789

Unbleached pulp

Soda loss (as Na2SO4, kg/ton) 9.7 10.1

Kappa number 31.1 31.4

CD stage

Active chlorine multiple 0.23 0.21

Chlorine (%) 4.58 3.75

Chlorine dioxide (%) 0.7 0.82

Chlorine dioxide substitution (%) 28.5 36.4

Total equiv. Cl2 (kg/a.d. metric tons) 64.1 59.0

EOP stage

Hydrogen peroxide (%) 0.4 0.4

Oxygen (%) 0.8 0.8

D1 stage

Chlorine dioxide (%) 1.67 1.58

Total equiv. Cl2 (kg/a.d. metric tons) 43.9 41.7

D2 stage

Chlorine dioxide (%) 0.23 0.20

Total equiv. Cl2 (kg/a.d. metric tons) 6.0 5.2

Brightness (% ISO) 89.2 90.3

Overall total equiv. Cl2 (kg/a.d. metric tons) 114.0 105.8

Total ClO2 demand (%) 2.6 2.6

(b) Effect on physical strength propertiesa

Parameter No enzyme Enzyme

PFI revolutions 2,280 2,333

Tear index (mN m2/g) 137 ± 7 130 ± 6

Tensile strength (km) 9.2 ± 0.4 9.6 ± 0.3

Burst index (kPa m2/g) 77 ± 4 78 ± 3

Strength factor (km mN m2/g) 1,260 ± 57 1,248 ± 54

Viscosity (cps) 23.5 ± 2.3 24.5 ± 2.1
aAt a freeness of 500 ml CSF
Based on data from Manji (2006)
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with a reduced HexA and xylose content. On the other hand, these effects were
found to be dependent on the xylanase used, with the family 11 enzyme being more
efficient than the family 5 xylanase. Effluent properties were affected by the
enzymatic sequences, due to the dissolution of lignin and xylooligosaccharides,
while some changes in the fiber morphology were also produced without affecting
the final paper strength properties.

Torres et al. (1998) have reported that Xylanase pretreatment of ECF and TCF
bleaching is effective and makes it possible to produce high bleached pulp without
using elemental chlorine (ECF) or without using chlorine or chlorine compounds
(TCF). Xylanase improves brightness and viscosity and lowers the final Kappa
number when the same chemical charges are applied. When using xylanase it is
possible to reach a predetermined brightness with a significant saving of chemicals.
At the same brightness, it is possible to reduce chemicals consumption, retaining
the strength properties. The effects of xylanases on physical and optical properties
are similar for TCF and ECF sequences. The effluent from enzymatic-treated pulp
had approximately twice the total COD value of that of untreated pulp, because
xylanase treatment is used to hydrolyze a certain fraction of the hemicelluloses
xylan in the pulps. This results in the release of carbohydrates and some lignin
linked to these carbohydrates, which contributes to higher COD in effluents. The
effluent color of treated pulps was also higher.

Roncero et al. (2000) reported that xylanase treatment of kraft pulps is
responsible for opening pores in the cell walls of fibers. Some morphological
changes such as cracks, flakes, holes, filaments, and peeling are caused by enzyme
treatment. These cracks and holes allow for the diffusion of larger lignin macro-
molecules (Paice et al. 1995a; Wang et al. 1997). Xylanase treatment improves the
accessibility of bleaching chemicals to the pulps by increasing diffusion to outward
movement of degraded lignin fragments (Roncero et al. 2005). This results in the
removal of less-degraded lignin fragments from the cell wall, yielding a reduction
in kappa number and improved brightness. The viscosity of pulp also increases in
xylanase-treated pulps as compared to untreated pulps. With attention to the effects
of enzymatic treatment, eucalyptus pulp has been studied to determine effects of the
treatment on fiber morphology after TCF and ECF bleaching sequences. Xylanase
changes the surface of the fiber as observed in an analysis done by scanning
electron microscopy (SEM). Treated fibers have rough surfaces with splits (i.e., are
more open), which in turn increases contact between the bleaching agent and the
substrate (Roncero et al. 1999, 2000; Viikari et al. 1986).

Roncero et al. (2000) reported that the effects of enzymatic treatment on fiber
surfaces were more evident in the earlier bleaching stages. Unbleached eucalyptus
kraft pulps were treated with xylanase. There was a remarkable flaking found in the
fibers of enzyme-treated pulps. Many flakes and filaments of material detached
from their surface. In contrast, smoother fiber surfaces were seen in untreated pulps.
These researchers also studied untreated (O-Pulp) and xylanase-treated (XO-Pulp)
pulps after the ODL stage. Fibers with very smooth surfaces were observed in
untreated (O-Pulp) pulp. In contrast, fibers with a remarkable peeling effect were
observed in treated pulp (XO-Pulp). The XO-Pulp appeared to continue undergoing
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a peeling process in which xylans were removed as flakes. These flakes of material
removed from the surface caused the surface modification.

Pekarovicova et al. (1992) after comparing micrographs of softwood sulfate pulp
with that of the same pulp after xylanase prebleaching and alkali extraction found
that there is no marked change in the shape of fiber after xylanase prebleaching.
However, flattening of the fiber arise after alkaline extraction confirming that the
lignin extraction from the cell wall results in its collapse. Another report on the
application of xylanases for bagasse sulfite pulp pretreatment also confirmed the
formation of “peels” and “cracks” of fiber surfaces (Agnihotri et al. 2012).

Cellulase-free xylanases are suitable for enzymatic bleaching, as hydrolysis of
cellulose components results in reducing yield and viscosity of pulps. Cheng et al.
(2013) worked on the isolation of cellulase-free crude xylanase (Streptomyces
griseorubens LH-3) and used it in enzymatic bleaching. They found that xylanase
treatments of eucalyptus kraft pulps did not cause any significant reduction in pulp
yield due to nondegradation of cellulose, as there was no cellulase activity present
in their isolated xylanase enzyme. Gubitz et al. (1997), reported 16% loss of yield
due to the presence of cellulase in the fungal xylanase extract, whereas Manimaran
et al. (2009) reported that treatment of bagasse pulp with cellulase-free xylanase
showed a loss of only 2.5%.

Thakur et al. (2012) studied the effect of xylanase pretreatment on hardwood and
non-wood kraft pulps of eucalyptus and bagasse. They used 500 g/t dose of
Pulpzyme HC (from Novozymes) in X stage. Pulp after enzymatic treatment was
carried out for ECF bleaching. They observed pulp yield loss of 0.5% in eucalyptus
while 0.6% in bagasse pulp in comparison to control. Pulp kappa number was
reduced by 4.2 and 14.0% in eucalyptus and bagasse pulp respectively as compared
to control. Brightness gain was observed of 1.20 and 2.17 units in eucalyptus and
bagasse pulp respectively. Lian et al. (2011) reported the combined effect of a
xylanase–laccase system on the same dosage levels on pulp yield loss with or
without refining of the pulp. A significant reduction in pulp yield, about 1.8%, from
96.6 to 94.8% was obtained with the Laccase/Xylanase System without refining.
Correspondingly, pulp yield loss, about 2.5% from 95.9 to 93.4% was observed.
This could be due to the reason that fines are lost which were generated during
refining.

Blomstedt et al. (2010) studied the selective hydrolysis of xylan using xylanase,
Ecopulp TX 200 A from AB Enzyme, Finland. A dose of 200 nkat/g xylanase in X
stage resulted in pulp yield loss of 0.58% of pulp dry weight. They found that the
filtrate from the xylanase treatment mainly contained sugars originating from xylan,
indicating that the used commercial xylanase was applicable for the selective
hydrolysis of xylan.

Cheng et al. (2013) studied the effect of enzymatic treatment on peroxide
bleaching with respect to yield and viscosity drop in pulp. In one experiment, they
treated the pulp with xylanase at 20 IU/g of dry pulp followed by bleaching with
hydrogen peroxide at 3.0%, whereas in experiment 2, they bleached the pulp with
hydrogen peroxide only at 3.6%. They concluded that yield and viscosity of eu-
calyptus pulp were higher in experiment 1 by 2.13 and 1.8%, respectively, as
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compared to experiment 2. Chemical reduction of 17% was also seen with the use
of xylanase enzyme in biobleaching of eucalyptus pulp.

Batalha et al. (2011) reported the use of ultrasonic process along with enzymatic
treatments to determine their effects on the tensile strength of paper. Tensile
strength is related to the durability and utility of the paper. For example, packaging
papers are subject to direct tension forces. It was also observed that combined
enzymatic and ultrasonic treatments resulted in 48.0 and 12.1% increases in specific
elastic modulus (MOE) and TEA compared to the initial pulp, respectively.
Ultrasonic treatment was also found to improve opacity when the ultrasound was
applied before xylanase treatment.

Nathan et al. (2017) used low molecular weight Xylanase from Trichoderma
viride VKF3 for biobleaching of Newspaper Pulp, The xylanase facilitated maxi-
mum hexenuronic acid release with a 30% enzyme dosage following 4 h of incu-
bation. Moreover, the Kappa number tended to decrease with increased enzyme
dosage and incubation time. There was a D brightness of 11% following 4 h of
enzymatic treatment. Strength properties, such as the tensile, burst indices, and
folding endurance, were improved during the xylanase-assisted deinking of pulp.

Ahlawat et al. (2007) studied the production of thermostable xylanase, and
pectinase for their potential application in bleaching of kraft pulp. A very high level
of alkalophilic and thermostable pectinase and xylanase was produced from newly
isolated strains of B. subtilis and B. pumilus respectively. Enzyme production for
pectinase was carried out under SSF using combinations of cheap agricultural
residues, while xylanase was produced under submerged fermentation using wheat
bran as a substrate to minimize the cost of production of these enzymes. Among the
various substrates tested, the highest yield of pectinase production was observed by
using a combination of WB + CW (6,592 U/g of dry substrate) supplemented with
4% yeast extract when incubated at 37 °C for 72 h using deionized water of pH 7.0
as moistening agent. The biobleaching effect of these cellulase-free enzymes on
kraft pulp was examined by these researchers. Both xylanase and pectinase showed
stability over a broad range of pH from 6 to 10 and temperature from 55 to 70 °C.
The bleaching efficiency of the pectinase and xylanase on kraft pulp was maximum
after 150 min at 60 °C using enzyme dosage of 5 IU/ml of each enzyme at 10%
pulp consistency with about 16% reduction in Kappa number and 84% reduction in
permanganate number. Enzyme-treated pulp when subjected to CDED1D2 steps,
25% reduction in chlorine consumption and upto 19% reduction in consumption of
chlorine dioxide was observed for obtaining the same %ISO brightness. Also, an
increase of 22 and 84% in whiteness and fluorescence, respectively, and a decrease
of approximately 19% in the yellowness of the biotreated pulp were observed by
pretreatment of the pulp with the enzymatic mixture.

A synergistic action of enzymes from the bacterial isolate B. pumilus was
evaluated for the prebleaching of a kraft pulp (a mixture of 82–84% mix hardwood
and 16–18% bamboo pulp) (Kaur et al. 2010). B. pumilus exhibits good cellulase-
free xylanase and pectinase production (in the ratio of 5:1). The optimal conditions
for the enzymatic treatments were: temperature of 55 °C, retention time of 180 min,
pH of 8.5, and the xylanase–pectinase dose of 4.5 and 0.9 U/g. The enzymatic
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prebleaching of kraft pulp resulted in 8.5% reduction in Kappa number of the pulp,
showing remarkable delignification by the enzyme treatment. This approach
resulted in a 25% reduction of active chlorine consumption in subsequent bleaching
stages without any decrease in brightness. Furthermore, a significant increase of
pulp quality was achieved: increase in burst factor (9%), tear factor (4.6%),
breaking length (4.4%), double fold number (12.5%), Gurley porosity (4%), and
viscosity (11.8%). These results indicated that enzymatic prebleaching facilitated an
increase in pulp fibrillation, water retention, and restoration of bonding in fibers.

Sousa et al. (2015), aiming at promoting higher brightness stability, used a
partially bleached Eucalyptus pulp (DED) of ca. 88% ISO brightness in a study of a
final xylanase stage (X) alternative to conventional chlorine dioxide (D) and hy-
drogen peroxide (P) bleaching stages (DEDX vs. DEDD and DEDX vs. DEDP).
The researchers also applied X stage before and after the final P or D stages
(DEDDX/DEDXD and DEDPX/DEDXP) to produce high-brightness pulps (91%).
X stage with xylanase Pulpzyme HC allowed an increase of 1.5% in pulp brightness
while decreasing the brightness reversion and a concomitant pulp yield loss of only
0.5%. Significant chemical savings were obtained in the final D (70%) or P (45%)
stages to achieve targeted final brightness of 91%. DEDXD or DEDXP sequences
had an advantage over DEDDX and DEDPX, respectively, in terms of brightness
stability of fully bleached pulps. Xylanase interferes with structures responsible for
the brightness reversion. X stage allows production of pulp with extra brightness in
sequences with a final P stage.

The most conventional method is to add xylanase to the brown stock pulp prior
to the high-density (HD) tower (Tolan 1992, 2001; Tolan and Canovas 1992; Tolan
et al. 1996). The enzyme reaction takes place in the tower and the treated pulp then
passes into the bleach plant. Various ways to add enzymes have been used
including (1) spraying on the decker pulp mat, (2) adding to either the decker
repulper or discharge chute, (3) adding into the stock of medium consistency pulp
leading to the HD tower, and (4) adding directly into the HD tower. Xylanase has
also been added later in the bleaching sequence rather than to the brown stock
pulp. The latest generation of alkali-tolerant enzymes require little, if any, addition
of acid to adjust the pH. Earlier generation of enzymes had pH optima ranging from
5 to 6.5 and required acid addition to brown stock pulp. Instances of corrosion
problems were seen when acid was incorrectly applied. New xylanases have higher
pH optima and function optimally without pH adjustment.

The acid of preference by far has been sulfuric acid. However, with the devel-
opment of alkaline xylanases, noncorrosive carbon dioxide is an excellent choice
and also improves washer performance. The addition of acid prior to the DO stage
in ECF bleaching has also been shown to improve the performance of DO stage.
This is because the higher acidity in the stage prevents decomposition of chlorine
dioxide to chlorate and because the chemistry of delignification with chlorine
dioxide favors an acidic environment. Typical site of acidification is also indicated
in Fig. 10.1. Acid added to the low-consistency pulp prior to the washer vat pro-
vides the benefits of reducing pitch deposits; however, acid charges here tend to be
much higher due to the large volume that must be treated. Acid can also be added to
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the washer shower, bars shower, or in the repulper discharge section. Experience
has shown that prevention of corrosion must be a priority. Xylanase pretreatment
has been shown to be easily applicable with existing industrial equipment, which is
a considerable advantage of this technology.

Detailed laboratory work is generally needed to optimize and adapt the enzy-
matic treatment to individual existing mill conditions. Interestingly, however, xy-
lanase bleaching has been scaled up directly from laboratory scale to the large
industrial scale (1,000 TP/d) without intermediate pilot stages. It has also been
observed that even higher brightness values can be reached on the full scale than
those attainable in the laboratory which is due to the more efficient mixing systems
and higher pulp consistencies. No expensive capital investments have generally

Fig. 10.1 Typical xylanase and acidification sites. Based on Bajpai (2004)
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been necessary for full-scale runs. The most significant requirement is the addition
of pH adjustment facilities. Xylanase pretreatment has been shown to be easily
applicable.

Bleaching with xylanase requires proper control of pH, temperature as well as
retention time (Tolan and Guenette 1997). The optimum pH and temperature for
enzyme treatment vary among enzymes. Generally, xylanases derived from strains
of bacterial origin are most effective between pH 6 and 9 while those derived from
strains of fungal origin should be used within the pH range of 4–6. The optimum
temperature ranges from 35 to 60 °C with different enzymes. To obtain the best
results from enzyme use, enzyme dosage must be optimized in every single case. In
addition, the pulp consistency must be optimized to obtain effective dispersion of
enzyme and improve the efficiency of enzyme treatment. Screw conveyors and
static mixers are examples of efficient mixing systems. Most of the bleaching effect
is obtained after only 1 h of treatment. Usually, the reaction time is set to 2–3 h.
Long reaction time must be avoided if cellulases are present. Commercial xylanase
enzyme preparations consist mainly of endoxylanases. Most of the enzymes are
active at acidic or neutral pH although some of them function under alkaline
conditions. Xylanases are sold as concentrated liquids and the amount required per
metric ton of pulp is very low, less than a liter. The cost of enzyme per ton of pulp
varies and depends on the dosage required and the supplier. The approximate cost
of enzyme treatment is around $1.2 to 2.0/TP. Due to the low enzyme price and low
capital costs of enzyme stage, the potential economic benefits of enzyme bleaching
are significant. Eiras et al. (2009) have reported that the application of the enzymes
yielded savings of USD3/t of bleached pulp, regardless of sequence and enzyme
type.

Mill operations also affect the performance of the xylanase enzyme. The effect of
raw material, pulping process, brown stock washing, and bleaching sequence
should be assessed by laboratory testing prior to mill usage of enzymes (Tolan and
Guenette 1997).

Among raw materials, the important distinction is between hardwoods and
softwoods. The percentage of the bleaching chemicals saved by xylanase treatment
is thus greater on hardwoods than on softwoods. At good treatment conditions, the
decrease in chlorine chemicals is about 20% on hardwoods and 15% on softwoods.
The digester operation affects the xylan content of the pulp significantly. For
example, sulfite pulping destroys most of the xylan and thus sulfite pulp is not
suitable for enhanced bleaching by enzyme treatment. In conventional kraft pulp-
ing, the xylan content depends strongly on the effective alkalinity. The lower the
alkalinity, the higher the xylan content and the benefits of using xylanase enzymes.
At high alkalinity (19–22%), much of the xylan is solubilized which decreases the
benefit of xylanase treatment. At low alkalinity (less than about 18%), the xylan
structure is more stable, and the bleaching enhancement by xylanase is greater by
upto twofold to threefold over the high alkalinity pulp. This is often the case for
pulp cooked to higher Kappa number. Kraft pulping at severe conditions, such as
conventional cooking of softwood to kappa number less than 23, also destroys
much of the hemicellulose, that is, accessible to the enzyme. On the other hand,
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MCC or oxygen-delignified pulps with low unbleached kappa number respond well
to enzyme treatment. Much smaller enzyme benefit has been reported for
batch-cooked pulp at kappa number 21 than for MCC and oxygen-delignified pulp
at the same Kappa number. The MCC and oxygen-delignified pulps have hemi-
cellulose structures that are similar to that for conventional, high Kappa number
pulps. Enzyme benefits have been achieved in mills with conventional, MCC and
O2 delignification systems. The brown stock black liquor properties vary greatly
from mill to mill. Some mills black liquor can inhibit enzyme performance due to
the presence of highly oxidizing compounds. This effect differs significantly among
enzymes and should always be checked before proceeding with full-scale enzyme
use. It is important to note that it is not necessary to wash the pulp after enzyme
treatment (before chlorination) to achieve the enhanced bleaching. Identical enzyme
benefits with and without a post-enzyme washing have been obtained. The
bleaching sequence and brightness target influence the enzyme’s benefits to the
mill. The enzyme benefit is greater at higher brightness targets, especially near the
brightness ceiling and lower at lower brightness targets.

Xylanase pretreatment of pulps prior to bleach plant reduces bleach chemical
requirements and permits higher brightness to be reached (Viikari et al. 2009). The
reduction in chemical charges can translate into significant cost savings when high
levels of chlorine dioxide and hydrogen peroxide are being used. A reduction in the
use of chlorine chemicals clearly reduces the formation and release of chlorinated
organic compounds in the effluents and the pulps themselves. The ability of xy-
lanases to activate pulps and increase the effectiveness of the bleaching chemicals
may allow new bleaching technologies to become more effective. This means that
for expensive chlorine-free alternatives such as ozone and hydrogen peroxide,
xylanase pretreatment may eventually permit them to become cost-effective.
Traditional bleaching technologies also stand to benefit from xylanase treatments.
Xylanases are easily applied and require essentially no capital expenditure. Because
chlorine dioxide charges can be reduced, xylanase may help eliminate the need for
increased chlorine dioxide generation capacity. Similarly, the installation of
expensive oxygen delignification facilities may be avoided. The benefit of a xy-
lanase bleach boosting stage can also be taken to shift the degree of substitution
toward higher chlorine dioxide levels while maintaining the total dosage of active
chlorine. Use of high chlorine dioxide substitution dramatically reduces the for-
mation of AOX.

In totally chlorine-free bleaching sequences, the addition of enzymes increases
the final brightness value, which is a key parameter in marketing chlorine-free
pulp. In addition, savings in TCF bleaching are important with respect both to costs
and to the strength properties of the pulp. The production of TCF pulp has increased
dramatically during recent years. Several alternative new bleaching techniques
based on various chemicals such as oxygen, ozone, peroxide, and peroxyacids have
been developed. In addition, an oxygen delignification stage has already been
installed at many kraft mills. In the bleaching sequences in which only
oxygen-based chemicals are used, xylanase pretreatment is generally applied after
oxygen delignification to improve the otherwise lower brightness of the pulp or to
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decrease bleaching costs. The TCF sequences usually also contain a chelating step
in which the amount of interfering metal ions in the pulp is decreased. It has been
observed that the order of metal removal (Q) and enzymatic (X) stages is important
for an optimal result. When aiming at the maximal benefit of enzymatic treatment in
pulp bleaching, the enzyme stage must be carried out prior to or simultaneously
with the chelating stage. In fact, the neutral pH of enzyme treatment is optimum in
many cases for chelation of magnesium, iron, and manganese ions that must be
removed before bleaching with hydrogen peroxide. The TCF technologies applied
today are usually based on bleaching of oxygen-delignified pulps with enzymes and
hydrogen peroxide.

A survey of mill usage of xylanase revealed that the mills have spent most of its
effort in decreasing AOX (by decreasing chlorine usage), followed closely by
meeting customer demands (which in many cases was decreasing chlorine usage),
and eliminating chlorine gas (Tolan et al. 1996). These objectives were followed in
effort by decreasing off-grade pulp, decreasing BOD and cutting costs. The least
effort was devoted to increasing throughput eliminating dioxin and converting to
TCF. The most widely reported benefit of enzyme treatment is a saving in bleaching
chemicals. The chemical savings was 8–15% with an average of 11% of the total
chemical across the bleach plant. The other widespread benefits were in improved
effluent including decreases in AOX of 12–25%, decreases in effluent color, and
other improvements to the effluent. Other benefits of enzyme treatment reported
increased bleached brightness (1-point gain), tear strength (5% gain), and pulp
throughput (10% increase). Xylanase enzymes can cut bleaching related energy
usage by 40%. This would result in carbon dioxide emissions savings of between
155,000 and 270,000 ton annually in European paper industry.

The most common problems with xylanase treatment cited in a mill survey have
been corrosion of equipment and maintaining the brown stock residence time.
Sulfuric acid corrosion of mild steel has been encountered in several mills. The
brown stock residence time must be maintained for as long as possible but usually
at least 1–2 h to obtain the maximum benefits of enzyme treatment. This sometimes
means that the mills must maintain the storage tower nearly full, which curtails its
ability to act as a buffer between the pulping mill and the bleach plant. Other
problems reported with enzyme treatment included difficulties in application and in
bleach plant control. These relate to the subtle action of enzymes, which is not
easily observed online or in rapid testing. A decreased tear strength and pitch
formation were also reported in some mills.

10.2.3 Effect of Xylanases on Pulp and Effluent Quality

The xylanase-treated pulps show unchanged or improved strength properties. Also,
these pulps are easier to refine than the control pulps. The viscosity of the pulp is
improved as a result of xylanase treatment. However, the viscosity of the pulp is
adversely affected when cellulase activity is present. Therefore, the presence of
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cellulase activity in the enzyme preparation is not desirable. Xylanase pretreatment
leads to reductions in effluent AOX and dioxin concentrations due to the reduced
amount of chlorine required to achieve a given brightness. The level of AOX in the
effluent is significantly lower for xylanase-pretreated pulps as compared to con-
ventionally bleached control pulps.

10.2.4 Mechanism of Bleaching

Xylanases such as endoxylanases are xylan-specific enzymes. They catalyze the
hydrolysis of xylose–xylose bonds within the xylan chain and solubilize only a
fraction of the total xylan present. However, the actual enzymatic mechanism in
bleaching is not yet well understood. One hypothesis suggests that precipitated
xylan blocks or occludes extraction and that xylanase increases the accessibility
(Kantelinen et al. 1993b). This model is based on reports that xylan re-precipitates
on the fiber surfaces (Yllner et al. 1957). It has been reported that no extensive
relocation of xylan to the outer surface occurs during pulping, so the occlusion
model might not be a sound premise (Suurnakki et al. 1997). Another possible
explanation for xylanase action in bleaching is that the disruption of xylan chain by
xylanase interrupts lignin–carbohydrate bonds improves the accessibility of the
bleaching chemicals to the pulps and facilitates easier removal of solubilized lignin
in bleaching (Paice et al. 1992). Skjold-Jorgensen et al. (1992) found that xylanase
treatment decreased the demand for active chlorine for a batch kraft pulp by 15%,
but decreased active chlorine of pulp from a continuous process by only 6–7%.
They also showed that DMSO extraction of residual xylan does not lead to an
increase in bleachability but that xylanase treatment does. This shows that
DMSO-extractable xylan is not involved in bleach boosting. Paice et al. (1992)
have shown that the prebleaching effect on black spruce pulp is associated with a
drop in the degree of polymerization, even though the xylan content decreases
slightly. Prebleaching thus appears to be associated with xylan depolymerization,
even though not necessarily with solubilization of the xylan-derived hemicellulose
components. Senior and Hamilton (1993) have shown that xylanase treatment and
extraction change the reactivity of the pulp by enabling a higher chlorine dioxide
substitution to achieve a target brightness and that they raise the brightness ceiling
of fully bleached pulps.

Henriksson and Teeri (2009) suggested a possible mechanism for xylanase
action in pulp and paper. Lignin that is covalently bound to xylan (LCC) or lignin
entrapped physically by xylan can be extracted from the fiber after xylanase
treatment; Xylanase treatment partly removes the xylan layer that is re-precipitated
onto the fiber surface and opens more spaces for bleaching chemicals to enter the
fiber (Sharma et al. 2007); and Xylanase treatment removes the region with high
hexenuronic acid content and thereby reduces the consumption of bleaching
chemicals.
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Hexenuronic acids can cause significant reversion of brightness in TCF-bleached
pulp (Roncero et al. 2003), a problem which can be combatted by the application of
xylanases (Cadena et al. 2010). In addition, it has been observed that the Kappa
number, which reflects the lignin content in pulp, also decreases with xylanase
treatment as xylanases are responsible for better penetration of bleaching chemicals
after removing hexenuronic acid from the pulp. However, certain characteristic
features are desired in xylanases to facilitate their use in the pulping and bleaching
processes. These include minimum cellulolytic activity to avoid hydrolysis of
cellulose fibers (Archana and Satyanarayana 2003); low molecular mass to facilitate
their diffusion into the pulp fibers; and high yield of enzymes through cost-effective
processes (Niehaus et al. 1999).

10.2.5 Conclusion and Future Prospects

Xylanase enzymes have proven to be a cost-effective way for mills to realize a
variety of bleaching benefits including reducing AOX discharges, primarily by
decreasing chlorine gas usage, debottlenecking mills limited by chlorine dioxide
generator capacity, eliminating chlorine gas usage for mills at high chlorine dioxide
substitution levels, increasing the brightness ceiling particularly for mills contem-
plating ECF and TCF bleaching sequences, and decreasing cost of bleaching
chemicals, particularly for mills using large amounts of peroxide or chlorine
dioxide. These benefits are achieved over the long term when the enzymes are
selected and applied properly in the mill.

Xylanase-aided bleaching has been identified as a future technology. The
development is focussing on improved enzyme properties and improved enzyme
performance. Improved properties include higher pH and temperature tolerance of
the enzymes, to make the enzyme treatment operations more compatible with
existing mill operations. Improved enzyme performance is being approached by
tailoring the enzyme action more closely to the hemicellulose structure of the pulp,
to result in a greater bleaching benefit or higher pulp yield.

10.3 Lignin-Oxidizing Enzymes

Lignin-oxidizing enzymes are mainly produced by white-rot fungi. The most
important lignin-oxidizing enzymes are lignin peroxidases, manganese peroxidases,
and laccases. Lignin peroxidase and manganese peroxidase appear to constitute a
major component of the ligninolytic system. The lignin peroxidases are able to
catalyze the oxidation of non-phenolic aromatic rings in lignin to cation radicals in
the presence of hydrogen peroxide. Manganese-dependent peroxidases oxidize
phenolic units in lignin. These require Mn+2, which is oxidized to Mn+3 in the
presence of chelators and hydrogen peroxide. Mn+3 is the real oxidizing agent
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attacking the lignin molecule. Laccase uses molecular oxygen as a co-substrate. The
enzyme oxidizes phenolic subunits in lignin and simultaneously reduces oxygen to
water. The substrate range of laccases can be extended to non-phenolic subunits by
adding readily oxidized substrates.

The crystallographic structure of lignin peroxidase from Phanerochaete
chrysosporium has been studied at different resolutions (Edwards et al. 1993;
Poulos et al. 1993). The model comprises all 343 amino acids, one heme molecule,
and three sugar residues. The crystal structure reveals that the enzyme consists
mostly of helical folds with separate domains on either side of the catalytic heme.
The enzyme also contains four disulfide bridges formed by the eight cysteine
residues and two structural calcium ions, which appear to be important for main-
taining the integrity of the active site (Poulos et al. 1993). Manganese peroxidase
presents a good sequence homology with lignin peroxidase.

10.3.1 Performance of Lignin-Oxidizing
Enzymes in Bleaching

Several reports in the literature suggest that the enzymes—lignin peroxidases (LiP),
manganese peroxidases (MnP), and laccases (L) could prove useful in bleaching of
pulps. Several patents have been filed on the use of ligninases for bleaching (Call
1994a, b; Farrell 1987; Farrell et al. 1987a, b; Olsen et al. 1989, 1991; Vaheri and
Miiki 1991; Vaheri and Piirainen 1992; Gysin and Griessmann 1991). With lign-
inase 118 from P. chrysosporium followed by alkaline extraction, Egan (1985)
reported Kappa number reductions of 24 and 26%. The pulp viscosity did not
change but no brightness data were reported. Arbeloa et al. (1992) used lignin
peroxidase enzyme from P. chrysosporium to improve the bleachability of hard-
wood and softwood kraft pulps. Enzyme treatment prior to chemical bleaching
increased brightness and decreased lignin content in the pulp. The final brightness
of pulp was found to be higher by about 0.8–0.9 points as compared to control.
Other researchers have not been able to achieve much bleaching effects from either
pure or crude enzyme preparations from P. chrysosporium.

At Paprican, manganese peroxidase from Trametes versicolor was examined for
bleaching of kraft pulp (Paice et al. 1993, 1995a, b). Studies on the effect of enzyme
treatment on delignification of hardwood kraft pulp showed about 14% reduction in
Kappa number. The delignification was found to be accompanied by the release of
methanol from phenolic methoxyl groups in Kraft pulp lignin. With softwood Kraft
pulp, delignification was observed over a wide range of initial lignin contents
(kappa number). Only the pulp of lowest initial Kappa number gave a higher
brightness after enzyme treatment. Subsequent treatment with alkaline hydrogen
peroxide resulted in pulps up to 7–8 points brighter than those obtained without
enzyme. In the absence of added manganese and malonate buffer, comparable
brightness gain of 6 points could be achieved.
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Moreira et al. (2001) isolated the MnP of Bjerkandera and tested in vitro with
eucalyptus oxygen-delignified kraft pulp (ODKP) based on measuring the reduction
in Kappa number as an indicator of lignin oxidation. The MnP preparation applied
at 60 U/g pulp for 6 h caused a significant decrease of 11–13% in the Kappa
number in the ODKP under optimal conditions compared to parallel-incubated
controls lacking enzyme. Hatakka et al. (1997) reported degradation of wheat straw
with enzymes from P. chrysosporium and Ceriporiopsis subvermispora. Enzymes
from both the fungi decreased the amount of lignin and hemicellulose and increased
the relative amount of cellulose.

Combination of manganese peroxidase and xylanase has pulp-bleaching effects
that are far superior to those of the individual enzymes used sequentially (Bermek
et al. 2000). The bleaching effect was a synergistic action between the enzymes rather
than an addition of the brightening abilities of each individual enzyme. Bermek et al.
(2002) have reported the effect of unsaturated fatty acids; thiol-containing com-
pounds and various other organic compounds in pulp-bleaching experiments with
MnP. Thiol-containing compounds did not improve the pulp-bleaching effect by
MnP. Some unsaturated fatty acids, linoleic acid, and linolenic acid provided a better
pulp-bleaching effect than Tween 80. A combination of Tween 80 and a carboxylic
acid resulted in higher pulp brightness than that obtained with Tween 80 alone.
A laccase mediator, 3-hydroxy-1,2,3-benzotriazin-4(3H)-one, could also enhance the
MnP pulp bleaching effect.

Ducka and Pekarovicova (1995) used crude ligninases from P. chrysosporium
for bleaching of softwood kraft pulp. The pulp after oxygen bleaching with Kappa
number 19.7 and 36.5% MgO brightness, was pretreated with ligninases (L) or
xylanases (X) and bleached in QEOPDP sequence. The brightness of pulp bleached
in this sequence was 87.8%, which is about 3.2 points higher than the control and is
approximately the same as with the use of commercial xylanases.

Martinez et al. (2000) have reported delignification of wheat straw with enzyme
from Pleurotus eryngii. Enzyme treatment did not have any adverse effect on
physical strength properties of the pulp. Kantelinen et al. (1993a) studied the
capability of lignin-modifying enzymes of Phlebia radiata to improve the
bleachability of kraft and peroxyformic acid pulps. The effect of lignin-modifying
enzymes alone on kraft pulps was insignificant. Bleachability of the kraft pine pulp
was found to be improved only when laccase was used after hemicellulase treat-
ment (Kantelinen et al. 1993b).

Niku-Paavola et al. (1994) treated oxygen-delignified pine kraft pulps with
lignin-modifying enzymes—laccase, manganese-dependent peroxidases, lignin
peroxidase—and xylanase in order to improve bleachability. Pulps were treated
either with a purified single enzyme or alternatively, enzymes were successively
added in different combinations. The residual pulps were delignified with alkaline
hydrogen peroxide and analyzed for Kappa number and brightness. Lignin-
modifying enzymes did not improve the bleachability when acting alone. Xylanase
treatment increased the brightness by 1–2.5 ISO units and xylanase combined with
lignin-modifying enzymes increased the brightness by a further one unit. By
extending the alkaline peroxide step, the final brightness increased in all samples,
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whereas the relative difference between reference and enzyme-treated samples
remained constant (Niku-Paavola et al. 1994).

Machii et al. (2004) have examined the biobleaching of manganese-less
oxygen-delignified hardwood kraft pulp (E-OKP) by the white-rot fungi
Phanerochaete sordida YK-624 and P. chrysosporium in the solid-state fermen-
tation system. P. sordida YK-624 possessed a higher brightening activity than
P. chrysosporium, increasing pulp brightness by 13.4 points after 7 days of treat-
ment. In these fermentation systems, lignin peroxidase (LiP) activity was detected
as the principle ligninolytic enzyme, and manganese peroxidase and laccase
activities were scarcely detected over the course of treatment of E-OKP by either
fungus. Moreover, a linear relationship between brightness increase and cumulative
LiP activity was observed under all tested culture conditions with P. sordida
YK-624 and P. chrysosporium. These results indicated that LiP is involved in the
brightening of E-OKP by both white-rot fungi.

Kadimaliev et al. (2003) have studied the Lignin consumption and synthesis of
ligninolytic enzymes by the fungus Panus (Lentinus) tigrinus cultivated on solid
phase (modified and unmodified birch and pine sawdusts). The fungus grew better
and consumed more readily the birch lignin than the pinewood. Peroxidase activity
was higher in the case of pine sawdust; laccase and ligninolytic activities, in the
case of birch sawdust. Treatment with ammonia or sulfuric acid decreased lignin
consumption by the fungus cultivated on either medium. Modification of sawdust
by ultrasound increased lignin consumption and may be recommended for accel-
erating biodegradation of lignocellulose substrates.

Milagres et al. (1995) studied the effect of number of stages on the treatment of
hardwood kraft pulp with xylanase (X) alone and sequentially, with xylanases
(X) and laccases (L). They also studied the effect of various orders of sequential
treatment with these enzyme preparations. It was noted that a multistage process
achieved greater delignification than a one-stage process. About 23 and 11.2%
delignification was obtained using the sequence X-X-X-L and L-L-L-X, respec-
tively, whereas about 7.9 and 5% delignification was obtained with the sequence
X-L and L-X respectively. Sequence order L-L-X, L-X-L did not have much effect
on the lignin content (12.9% delignification). The absolute number of X stages was
found to have a greater impact.

Three laccases, a natural form and two recombinant forms, obtained from two
different expression hosts were characterized and compared for paper pulp
bleaching (Sigoillot et al. 2004). Laccase from Pycnoporus cinnabarinus, a
well-known lignolytic fungus, was selected as a reference for this study. The cor-
responding recombinant laccases were produced in A. oryzae and A. niger hosts
using the lacI gene from P. cinnabarinus to develop a production process without
using the expensive laccase inducers required by the native source. It was observed
that treatment of wheat straw kraft pulp using laccases expressed in P. cinnabarinus
or A. niger with 1-hydroxybenzotriazole as redox mediator achieved a delignifi-
cation close to 75%, whereas the recombinant laccase from A. oryzae was not able
to delignify pulp.
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Vaheri and Piirainen (1992) showed that the oxidizing enzyme laccase can be
used in conjunction with manganese ions to reduce the consumption of chlorine
chemicals applied in the later stages of bleaching. Viikari et al. (1993) were unable to
demonstrate any bleaching effects on pine kraft pulp with ligninases and oxidases
from the white-rot fungus P. radiata or purified ligninase from P. chrysosporium.
When the ligninases were applied after treatment with hemicellulases, there were
slight reductions in Kappa number. However, these were within the accuracy limits
of the analytical method. An extensive delignification and brightening observed with
the fungus were not achieved with the isolated manganese peroxidase (Paice et al.
1993) or lignin peroxidase and laccase (Kantelinen et al. 1993b; Arbeloa et al. 1992).

These results show that single enzymes are not able to mimic the complete
biological system. Small improvements can be achieved by the addition of low
molecular weight aromatic compounds like veratryl alcohol or other substances
such as ABTS and Remazol blue (Bourbonnais and Paice 1990; Olsen et al. 1989).
Lignozym GmbH Germany continued to work with enzymes plus chemical
mediators, which create a redox system throughout the pulp treatment period (Call
1994a, b; Call and Mücke 1994a, b, 1995a, b). Their idea was to find a system,
which is a good mimic of the natural situation. Starting in 1987 with the enzyme
mediator concept, Lignozym improved the performance of the mediator system for
the laccase of T. versicolor by changing and further fine-tuning the chemical nature
of the component. The mediator is hydroxybenzotriazole (HBT) (Call and Mücke
1995a, b). The treatment of pulp with laccase alone does not result in any degra-
dation of lignin but just in a structural change or re-polymerization, the laccase–
mediator system causes a significant Kappa number reduction. According to the
present understanding, the laccase while oxidizing the chemical mediator is gen-
erating a strongly oxidized co-mediator, which is the real bleaching agent
(Fig. 10.2).

Fig. 10.2 Possible
mechanism of laccase and
mediator action on lignin.
Based on Call and Mücke
(1995a, b)
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The laccase–mediator system (LMS) provides a broad flexibility with respect to
the pulp substrate, the technical requirements for application and the final quality of
the pulp. Laccase–mediator system is compatible with all other bleaching
sequences. The performance of the LMS system has been proven in pilot plant trial.
The summary of the results is presented in Table 10.2. A degree of delignification
of >50% could be obtained in a single step, even if the mediator dosage is reduced
by factor 0.6.

Table 10.3 illustrates the conceptual difference between the xylanase and direct
enzymatic lignin attack.

Herpoel et al. (2002) reported enzymatic delignification of wheat straw pulp by a
sequential xylanase and laccase mediator treatment. It was found that sequential
treatment of wheat straw chemical pulp with xylanase and laccase followed by
alkaline extraction lowered the Kappa number by about 60%. The enzymatic
treatment reduced the chlorine consumption and resulted in higher final brightness.

Table 10.2 Summary of results from the pilot plant trial with laccase–mediator system

Sequence Pulp Dosage of enzyme/
Mediator (kg/TP)

Degree of
delignification (%)

Max. brightness
(% ISO)

L-E-Q-P A 2/13 56.6 76.5

L-E-L-E-Q-P A 2X2/2X8 50.6/67.7 82.7

L-E-Q-(P) B 2/8 44.2

Conditions:

Parameter L stage E stage Q stage P stage

Consistency (%) 10 10 5 10

Temperature (°C) 45 60 60 75

pH 4.5 11.5 5 11.2

Residence time (min) 120 60 30 210

Pressure (bar) 2 – – –

Dosage Enzyme: 2 kg/T
Mediator: variable

NaOH 0.2% DTPA 3% peroxide

Based on data from Call and Mücke (1997)

Table 10.3 Conceptual
difference between the
xylanase and laccase/mediator
treatment

Xylanase

No or very poor Kappa reduction

Moderate bleaching effect

Saving of bleaching chemicals

Laccase/Mediator

Very good Kappa reduction

Good bleaching effect

Saving of bleaching chemicals

TCF pulp production possible
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Poppius-levlin et al. (1997) have reported 60% reduction in Kappa number after
laccase-mediator treatment and alkaline extraction. Pulp yield and viscosity were
found to be high with negligible changes in hemicellulose and hexenuronic acid.
Variations in treatment temperature, laccase charge, and mediator charges are found
to have a pronounced effect on lignin reactions; their effect on pulp carbohydrates,
however, was insignificant.

Sealey et al. (1997) reported that with oxygen-reinforced alkaline extraction;
laccase–HBT biobleaching could obtain over 70% delignification in one stage.
Further treatment of L (EOP) pulp with another laccase–HBT stage increased the
delignification to about 80%. It seems that laccase–HBT biobleaching is capable of
reacting with the last vestiges of residual lignin, which are typically very unreactive.

Sigoillot et al. (2005) have studied the ability of feruloyl esterase (from A. niger)
and Mn2+-oxidizing peroxidases (from P. chrysosporium and P. eryngii) to
decrease the final lignin content of flax pulp. Laccase from P. cinnabarinus (without
mediator) also caused a slight improvement of pulp brightness that was increased in
the presence of aryl–alcohol oxidase. However, the best results were obtained when
the laccase treatment was performed in the presence of a mediator,
1-hydroxybenzotriazole (HBT), enabling strong delignification of pulps. The
enzymatic removal of lignin resulted in high final brightness values that are difficult
to attain by chemical bleaching of this type of pulp.

Lignozym introduced a new mediator, N-hydroxyacetanilide (NHAA) that is
biodegradable and has been claimed to be cost-effective (Amann 1997; Call and
Mücke 1997). Biobleaching with NHAA also allows the enzyme to maintain about
80% of its original activity after an hour of treatment whereas biobleaching with
HBT causes a severe loss of enzyme activity. Wacker Chemie GmbH took the
worldwide exclusive license of the Lignozym technology for its commercialization.

Fu et al. (2000) bleached Eucalyptus urophylla kraft pulp with laccase in the
presence of NHAA and obtained 43% reduction in Kappa no. after alkali extraction.
The addition of surfactant improved the dissolution of lignin and hence improved
the pulp brightness and also improved the activity of the laccase. The effectiveness
of HBT and NHAA in laccase–mediator systems has been confirmed (Chakar and
Ragauskas 2000). Higher levels of delignification were achieved with HBT com-
pared to NHAA. The benefits of oxidative-reinforced alkaline stages were
demonstrated. NMR analysis of lignin samples demonstrated the advantages of
LMS/HBT versus LMS/NHAA systems. Residual lignin isolated following LMS/
HBT treatment was more enriched in lignin carboxylic acid than that from LMS/
NHAA.

The effect of ABTS on laccase-catalyzed oxidation of kraft pulp was reported by
Bourbonnais and Paice (1992). It was found that demethylation (diagnostic for
delignification) was enhanced and Kappa number was decreased with ABTS.
Bourbonnais et al. (1995) compared the activities of induced laccases I and II (from
T. versicolor) with and without ABTS, on hardwood and softwood kraft pulps. It
was noted that in the absence of ABTS, the two purified laccases were not able to
reduce the Kappa number of either pulp, but both produced small amounts of
methanol with the hardwood pulp only. When ABTS was present, the two enzymes
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were equally effective in delignifying and demethylating either pulp. The
enhancement of delignification by the dye ABTS is not fully understood, it may be
that the ABTS radical cation acts as an electron carrier between residual lignin in
the kraft pulp fiber wall and the large laccase molecule. Significant differences in
reactivity between various fungal laccases for pulp delignification in the presence of
mediators ABTS and HBT were found (Bourbonnais et al. 1997).

Geng and Li (2002) synthesized and investigated a number of hydroxamic acids
as laccase mediators for pulp bleaching. As compared with N-hydroxyacetanilide
(NHA), one of the most effective laccase mediators reported so far, N-(4-cyano-
phenyl)acetohydroxamic acid (NCPA) resulted in the highest brightness and lowest
Kappa number of hardwood kraft pulp of all the laccase mediators studied. The
bleaching efficacy of a laccase/7-cyano-4-hydroxy-2H-1,4-benzoxazin-3-one sys-
tem was also comparable with that of a laccase/NHA system.

Arias et al. (2003) have demonstrated that application of the laccase from S.
cyaneus in the presence of ABTS to biobleaching of eucalyptus kraft pulps resulted
in a significant decrease in the kappa number (2.3 U) and an important increase in
the brightness (2.2%) of pulps, showing the suitability of laccases produced by
Streptomycetes for industrial purposes. A comparison of T. versicolor laccase with
various mediators including ABTS, HBT, remazol blue, nitroso-napthols, and
phenothiazines has shown that HBT gave the most extensive delignification, but
deactivated the enzyme and, therefore, required a higher enzyme dosage. The
properties of the fully bleached pulps were not affected by the LMS treatments.
Three different chemical pulps, i.e., a pine kraft pulp, a two-stage
oxygen-delignified pine kraft pulp, and birch formic acid/peroxyformic acid
(MILOX) pulps were subjected to HBT- and ABTS-mediated laccase treatments.
HBT was more effective than ABTS in the presence of laccase in delignification
and gave higher pulp brightness. All the laccase/HBT-treated pulps showed an
increased response to alkaline hydrogen peroxide bleaching, and as a consequence
oxygen-delignified pulp and MILOX pulp reached full brightness in one and two
stages, respectively. Even the pine kraft pulp reached a final brightness of 83%.
Moreover, a xylanase stage before or together with laccase/HBT slightly improved
the effect of laccase/HBT and gave a higher final brightness after peroxide
bleaching than without the xylanase treatment.

Kandioller and Christov (2001) used hydroxybenzotriazole (HBT), N-Hydroxy-
Acetanilide (NHA), violuric acid (VA), and potassium-octacyanomolybdate
(IV) (PCM) as mediators in combination with the laccase (L) of T. versicolor at
various dosages to delignify and bleach the pulps. Kappa number reductions
between 5.6 and 64.3%, depending on pulp type, enzyme and mediator charge,
were obtained following alkaline extraction (E). On all pulps, VA was the most
efficient mediator in terms of Kappa number reduction. In terms of brightness gain
after LE treatment, VA was most efficient on bagasse soda pulp (up to 1.0 points)
and hardwood sulfite-dissolving pulp (up to 7.0 points). HBT was the most efficient
mediator in terms of brightness boost on bagasse soda pulp (4.0 points) and
hardwood soda-AQ pulp (1.5 points) whereas VA was most efficient on hardwood
sulfite-dissolving pulp (1.1 points). Chlorine dioxide savings were achieved on all
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the three pulps: hardwood sulfite-dissolving pulp (55% savings), hardwood
soda-AQ pulp (50%), and bagasse soda pulp (50%).

Camarero et al. (2004) have compared three fungal laccases (from
P. cinnabarinus, T. versicolor, and P. eryngii) and two mediators, 2,2′-azinobis
(3-ethylbenzothiazoline-6-sulfonic acid) and 1-hydroxybenzotriazole (HBT).
P. cinnabarinus and T. versicolor laccases in the presence of HBT gave the best
results in terms of high brightness and low lignin content (kappa number). The
former laccase also resulted in the best preservation of cellulose and the largest
removal of residual lignin as revealed by analytical pyrolysis, and was selected for
subsequent TCF bleaching. Up to 90% delignification and strong brightness
increase were attained after a laccase-mediator treatment followed by H2O2

bleaching. This TCF sequence was further improved by applying H2O2 under
pressurized O2.

Chandra et al. (2001) have reported that the bleaching of high kappa kraft pulps
with a laccase–mediator system provided 42.6–61.1% delignification following an
E+P stage when violuric acid was used as the mediator. The pulps yield after the
LMS(E+P) treatment were +99.9%. A comparison of mediator efficiency indicated
that violuric acid was a superior reagent for LMS delignification of high lignin
content pulps in comparison to N-hydroxybenzotriazole or N acetyl-N-phenyl
hydroxylamine. Molecular modeling of these three mediators indicates an elevated
impaired electron density for violuric acid over the other mediators, perhaps
accounting for its improved performance. Structural analysis of the residual lignin
after the LMS treatments indicated that the LMS stage oxidizes primarily the
phenolic structures of lignin. Full sequence ECF bleaching of high and low-Kappa
SW Kraft pulps after a LMS(EOP) or (LMS)(LMS)(EOP) indicated the pulps could
be readily bleached to +85 Tappi brightness.

Call et al. (2004) reported that by combining two enzyme-based systems, the
overall performance can be strongly enhanced. Therefore, combined enzymatic
pulp treatment methods such as an extended HOS (hydrolase-mediated oxidation
system) and an improved LASox system (laccase oxidation system) were used (on
mixed hardwood pulp consisting mainly of oak and beech). The main target of these
treatments was to evaluate the chlorine dioxide saving the potential of the men-
tioned enzymatic approaches. It was demonstrated that a saving of ca. 50% of the
chlorine dioxide charge at good strength properties and at comparable costs is
possible. A drawback was some loss in hemicellulose content probably due to
impurities in the hydrolase (lipase) formulation used.

In Paprican, the use of transition metal complexes as catalytic mediators in the
enzymatic delignification and bleaching of kraft pulps has been investigated
(Bourbonnais et al. 2000; Paice et al. 2001). An oxygen-delignified softwood kraft
pulp was treated with laccase in the presence of a transition metal complex—
potassium octacynomolybdate. At all charges of mediator, pulp delignification
exceeded that of the control pulps. Pulp viscosity did, however, suffer from a slight
loss at the highest dosage of mediator. Treatment of hardwood kraft pulp at the
same reaction conditions produced similar results. The molybdenum mediator can
be recycled after pulp delignification and reused with the same efficiency as a fresh
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solution of mediator. Laccase–mediator system is also found to be effective in
removing hexenuronic acid from Kraft pulp (Fagerström et al. 2001).

Gamelas et al. (2005) have applied a series of manganese-substituted polyoxo-
tungstates, [SiW11MnIII(H2O)O39]

5− and [PW11MnIII(H2O)O39]
4−, and

[SiW11V
VO40]

5− as catalysts for the oxygen delignification of unbleached eucalypt
kraft pulp with laccase of T. versicolor. Unlike to modest results obtained in the
laccase–mediator System (LMS) at 45–60 °C (lignin oxidation and catalyst
re-oxidation occurred at the same stage), a sustainable delignification with removal
of about 50% of residual lignin was achieved with [SiW11MnIII(H2O)O39]

5− and
[SiW11V

VO40]
5− when the kraft pulp treatment was carried out with polyoxomet-

alate at 110 °C (lignin oxidation stage) and with at 45 °C (catalyst re-oxidation
stage) in separate stages. The use of [PW11MnIII(H2O)O39]

4− in this multistage
process was limited by the low re-oxidation rate with laccase. The best selectivity
on the pulp delignification was found with polyoxoanion [SiW11MnIII(H2O)O39]

5−,
whereas [SiW11V

VO40]
5− was the most effective in the oxidative delignification.

The influence of process factors on the POMs re-oxidation, such as the amount of
laccase, oxygen pressure, and temperature has been studied. UV–vis and 51V NMR
studies indicated that POMs maintained stable after redox turnovers during the pulp
delignification.

Ehara et al. (2000) investigated the role of Tween 80 in the biobleaching of
unbleached hardwood kraft pulp with manganese peroxidase. The effect of the
surfactant on the brightness of the pulp and the manganese peroxidase activity was
compared with the effect of two other surfactants (Tween 20). Tween 80 and Tween
20 both dispersed degraded lignin and activated manganese peroxidase although
these effects did not explain the significantly higher brightness increase achieved
with Tween 80.

Vares et al. (1997) studied delignification of semi-chemical wheat straw pulp
with laccase–mediator system and manganese peroxidase in combination with
Tween 80. Differences between the enzymatically treated pulp and untreated control
were rather small. However, some favorable or prominent effects were caused by
Tween 80 alone or in combination with manganese peroxidase and by laccase–HBT
treatment followed by a chelating step with ethylene diamine tetraacetic acid.

Tavares et al. (2004) have studied the catalytic oxygen bleaching of kraft pulp
using the heteropolyanion [SiW11MnIII(H2O)O39]

5− (SiW11MnIII) and laccase of T.
versicolor. The oxidation of the residual lignin in pulp with the heteropolyanion
was followed by the catalyst re-oxidation by laccase in a separate stage. The
alternative treatment in a multistage process with SiW11MnIII at 110 °C and with
laccase at 45 °C allowed a sustainable eucalypt kraft pulp delignification with the
removal of about 50% of the residual lignin with minimal polysaccharides damage.

Fillat and Roncero (2009) undertook research to examine the performance of a
laccase mediator treatment (L) in the biobleaching of flax pulp, together with the
influence of the treatment time and of supplying the medium with oxygen on
various properties of the resulting pulp and effluent. The enzyme used was laccase
from Trametes villosa and the L samples were subjected to an alkaline extraction
(E) stage. It was found that the biotreatment involves two distinct stages in both L
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and LE sequences. Initially, the pulp exhibited a fast delignification and a slow
viscosity decrease, which was followed by slow delignification in the second stage.
Pulp brightness initially decreased with respect to the initial pulp after the L stage
and then increased rapidly, eventually leveling off. After the LE sequence,
brightness initially increased rapidly and more gradually afterward. It was found
that supplying the medium with oxygen and increasing the oxygen concentration in
it affected the kinetics of the process. The CIE L*a*b* color coordinates study
revealed that the enzyme treatment not only removed lignin, but also altered the
structure of the pulp by causing the formation of chromophoric groups giving color.
In an E stage, such groups were removed.

Moldes et al. (2010) studied new biobleaching sequence involving two enzymatic
stages based on the application of laccase–mediator systems, in order to increase the
effectiveness of enzyme delignification on eucalypt kraft pulp. Synthetic and natural
mediators were utilized in the laccase stages and the biobleached pulp was compared
in terms of chemical, optical, and physicomechanical properties. It was found that the
pulp bleached with 1-hydroxybenzotriazole (HBT) or violuric acid (VA) exhibited
similar delignification (64.1 and 65.9%, respectively) and optical properties (86.4
and 86.1% ISO brightness, respectively) as an industrial total chlorine-free
(TCF) pulp. Syringaldehyde was found to improve these properties to a lower
extent, 56.71% delignification and 80.52% ISO brightness. The bioleaching
sequence had no negative effect on physicomechanical properties of the pulp and in
very specific cases, some slight improvements were observed.

Valls and Roncero (2009) reported that xylanase pretreatment would effectively
reduce the laccase and mediator doses or the reaction time in the XLE sequence. As
the xylanase pretreatment assisted access to cellulose fibers, this enhanced the effect
of the laccase–mediator system in reducing the content of a residual lignin and
releasing more HexA. A similar brightness and smaller Kappa number could be
obtained by using 30% less laccase, 80% less HBT, and a 45% shorter reaction
time.

The combination of xylanase and laccase-mediator bleaching system in
sequential treatments resulted in enhanced pulp brightness and decreased KN. Such
an outcome could improve the competitiveness of enzyme based, environment-
friendly processes over the current methods (Kapoor et al. 2007).

Mixed-enzyme preparation of xylanase and laccase was evaluated for
biobleaching of mixed wood pulp. The enzymes were produced through coculti-
vation of mutant Penicillium oxalicum SAU (E)-3.510 and Pleurotus ostreatus
MTCC 1804 under solid-state fermentation. Bleaching of pulp with mixed-enzyme
preparation resulted in a notable decrease in KN and increased brightness as
compared to xylanase alone. An analysis of bleaching conditions denoted that a
mixed-enzyme preparation (xylanase:laccase, 22:1) led to enhanced delignification
when bleaching was performed at 10% pulp consistency (55 °C, pH 9.0) for 3 h
(Dwivedi et al. 2010). Xylanase and laccase were produced in a cost-effective
manner up to 10 kg substrate level and evaluated in elemental chlorine-free
bleaching of eucalyptus kraft pulp. Compared to the pulp prebleached with
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xylanase (15%) or laccase (25%) individually, the ClO2 savings were higher with
sequential treatment of xylanase followed by laccase (35%) at laboratory scale. The
sequential enzyme treatment when applied at pilot scale (50 kg pulp) resulted in
improved pulp properties (50% reduced post color number, 15.71% increased tear
index), and reduced organochlorine compound (measured as AOX) levels (34%) in
bleach effluents (Sharma et al. 2014).

Xu et al. (2010a, b) studied the use of recombinant manganese peroxidise
(rMNP) from Pichia pastoris for kraft pulp delignification and TCF and ECF
bleaching. Three sequential rMNP treatments of hardwood kraft pulp combined
with alkaline extraction yielded pulp with the Kappa number reduced by 61% and
brightness increased by 26 points. In TCF bleaching, the inclusion of the rMNP
treatment in the bleaching sequence produced a significant improvement in pulp
brightness, while in ECF bleaching, inclusion of the three-stage rMNP treatment
combined with alkaline extraction reduced the consumption of chlorine dioxide by
41% for HWKP and 30% for SWKP. Moreover, the pulp strength properties of the
biobleached pulp were better or comparable with those of conventionally bleached
pulp.

10.3.2 Effect of Lignin-Oxidizing Enzymes
on Pulp and Effluent Quality

Lignin-oxidizing enzymes do not affect the viscosity, strength properties, and yield
of the pulp due to the specific action on lignin. Due to reduced chlorine con-
sumption, effluent properties are also expected to improve. Bourbonnais and Paice
(1992) have reported that the treatment of Kraft pulp with laccase and ABTS did
not affect the pulp viscosity and zero-span breaking length. In a pilot plant trial with
laccase–mediator system, the strength properties and viscosity of the pulp with
L-E-Q-P sequence were not found to be affected (Call and Mücke 1995a, b). Three
enzyme preparations (crude cellulase, laccase, and proteinase) were evaluated for
their potential to improve the papermaking properties of mechanical pulp (Wong
et al. 2000). After treating a long fiber-rich fraction of the pulp with enzyme, the
fibers were recombined with untreated fines for handsheet making and testing.
None of the enzymes altered the retention of fines or the consolidation of the furnish
mix during handsheet formation. All three enzymes increased tensile stiffness
index, which is a measure of the initial resistance of the handsheets to strain. Only
the laccase preparation, an enzyme that modifies pulp lignin, consistently increased
fiber bonding to enhance other strength properties of the handsheets. Bourbonnais
and Paice (1996) reported the effect of laccase–ABTS treatment on viscosity and
strength properties of an oxygen delignified softwood kraft pulp. However, the tear
index was found to be decreased by enzyme-mediator action. Egan (1985) reported
that pulp viscosity did not change after treatment of pulp with ligninase 118.
Camarero et al. (2004) have reported that when high-quality flax pulp was bleached
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in a totally chlorine-free (TCF) sequence using a laccase–mediator system, the pulp
properties obtained by using this system, could not be attained by conventional
TCF bleaching of flax pulp. Arbeloa et al. (1992) reported that when softwood TMP
was treated with lignin peroxidase enzyme, some of the strength properties, viz.,
burst index, tear index, and breaking length slightly increased. Kondo et al. (2001)
have reported that manganese peroxide treatment is quite effective for improving
the strength properties of softwood- and hardwood-bleached kraft pulps and
deinked pulp. In L-E-L-E sequence, the total viscosity loss was 19% compared with
the initial pulp. This viscosity loss was found to be comparable with that found
following alkaline extraction alone. The viscosity of laccase–ABTS-treated sulfite
pulp following the hot alkaline extraction was higher as compared to that of
untreated pulp because of hemicellulose removal. Herpoel et al. (2002) reported
higher tear strength when wheat straw chemical pulp was treated with xylanase and
laccase followed by alkaline extraction. Vaheri and Miiki (1991) reported that
treatment of pulp with laccase produced an effluent with a lower content of
chloro-organics.

10.3.3 Mechanism of Bleaching

Lignin peroxidase and manganese peroxidase appear to constitute a major com-
ponent of the ligninolytic system. These enzymes have been crystallized from
P. chrysosporium and their tertiary structure examined. The crystallographic
structure of lignin peroxidase from P. chrysosporium has been studied by Edwards
et al. (1993) and Poulos et al. (1993) at different resolutions. The model comprises
all 343 amino acids, one heme molecule, and three sugar residues. The crystal
structure reveals that the enzyme consists mostly of helical folds with separate
domains on either side of the catalytic heme. The enzyme also contains four
disulfide bridges formed by the eight cysteine residues and two structural calcium
ions which appear to be important for maintaining the integrity of the active site
(Poulos et al. 1993). Manganese peroxidase presents a good sequence homology
with lignin peroxidase (Sundaramoorthy et al. 1994).

Lignin peroxidase catalyzes a large variety of reactions, e.g., cleavage of ß-0-4
ether bonds and Ca–Cß bonds in dimeric lignin model compounds––the basis for
the deploymerization reactions catalyzed by lignin peroxidase. The enzyme also
catalyzes decarboxylation of phenyl–acetic acids, oxidation of aromatic
Ca-alcohols to Ca-oxocompounds, hydroxylation, quinone formation, and aromatic
ring opening (Higuchi 1989, 1990, 1993). Lignin peroxidase oxidizes its substrate
by two consecutive one-electron oxidation steps, with intermediate cation-radical
formation. Due to its high redox potential, lignin peroxidase can also oxidize
non-phenolic methoxy substituted lignin subunits. The enzyme can deploymerize
dilute solutions of lignin oxidize and degrade a variety of dimers and oligomers
structurally related to lignin in vitro, and catalyze the production of activated
oxygen species (Barr et al. 1992; Hammel and Moen 1991; Higuchi 1990). Studies
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of lignin peroxidase oxidation of DHPS confirm the involvement of lignin perox-
idase in the initial degradation of lignin (Higuchi 1993; Umezawa and Higuchi
1989). Lignin peroxidase has a similar catalytic cycle to that of the horseradish
peroxidase. The five redox states of lignin peroxidase have been characterized, and
its catalytic cycle has been investigated (Cai and Tein 1989, 1992).

Although much of the research has focused on lignin peroxidases, these enzymes
are not necessarily involved in lignin degradation and may not be secreted by all
lignin-oxidizing fungi (Paice et al. 1995b). Coriolus versicolor produces laccases as
well as lignin and manganese-dependent peroxidases, however, Archibald (1992a)
found that lignin peroxidases secreted by C. versicolor did not appear to play an
important role in lignin degradation. This enzyme could not be detected in pulp
bleaching culture and, moreover, the addition of a large excess of lignin peroxidase
inhibitor did not interfere bleaching (Archibald 1992a). Also, fungal bleaching was
not found to be enhanced by addition of exogenous enzyme. Dichomitus squalens
and Rigidoporus lignosus produce both laccase and a manganese-dependent per-
oxidase but do not produce lignin peroxidase (Paice et al. 1995b).

Manganese peroxidase acts exclusively as a phenol oxidase on phenolic sub-
strates using Mn+2/Mn+3 as an intermediate redox couple. Manganese peroxidase
has also been shown to produce H2O2 in the oxidation of glutathione, NaDPH, and
dihydroxy-malic acid (Paszczynski et al. 1985). However, H2O2 production is not
the major function of manganese peroxidase. Instead, this enzyme is involved in the
oxidation of phenols and phenolic lignin structures. It oxidizes Mn+2 to Mn+3 in the
presence of a proper chelating agent and Mn+3 must form a complex with the
chelators before it oxidizes phenolic substrates (Wariishi et al. 1992). Organic acids
are good chelators and white-rot fungi are producers of oxalic acid, malonic acid,
pyruvic acid, and malic acid. Mn+3/oxalate and Mn+3/malonate form very stable
chelators which probably also function in vivo. Malonate facilities Mn+3 dissoci-
ation from the enzyme and has a relatively low Mn+2 binding constant (Wariishi
et al. 1992). Manganese peroxidase has a catalytic cycle very similar to that of
lignin peroxidase.

AMn+3 complex can oxidize phenolic lignin substructures by acting as a mediator
between the enzyme and the polymer, and leads to the formation of phenoxy radicals
as intermediates (Gold et al. 1989). Subsequently, Ca–Cß cleavage or alkyl–phenyl
cleavage would yield deploymerized fragments including quinones and hydrox-
yquinones. The purified manganese peroxidase has been reported to deploymerize
DHP and also to degrade high molecular mass chlorolignins (Lackner et al. 1991;
Wariishi et al. 1991). Several lines of evidence suggest that manganese peroxidase is
a key enzyme in fungal bleaching (Paice et al. 1993):

(1) Catalase, an enzyme that destroys H2O2 inhibits the bleaching
(2) Mutant of C. versicolor deficient in manganese peroxidase do not bleach, and

bleaching activity is partially restored by addition of manganese peroxidase
(3) Isolated manganese peroxidase produces partial delignification of pulps when

supplied with H2O2, Mn+2, and chelator.
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Laccase appears to play an important role in the degradation of lignin. Both
constitutive and induced form of laccases are known (Eggert et al. 1996; Garzillo
et al. 1992; Vasdev and Kuhad 1994; White and Body 1992). All laccases are
glycoprotein and they generally contain four copper ions (Reinhammer 1984;
Sariaslani 1989). These are distributed among three different binding sites and each
copper ion appears to play an important role in the catalytic mechanism. Laccase is
a true phenol oxidase with broad specificity towards aromatic compound containing
hydroxyl and amine group. The enzyme oxidizes phenols and phenolic substruc-
tures by one-electron abstraction with the formation of radicals that can either
repolymerize or lead to depolymerization (Higuchi 1993).

Laccase catalyzes demethoxylation reactions of terminal phenolic units. It can
also degrade ß-dimers and ß-0-4 dimers via Ca oxidation alkyl–aryl cleavage and
Ca-Cß cleavage (Kawai et al. 1988). Laccase has also been shown to catalyze the
cleavage of aromatic rings in a similar way to lignin peroxidase (Kawai et al. 1988).
It was observed that laccase from C. subvermispora transformed 4,6-di-tert-
butylguaiacol into a ring opening product, the muconolactone derivative 2,4-di-
(tert-butyl), 4-(methoxy-carbonylmethyl)-2-buten-4-olide. This work clearly
demonstrated that 18O incorporated into muconolactone was from 18O2 but not from
H2

18O. It is obvious from the results that laccase, like L1P can cleave aromatic
rings. Studies of side-chain cleavage and ring opening of lignin model compounds
have shown that both laccase and lignin peroxidase which catalyze one-electron
oxidation of either phenolic or non-phenolic compounds are involved in the initial
degradation of lignin substructure model compounds (Higuchi 1993). Until 1990,
laccase had been considered to be able to degrade only phenolic lignin model
compounds (Higuchi 1990). However, Bourbonnais and Paice (1990) reported that
oxidation of non-phenolic lignin substructures by laccase from T. versicolor took
place in the presence of a suitable redox mediator i.e. the dye 2,2′-azinobis(3-
ethylbenzthiazoline-6-sulfonate) (ABTS). Laccase along with ABTS has been
shown to also delignify kraft pulp (Bourbonnais and Paice 1992). The presence of
the mediator prevented re-ploymerization of kraft lignin by T. versicolor laccase
(Bourbonnais et al. 1995). Other phenolic reagents have also been proposed and
found to work as mediators (Call 1993). Brightening and delignification of kraft
pulp have been shown with another mediator 1-hydroxybenzotriazole (HBT) (Call
1994a, b). Moreover, the production of a fungal metabolite, which acts as a
physiological lacasse/redox mediator has been shown to be produced by the
white-rot fungus P. cinnabarinus in the University of Georgia.

Paice et al. (1995a) have suggested that Cellobiose quinone oxidoreductase
(CBQase), a quinone-reducing enzyme also plays a number of roles in delignifi-
cation of kraft pulp. Studies with CBQase have shown that the enzyme can reduce
reaction products of laccase or peroxidases such as quinones, radicals, and Mn+2

(Bao et al. 1994). Concurrently, cellobionate, a potential chelater of Mn+3 is
formed. However, cellobionate is less efficient than malonate or oxalate as a che-
later in the manganese peroxidase catalytic cycle, probably because it has a higher
binding constant for Mn+2.
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Figures 10.3 and 10.4 show the oxidative pathways for catalytic action of lac-
case and manganese peroxidase on lignin. Jurasek et al. (1994) attempted to
develop a model of the three-dimensional structure of lignin to provide a framework
for interpretation and prediction of interactions between the enzymes and lignin on
the molecular level. Inspection of the model of lignified secondary wall showed the
accessibility restrictions upon lignin-oxidizing enzymes and points toward the
concept of an enzyme factory outside the cell wall, producing chemicals which
have access to and break down the lignin and allow its fragments to leave the
network (Figs. 10.5 and 10.6). Once out of the wall, these fragments may interact
with enzymes directly, resulting in further reduction of the fragment size and finally
mineralization.

Fig. 10.3 Oxidative pathway for catalytic action of laccase on lignin

Fig. 10.4 Oxidative pathway for catalytic action of manganese peroxidase on lignin
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10.3.4 Advantages, Limitations, and Future Prospects

Lignin-oxidizing enzymes are highly specific towards lignin; there is no damage or
loss of cellulose (Bajpai et al. 2006). This results in better strength and yield of
bleached pulp. As compared to oxygen delignification, treatment with lignin-
oxidizing enzymes results in more removal of lignin. This translates into substantial
savings of energy and bleaching chemicals which in turn would lead to lower
pollution load. Lignin-oxidizing enzymes are not currently available in sufficient
quantity for mill trials and scale-up of enzyme production from fungal cultures is
costly. Cloning of genes for lignin-oxidizing enzymes has been reported and may
provide an alternative production route. The laccase-mediators are expensive and
alternatives are less effective. There are two ways of improving laccase–mediator
system for pulp bleaching. One is to discover new laccases that have extraordinarily
high redox potential, the other is to find a very effective laccase mediator. Since the
laccase mediators reported so far have very wide structural variations, it should be
possible to discover inexpensive and more effective laccase mediators than what has
been done to date. Chelating agents for Mn+3 in the manganese peroxidase reaction
may also be a significant cost item. Manganese peroxidase requires hydrogen
peroxide but are inactivated by concentrations above about 0.1 m mol/1. Even

Fig. 10.5 Model of a cross section of a small portion of secondary wall of wood fiber. Based on
Jurasek et al. (1994)
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when hydrogen peroxide is kept below 0.1 m mol/1, manganese peroxidase
becomes inactive relatively rapidly. Experience with xylanase and with other
enzymes has shown that enzymes can be successfully introduced into the plant.
Thus, oxidative enzymes which can be regarded as catalysts for oxygen and hy-
drogen peroxide-driven delignification, may also find a place in the bleach plant in
coming years.

10.4 White-Rot Fungi

Several fungi, which attack wood in nature, are capable of degrading lignin. So,
there appears to be an opportunity to exploit them for a direct attack on lignin in
pulps, an attack that can be specific and effective even if the amount of residual
lignin is low. The fungi that most effectively biodegrade lignin are basidiomycete
fungi. Lignin-oxidizing species are called white-rot fungi, because they typically
turn wood white as they decay. This effect is another indication that these fungi may
be useful in pulp bleaching.

Fig. 10.6 Model of a cross section area of kraft fiber shown in comparison with some enzyme
molecules. Based on Jurasek et al. (1994), Paice (2005)
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10.4.1 Performance of White-Rot Fungi in Bleaching

Significant effort has been also made to study the potential of white-rot fungi for
bleaching of chemical pulps. Kirk and Yang in 1979 found that P. chrysosporium and
some other white-rot fungi could reduce the Kappa number of unbleached softwood
kraft pulp by upto 75% leading to reduced requirement for chlorine during subse-
quent chemical bleaching. The pulp was incubated with the fungi in shallow sta-
tionary layers for several days, and then extracted with alkali. Kappa number
reduction was inhibited by added nutrient nitrogen and enhanced by the oxygen
enrichment of the atmosphere, as is lignin degradation by P. chrysosporium. Attack
on the cellulose of the pulp was severe unless alternative carbohydrate sources were
added to the cultures; even in the presence of glucose, the pulp showed a 60% drop in
viscosity. Other fungi tested, including T. versicolor had lesser effects. In contrast to
the results reported by Kirk and Yang (1979), Pellinen et al. (1989) found that
P. chrysosporium failed to delignify unbleached softwood kraft pulp in stationary
culture, but did so in agitated cultures. Tran and Chambers (1987) reported that the
effects of culture conditions on delignification of unbleached hardwood kraft pulp by
P. chrysosporium were similar to those observed by others with synthetic lignin or
lignin in wood. They did not determine the effects of the fungal treatment on the
bleachability or the papermaking properties of the pulp.

Researchers at Nippon Paper Industries (Iimori et al. 1994), carried out extensive
screening for pulp bleaching fungi. By plating samples of decayed wood or fruit
bodies directly on agar containing unbleached kraft pulp, they isolated 1,758 cul-
tures that produced decolorization zones; 266 of these bleached oxygen-delignified
hardwood pulp to 70–81% ISO brightness within 7 days of incubation under
solid-state fermentation conditions. The most active isolate, SKB-1152 also
brightened agitated suspensions (2% consistency) of O2-delignified hardwood pulp
to 80% ISO. Optimization studies, with the aim of shortening treatment time,
showed that dilute pulp suspensions in the range of 0.5–1% consistency were
brightened faster than those with higher consistency, inoculum-to-pulp ratio of 6%
was found to be adequate. Incubation of the mycelial suspension used as inoculum
in a nutrient medium for 24 h before adding it to the pulp eliminated the lag period
before the onset of brightening (Iimori et al. 1996).

Paprican researchers reported that Trametes (Coriolus) versicolor could mark-
edly increase the brightness of hardwood kraft pulp (Paice et al. 1989). The fungal
treatment was carried out in agitated, aerated cultures for 5 days. Under these
conditions, T. versicolor performed better than P. chrysosporium. The kappa
number was decreased from 12 to 8, and the brightness increased from 34 to 48%, it
could be further increased to 82% with DED bleaching. In initial experiments, Paice
et al. (1989) did not observe similar brightening of softwood pulp. Subsequently,
T. versicolor was found to delignify and brighten softwood kraft pulps (Reid et al.
1990). After 14 days of treatment with the fungus followed by alkaline extraction,
the pulp had Kappa no. 8.5 and could be bleached to 61% ISO brightness with a
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DED sequence. Whereas without fungal treatment, the pulp had Kappa number 24
and was bleached to only 33% brightness. Mycelium of T. versicolor immobilized
in polyurethane foam was also able to delignify the pulp. T. versicolor caused a
much smaller direct increase in the brightness of softwood kraft pulp than hard-
wood kraft pulp. To determine the contributions of higher residual lignin contents
(kappa numbers) and structural differences in lignins to recalcitrance of softwood
kraft pulps to biobleaching, Reid and Paice (1994a, b) tested softwood and hard-
wood kraft pulps cooked to the same kappa numbers 26 and 12. A low lignin
content (over cooked) softwood pulp resisted delignification by T. versicolor, but a
high-lignin-content (lightly cooked) hardwood pulp was delignified at the same rate
as a normal softwood pulp. The longer time taken by T. versicolor to brighten
softwood kraft pulp than hardwood kraft pulp was found to result from the higher
residual lignin content of the softwood pulp. Softwood pulps, whose lignin contents
were decreased by extended modified continuous cooking or oxygen delignification
to kappa numbers as low as 15 were delignified by T. versicolor at the same rate as
normal softwood pulp (Reid and Paice 1994a, b). More intensive O2 delignification,
like overcooking decreased the susceptibility of the residual lignin in the pulps to
degradation by T. versicolor (Reid and Paice 1994a, b). This fungus was found to
delignify and brighten kraft pulp in dilute (1–2% consistency) agitated suspensions.
Delignification of both hardwood and softwood pulps with T. versicolor was found
to be accompanied by a moderate decrease in viscosity indicating some cellulose
depolymerization (Reid et al. 1990; Ho et al. 1990). Addition of excess glucose to
repress cellulose biosynthesis did not prevent the loss in viscosity (Kirkpatrick et al.
1990a, b). However, the damage to cellulose was not severe enough to cause
important strength losses. Paper sheets made from pulp delignified with T. versi-
color were slightly stronger than those made from unbleached pulp (Paice et al.
1989; Reid et al. 1990). Delignification by T. versicolor was not restricted to
conditions of secondary metabolism. The fungus degraded lignin while growing
vigorously (Roy and Archibald 1993). Ho et al. (1990) reported that when kraft
pulp was added to inoculum of T. versicolor, the lag before the onset of brightening
in subsequent pulp treatment was reduced. The presence of pulp induced production
of manganese peroxidase and accumulation of organic acids that can chelate Mn+3.

Addleman and Archibald (1993) investigated the ability of 10 dikaryotic and 20
monokaryotic strains of T. versicolor to bleach and delignify hardwood and soft-
wood kraft pulps. The isolates were found to vary in their bleaching ability.
Dikaryotic strains produced brightness changes ranging from −2 to +22 points in
hardwood kraft pulp; monokaryons tended to give a higher brightness increase with
a maximum of 26 points. A monokaryon, 52 J isolated by protoplasting the
dikaryon originally used at Paprican, gave slightly higher brightening than its
parents and was adopted for further work. In addition to better bleaching, the
monokaryon had the advantage of less biomass production, no dark pigment for-
mation, and a simpler genome (Addleman and Archibald 1993).

Fujita et al. (1991) found that a 5-day fungal (F) treatment of hardwood kraft
pulp with IZU-154 replaced a CE1DE2D sequence with an FCED sequence yielding
a target brightness of 88% ISO with 72% less chlorine, 79% less NaOH, and 63%
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less ClO2 (Table 10.4) With softwood kraft pulp, similar chemical savings were
achieved (Table 10.5) (Fujita et al. 1993). The yield and burst strength of the pulp
bleached with a CED sequence after delignification with IZU-154 were equivalent
to those of a control bleached with CEDED sequence. However, the tensile index
and tear index of the fungus-treated pulp were decreased by 9 and 2.6%,
respectively.

Murata et al. (1992) applied the fungus IZU-154 to the delignification and
brightening of oxygen-bleached hardwood kraft pulp to establish an absolutely
chlorine-free bleaching process. The fungus brightened the pulp and simultaneously
decreased its Kappa number. Brightness was increased by 17 and 22 points by
3-day and 5-day treatments, respectively, and Kappa number was decreased from
10.1 to 6.4 by a 5-day treatment (Murata et al. 1992). The combination of the 3-day

Table 10.4 Bleaching conditions and optical properties of conventionally bleached and
fungal-bleached hardwood kraft pulp

Bleaching sequence Dosage (% on pulp) Brightness (% ISO)

C E1 D1 E2 D2 As effective
chlorine

Before
aging

After
aginga

PC
number

CEDED
(conventional
process)

5.0 3.6 0.8 0.2 0.3 7.89 88.8 84.2 0.78

FCED (fungal
bleaching)

1.4 0.8 0.3 – – 2.19 88.1 85.3 0.46

aAt 105 °C for 1 h
Based on data from Fujita et al. (1991)

Table 10.5 Bleaching conditions and optical properties of conventionally bleached and
fungal-bleached softwood kraft pulpb

Bleaching
sequence

Dosage (% on pulp) Brightness (% ISO)

C E1 D1 E2 D2 As
effective
chlorine

Before
aging

After
aginga

PC
number

Yield
(%)

CEDED
(conventional
bleaching
process)

9.0 6.4 1.0 0.5 0.5 12.95 84.2 82.4 0.38 91.4

FCED (fungal
bleaching
process)

2.4 1.7 0.4 – – 3.45 84.6 83.4 0.25 91.4

aAt 105 °C for 1 h
bCommercial SWKP was treated with fungus IZU-154 for six days, with kappa number falling
from 40.0 to 14.9
Based on data from Fujita et al. (1993)
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fungal treatment, alkaline extraction (2% NaOH charge), and hydrogen peroxide
bleaching with 5% charge of H2O2 gave a pulp of 86.3% ISO brightness
(Table 10.6). The 5-day-treated pulp was brightened to 87.3% ISO brightness by
4% H2O2 bleaching after alkaline extraction. Optical and strength properties of
OFEP-bleached pulp were comparable to those of conventional OCED-bleached
pulp.

Tsuchikawa et al. (1995) have reported biobleaching of hardwood kraft pulp
with lignin-oxidizing fungi P. sordida YK-624. When the hardwood kraft pulp was
treated with the fungus for 10 days, the Kappa number was decreased from 14.4 to
5.75 and the brightness was increased to 61% ISO. If the fungal incubation was
interrupted after 5 days and the pulp was extracted with alkali and treated with
fungus for another 5 days, the Kappa number was lowered to 4.8, and the bright-
ness reached 80% ISO. The intermediate alkaline extraction which was more
effective than water washing seemed to reactivate the lignin toward degradation as
it does with chemical bleaching reagents. The tensile and burst strengths of the
fungus-treated pulp were almost as high as those of control pulp, but the tear
strength was 34% lower.

Nishida et al. (1995) investigated the biobleaching of hardwood-unbleached
kraft pulp by P. chrysosporium and T. versicolor in the solid-state and liquid-state
fermentation systems with four different culture media (low nitrogen–high carbon,
low nitrogen–low carbon, high nitrogen–high carbon, and high nitrogen–low car-
bon). In the solid-state fermentation system with low nitrogen and high carbon
culture medium, pulp brightness increased by 15 and 30 points after 5 days of
treatment with T. versicolor and P. chrysosporium respectively. The pulp Kappa
number decreased with the increasing brightness, and a positive correlation between
the Kappa number decrease and brightness increase of the fungus-treated pulp was
observed.

Laccase and manganese peroxidase enzymes were detected during biobleaching
of softwood kraft pulps with P. chrysosporium and T. versicolor (Katagiri et al.

Table 10.6 Optical properties of conventionally bleached and fungal-bleached pulps

Bleaching sequence Brightness (% ISO) Post-color number Yield (%)

Before aging After aging

OCED 87.9 85.7 0.36 97.4

OPP 73.8 71.8 0.89 97.4

OFEP (3 days)

4% H2O2 85.0 83.7 0.26 97.7

5% H2O2 86.3 84.9 0.26 97.8

OFEP (5 days)

2% H2O2 84.3 83.5 0.17 97.1

4% H2O2 87.3 85.6 0.29 97.0

Based on data from Fujita et al. (1993)
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1997). However, the enzyme lignin peroxidase was not detected. T. versicolor did
not delignify softwood kraft pulp but produced laccase whereas P. chrysosporium
did the reverse.

Ultraviolet irradiation was used to prepare 120 strains of mutants of P. sordida
YK 624 (Ishimura et al. 1998). The role of the reductive enzyme system was
explored. The strains were screened using as indicators the tetrazolium salts for
reducing enzymes and Poly R for lignin-oxidizing enzymes. The two mutants
obtained had weak tetrazolium salts reducing activity and normal Poly R decol-
orization activity, and strong reducing activity and normal oxidizing activity
respectively. The two mutants and a wild strain were compared focusing on
treatment of unbleached hardwood, softwood, and oxygen-bleached softwood kraft
pulps. Mutant 1 was observed to secrete manganese peroxidase under low man-
ganese (11) concentration. Uptake of manganese (11) by mutant 1 was faster than
that of the wild type.

Wroblewska and Zielinski (1995) examined biodelignification of beech and birch
pulpwood by selected white-rot fungi. One of the strains designated as DL-Sth-4, was
found to be best for selective delignification of beech wood. About 25% of lignin was
lost with very little loss in cellulose content. Pazukhina et al. (1995) used the culture
filtrate of several white-rot fungi—Pitcairnia sanguinea, C. versicolor, Ganoderma
applanatum, and Trichaptum biforme—for bleaching hardwood kraft pulp.
Pitcairnia sanguinea showed the highest selectivity in lignin degradation.

Moreira et al. (1997) tested the ability of 25 white-rot fungal strains to bleach
Eucalyptus globulus oxygen-delignified kraft pulp. Under nitrogen-limited culture
conditions, eight outstanding biobleaching strains were identified that increased the
brightness of OKP by more than ten ISO units compared to pulp incubated in sterile
control medium. The highest brightness gain of approximately 13 ISO units was
obtained with Bjerkandera sp. strain BOS55, providing a high final brightness of
82% ISO. This strain also caused the greatest level of delignification decreasing the
Kappa number of OKP by 29%. When the white-rot fungal strains were tested in
nitrogen-sufficient medium, the extracellular activities of laccase and peroxidases
increased in many strains; nonetheless, the pulp handsheets were either destroyed or
brightness gains were lower than those obtained under nitrogen limitation. The titer
of ligninolytic enzymes was not found to be indicative of biobleaching potential.
However, the best biobleaching strains were generally characterized by a pre-
dominance of manganese-dependent peroxidase activity compared to other ligni-
nolytic enzymes and by a high decolorizing activity toward the polyanthraquinone
ligninolytic indicator dye-Poly R-478.

Moreira et al. (1998b) investigated the manganese requirement for biobleaching
by T. versicolor, P. chrysosporium, P. radiata, Stereum hirsutum, and Bjerkandera
sp. strain B0S55. When manganese was present in the medium, the kraft pulp was
bleached by all 5 strains. In the absence of manganese, only Bjerkandera sp. strain
B0S 55 bleached the kraft pulp only in the presence of organic acids. Bjerkandera
sp. was also the only fungus which produced manganese peroxidase in the absence
of manganese. Fungus Bjerkandera sp. strain B0S 55 can be used to bleach
EDTA-extracted eucalyptus oxygen-delignified kraft pulp independent of
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manganese (Moreira et al. 1998a). Adding simple physiological organic acids at 1–
5 mM produced 2–3 times the brightness and pulp delignification compared to
control cultures. Inorganic acids improve the manganese-free biobleaching by
enhancing the production of manganese peroxidase and lignin peroxidase. The
increased physiological concentration of veratryl alcohol and oxalate were also a
factor. The resulting improvement in production of superoxide anion radicals might
explain the more extensive biobleaching. Results indicate that manganese peroxi-
dase from Bjerkandera is deliberately produced in the absence of manganese and
might function independently of manganese in OKP delignification. Lignin per-
oxidase might also be a contributing factor.

P. chrysosporium and C. versicolor have been successfully immobilized on
polyurethane foam (Kirkpatrick et al. 1990a, b; Ziomek et al. 1991; Kirkpatrick and
Palmer 1987). Immobilized and free cultures of C. versicolor have been found to
bleach hardwood and softwood kraft pulp at a comparable rate and to a similar
extent (Reid et al. 1990; Kirkpatrick et al. 1990a, b). The results showed that
intimate contact between the fungal hyphae and pulp fibers was not required as long
as the media was renewed through contact with the fungus (Kirkpatrick et al. 1990a,
b; Archibald 1992b). Immobilization enabled the pulp to be separated from the
mycelia. Another advantage of immobilization was that the same fungal biomass
could be reused to treat other batches of pulp either immediately or after storage at
4 °C (Kirkpatrick et al. 1990a, b).

Cell-free filtrates from bleaching cultures of T. versicolor did not cause
detectable pulp brightening (Archibald 1992b). These filtrates contain laccase and
manganese peroxidase, which can, under appropriate conditions, delignify and
brighten the pulp (Paice et al. 1993). The failure to detect pulp brightening by
culture filtrates can be attributed to lack of H2O2 and Tween 80 to support
brightening by manganese peroxidase and the absence of mediator for laccase. The
ability of intact T. versicolor cultures to extensively delignify and brighten kraft
pulps in the absence of a mediator for laccase or an analogue of Tween 80 suggests
that the fungus produces one or more unknown enzymes that contribute to its
pulp-bleaching ability. P. sordida YK-624 could delignify and brighten hardwood
kraft pulp separated from the mycelium by a membrane filter with 0.1 lm pores; a
thin polycarbonate membrane supported more bleaching than a thicker cellulose
nitrate membrane (Kondo et al. 1994). P. chrysosporium and T. versicolor could
also be used through the membrane although to a smaller extent than can YK-624.

Iimori et al. (1998) have investigated the potential to biobleach unbleached
(UKP) and oxygen bleached (OKP) hardwood kraft pulp using culture filtrate
containing manganese peroxidase and lignin peroxidase from P. chrysosporium in a
short-term treatment of several hours. The brightness increase following biotreat-
ment with manganese peroxidase, lignin peroxidase, and cofactors was greater than
that by manganese peroxidase alone. There was a pronounced 7–8 points increase
in brightness for UKP and OKP during the first 3 h. When the 3 h treatment was
repeated, the brightness increase of OKP was halted at 78%.

Kondo et al. (2000) reported biobleaching of hardwood kraft pulp by a marine
fungus and its enzymes. Marine fungi isolated from Japanese mangrove stands were
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screened based on their delignification ability. Strain MG-60 was used to bleach
hardwood kraft pulp in vivo. The pulp brightness bleached by MG-60 was found to
be considerably higher than that by P. chrysosporium. The higher manganese
peroxidase activity of MG-60 was observed compared to that of P. chrysosporium
at the same conditions. Also, the manganese peroxidase secreted from MG-60
demonstrated good stability against high sea salt concentrations. It was also found
that unbleached hardwood kraft pulp was biobleached by crude enzymes secreted
by MG-60 at 0 and 3% sea salts concentration in vitro.

10.4.2 Effect of White-Rot Fungi on Pulp
and Effluent Quality

In order to be adopted by the pulp and paper industry, biological bleaching must not
compromise with the quality of the pulp. Results from lab-scale fungal bleachings
indicate an improvement in strength characteristics in both hardwood and softwood
pulps. It has been suggested that the lignin may become more flexible and hy-
drophilic as a result of fungal enzyme action, resulting in a softer pulp with
improved bonding and stronger paper characteristics (Jurasek and Paice 1988).
Reduced color reversion was another benefit noted with the fungus IZU-154 (Fujita
et al. 1991). Some viscosity loss, indicating limited cellulose depolymerization, has
been reported as a result of fungal bleaching (Reid et al. 1990; Fujita et al. 1991).
However, based upon experiments done with free and immobilized cultures,
Kirkpatrick et al. (1990a, b) reported that upto 25% of the reduction in the pulp
viscosity may be due to the presence of fungal mycelia, rather than cellulose
cleavage. Although fungal bleaching is primarily an oxidative process, it appears to
be more selective than oxygen bleaching at high pH and at Kappa number less than
17 because there is a better retention of pulp viscosity.

The impact of fungal bleaching on effluent quality has not been much studied.
Fujita et al. (1991) reported that the COD and color loading in the bleach plant
wastewater were reduced by 50 and 80%, respectively, in FCED bleaching
sequence. These authors suggested that higher reductions could be obtained with an
FED or FE1DE2D sequence, although there may be a slight loss in pulp yield.

10.4.3 Advantages, Limitations, and Future Prospects

Pretreatment with fungi has been shown to replace upto 70% of the chemicals
needed to bleach kraft pulp. The usual specificity of biological reactions and their
mild reaction conditions make biological delignification, an interesting alternative
to bleaching with chemicals such as pressurized oxygen or ozone.
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A serious shortcoming of the fungal bleaching process is the long incubation
time required for contact with the biomass. Typical contact periods range from 5 to
14 days for different types of pulps. So the size of the fungal bioreactor would have
to be very large considering that daily production could range from 200 to over
1,000 air-dried tones of pulp. Most fungal bleaching studies have been performed at
low pulp consistencies. Only few studies (Fujita et al. 1991) have been conducted at
high consistency, which would allow for a small reactor. Fungal treatment can be
conducted in the unbleached storage itself with minor modifications provided the
treatment time is reduced to a practically feasible duration. The reaction time,
required at its current stage of development, makes it economically unattractive.
There is a need to identify/develop fast-growing white-rot fungal cultures which
could do the job in less time.

References

Addleman K, Archibald FS (1993) Kraft pulp bleaching and delignification by dikaryons and
monokaryons of Trametes versicolor. Appl Environ Microbiol 59:266–273

Agnihotri S, Dutt D, Kumar A (2012) Effect of xylanases from C. disseminatus SW-1 NTCC-1165
on pulp and efficient characteristics during CEHH bleaching of soda-AQ bagasse pulp. Int J Sci
Technol 1:346–357

Ahlawat S, Battan B, Dhiman SS, Sharma J, Mandhan RP (2007) Production of thermostable
pectinase and xylanase for their potential application in bleaching of kraft pulp. J Ind Microbiol
Biotechnol 34:763–770

Allison RW, Clark TA, Wrathall SH (1993a) Pretreatment of radiata pine kraft pulp with a
thermophilic enzyme Part I. Effect on conventional bleaching. Appita 46(4):269–273

Allison RW, Clark TA, Wrathall SH (1993b) Pretreatment of radiata pine kraft pulp with a
thermophillic enzyme Part II. Effect on oxygen, ozone and chlorine dioxide bleaching. Appita
46(5):349–353

Amann A (1997) The Lignozym process coming closer to the mill. In: Proceedings of the 9th
ISWPC, Montreal, QC, pp F4-1–F4-5

Arbeloa M, de Leseleuc J, Goma G, Pommier JC (1992) An evaluation of the potential of lignin
peroxidases to improve pulps. Tappi J 75(3):215–221

Archana A, Satyanarayana T (2003) Purification and characterization of a cellulose free xylanase
of a moderate thermophile Bacillus licheniformis A99. World J Microbiol Biotechnol 19
(1):53–57

Archibald FS (1992a) Lignin peroxidase is not important in biological bleaching and
delignification of kraft brownstock by Trametes versicolor. Appl Environ Microbiol
58:3101–3109

Archibald FS (1992b) The role of fungus fiber contact in the biobleaching of kraft brownstock by
Trametes versicolor. Holzforschung 46:305–310

Arias ME, Arenas M, Rodriguez J, Soliveri J, Ball AS, Hernandez M (2003) Kraft pulp
biobleaching and mediated oxidation of a nonphenolic substrate by laccase from Streptomyces
cyaneus CECT 3335. Appl Environ Microbiol 69(4):1953–1958

Atkinson D, Moody D, Gronberg V (1993) Enzymes make pulp bleaching faster. Invest Technol
Pap 35(136):199–209

Awakaumova AV, Nikolaeva TV, Vendilo AG, Kovaleva NE, Sinitzyn AP (1999) ECF bleaching
of hardwood kraft pulp: new aspects. In: 13th international papermaking conference—
progress-99, 22–24 Sept, Cracow, Poland, pp IV-5-1–IV-5-13

202 10 Biobleaching



Bajpai P (1997a) Microbial xylanolytic enzyme system: properties and applications in advances.
Appl Microbiol (edited by Neidleman S, Laskin A, Academic Press, New York) 43:141–194

Bajpai P (1997b) Enzymes in pulp and paper processing. Miller Freeman, San Francisco,
California, USA

Bajpai P (1999) Application of enzymes in pulp & paper industry. Biotechnol Prog 15(2):147–157
Bajpai P (2004) Biological bleaching of chemical pulps. Crit Rev Biotechnol 24:11, 1–58 (CRC

Press)
Bajpai P (2009) Xylanases. In: Schaechter M, Lederberg J (eds) Encyclopedia of microbiology,

3rd edn, vol 4. Academic Press, San Diego, California, USA, pp 600–612
Bajpai P (2016) Pretreatment of Lignocellulosic Biomass for Biofuel Production. Springer,

Singapore, pp 71–75
Bajpai P, Bhardwaj NK, Maheshwari S, Bajpai PK (1993) Use of xylanase in bleaching of

eucalypt kraft pulp. Appita 46(4):274–276
Bajpai P, Bhardwaj NK, Bajpai PK, Jauhari MB (1994) The impact of xylanases in bleaching of

eucalyptus kraft pulp. J Biotechnol 36(1):1–6
Bajpai P, Ananad A, Bajpai PK (2006) Bleaching with lignin oxidizing enzymes. Biotechnol Annu

Rev 12:349–378
Bao WL, Fukushima Y, Jensen KA, Moen MA (1994) Oxidative degradation of non-phenolic

lignin during lipid peroxidation by fungal manganese peroxidase. FEBS Lett 354:297–300
Barr DP, Shah MM, Grover TA, Aust SD (1992) Production of hydroxyl radical by lignin

peroxidase from Phanerochaete chrysosporium. Arch Biochem Biophys 298:480–485
Batalha LR, Silva J, Jardim C, Oliveira R, Colodette J (2011) Effect of ultrasound and xylanase

treatment on the physical-mechanical properties of bleached eucalyptus kraft pulp. Nat Resour
2(2):125–129

Beg QK, Kapoor M, Mahajan L, Hoondal GS (2001) Microbial xylanases and their industrial
applications: a review. Appl Microbiol Biotechnol 56(3–4):326–338

Bermek H, Li K, Eriksson KE (2000) Pulp bleaching with manganese peroxidase and xylanase: a
synergistic effect. Tappi J 83(10):69

Bermek H, Li K, Eriksson KE (2002) Studies on mediators of manganese peroxidase for bleaching
of wood pulps. Bioresour Technol 85(3):249–252

Biely P (1985) Microbial xylanolytic systems. Trends Biotechnol 3:286–290 (Eiras KM)
Bim MA, Franco TT (2000) Extraction in aqueous two-phase systems of alkaline xylanase

produced by Bacillus pumilus and its application in kraft pulp bleaching. J Chromatogr 743
(1):346–349

Blomstedt M, Asikainen J, Lahdeniemi A, Ylonen T, Paltakari J, Hakala TK (2010) Effect of
xylanase treatment on dewatering properties of birch kraft pulp. BioResources 5(2):1164–1177

Bourbonnais R, Paice MG (1990) Oxidation of non-phenolic substrates. An expanded role for
laccase in lignin biodegradation. FEBS Lett 267:99–102

Bourbonnais R, Paice MG (1992) Demethylation and delignification of kraft pulp by Trametes
versicolor laccase in the presence of 2,2′-azinobis-3-ethylbenzthiazoline-6-sulphonate. Appl
Microbiol Biotechnol 36:823–827

Bourbonnais R, Paice MG (1996) Enzymatic delignification of kraft pulp using laccase and a
mediator. Tappi J 76(6):199–204

Bourbonnais R, Paice MG, Reid ID, Lanthier P, Yaguchi M (1995) Lignin oxidation by laccase
isozymes from Trametes versicolor and role of the mediator 2, 2′-Azinobis
(3-ethylbenzothiazoline-6-sulfonate) in kraft lignin depolymerization. Appl Environ
Microbiol 61(5):1876–1880

Bourbonnais R, Leech D, Paice MG, Freiermuth B (1997) Reactivity and mechanism of
laccase-mediators for pulp delignification. In: Proceedings of the Tappi biological science
symposium, pp 335–338

Bourbonnais R, Rochefort D, Paice MG, Renaud S, Leech D (2000) Transition metal complexes: a
new class of laccase-mediators for pulp bleaching. Tappi J 83(10):68

Cadena EM, Vidal T, Torres AL (2010) Influence of the hexenuronic acid content on refining and
ageing in eucalyptus TCF pulp. Bioresour Technol 101(10):3554–3560

References 203



Cai D, Tein M (1989) On the reactions of lignin peroxidase compounds III (isozyme H8).
Biochem Biophys Res Commun 162:464–470

Cai D, Tein M (1992) Kinetic studies on the formation and decomposition of compound II and III.
Reactions of lignin peroxidase with hydrogen peroxide. J Biol Chem 267:11149–11155

Call HP (1993) Process for producing cellulose from lignin containing raw materials using an
enzyme or microorganism while monitoring and maintaining the redox potential. U.S. Patent 5,
203, 964

Call HP (1994a) Multicomponent bleaching system. WO 94/29425
Call HP (1994b) Process for modifying, breaking down or bleaching lignin, materials containing

lignin or like substances. PCT World patent application WO 94/29510
Call HP, Mücke I (1994a) Enzymatic bleaching of pulps with the laccase-mediator-system In:

Pulping conference AlChE session, San Diego, CA, USA, pp 38–52
Call HP, Mücke I (1994b) State of the art of enzyme bleaching and disclosure of a breakthrough

process In: International non-chlorine bleaching conference, Amelia Island, Fl, USA
Call HP, Mücke I (1995a) Further improvements of the laccase-mediator-system (LMS) for

enzymatic delignification and results from large scale trials. In: International non-chlorine
bleaching conference, 5–9 Mar, Amelia Island, Florida, USA, p 16

Call HP, Mücke I (1995b) The laccase-mediator-system (LMS). In: Srebotnk E, Messner K
(eds) Biotechnology in the pulp and paper industry: recent advances in applied and
fundamental research. Proceedings of the 6th international conference on biotechnology in the
pulp and paper industry, Vienna, Austria, pp 27–32

Call HP, Mücke I (1997) History, overview and applications of mediated lignolytic systems,
especially laccase-mediator-systems (Lignozym-process). J Biotechnol 53:163–202

Call H-P, Call S, Garcia-Lindgren C, Marklund A (2004) Extended lab trials: combined enzymatic
delignification and bleaching systems. In: 9th International conference on biotechnology in the
pulp and paper industry, 10–14 Oct, Durban, South Africa

Camarero S, García O, Vidal T, Colom J, Del Río JC, Gutiérrez A, Gras JM, Monje R, Martínez
MJ, Martínez AT (2004) Efficient bleaching of non-wood high-quality paper pulp using
laccase-mediator system. Enzyme Microb Technol 35(2–3):113–120

Chakar FS, Ragauskas AJ (2000) The effects of oxidative alkaline extraction stages after laccase
HBT and laccaseNHAA treatments-an NMR study of residual lignins. J Wood Chem Technol 20
(2):169–184

Chandra RP, Chakar FS, Allison L, Kim DH, Ragauskas AJ, Elder T (2001) Delving into the
fundamental LMS delignification of high kappa kraft pulps. In: 8th International conference on
biotechnology in the pulp and paper industry, 4–8 June, Helsinki, Finland, p 54

Chauhan S, Choudhury B, Singh SN, Ghosh P (2006) Application of xylanase enzyme of Bacillus
coagulans as a prebleaching agent on non-woody pulps. Process Biochem 41(1):226–231

Cheng X, Chen G, Huang S, Liang Z (2013) Biobleaching effect of crude xylanase from
Streptomyces griseorubens LH-3 on eucalyptus kraft pulp. BioResources 8(4):6424–6433

Ducka I, Pekarovicova A (1995) Ligninases in bleaching of softwood kraft pulp. In: 6th International
conference on biotechnology in the pulp and paper industry, 11–15 June, Vienna, Austria

Dwivedi P, Vivikanand V, Pareek N, Sharma A, Singh RP (2010) Bleach enhancement of mixed
wood pulp by xylanase-laccase concoction derived through co-culture strategy. Appl Biochem
Biotechnol 160:255–268

Edwards SL, Raag R, Wariishi H, Gold MH, Poulos TL (1993) Crystal structure of lignin
peroxidase. Proc Natl Acad Sci 90:750–754 (USA)

Egan M (1985) Proceedings of the second annual pulp and paper chemical outlook conference,
12–13 Nov, Montreal. Corpus Information Services Ltd., Montreal

Eggert C, Temp V, Eriksson K-EL (1996) The ligninolytic system of the white-rot fungus
Pycnoporus cinnabarinus: purification and characterization of the laccase. Appl Environ
Microbiol 62:1151–1158

Ehara K, Tsutsumi Y, Nishida T (2000) Role of tween 80 in biobleaching of unbleached hardwood
kraft pulp with manganese peroxidase. J Wood Sci 46(2):137–142

204 10 Biobleaching



Eiras KM, Milanez AF, Colodette L (2009) Biobleaching of eucalyptus pulp. In: 42nd Pulp and
paper international congress and exhibition, Sao Paulo, Brazil, 26–29 Oct 2009, 8 pp

Fagerström R, Tenkanen M, Kruus K, Buchert J (2001) Removal of hexenuronic acid side groups
from kraft pulp by laccase/mediator treatment. In: 8th International conference on biotech-
nology in the pulp and paper industry, 4–8 June, Helsinki, Finland, pp 225–230

Farrell R (1987) Use of rldmtm 1–6 and other ligninolytic enzymes. PCT Int Appl WO 87(00):564
Farrell RL, Gelep P, Anillouis A, Javaherian K, Malone TE, Rusche JR, Sadownick BA,

Jackson JA (1987a) Sequencing and expression of ligninase cDNA of Phanerochaete
chrysosporium. EP 0216080

Farrell RL, Kirk TK, Tien M (1987b) Novel enzymes for degradation of lignin. WO 87/00550
Fillat U, Roncero MB (2009) Biobleaching of high quality pulps with laccase mediator system:

influence of treatment time and oxygen supply. Biochem Eng J 44(2–3):193–198
Fu S, Zhan H, Yu H (2000) Preliminary study on biobleaching of Eucalyptus urophylla kraft pulp

with laccase-mediator system. China Pulp Pap 19(2):8–15
Fujita K, Kondo R, Sakai K, Kashino Y, Nishida T, Takahara Y (1991) Biobleaching of kraft pulp

using white-rot fungus IZU-154. Tappi J 74(11):123–127
Fujita K, Kondo R, Sakai K (1993) Biobleaching of softwood kraft pulp with white-rot fungus

IZU-154. Tappi J 76(1):81–84
Gamelas JAF, Tavares APM, Evtuguin DYV, Xavier AMB (2005) Oxygen bleaching of kraft pulp

with polyoxometalates and laccase applying a novel multi-stage process. J Mol Catal B Enzym
33:57–64

Gangwar AK, Prakash NT, Prakash RR (2014) Applicability of microbial xylanases in paper pulp
bleaching: a review. BioResources 9(2):3733–3754

Garzillo AMV, Dipaolo S, Burla G, Buonocore V (1992) Differently-induced extracellular phenol
oxidases from Pleurotus ostreatus. Phytochemistry 31:3685–3690

Geng X, Li K (2002) Degradation of non-phenolic lignin by the white-rot fungus Pycnoporus
cinnabarinus. Appl Microbiol Biotechnol 60(3):342–346

Gliese T, Kleemann S, Fischer K (1998) Investigations on mechanism and kinetics of xylanase on
prebleaching. Pulp Pap Can 12(99):171–174

Gold MH, Wariishi H, Walli K (1989) Extracellular peroxidases involved in lignin degradation by
the white-rot basidiomycete Phanerochaete chrysosporium. In: ACS Symposium series, vol
389, p 127

Gruninger H, Fiechter A (1986) A novel, highly thermostable D-xylanase. Enzyme Microb
Technol 8:309–314

Gubitz G, Haltrich D, Latal B, Steiner W (1997) Mode of depolymerisation of hemicellulose by
various mannanases and xylanases in relation to their ability to bleach softwood pulp. Appl
Microbiol Biotechnol 47(6):658–662

Gysin B, Griessmann T (1991) Bleaching wood pulp with enzymes. EP 0418201 A2
Hammel KE, Moen MA (1991) Depolymerization of a synthetic lignin in vitro by lignin

peroxidase. Enzyme Microb Technol 13:15–18
Hatakka AI, Bocchini P, Vares T, Galletti GC (1997) Production of lignin-degrading enzymes on

solid straw medium by Phanerochaete chrysosporium and Ceriporiopsis subvermispora and
degradation of the lignocellulosic substrate. In: 1997 Biological sciences symposium, 19–23
Oct, San Francisco, CA, USA, pp 19–23

Henriksson G, Teeri T (2009) Biotechnology in the forest industry. In: Ek M, Gellerstedt G,
Henriksson G (eds) Pulp and paper chemistry and technology, vol 1. Wood chemistry and
wood biotechnology. Walter de Gruyter, pp 273–300

Herpoel I, Jeller H, Fang G, Petit-Conil M, Bourbonnair R, Robert J-L, Asther M, Sigoillot J-C
(2002) Efficient enzymatic delignification of wheat straw pulp by a sequential xylanase-laccase
mediator treatment. J Pulp Pap Sci 28(3):67–71

Higuchi T (1989) Mechanism of lignin degradation by lignin peroxidase and laccase of white-rot
fungi. In: Lenis NG, Paice MG (eds) Biogenesis and biodegradation of plant cell polymers.
ACS Symposium. No. 399, American Chemical Society, pp 482–502

References 205



Higuchi T (1990) Lignin biochemistry: biosynthesis and biodegradation. Wood Sci Technol
24:23–63

Higuchi T (1993) Biodegradation mechanism of lignin by white-rot basidiomycetes. J Biotechnol
30(1):1–11

Ho C, Jurasek L, Paice MG (1990) The effect of inoculum on bleaching of hardwood kraft pulp
with Coriolus versicolor. J Pulp Pap Sci 16:J78–J83

Iimori T, Kaneko R, Yoshikawa H, Machida M, Yoshioka H, Murakami K (1994) Screening of
pulp bleaching fungi and bleaching activity of newly isolated fungus SKB-1152. Mokuzai
Gakkaishi 40(7):733–737

Iimori T, Yoshikawa H, Kaneko R, Miyawaki S, Machida M, Murakami K (1996) Effects of
treatment conditions on treatment times for biobleaching by SKB-1152. Mokuzai Gakkaishi
42:313–317

Iimori T, Miyawaki S, Machida M, Murakami K (1998) Biobleaching of unbleached and
oxygen-bleached hardwood kraft pulp by culture filtrate containing manganese peroxidase and
lignin peroxidase from Phanerochaete chrysosporium. J Wood Sci 44(6):451–456

Ishimura D, Kondo R, Sakai K, Hirai H (1998) Biobleaching of kraft pulp with mutants from
white-rot fungus Phanerochaete sordida YK-624. In: Proceedings of the 7th international
conference on biotechnology in the pulp and paper industry, vol B, 16–19 June, Vancouver,
BC, Canada, p B237

Jeffries TW (1992) Enzymatic treatments of pulps. In: Rowell RM, Schultz TP, Narayan R
(eds) Emerging technologies for materials and chemicals from biomass. ACS Symposium
series 476, American Chemical Society, Washington, D.C., pp 313–329

Jimenez L, Martinez C, Maestre F, Lopez F (1996) Biobleaching of pulp from agricultural residues
with enzymes. Bioprocess Eng 14(5):261–262

Jurasek L, Paice MG (1988) Biological treatments of pulps. Biomass 15:103–108
Jurasek L, Archibald FS, Bourbonnais R, Paice MG, Reed ID (1994) Prospects for redox enzymes

to enhance Kraft pulp bleaching. In: Proceedings of the biological sciences symposium, 3–6
Oct, Minneapolis, MN, p 239

Kadimaliev DA, Revin VV, Atykian NA, Samuilov VD (2003) Effect of wood modification on
lignin consumption and synthesis of lignolytic enzymes by the fungus Panus (Lentinus)
tigrinus. Prikl Biokhim Mikrobiol 39(5):555–560

Kandioller G, Christov L (2001) Efficiency of Trametes versicolor laccase-mediator systems in
pulp delignification and bleaching. In: 8th International conference on biotechnology in the
pulp and paper industry, 4–8 June, Helsinki, Finland, p 223

Kantelinen A, Hortling BO, Ranua M, Viikari L (1993a) Effects of fungal and enzymatic
treatments on isolated lignins and pulp bleachability. Holzforschung 47:29–35

Kantelinen A, Hortling B, Sundquist J, Linko M, Viikari L (1993b) Proposed mechanism of the
enzymatic bleaching of kraft pulp with xylanases. Holzforschung 47:318–324

Kapoor M, Kapoor RK, Kuhad RC (2007) Differential and synergistic effects of xylanase and
laccase mediator system (LMS) in bleaching of soda and waste pulps. J Appl Microbiol
103:305–317

Katagiri N, Tsutsumi Y, Nishida T (1997) Biobleaching of softwood kraft pulp by white-rot fungi
and its related enzymes. J Jpn Wood Res Soc 46(8):678–685

Kaur A, Mahajan R, Singh A, Garg G, Sharma J (2010) Application of cellulase-free
xylanopectinolytic enzymes from the same bacterial isolate in biobleaching of kraft
pulp. Bioresour Technol 101:9150–9155

Kawai S, Umezawa T, Shimada M, Higuchi T (1988) Aromatic ring cleavage of 4,6-di (tert-butyl)
guaiacol, phenolic lignin model compound by laccase of Coriolus versicolor. FEBS Lett
236:309–311

Kim DH, Paik KH (2000) Effect of xylanase pre and post treatment on oxygen bleaching of oak
kraft pulp. J Ind Eng Chem 6(3):194–200

206 10 Biobleaching



Kirk TK, Yang HH (1979) Partial delignification of unbleached kraft pulp with ligninolytic fungi.
Biotech Lett 1:347–352

Kirkpatrick N, Palmer JH (1987) Semi-continuous ligninase production using foam-immobilized
Phanerochaete chrysosporium. Appl Microbiol Biotechnol 27:129–133

Kirkpatrick N, Reid ID, Ziomek E, Paice MG (1990a) Biological bleaching of hardwood kraft pulp
using Trametes versicolor immobilized in polyurethane foam. Appl Environ Microbiol
33:105–108

Kirkpatrick N, Reid ID, Ziomek E, Paice MG (1990b) Physiology of hardwood kraft pulp
bleaching by Coriolus versicolor and use of foam immobilization for the production of
mycelium-free bleached pulps. In: Kirk TK, Chang HM (eds) Biotechnology in pulp and paper
manufacture. Butterworth, Heinemann, MA, pp 131–136

Ko C-H, Tsai C-H, Tu J, Yang B-Y, Hsieh D-L, Jane W-N, Shih T-L (2011) Identification of
Paenibacillus sp. 2S-6 and application of its xylanase on biobleaching. Int Biodeterior
Biodegradation 65(2):334–339

Kondo R, Kurashiki K, Sakai K (1994) In vitro bleaching of hardwood kraft pulp by extracellular
enzymes secreted from white-rot fungi in a cultivation system using a membrane filter. Appl
Environ Microbiol 60:921–926

Kondo R, Tsuchikawa K, Sakai K (2001) Application of manganese peroxidase to modification of
fibers. In: 8th International conference on biotechnology in the pulp and paper industry, 4–8
June, Helsinki, Finland, p 70

Kondo R, Li X, Sakai K (2000) Biobleaching of hardwood kraft pulp by a marine fungus and its
enzyme. In: Pulp and paper research conference, 28–29 June, Tokyo, Japan, pp 12–17

Lackner R, Srebotnik E, Messner K (1991) Oxidative degradation of high molecular weight
chlorolignin by manganese peroxidase of Phanerochaete chrysosporium. Biochem Biophys
Res Commun 178:1092

Latorre UF, Sacon VM, Bassa A (2008) Selection of commercial xylanases to improve pulp
bleaching in Jacarei mill (Votorantim Celulose e Papel). Influence of pH and COD in process
efficiency. In: International pulp bleaching conference, 2–5 June 2008, Quebec City, QC,
Canada, pp 265–266

Ledoux P, Detroz R, DeBuyl E, Throughton N, Shetty J, Presley JR (1993) Use of bacterial
xylanase in chlorine free bleaching sequences. In: Pulping conference, TAPPI proceedings,
pp 1057–1065

Lian HL, You JX, Lian ZN (2011) Effect of machanochemistry on biobleaching of wheat straw
pulp with laccase/xylanase treatment. In: International Conference on Agricultural and Natural
Resources Engineering, Advances in Biomedical Engineering 3–5, p 44–51

Lin XQ, Han SY, Zhang N, Hu H, Zheng SP, Ye YR, Lin Y (2013) Bleach boosting effect of
xylanase A from Bacillus halodurans C-125 in ECF bleaching of wheat straw pulp. Enzyme
Microb Technol 52(2):91–98

Luthi E, Jasmat NB, Berquist P (1990) Xylanase from the extremely thermophilic bacterium
“Caldocellum saccharolyticum”: overexpression of the gene in Escherichia coli and
characterization of the gene product. Appl Environ Microbiol 56:2677–2683

Machii Y, Hirai H, Nishida T (2004) Lignin peroxidase is involved in the biobleaching of
manganese-less oxygen-delignified hardwood kraft pulp by white-rot fungi in the
solid-fermentation system. FEMS Microbiol Lett 233(2):283–287

Manimaran A, Kumar KS, Permaul K, Singh S (2009) Hyper production of cellulase-free xylanase
by Thermomyces lanuginosus SSBP on bagasse pulp and its application in biobleaching. Appl
Microbiol Biotechnol 81(5):887–893

Manji AH (2006) Extended usage of xylanase enzyme to enhance the bleaching of softwood kraft
pulp. Tappi J 5(1):23–26

Martinez AT, Camarero S, Ruiz-Duenas FJ, Heinfling A, Martinez MJ (2000) Studies on microbial
and enzymatic applications in paper pulp manufacturing from non-woody plants based on
white-rot fungi from the genus Pleurotus. In: 2000 Pulping/process and product quality
conference, 5–8 Nov, Boston, MA, USA, 10 pp

References 207



Mathrani IM, Ahring BK (1992) Thermophilic and alkalophilic xylanases from several
Dictyoglomus isolates. Appl Microbiol Biotechnol 38:23–27

McCarthy AJ, Peace E, Broda P (1985) Studies on the extracellular xylanase activity of some
thermophilic actinomycetes. Appl Microbiol Biotechnol 21:238–244

Milagres AMF, Medeiros MB, Borges LA (1995) Sequential treatment of eucalyptus kraft pulp
with Penicillium janthinellium xylanase and Pleurotus ostreatus laccase. In: 6th International
conference on biotechnology in the pulp and paper industry, 11–15 June, Vienna, Austria

Milanez AF, Colodette L (2009) Biobleaching of eucalyptus pulp. In: 42nd pulp and paper
international congress and exhibition, Sao Paulo, Brazil, 26–29 Oct 2009, 8 pp

Moldes D, Cadena EM, Vidal T (2010) Biobleaching of eucalypt kraft pulp with a two
laccase-mediator stages sequence. Bioresour Technol 101(18):6924–6929

Moreira MT, Feijoo G, Sierra-Alvarez R, Lema J, Field JA (1997) Biobleaching of oxygen
delignified kraft pulp by several white-rot fungal strains. J Biotechnol 53:237–251

Moreira MT, Feijoo G, Merter T, Mayorga P, Sierra-Alvarez R, Field JA (1998a) Role of organic
acids in the manganese-independent biobleaching system of Bjerkandera sp. strain BOS 55.
Appl Environ Microbiol 64(7):2409–2417

Moreira MT, Sierra-Alvarez R, Feijoo G, Field JA (1998b) Evaluation of the manganese
requirement for biobleaching by white-rot fungi. In: Proceedings of the 7th international
conference on biotechnology in the pulp and paper industry, vol B, 16–19 June, Vancouver,
BC, Canada, p B229

Moreira MT, Sierra-Alvarez R, Lema JM, Feijoo G, Field JA (2001) Oxidation of lignin in
eucalyptus kraft pulp by manganese peroxidase from Bjerkandera sp. strain BOS55. Bioresour
Technol 78(1):71–79

Murata S, Kondo R, Sakai K, Kashino Y, Nishida T, Takahara Y (1992) Chlorine-free bleaching
process of kraft pulp using treatment with the fungus IZU-154. Tappi J 75(12):91–94

Nagar S, Jain RK, Thakur VV, Gupta VK (2013) Biobleaching application of cellulase poor and
alkali stable xylanase from Bacillus pumilus SV-85S. 3 Biotechnology 3(4):277–285

NathanVK, RaniME, RathinasamyG,DhiraviamKN (2017) BioResources 12(3):5264–5278, 5264
Niehaus F, Bertoldo C, Kahler M, Antranikian G (1999) Extremophiles as a source of novel

enzymes for industrial applications. Appl Microbiol Biotechnol 51(6):711–729
Niku-Paavola ML, Ranua M, Suurnakki A, Kantelinen A (1994) Effects of lignin-modifying

enzymes on pine kraft pulp. Bioresour Technol 50:73–77
Nishida T, Katagiri N, Tsutsumi Y (1995) New analysis of lignin-degrading enzymes related to

biobleaching of kraft pulp by white-rot fungi. In: 6th International conference on biotechnol-
ogy in the pulp and paper industry, 11–15 June, Vienna, Austria

Olsen WL, Slocomb JP, Gallagher HP, Kathleen BA (1989) Enzymatic delignification of
lignocellulosic material. EP 0,345,715 A1

Olsen WL, Gallagher HP, Burris AK, Bhattacharjee SS, Slocomb JP, Dewitt DM (1991)
Enzymatic delignification of lignocellulosic material. EP 406, 617

Paice M (2005) Enzyme application in pulp and paper manufacturing. In: Lakehead University
Symposium, 27 Sept 2005

Paice M, Zhang X (2005) Enzymes find their niche. Pulp & Pap Can 106(6):17–20
Paice MG, Jurasek L, Ho C, Bourbonnais R, Archibald FS (1989) Direct biological bleaching of

hardwood kraft pulp with the fungus Coriolus versicolor. Tappi J 72(5):217–221
Paice MG, Gurnagul N, Page DH, Jurasek L (1992) Mechanism of hemicellulose directed

prebleaching of kraft pulp. Enzyme Microb Technol 14:272–276
Paice MG, Reid ID, Bourbonnais R, Archibald FS, Jurasek L (1993) Manganese peroxidase

produced by Trametes versicolor during pulp bleaching, demethylates and delignifies kraft
pulp. Appl Environ Microbiol 59:260–265

Paice MG, Bourbonnais R, Reid ID (1995a) Bleaching kraft pulps with oxidative enzymes and
alkaline hydrogen peroxide. Tappi J 78(9):161–170

Paice MG, Bourbonnais R, Reid ID, Archibald FS, Jurasek L (1995b) Oxidative bleaching
enzymes. J Pulp Pap Sci 21:J280–J284

208 10 Biobleaching



Paice MG, Bourbonnais R, Renaud S, Amann M, Candussio A, Rochefort D, Leech D, Labonte S,
Sacciadis G (2001) Laccase/mediator catalysed delignification: trials with new mediators. In:
8th International conference on biotechnology in the pulp and paper industry, 4–8 June,
Helsinki, Finland, p 48

Paszczynski A, Huynh V-B, Crawford R (1985) Enzymatic activities of an extracellular
manganese-dependent peroxidase from Phanerochaete chrysosporium. FEMS Microbiol Lett
29:37–40

Pazukhina GA, Soloviev VA, Malysheva ON (1995) Bleaching of kraft pulp with filtrates of
white-rot fungi. In: 6th International conference on biotechnology in the pulp and paper
industry, 11–15 June, Vienna, Austria

Pekarovicova A, Kozankova J, Mikutasova M, Jankovic P, Pekarovic J (1992) SEM study of
xylanase pretreated pulps. In: Visser J, Beldman G, Kustersvan Someren MA, Voragen AGJ
(eds) Xylans and xylanases. Elsevier Science Publishers, Amsterdam, pp 559–564

Pellinen J, Abuhasan J, Joyce TW, Chang HM (1989) Biological delignification of pulp by
Phanerochaete chrysosporium. J Biotechnol 10:161–170

Perttula M, Ratto M, Konradsdottir M, Kristijansson JK, Viikari L (1993) Xylanases of
thermophilic bacteria from Icelandic hot springs. Appl Microbiol Biotechnol 38:592–595

Pham PL, Alric I, Delmas M (1995) Incorporation of xylanase in total chlorine free bleach
sequences using ozone and hydrogen peroxide. Appita J 48(3):213–217

Polizeli ML, Rizzatti AC, Monti R, Terenzi HF, Jorge JA, Amorim DS (2005) Xylanases from
fungi: properties and industrial applications. Appl Microbiol Biotechnol 67(5):577–591

Poppius-Levlin K, Wang W, Ranua M, Niku-Paavola ML, Viikari L (1997) Biobleaching of
chemical pulps by laccase/mediator systems. In: Proceedings of Tappi biological science
symposium, pp 329–333

Poulos TL, Edwards SL, Wariishi H, Gold MH (1993) Crystallographic refinement of lignin
peroxidase at 2 A. J Biol Chem 268(6):4429–4434

Ratanachomsri U, Sriprang R, Sornlek W, Buaban B, Champreda V, Tanapongpipat S,
Eurwilaichitr L (2006) Thermostable xylanase from Marasmius sp.: purification and
characterization. J Biochem Mol Biol 39(1):105–110

Reid ID, Paice MG (1994a) Biological bleaching of kraft pulps by white-rot fungi and their
enzymes. FEMS Microbiol Rev 13:369–376

Reid ID, Paice MG (1994b) Effect of residual lignin type and amount on bleaching of kraft pulp by
Trametes versicolor. Appl Environ Microbiol 60(5):1395–1400

Reid ID, Paice MG, Ho C, Jurasek L (1990) Biological bleaching of softwood kraft pulp with the
fungus Trametes versicolor. Tappi J 73(8):149–153

Reid ID,Bourbolnnais R, PaiceMG (2010)Biopulping and biobleaching. In:Heitner C,DimmelDR,
Schmidt JA (eds) Lignin and lignans: advances in chemistry, chapter 15, pp 521–554

Reinhammer B (1984) Laccase. In: Lontie R (ed) Copper proteins and copper enzymes. CRC,
Boca Raton

Roncero MB, Torres AL, Colom JF, Vidal T (1999) Study the influence of xylanase on the fibre
surfaces by SEM. In: Proceedings of microscopy as a tool in pulp and paper research and
development, Stockholm, Sweden, pp 27–30

Roncero MB, Torres AL, Colom JF, Vidal T (2000) Effects of xylanase treatment on fibre
morphology in totally chlorine free bleaching (TCF) of eucalyptus pulp. Process Biochem 36
(1):45–50

Roncero MB, Torres AL, Colom JF, Vidal T (2003) Effect of xylanase on ozone bleaching kinetics
and properties of eucalyptus kraft pulp. J Chem Technol Biotechnol 78(10):1023–1031

Roncero MB, Torres AL, Colom JF, Vidal T (2005) The effect of xylanase on lignocellulosic
components during the bleaching of wood pulps. Bioresour Technol 96(1):21–30

Roy BP, Archibald F (1993) Effects of kraft pulp and lignin on Trametes versicolor carbon
metabolism. Appl Environ Microbiol 59(6):1855–1863

Saleem M, Tabassum MR, Yasmin R, Imran M (2009) Potential of xylanase from thermophilic
Bacillus sp. XTR-10 in biobleaching of wood kraft pulp. Int Biodeterior Biodegradation 33
(8):1119–1124

References 209



Salles BC, Medeiros RG, Bao SN, Silva FG, Filho EXF (2005) Effect of cellulase free xylanases
from Acrophialophora nainiana and Humicola grisea var. thermoidea on eucalyptus kraft
pulp. Process Biochem 40(1):343–349

Sariaslani FS (1989) Microbial enzymes for oxidation of organic molecules. Crit Rev Biotechnol
9:171–257

Sealey JE, Ragaukas AJ, Runge TM (1997) Biobleaching of kraft pulps with laccase and
hydroxybenzotriazole. In: Proceedings of Tappi biological science symposium, pp 339–342

Senior DJ, Hamilton J (1991) Use of xylanase to decrease the formation of AOX in kraft pulp
bleaching. In: Proceedings environment conference of the technical section, 8–10 Oct,
Canadian Pulp and Paper Association, Quebec, Canada, pp 63–67

Senior DJ, Hamilton J (1992a) Bleaching with xylanases brings biotechnology to reality. Pulp Pap
66(9):111–114

Senior DJ, Hamilton J (1992b) Reduction in chlorine use during bleaching of kraft pulp following
xylanase treatment. Tappi J 75(11):125–130

Senior DJ, Hamilton J (1992c) Use of xylanase to decrease the formation of AOX in kraft pulp
bleaching. J Pulp Paper Sci 18(5):J165–J168

Senior DJ, Hamilton J (1993) Xylanase treatment for the bleaching of softwood kraft pulps: the
effect of chlorine dioxide substitution. Tappi J 76(8):200–206

Senior DJ, Hamilton J, Bernier RL Jr (1992) Use of Streptomyces lividans xylanase for
biobleaching of kraft pulps. In: Visser J, Beldmann G, Kusters-van Someren MA,
Voragen AGJ (eds) Xylans and xylanases. Progress in biotechnology, vol 7. Elsevier,
Amsterdam, The Netherlands, p 555

Senior DJ, Hamilton J, Taiplus P, Torvinen J (1999) Enzyme use can lower bleaching costs, aid
ECF conversions. Pulp Pap 73(7):59–62

Senior DJ, Bernhardt SA, Hamilton J, Lundell R (2000) Mill implementation of enzymes in pulp
manufacture. In: Biological science symposium, 19–23 Oct, San Francisco, CA, USA, p 163

Sharma A, Adhikari S, Satyanarayana T (2007) Alkali thermostable and cellulase free xylanase
production by an extreme thermophile Geobacillus thermoleovorans. World J Microbiol
Biotechnol 23(4):483–490

Sharma A, Thakur VV, Shrivastava A, Jain RK, Mathur RM, Gupta R, Kuhad RC (2014)
Xylanase and laccase based enzymatic kraft pulp bleaching reduces adsorbable organic
halogen (AOX) in bleach effluents: a pilot scale study. Bioresour Technol 169:96–102

Sharma P, Sood C, Singh G, Capalash N (2015) An eco-friendly process for biobleaching of
eucalyptus kraft pulp with xylanase producing Bacillus halodurans. J Clean Prod 87:966–970

Sigoillot C, Record E, Belle V, Robert JL, Levasseur A, Punt PJ, van den Hondel CA, Fournel A,
Sigoillot JC, Asther M (2004) Natural and recombinant fungal laccases for paper pulp
bleaching. Appl Microbiol Biotechnol 64(3):346–352

Sigoillot C, Camarero S, Vidal T, Record E, Asther M, Pérez-Boada M, Martínez MJ, Sigoillot JC,
Asther M, Colom JF, Martínez AT (2005) Comparison of different fungal enzymes for
bleaching high-quality paper pulps. J Biotechnol 115(4):333–343

Simeonova G, Sjodahl R, Ragnar M, Lindstrom ME, Henriksson G (2007) On the effect of a
xylanase post treatment as a means of reducing the yellowing of bleached hardwood kraft
pulp. Nord Pulp Pap Res J 22(2):172–176

Singh G, Capalash N, Kaur K, Puri S, Sharma P (2016) Enzymes: applications in pulp and paper
industry. In: Dhillon GS, Kaur S (eds) Agro-industrial wastes as feedstock for enzyme
production: apply and exploit the emerging and valuable use options of waste biomass.
Academic Press, pp 157–172

Skerker PS, Labbauf MM, Farrell RL, Beerwan N, McCarthy P (1992) Practical bleaching using
xylanases: laboratory and mill experience with Cartazyme HS-10 in reduced and chlorine free
bleach sequences. In: Tappi pulping conference, Boston, 1–5Nov. Tappi press, Atlanta, GA, p 27

Skjold-Jorgensen S, Munk N, Pederson LS (1992) Recent progress within the application of
xylanases for boosting the bleachability of kraft pulp. In: Kuwahara M, Shimada M
(eds) Biotechnology in the pulp and paper industry. Uni Publishers Co. Ltd. Tokyo, Japan,
pp 93–99

210 10 Biobleaching



Sousa JI, Moura AI, Evtuguin DV, Carvalho MGV (2015) Enzymatic treatment applied as a final
stage in E. globulus kraft pulp bleaching

Spence K, Tucker J, Hart PW (2009) Comparison of various hardwood kraft pulp pre-bleaching
techniques. Tappi J 8(4):10–14

Subramaniyan S, Prema P (2002) Biotechnology of microbial xylanases: enzymology, molecular
biology, and application. Crit Rev Biotechnol 22(1):33–64

Sundaramoorthy S, Kishi K, Gold MH, Poulos TL (1994) Preliminary crystallographic analysis of
manganese peroxidase from Phanerochaete chrysosporium. J Mol Biol 238(5):845–856

Suominen P, Mantyla A, Saarelainen R, Paloheimo M, Fagerstrom P, Parkkinen E, Nevalainen H
(1992) Genetic engineering of Trichoderma reesei to produce suitable enzyme combinations
for applications in the pulp and paper industry. In: Proceedings of the 5th international
conference on biotechnology in the pulp and paper industry, 27–30 May, Kyoto, Japan, p 439

Suurnakki A, Tenkanen M, Buchert J, Viikari L (1997) Hemicellulases in the bleaching of
chemical pulps. In: Scheper T (ed) Advances in biochemical engineering/biotechnology, vol
57. Springer, Berlin, pp 261–287

Tan LUL, Mayers P, Saddler JN (1987) Purification and characterization of a thermostable
xylanase from a thermophilic fungus Thermoascus aurantiacus. Can J Microbiol 33:689–694

Tavares APM, Gamelas JAF, Gaspar A, Evtuguin DV, Xavier AMB (2004) A novel approach for
the oxidative catalysis employing polyoxometalate-laccase system: application to the oxygen
bleaching of kraft pulp. Catal Commun 5:485

Thakur VV, Jain RK,Mathur RM (2012) Studies on xylanase and laccase enzymatic prebleaching to
reduce chlorine based-chemicals duringCEHandECF bleaching. BioResources 7(2):2220–2235

Thibault L, Tolan J, White T, Yee E, April R, Sung W (1999) Use of an engineered xylanase
enzyme to improve ECF bleaching at Weyerhaeuser Prince Albert. In: 85th Annual meeting,
26–29 Jan, Montreal, Canada, p B263

Tolan JS (1992) Mill implementation of enzyme treatment to enhance bleaching. In: Proceedings
of 78th CPPA annual meeting, 28–29 Jan, Montreal, Canada, pp A163–A168

Tolan JS (2001) How a mill can get more benefit out of its xylanase treatment. In: 8th International
conference on biotechnology in the pulp and paper industry, 4–8 June, Helsinki, Finland, p 81

Tolan JS, Canovas RV (1992) The use of enzymes to decrease the chlorine requirements in pulp
bleaching. Pulp Pap Can 93(5):39–42

Tolan JS, Collins J (2004) Use of xylanase in the production of bleached, unrefined pulp at
Marathon Pulp Inc. Pulp & Paper Canada 105(7):T167–169.

Tolan JS, Guenette M (1997) Using enzymes in pulp bleaching: mill applications. In: Scheper T
(ed) Advances in biochemical engineering/biotechnology, vol 57. Springer, Berlin, pp 288–310

Tolan JS, Olson D, Dines RE (1996) Survey of mill usage of xylanase In: Jeffries TW, Viikari L
(eds) Enzymes for pulp and paper processing. ACS Symposium series 655, pp 25–35

Torres AL, Vidal T, Colom JF (1998) Eucalyptus pulp bleaching with biotechnology: research
synthesis. Revue ATIP 52(4)

Tran AV, Chambers RP (1987) Delignification of an unbleached hardwood pulp by
Phanerochaete chrysosporium. Appl Microbiol Biotechnol 25:484–490

Tsuchikawa K, Kondo R, Sakai K (1995) Application of ligninolytic enzymes to bleaching of kraft
pulp II: totally chlorine-free bleaching process with the introduction of enzyme treatment with
crude enzymes secreted from Phanerochaete sordida YK-624. Jpn Tappi J 49:1332–1337

Umezawa T, Higuchi T (1989) Cleavage of aromatic ring and b-4-O-bond of synthetic lignin
(DHP) by lignin peroxidase. FEBS Lett 242:325–330

VaheriM,Miiki K (1991)Redox enzyme treatment inmultistage bleaching of pulp. EP 0,408,803A1
Vaheri M, Piirainen O (1992) Bleaching of pulp in presence of oxidizing enzyme and transition

metal compound. WO 92/09741

References 211



Valchev V, Valchev V, Christova E (1998) Introduction of an enzyme stage in bleaching of
hardwood Kraft pulp. Cellul Chem Technol 32(5–6):457–462

Valchev I, Valchev I, Ganev I (2000) Improved elemental chlorine free bleaching of hardwood
kraft pulp. Cellul Chem Technol 33(1–2):61–66

Valls C, Roncero MB (2009) Using both xylanase and laccase enzymes for pulp bleaching.
Bioresour Technol 100(6):2032–2039

Valls C, Gallardo O, Vidal T, Pastor FIJ, Diaz P, Roncero MB (2010) New xylanases to obtain
modified eucalypt fibres with high-cellulose content. Bioresour Technol 101(19):7439–7445

Vares T, Almondros G, Galletti GC, Hatakka A, Dorado J, Bocchini P, Martinez AT (1997) Effect
of ligninolytic enzymes and mediators on paper making properties and chemical composition
of semichemical wheat straw pulp. In: 1997 Biological sciences symposium, 19–23 Oct, San
Francisco, CA, USA, pp 405–412

Vasdev K, Kuhad RC (1994) Decolourization of poly R-478(polyvinylamine sulfonate
anthrapyridone) by Cyathus bulleri. Folia Microbiol 39(1):61–70

Viikari L, Ranua M, Kantelinen A, Sundquist J, Linko M (1986) Bleaching with enzymes. In:
Proceedings of the 3rd international conference on biotechnol in the pulp and paper industry,
Stockholm, Sweden, pp 67–69

Viikari L, Kantelinen A, Poutanen K, Ranua M (1990) Characterization of pulps treated with
hemicellulolytic enzymes prior to bleaching. In: Kirk TK, Chang HM (eds) Biotechnology in
pulp and paper manufacture. Butterworth-Heinemann, Boston, p 145

Viikari L, Tenkanen M, Buchert J, Ratto M, Bailey M, Siika-Aho M, Linko M (1993)
Hemicellulases for industrial applications. In: Saddler JN (ed) Bioconversion of forest and
agricultural plant residues. CAB International, Wallingford, pp 131–182

Viikari L, Kantelinen A, Sundquist J, Linko M (1994) Xylanases in bleaching: from an idea to
industry. FEMS Microbiol Rev 13:335–350

Viikari L, Poutanen K, Tenkanen M, Tolan JS (2002) Hemicellulases. In: Flickinger MC,
Drew SW (eds) Encyclopedia of bioprocess technology: fermentation, biocatalysis, and
bioseparation. Wiley, Chichester (Update. Electronic release.)

Viikari L, Suurnakki A, Gronqvist S, Raaska L, Ragauskas A (2009) Forest products:
biotechnology in pulp and paper processing. In: Encyclopedia of microbiology, 3rd edn,
pp 80–94

Wang L, Jiang LK, Argyropoulos DS (1997) Isolation and characterization of lignin extracted
from softwood kraft pulp after xylanase treatment. J Pulp Pap Sci 23(2):47–51

Wariishi H, Valli K, Gold MH (1991) In vitro depolymerization of lignin by manganese
peroxidase of Phanerochaete chrysosporium. Biochem Biophys Res Commun 176:269–275

Wariishi H, Valli K, Gold MH (1992) Manganese(II) oxidation by lignin peroxidase from the
basidiomycete Phanerochaete chrysosporium. Kinetic mechanism and role of chelators. J Biol
Chem 267:23688–23699

Werthemann D (1993) Prebleaching of Pinus radiata pulp using enzymes—technology to reduce
AOX. Jpn J Pap Technol 10:15–17

White NA, Body L (1992) Differential extracellular enzyme production in colonies of Coriolus
versicolor, Phlebia radiata and Phlebia rufa: effect of gaseous regime. J Gen Microbiol 138
(12):2589–2595

Wong KKY, Tan LUL, Saddler JN (1988) Multiplicity of b-1,4-Xylanase in microorganisms:
functions and applications. Microbiol Rev 52:305–315

Wong KKY, Nelson SL, Saddler JN (1996) Xylanase treatment for the peroxide bleaching of
oxygen delignified kraft pulps derived from three softwood species. J Biotechnol 48(1–2):137–
145

Wong KKY, Kibblewhite RP, Signal FA (1999) Effect of xylanase and dosage on the refining
properties of unbleached softwood kraft pulp. J Wood Chem Technol 19(3):203–212

Wong KKY, Richardson JD, Mansfield SD (2000) Enzymatic treatment of mechanical pulp fibers
for improving papermaking properties. Biotechnol Prog 16(6):1025–1029

212 10 Biobleaching



Wroblewska H, Zielinski MH (1995) Biodelignification of beech and birch pulpwood by selected
white-rot fungi. In: 6th International conference on biotechnology in the pulp and paper
industry, 11–15 June, Vienna, Austria

Xu H, Scott GM, Jiang F, Kelly C (2010a) Recombinant manganese peroxidise (rMNP) from
Pichia pastoris. Part 1: kraft pulp delignification. Holzforschung 64(2):137–143

Xu H, Scott GM, Jiang F, Kelly C (2010b) Recombinant manganese peroxidise (rMnP) from
Pichia pastoris. Part 2: application in TCF and ECF bleaching. Holzforschung 64(2):145–151

Yang JL, Eriksson K-EL (1992) Use of hemicellulolytic enzymes as one stage in bleaching of
Kraft pulps. Holzforschung 46(6):481–488

Yang HM, Yao B, Fan YL (2005) Recent advances in structures and relative enzyme properties of
xylanase. FEMS Microbiol Rev 21(1):6–11

Yllner S, Ostberg K, Stockmann L (1957) A study of the removal of the constituents of pine wood
in the sulphate process using a continuous liquor flow method. Svensk Papperstidn 60:795–802

Zhan H, Yue B, Hu W, Huang W (2000) Kraft reed pulp TCF bleaching with enzyme treatment.
Cellul Chem Technol 33(1–2):53–60

Ziomek E, Kirkpatrick N, Reid ID (1991) Effect of polydimethylsiloxane oxygen carriers on the
biological bleaching of hardwood kraft pulp by Trametes versicolor. Appl Microbiol
Biotechnol 35:669–673

References 213



Chapter 11
Biodeinking

Abstract Ink removal is a significant technical hurdle to the greater use of recycled
paper. Conventional deinking process requires significant energy input and harsh
chemical usage to help dislodge ink particles from fiber surfaces and enhance the
removal of ink particles. Enzyme-baseddeinking shows promise as ameans of reducing
chemical use andwastewater treatment.Brightness response to enzyme treatment varies
considerably but it often rivals or surpasses brightnesses obtained with conventional
deinking processes. Residual dirt count for enzymatically deinked pulps is also gen-
erally lower. Additional benefits include higher freeness and greater paper strength.
Results for pulp yield are inconclusive. Several enzymes have been used for deinking of
various recycled fibers but the main enzymes used are cellulases and hemicellulases.
Extensive research has been undertaken that demonstrates the application of enzymes
and their effectiveness. Different mechanisms for ink removal by enzymes have also
been proposed. Operating conditions must be optimized for successful deinking.

Keywords Deinking � Conventional deinking � Enzymatic deinking
Recycled paper � Freeness � Strength properties � Enzymes � Lipases
Esterases � Pectinases � Hemicellulases � Cellulases � Amylases
Ligninolytic enzymes

11.1 Introduction

Growing environmental awareness, robust overseas markets, and domestic demand
are driving increased paper recycling activities. Recycling technologies have been
improved by developments in pulping flotation deinking, cleaning, screening, and
bleaching, as well as by efforts to boost overall yield, that will encourage devel-
opments of products based on recycled materials. Wastepaper recycling enables
substitution of virgin pulp with recycled fibers, reduces the exploitation of old
forests, and reduces disposal problems. Producing recycled paper uses less energy
than virgin paper, less water, and releases fewer pollution emissions to air and
water. Wastepaper pulp also requires less refining than virgin pulp and can be
corefined with other pulps. In addition, deinked pulp provides special properties to
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the finished papers compared with those made from wood pulp, including opacity,
less curling tendency, less fuzziness, and improved formation.

A significant difficulty in dealing with secondary fiber is the removal of con-
taminants, particularly ink. The difficulty of ink removal depends primarily on the
ink type, printing process, and fiber type. Some paper grades, such as newspapers
printed with oil-based inks, can be deinked with relative ease by conventional
deinking processes. Nonimpact-printed papers are more difficult to deink, and the
quantity of these papers continues to grow as a proportion of total recovered paper
(Vidotti et al. 1992). Similarly, color printing via offset lithography is expanding in
the US; other countries are also expected to follow. The cross-linking inks used in
this process are also difficult to remove by conventional methods. Mixed office
waste is a large, virtually untapped source of high-quality fiber that can be used for
fine papers and many other products, if the deinking process can be improved. Ink
removal continues to be a major technical obstacle to greater use of recycled paper.
Many of the conventional deinking processes require large quantities of chemicals,
resulting in high wastewater treatment costs to meet environmental regulations.
Deinking processes create substantial amounts of solid and liquid wastes. Disposal
is a problem, and deinking plants would benefit from more effective and less
polluting processes. Enzyme-assisted deinking has been shown to represent a
potential environmentally friendly alternative to conventional alkaline deinking
processes (Anon 2010; Bajpai 1999, 2006; Bajpai and Bajpai 1998; Ma and Jian
2002; Mohammed 2010; Puneet et al. 2010; Saxena and Chauhan 2017).

11.2 Enzymes Used in Deinking

Different enzymes have been used for deinking (Bajpai and Bajpai 1998). These
enzymes include lipases, esterases, pectinases, hemicellulases, cellulases, amylases,
and ligninolytic enzymes. Lipases and esterases degrade vegetable-oil-based inks.
Pectinases, hemicellulases, cellulases, and ligninolytic enzymes alter the fiber
surface or bonds in the vicinity of the ink particles, thereby freeing ink for removal
by washing or floatation. Many patent applications have been filed or granted
concerning the use of enzymes in deinking. Several patents specify the use of
cellulases particularly alkaline cellulases for deinking. Few patents claim that
esterases can be used while others specify the use of lipases or pectinases. One
patent application mentions the use of laccase enzyme from white-rot fungi. Most
of the published literature on deinking deals with cellulases and hemicellulases.

11.3 Mechanisms of Enzyme Deinking

Different mechanisms for ink removal by enzymes have been proposed (Welt and
Dinus 1995). Korean researchers pointed out that enzymes partially hydrolyze and
depolymerize cellulose between fibers, freeing them from one another (Kim et al.
1991). Ink particles are dislodged as the fibers separate during pulping. Researchers
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also believe that enzyme treatment weakens the bonds, probably by increasing
fibrillation or removing surface layers of individual fibers (Eom and Ow 1990).
Woodward et al. (1994) suggested that catalytic hydrolysis may not be essential,
since enzymes can remove ink under nonoptimal conditions. Mere cellulase binding
alone may be enough to disrupt the fiber surface to an extent sufficient to release ink
during pulping. It is also reported that cellulases peel fibrils from fiber surfaces,
thereby freeing ink particles for dispersal in suspension (Eom and Ow 1990).
Enzymatic effects may be indirect, removing microfibrils and fines, and thereby
improving freeness and facilitating washing or flotation (Jefferies et al. 1994). Fines
content, however, is not always reduced during enzymatic deinking (Putz et al.
1994). Enzymatic treatment of nonimpact-printed paper has been reported to
remove material from ink particles, thereby increasing particle hydrophobicity and
facilitating separation during flotation (Jefferies et al. 1994). Mechanical action is
supposed to be critical and a prerequisite to enzymatic activity (Zeyer et al. 1994),
and some authors propose that it distorts cellulose chains at or near fiber surfaces,
thereby increasing vulnerability to enzymatic attack. However, research conducted
by Putz et al. (1994) disputes the importance of mechanical action. It is likely that a
particular deinking system would involve more than one of these mechanisms.
However, the relative importance of each mechanism would be dependent on fiber
substrate, ink composition, and enzyme mixture. Probable mechanism of cellulase
and amylase action on fiber is presented in Figs. 11.1 and 11.2 (Mohammed 2010).

11.4 Application of Enzymes in Deinking

Several research groups have examined the application of enzymes in deinking
of different types of wastepapers (Zhang andHu 2004; Spiridon and de Andrade 2005;
Bajpai and Bajpai 1998; Wang and Kim 2005; Zuo and Saville 2005; Spiridon and
Belgacem 2004; Leenen and Tausche 2004; Xu et al. 2004; Gu et al. 2004; Tausche
2002, 2005a, b, 2007; Magnin et al. 2001; Prasad et al. 1992a, b; Prasad 1993;
Heise et al. 1996; Paik and Park 1993; Kim et al. 1991; Rushing et al. 1993;

Fig. 11.1 Schematic diagram showing mechanism of Cellulase action on fiber (Mohammed
2010); reproduced with permission
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Putz et al. 1994; Baret et al. 1991; Jeffries et al. 1994, 1995; Sykes et al. 1995;
Rutledge-Cropsey et al. 1994; Franks and Munk 1995; Yang et al. 1995; Ow et al.
1996; Zeyer et al. 1994, 1995; Woodward et al. 1994; Floccia 1988; Eriksson and
Adolphson 1997; Heitmann et al. 1992). Low-pH cellulase and hemicellulase mix-
tures have been evaluated for deinking of letterpress and color offset-printed newsprint
at pH 5.5 (Prasad et al. 1992a; Prasad 1993). The highest brightness increase for
letterpress paper was obtained with a hemicellulase preparation (xylanase). However,
the lowest residual ink areas as measured via image analysis were achieved with a
cellulase preparation. For colored offset papers, the best brightness was obtained with
a mixture of cellulases and hemicellulases. These researchers also used similar
enzymes to deink flexographic-printed newspaper (Heitman et al. 1992; Prasad et al.
1992b). Enzyme treatment and flotation removed the water-based ink with ease,
resulting in brightness levels well above those obtained with conventional deinking.
When the hemicellulases from Aspergillus niger and cellulases from Trichoderma
virdie were evaluated for deinking, brightness increased with increasing enzyme
dosage and reaction time (Paik and Park 1993).

Cellulases and hemicellulases have a significant effect on the enzymatic deinking
of old newsprint (ONP), improving deinking efficiency and fiber modification
(Wang and Kim 2005). Compared to DIPs from conventional chemical materials,
the enzymatically deinked pulps exhibit better bleachability. The enzymatically
bleached pulp showed a brightness of 59.1% ISO, which was 9% higher than
unbleached pulp. Spiridon and de Andrade (2005) studied the effects of three
enzymatic preparations—mixed cellulase and xylanase, cellulase alone, and lipase
—on the properties of ONP that was 7 months old before deinking using a con-
ventional flotation technique. There was a considerable improvement in drainage
rates for the treated fiber suspensions. The enzymatic treatments affected the
handsheet mechanical properties. Pulps treated with cellulase/xylanase and pulps
treated with lipase had constant tensile and burst indices but their tear indices
decreased. All showed improved optical properties: opacity, brightness, and ef-
fective residual ink content (ERIC). The treatments using cellulase/xylanase and
lipase produced the best properties.

Fig. 11.2 Schematic diagram showing mechanism of Amylase action on fiber (Mohammed
2010); reproduced with permission
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Zhang and Hu (2004) studied the enzymatic deinking of post-consumer printing
paper using cellulase and compared the deinking efficiency of the enzymatic pro-
cess with the conventional process using chemicals. The enzymatically deinked
pulp showed superior drainage, improved physical properties, and better bleacha-
bility than the chemically deinked pulp. Gu et al. (2004) used mixtures of lipase,
cellulase, and xylanase for deinking ONP. An equal mixture of cellulase and xy-
lanase, itself mixed at a ratio of 60:40 with lipase, gave the best deinking perfor-
mance. The breaking length, the burst index, and the tear index of handsheets from
the deinked pulp were increased by 3.2, 7.4, and 7.1%, respectively, compared to
pulp deinked with the cellulase/xylanase mixture alone. Higher pulp yield and
improved pulp drainage were also obtained. Zuo and Saville (2005) studied the
efficacy of immobilized cellulase for deinking MOW. When they used immobilized
enzyme treatment, they found that the residual ink levels were lower than with
soluble enzyme treatment. Their results suggest that immobilized cellulase could be
useful for deinking MOW. Spiridon and Belgacem (2004) investigated the effec-
tiveness of enzymes in deinking office papers. They took recycled fibers from office
papers and gave them enzymatic pretreatment using cellulase alone or a mixture of
cellulase and xylanase. Then, they observed the effects on freeness, sheet strength
properties, sheet optical properties, and paper surface properties. The fiber sus-
pensions showed a significant improvement in drainage rates, and the mechanical
properties of the handsheet showed a substantial increase in burst strength. The
tensile strength remained almost constant for pulps treated with the mixture of
cellulase and xylanase. For all treatments, the tear index decreased significantly but
the brightness and ERIC improved. The mixture of cellulase and xylanase was the
most suitable treatment for laser-printed paper.

The deinked pulp obtained after deinking of sorted office waste with hydrolytic
enzymes showed higher brightness (1.0–1.6 points) and whiteness (2.7–3.0 points)
and lower residual ink as compared to chemically deinked pulp (Bajpai et al. 2004).
It was possible to obtain pulp of <10 ppm dirt count with combination of cellulase
and alpha-amylase enzymes resulting in reduced chemical consumption. COD and
color loads were lower in case of effluents generated during enzymatic deinking.

Treatment of 100% multiprints furnishes with cellulase and amylase enzymes at
pH 7–7.5 improved the pulp brightness by 2 ISO points in the laboratory investi-
gation as a part of EUREKA Enzyrecypaper Project (Gill et al. 2007). The ink
particles released on treating with amylase enzymes appeared to be more hy-
drophobic than ink particles released on treating with cellulase. During the mill trial
using highly specific amylases, the brightness was significantly improved up to
eight points. The ash content also reduced to a great extent after flotation and
washing, resulting in a change of the final pulp characteristics.

Mixed office waste often contains a large variety of dyed papers. The color must
be removed to make the pulp suitable for reuse. For this reason, it is frequently
underutilized source of waste papers. Usually, several chemical bleaching agents
like ozone, oxygen, hydrogen peroxide, or sodium hydrosulfite have been used to
bleach secondary fibers. Now, there is an alternative color stripping process for
secondary fibers—the laccase–mediator system. In a study by Arjona et al. (2007),
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a bleaching sequence included an enzyme stage called laccase–mediator system
stage (L), a hydrogen peroxide stage (P), and a sodium hydrosulfite stage (Y) on a
mixture of different colored writing and printing papers. After the application of
L-P-Y sequence, a pulp with optical properties near to eucalyptus totally bleached
pulp was obtained. The L-P-Y sequence reaches a color removal of 90% and saves
chemicals in the final stages.

A mill-scale enzymatic deinking project was begun in 2001 by Van Houtum
Papier (VHP) of the Netherlands and Enzymatic Deinking Technologies (EDT) of
the US, with project subsidies from the Dutch government (Leenen and Tausche
2004). EDT analyzed the mill and the product development process. In a laboratory
trial, a Blue Print analysis indicated poor dirt removal and brightness development,
and incorrect dilution. A mixture of enzymes was tested on VHP recycled paper
furnishes. A short mill trial of 2 weeks was then conducted in which furnish and
stock preparation were optimized, giving a brightness gain of 2.7 points and furnish
savings. In a long mill trial of 2 months, further optimization was carried out,
leading to reduced enzyme dosage and changes in stock preparation. Enzymatic
deinking can have a significant effect on the mill’s performance but it is necessary
to customize the treatment to suit the mill’s situation.

Xu et al. (2004) studied the deinking of old newspaper (ONP) using cellulase or
hemicellulase in conjunction with a laccase–mediator system. The synergistic use of
the two enzymes led to the production of pulps with superior brightness and strength
compared to those prepared using only one of the enzymes. ONP deinked using
cellulase and the laccase–mediator system had a brightness after bleaching with
hydrogen peroxide of 55.9% ISO, a breaking length of 2.13 km, and a tear index of
6.43 mN m2/g. The respective increases in brightness were 2.4 and 3.8 percentage
points compared to the use of cellulase alone and laccase system alone. The breaking
length was 30% higher, a pulp brightness (after hydrogen peroxide bleaching) of
60.4% ISO, a breaking length of 1.94 km, and a tear index of 6.54 mN m2/g. The
respective increases in brightness were 2.7 percentage points and 8.3 percentage
points compared to the use of hemicellulase alone and laccase system alone. The
breaking length was 20% higher than obtained using hemicellulase alone. Mill-scale
results show that enzymatic deinking gives a 50% reduction in visible and subvisible
dirt (Tausche 2002). Effective residual ink concentrations have been reduced by 35%
in old newsprint/old magazine (ONP/OMG) mills using enzymatic deinking.
Stickies reductions have reached 30–50% in mills that use tracking systems. There
are also optical benefits of cleaner pulp for tissue and towel production. Yield
improvements have averaged 2%. Some mills using wastepaper mix have achieved a
15% decrease in furnish costs using enzymatic deinking. Mohammed (2010)
reported that in one of the Indian Paper mills, use of enzymatic deinking on
multigrade furnish like CBS, MOW, and ONP for producing writing and printing
paper reduced the residual ink count, increased brightness, and gave cost benefit by
almost 50% saving in sodium hydroxide, 37% saving in sodium silicate and com-
plete elimination of hydrogen peroxide (Figs. 11.3, 11.4, and 11.5).

Magnin et al. (2001) conducted pilot-scale trials to compare enzymatic deinking
with conventional alkaline deinking on a typical wood-containing paper
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composition and on a typical wood-free paper composition. Work showed
promising results, particularly a reduction in the number and area of specks in the
final deinked pulp. Full-scale enzymatic deinking was then performed at a mill
producing wood-free deinked pulp from 100% printed coated wood-free papers.
The results showed that good ink removal and lower specks contamination were
obtained by enzymatic treatment in neutral conditions.

Fig. 11.3 Effect of enzyme on brightness (Mohammed 2010); reproduced with permission

Fig. 11.4 Effect of enzyme on residual ink count (Mohammed 2010); reproduced with permission
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Soaking with enzyme before pulping was beneficial but prolonged soaking
reduced ink particle size, lowered flotation effectiveness, and reduced brightness.
An optimal blend of cellulase and hemicellulase gave higher brightness gains than
conventional deinking. Regardless of ink type or printing process, enzyme treat-
ment tends to reduce ink particle size. It has been reported that reduction in particle
size varied with pulping time in the presence of cellulases; overall reduction was
greater than in conventional deinking (Kim et al. 1991). Prasad et al. (1992a, b) and
Rushing et al. (1993) reported reductions in particle size from 16 to 37%,
depending on ink type. Kim et al. (1991) have reported that newspaper pulps
bleached after being deinked by enzymatic and conventional means had similar
brightness values. Conventional deinking uses hydrogen peroxide in the pulping
step and in the bleaching step but enzymatic deinking uses hydrogen peroxide only
in the bleaching step. Consequently, enzymatically deinked pulps were easier to
bleach and required half as much hydrogen peroxide.

In a similar study with letterpress-printed newspaper, enzymatically deinked
pulps had lower initial brightness values than conventionally deinked pulps
(Rushing et al. 1993). However, subsequent bleaching with hydrogen peroxide
produced similar brightness values, and peroxide use was lowest for the enzymatic
process. Putz et al. (1994) reported that brightness levels obtained after bleaching
enzymatically deinked offset-printed newspaper pulp were slightly higher than for
pulp produced by conventional deinking, for the same quantity of hydrogen per-
oxide applied during pulping.

The benefits of neutral cellulase for deinking MOW were exploited by a French
group (Baret et al. 1991). Using a neutral cellulase as a posttreatment to a standard
alkaline chemical treatment, they reported additional brightness and greater ink

Fig. 11.5 Effect of enzyme on chemical consumption (Mohammed 2010); reproduced with
permission
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removal. Baret et al. (1991) did not consider the use of neutral cellulase without any
other chemical pretreatment but this was investigated by Jeffries et al. (1994) at the
US Department of Agriculture’s Forest Products Laboratory (FPL). FPL researchers
reported enhanced deinking of wood-free, nonimpact-printed waste papers with
cellulases (Jeffries et al. 1994; Sykes et al. 1995; Rutledge-Cropsey et al. 1994). Not
surprisingly, the neutral cellulases showed a benefit over the acidic cellulases, even
when the pH of the MOW furnish was adjusted to the initial pH region with sulfuric
acid (Jeffries et al. 1994). The deinking response observed by the FPL group
required a relatively small amount of enzyme to achieve the optimum ink removal
responses, although the dose–response curve reported by this group is unusual and
has not been satisfactorily explained. Their pilot plant results agreed with the
laboratory results for two enzymes (Rutledge-Cropsey et al. 1994). With one of the
enzymes, the ink removal efficiency was 94% in the pilot plant compared with 96%
in laboratory trials. They reported that in continuous processing of 2,300 kg batches
of 100% toner-printed office papers, cellulases greatly reduce the residual particle
count while increasing brightness and freeness (Jeffries et al. 1995). Strength
properties and fiber length were essentially unchanged.

Novo Nordisk, Denmark, also performed several lab flotation runs using a
neutral cellulase (Novozyme 342) it had developed for use in deinking copier paper
(Franks and Munk 1995). The brightness improvement was similar to the
improvement seen by the FPL investigators. Treatment with a pure alkaline cel-
lulase significantly improved brightness levels of photocopied and laser-printed
papers relative to pulping in water without enzymes (Prasad 1993). A brightness
improvement of 4 ISO units was observed. Residual ink area (dirt count) was
reduced by 94%. Enzyme treatment also affected fiber length distributions. These
results might be expected, as the papers typically contain bleached softwood
chemical pulp, and cellulases are more likely to affect fiber distributions of chemical
pulps. Enzyme-treated pulps showed a similar increase in freeness and in strength
properties (breaking length and burst index) relative to control pulps.

Heise et al. (1996) reported the results of three industrial-scale trial runs to
evaluate enzymatic deinking of nonimpact-printed toners. Increased ink removal
was achieved using a low level of a commercially available enzyme preparation in
combination with a surfactant. The brightness of enzymatically deinked pulp was
2% points higher than the brightness of the control pulp. The enzyme trials also had
improved drainage and comparable strength when compared with the control. There
were no significant differences in the quality and treatability of the process water,
although the effluents from these trials had lower oxygen demand and toxicity than
the effluents from the control. Enzymatic deinking of mixed wastepapers
(laser-printed and UV-coated papers) and ONP/OMG eliminated or substantially
reduced the use of chemicals in the deinking process (Yang et al. 1995). The
brightness of enzymatically deinked MOW papers containing 90% laser copies, 3%
colored paper, and 7% other papers was significantly greater than for an MOW
furnish deinked using the chemical method. Enzymatic deinking achieved a 94%
lower dirt count (visible) as well as 82% lower total dirt count.
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The treatment of US ONP pulp with a blended cellulase in a Korean newsprint
mill also gave about a brightness improvement of about 2 percentage points (Ow
et al. 1996). They also conducted a mill trial to evaluate enzymatic deinking of
white ledger-grade paper pulp at one of the largest Korean tissue mills. The trial ran
for several days, and the results showed a reduction of residual ink count. The total
ink removal efficiency increased from 93.9 to 98.3% using the blended cellulase
deinking. Zeyer et al. (1995) studied the performance of enzymes for deinking ONP
and found that the arrangement of unit operations was important. No deactivation of
enzymes by shear stress was observed. Statistical investigation of particles on
handsheets demonstrated that many ink particles were probably still at their original
location.

Novo researchers used monocomponent cellulases SP-476 and SP-613 to deink
MOW (Franks and Munk 1995). The response using SP-476 was similar to the
response for the multicomponent cellulase preparation. But SP-613 gave a dose–
response closer to what would be expected for a typical enzyme system. The
concomitant increase in brightness and decrease in ink count helped to confirm that
the use of brightness as an assessment method could provide a rough measure of
response in these systems. This study shows that the monocomponent portion of the
multicomponent cellulase system plays a major role by enhancing deinking of the
wood-free nonimpact-printed wastepapers. Paper sizing and other additives can
prevent or limit direct physical contact between enzyme and substrate. This inhibits
the effectiveness of the enzymes, since contact is a prerequisite to activity.

Enzymatic versus chemical deinking was examined by Pala et al. (2004) for
MOW and photocopy prints. Several enzymatic preparations and two fiber/ink
particle separation methods were tested. Deinking was monitored by image analysis
and standard pulp and paper characterization procedures. The effectiveness of the
fiber/ink particle separation method depends on the ink particle’s size: for smaller
particles a washing step whereas for larger particles, the use of flotation was nec-
essary. The enzymatic treatment was a competitive alternative for MOW and
photocopy paper deinking. However, the process required the selection of an
adequate enzymatic preparation for each paper grade. According to this study, the
use of enzymes was possible and competitive strategy to deink recycled pulps. The
enzymatic process effectiveness depends more critically on the furnish character-
istics than the chemical one. Concerning the MOW sample, some particularly
effective enzymes were identified: Celluclast 1.5L, T. viride CCMI 84, and IOGEN
celulase contribute to both ink removal and paper strength increase. The maximum
ink removal was obtained by treating MOW with the commercial preparation AXC
(42%); unfortunately, this enzymatic mixture decreased the paper strength.
Regarding the PHOT paper, the more effective deinking was achieved when the
chemical procedure was used (37 vs. 12–22%); furthermore, although enzymes
favor ink removal, their action significantly affects the paper strength properties.

Mohandass and Raghukumar (2005) reported deinking and decolorization of the
dislodged ink particles from inkjet-printed paper pulp by a marine bacterium, Vibrio
alginolyticus isolate no. NIO/DI/32, obtained from marine sediments.
Decolorization of this pulp was achieved within 72 h by growing the bacterium in
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the pulp of 3–6% consistency suspended in seawater. Immobilized bacterial cells in
sodium alginate beads were also able to decolorize this pulp within 72 h. The
cell-free culture supernatant of the bacterium grown in nutrient broth was not
effective in deinking. However, when the culture was grown in nutrient broth
supplemented with starch or Tween 80, the cell-free culture supernatant could
effectively deink and decolorize inkjet-printed paper pulp within 72 h at 30 °C. The
culture supernatant of V. alginolyticus grown in the presence of starch or Tween 80
showed 49 and 33 U ml−1 amylase and lipase activities, respectively. Dialysis of
these culture supernatants through 10 kDa cut-off membrane resulted in a 35–40%
reduction in their efficiency in decolorizing the pulp. Amylase and lipase effectively
help in dislodging the ink particles from the inkjet-printed paper pulp. The
researchers hypothesized that the bacterium might be inducing the formation of low
molecular weight free radicals in the culture medium, which might be responsible
for decolorization of the pulp.

Pala et al. (2006) examined the deinking of MOW at laboratorial scale. The
operating conditions during pulp treatment affected the pulp and paper properties,
interfering with the mechanism of ink removal and modifying the ink particle
characteristics. Pre-washing the pulp facilitates the deinking process. Cellulolytic
enzymes and deinking chemicals were comparable in terms of ink removal ability.
Enzymes can be deinking aids as effective as chemicals, although the results depend
on the type of enzymatic preparation used. The hydrolytic activity is frequently
associated with a reduction on the paper mechanical properties. However, in the
current case, an improvement in tensile, burst, and tear indexes was found.
Comparing with the chemically treated pulps, these strength indexes were lower
but, on the other hand, the enzymatically treated pulp drainability was better.
Balancing these effects, enzymatic deinking is an alternative to the intensive use of
chemical products in the conventional process, especially if the lower environ-
mental impact of enzymatic deinking is taken into account.

Bobu and Ciolacu (2007) investigated potential benefits of enzymatic deinking
compared to chemical deinking, considering efficiency of ink removal and some
environmental aspects. Compared to chemical deinking, the cellulase/surfactant
system was found to be more effective in deinking toner prints, especially by
reduction speck contamination and flotation loss. Other potential benefits of enzyme
deinking could result in better drainage behavior of pulp stock (higher freeness and
lower WRV) and sludge amount reduction. The results concerning physical prop-
erties of deinked pulps were not very conclusive but essentially they presented no
significant differences. Process water of enzyme deinking had higher COD but
proved to be more easily biodegradable compared to process water generated in
chemical deinking. Lack of chemical loading can be an opportunity to reduce the
effluent volume by recycling water after primary treatments. Amount of generated
sludge was lower in enzyme deinking and had lower inorganic content, providing
potential to reduce the costs for sludge treatment and use. The cellulase/surfactant
system appears to be a beneficial alternative to the chemical conventional method in
deinking toner-printed paper, particularly if the lower environmental impact of
enzymatic deinking is taken into account.
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Lasheva et al. (2013) studied the deinking of recycled paper with offset printing
press through flotation and use of enzymes. Seven samples of deinked recycled
paper with offset printing were obtained. Degree of whiteness increased in all
samples and for all samples an improved deinking ability was observed, being most
effective for amylase-treated samples and those treated with combination of three
enzymes. Breaking length for the samples treated with the three enzymes improved
significantly. Increase in tear index was observed with amylase but with higher
concentration a reduction in tear index was found.

Lee et al. (2017) examined the deinking efficiency of laser-printed paper by the
lignocellulolytic enzyme from Penicillium rolfsii c3-2(1) IBRL strain compared to
other enzyme sources as well as commercial available enzymes. High enzymatic
deinking efficiency of approximately 82% on laser-printed paper was obtained by
pulp treatment with crude enzyme from P. rolfsii c3-2(1) IBRL. However, this
crude enzyme was found to reduce the paper strength properties of the pulp based
on the results of tensile, tear, and burst indices, most probably due to the cellulose
degradation. This was further proven by the low viscosity of paper pulp obtained
after enzymatic treatment and increasing of sugar production during the treatment.
Balancing to this detrimental effect on paper pulp, high deinking efficiency was
achieved within a short period of time, in which the enzymatic treatment was
conducted for 30 min that enabled contribution to higher brightness index obtained,
thus promoting savings of time and energy consumption, therefore environmental
sustainability.

Dutt and Rastogi (2013) studied various enzymes mixtures containing cellulase,
xylanase, amylase, and lipase for deinking of Sorted Office Paper. Enzymes reduced
dirt counts and ERIC values and improved pulp brightness and deinkability of
SOP. Enzymes concoctions also reduced ink particles size in terms of number of
specks and number of specks/cm3 and stickies. The increased surface roughness
determined by AFM and SEM techniques is due to ink detachment, and FTIR
validates the deinking efficiency due to disappearance of various bands after
deinking. A mixture of enzymes containing cellulase, xylanase, amylase, and lipase
in presence of surfactant during deinking was found to be effective to produce
writing and printing grades.

Fillat et al. (2012) studied decolorization of four flexographic inks using fungal
laccases, three of them from basidiomycetes (Trametes villosa, Coriolopsis rigida,
and Pycnoporus coccineus), and one from the ascomycete Myceliophthora ther-
mophila in the presence of synthetic and natural mediators. The results obtained
showed a higher capacity of the three basidiomycete laccases to decolorize flexo-
graphic inks as compared with M. thermophila laccase, a low redox potential
laccase. Basidiomycete laccases decolorized inks without mediators at long reaction
times, although the presence of natural or synthetic mediators (above all HBT)
accelerated the process. On the other hand, M. thermophila laccase was unable to
decolorize the inks assayed. The addition of syringyl-type mediators led to medium
levels of decolorization except for R48 ink, which was almost completely decol-
orized. Most decolorization was obtained during the first hours of treatment, when
all the basidiomycete laccases were fully active in the presence of mediators.
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As opposed to other basidiomycete laccases, which become inactive in the presence
of HBT after 24 h, the enzyme of P. coccineus was not deactivated by this mediator
even after 48 h. A complete loss of M. thermophila laccase activity was observed at
short times with acetosyringone and methyl syringate, the only two mediators able
to promote ink decolorization with this enzyme.

Studies have shown that microorganisms such as Vibrio sp. and fungi can be
used for biodeinking as they produce enzymes (pectinases, hemicellulases, and
cellulases) that facilitate the ink removal. The ability of Bacillus spp. in biodeinking
of mixed office papers, using a consortium of Bacillus spp., was examined by
Eliane and Syn (2010). The Bacillus spp. studied were Bacillus licheniformis P7,
Bacillus amyloliquefaciens UMAS 1002, Bacillus pumillus, and Bacillus spp. iso-
late M5 and isolate M7. The consortium was formulated based on their ability to
withstand high temperature and alkali condition and the deinking efficiency.
Deinking efficiency was evaluated based on the enzyme activity, which was mea-
sured by the DNS method. The enzymes investigated were CMCase and FPase.
From the trial deinking, B. amyloliquefaciens UMAS 1002, Bacillus spp. isolate
M5 and isolate M7 were among the high enzyme producers and the combination
C9, which consists of these three species, was the most ideal bacteria consortia for
the deinking. Biodeinking using Bacillus spp. in combination was better than using
them individually. As there was no obvious significant difference for the deinking
efficiency between chemical deinking and biodeinking, enzymatic deinking should
be given priority as it can reduce chemicals usage and more environmental friendly.

Gil et al. (2013) performed the deinking process in neutral conditions, with
enzymatic pretreatment of the waste paper pulp, and using ethoxylated fatty acids as
surfactant. The enzyme used in the pretreatment was cellulase or amylase, and the
enzymatic activity for these enzymes was evaluated according to IUPAC rules and
based on temperature and pH values, as by the supplier. These researchers studied
the influence of HLB of surfactant in combined processes of enzymatic/neutral
deinking. These deinking processes are expected to cause less environmental
impact than the process commonly used in alkaline environment. It studied the
process in waste photocopy paper. For comparison, a pulp without enzymatic
pretreatment was used. The deinking enzymatic/neutral process was carried out by
flotation at a stock consistency of 0.8%, with a 6 min flotation phase at 40 °C
temperature. In the deinking enzymatic/neutral process, the applied enzymes doses
are 0.06, 0.105, and 0.15%, and the ethoxylated fatty acids employed of HLB are
12, 14, and 16. Optical properties were determined as reflection factor at 457 nm
(brightness ISO), not eliminating measurement points. For waste photocopy paper,
the maximum values of brightness ISO are 78.9 and 80.6% when cellulase and
amylase were used in enzymatic pretreatment, respectively. Neutral deinking pro-
cesses of waste photocopy papers assisted by cellulolytic enzymes or amylase allow
the obtainment of pulps with better brightness. In general, pulps deinking with best
brightness were achieved with application of amylase. For both enzymes used,
optical properties of pulps from waste photocopy paper are affected by interaction
of the HLB value and the enzyme dosage. For pulps treated with cellulase, an
ethoxylated fatty acid with HLB value of 12 showed best brightness ISO, whereas
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an ethoxylated fatty acid with HLB 16 value gives best results for brightness when
pulps were treated with amylase.

Ibarra et al. (2012) compared the use of cellulases/hemicellulases versus the
laccase–mediator system for deinking printed fibers from newspapers and maga-
zines. For this purpose, two commercial enzyme preparations with endoglucanase
and endoxylanase activities (Viscozyme Wheat from Aspergillus oryzae and
Ultraflo L from Humicola insolens, Novozymes) and a commercial laccase
(NS51002 from T. villosa, Novozymes), the latter in the presence of synthetic or
natural (lignin-related) mediators, were evaluated. The enzymatic treatments were
studied at the laboratory scale using a standard chemical deinking sequence con-
sisting of a pulping stage; an alkaline stage using sodium hydroxide, sodium sili-
cate, and fatty acid soap; and a bleaching stage using hydrogen peroxide. The
handsheets were then prepared, and their brightness, residual ink concentration, and
strength properties were measured. Among the different enzymatic treatments
assayed, both carbohydrate hydrolases were found to deink the secondary fibers
more efficiently. Brightness increased up to 3–4% ISO on newspaper fibers, being
Ultraflo 20% more efficient in the ink removal. Up to 2.5% ISO brightness increase
was obtained when magazine fibers were used, being Viscozyme 9% more efficient
in the ink removal. Regarding the laccase–mediator system, alone or in combination
with carbohydrate hydrolases, it was ineffective in deinking both newspaper and
magazine fibers, resulting in pulps with worse brightness and residual ink con-
centration values. However, pulp deinking by the laccase–mediator system was
displayed when secondary fibers from printed cardboard were used, obtaining up to
3% ISO brightness increase and lower residual ink concentrations.

The potential of enzymes, such as lipase and laccase, was evaluated in deinking
and bleaching processes by Leduc et al. (2011). The addition of lipase in the
enzymatic treatment at pH values varying from 8.5 to 10 had a slight impact on
pulp brightness. At pH 9, a brightness gain of 0.9 point was obtained, resulting in a
final brightness of 67.6% ISO compared to the 66.7% ISO recorded as a reference.
A slight reduction in the values of effective residual ink concentration (ERIC), from
184 to 151 ppm, was observed after the flotation step. However, a brightness gain
of 1.2 point was observed when the pH of the pulp was not a combination of lipase
with a surfactant (ODP) allowed a slight brightness improvement and a reduction of
the ERIC value. The results of laccase addition at different concentrations or at
different adjusted pH values, or without pH adjustment, did not improve the
brightness level or ERIC. Nevertheless, the use of laccase and of a mediator
(LMS) without any pH adjustment allowed a slight brightness increase (pH 6.2:1.1–
8.0:0.8). The lack of efficiency of these enzymes seemed to be related to the fact
that the ink particles were strongly tied up to the fiber or they were less accessible.

The performance of a newly developed pilot-scale continuous enzymatic
deinking system has been evaluated using a mixture of cellulase and xylanase
enzymes in the deinking of mixed office wastepaper (MOW) and old newspaper
(ONP) by Lee et al. (2011a). Optimizations of the enzymatic deinking processes
were carried out, and the optimum conditions obtained for MOW and ONP were
different. The highest brightness obtained from enzymatic deinking of MOW and
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ONP under their respective optimum conditions were about 83.6 and 41.9%,
respectively. The deinking efficiency of 6.0 and 6.3% were obtained by enzymatic
deinking process using MOW and ONP, respectively. On the other hand, the
deinking efficiencies of 2.9 and 3.5% were obtained by a chemical deinking process
using MOW and ONP, respectively. These findings indicated that enzymes have
potential to be used in deinking of MOW, which is difficult to deink by conven-
tional chemical deinking methods.

The implications of sizing effects have been studied by many researchers (Zeyer
et al. 1994, 1995; Rutledge-Cropsey et al. 1994). The literature shows that paper
sizing reduces enzymatic deinking efficiency and that the effect may vary with
sizing agents. For nonimpact-printed papers, deinking efficiency was lowest for
papers sized with rosin and alum (Rutledge-Cropsey et al. 1994). These papers have
the greatest resistance to wetting and the highest fiber hydrophobicity. Papers sized
with alkyl succinic anhydride are less resistant to wetting but are almost as difficult
to deink. Alkaline lipases are claimed to facilitate the removal of oil-based inks.
Nakano (1993) has reported that an alkaline lipase efficiently removed offset
printing inks. Enzymes that catalyze the removal of surface lignin may hold pro-
mise for deinking of newsprint that contains a proportion of lignin-rich mechanical
pulp. This approach has been evaluated using the white-rot fungus Phanerochaete
chrysosporium and with lignin-degrading enzymes (Call and Strittmatter 1992).

Ink removal by a laccase preparation proved comparable to conventional
chemical deinking. However, the enzyme-treated pulps showed higher brightness
and were easier to bleach. A novel deinking process that couples separation tech-
nology with cellulase treatment has been described by Woodward et al. (1994).
They reported that ink particles dislodged from newsprint, presumably by cellulase
activity, readhered to smaller fibers originally present or created by enzymatic
action. The smaller fibers and adhered ink were then separated from longer deinked
fibers. The longer deinked fibers are usable without further treatment. Since ink
adhered to the shorter fibers, conventional washing or flotation would be unnec-
essary, and ink would not be released into the effluents. The reason for strong
association between ink and short fibers could not be identified. The separation of
such fibers is technically feasible (Floccia 1988).

Centre Technique du Papier (CTP) performed a pilot-scale test, employing an
alkaline cellulase in a neutral deinking of mixed office paper (Gallo et al. 2004).
The recovered paper used in the test was made up of 35% mixed office waste
(MOW), 35% toner, and 30% wood-free magazines. Two cellulases were used: a
well-known crude cellulase (Novozyme 342) containing cellulase and hemicellu-
lase activities, and a monocomponent alkaline cellulase (Novozyme 613).
Preliminary trials showed that the deinking of this type of recovered paper was
more effective using cellulases rather than hemicellulases or amylases. Use of the
Novozymes typically increased efficiency of deinking from 95% to around 99%.
Overall results confirmed that alkaline cellulases can be used in a neutral deinking
process, enhancing the performance of conventional alkaline deinking. Mild alka-
line conditions used could impact positively on stickies problems at mill scale.
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By optimizing the process in a complete deinking line, enzyme use could lead to a
reduction in pulping time, thus saving energy and potentially increasing production.

The potential of combining cellulase enzymes with sulfite deinking to achieve a
superior natural deinking strategy for deinking of old newsprint (ONP)/old maga-
zine paper (OMG) was also examined by Zhang et al. (2008). They reported
substantial improvement in the deinking performance of ONP/OMG in 70:30 ratio
as compared to either cellulase enzyme or sulfite deinking.

The exposure of recovered newsprint to high temperature in closed containers
accelerates the oxidation and polymerization of ink particles (summer effect)
(Haynes 2000). Sulphite deinking has been shown to give relatively better deinking
performance as compared to alkaline deinking (Chezick et al. 2004) but no
improvement in the brightness. However, combining enzymes with sulphite
chemistry significantly enhances sulphite deinking to achieve deinking of aged
newsprint at neutral pH.

Commercial use of enzymes for deinking has started in many countries. The
Enzynk process developed at the University of Georgia by Eriksson’s group has
been commercialized by EDT. The process uses a mixture of enzymes in combi-
nation with surfactants and a few other chemicals (Eriksson and Adolphson 1997).
The enzyme mixture very much depends on the choice of furnish. The Stora Dalum
deinking plant used an enzymatic deinking process developed by Enzymatic
Deinking Technologies (Knudsen et al. 1998). Trials showed that dirt specks can be
reduced by up to 35% and stickies by up to 50%; brightness levels can be increased
by 1.2% ISO% before bleaching and by 2.2 ISO% after bleaching. The usage of
certain chemicals was also reduced and the mill experienced a 1.8% higher yield
with the use of enzymes. The average daily production of the mill increased by over
8 tons per day.

EDT is exhibiting its Enzynk technology for use in deinking mills to improve
quality and reduce total production costs (Tausche 2002, 2005a, b, 2007). EDT’s
mill-specific enzyme blend tailors a treatment based on the mill’s furnish mix,
deinking plant configuration, key operating conditions, and desired results from the
treatment. The company says that this patented technology provides superior ink
and contaminant detachment from the fibers such that deinking plant equipment can
be more efficient across flotation, cleaning, and washing stages. In one case, a mill
wishing to reduce furnish costs was able to achieve a 12–20% reduction in net
furnish costs (Fig. 11.6). A second mill was able to achieve a 5% improvement in
yield with a 30% reduction in sludge generation. Figures 11.7, 11.8, and 11.9 show
improvement in dirt reduction and brightness gain and increased fiber yield from
Enzynk use. Figure 11.10 compares scanning electron micrographs of toner ink
particles treated with a conventional chemical deinking approach and EDT’s
enzymatic deinking process; it clearly shows the effect of improved ink detachment.
Toner inks are essentially melted plastic that impregnate the sheet, forming large
ink–fiber complexes. Normal pulping fails to destroy these “hairy particles”,
hampering the removal and yield control across flotation, cleaning, and washing.
The enzymatic process detaches inks more effectively from fibers to facilitate their
removal and close the gap between virgin and recycled quality.
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Fig. 11.6 Enzymatic deinking a furnish composition of tissue with ISO brightness 61, b furnish
composition of tissue with ISO brightness 77, c net cost change in total raw materials (furnish plus
all chemistry) using enzymatic deinking (Tausche 2005a, b); reproduced with permission

Fig. 11.7 Enzymatic deinking: Tappi dirt reductions (Tausche 2005a, b); reproduced with
permission
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Fig. 11.8 Enzymatic deinking: brightness gains (Tausche 2005a, b); reproduced with permission

Fig. 11.9 Enzymatic deinking: a mill fiber yield, b indexed sludge generation (Tausche 2005a,
b); reproduced with permission

Fig. 11.10 SEM of toner particle detachment, a conventional deinking, b enzymatic deinking
(Tausche 2005a, b); reproduced with permission
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The use of enzymes for deinking has been employed with a variety of strategies
to reduce energy costs, both in the deink plant and the machine. Tausche (2007)
reported five such strategies to reduce energy costs per ton: increased tonnage
output, enhanced pulper defiberization, reduced dispersion, reduced refining, and
reduced drying energy. Enzymatic deinking has helped mills increase production
rates while maintaining good deinked pulp quality, overcoming the challenges
resulting from running faster or at higher consistencies. One major benefit of
increased tonnage is the reduction in specific energy cost per ton produced.
Enzymatic strategies have also focused on fiber modification to enhance drainage
and increase machine output. In one application where drainage in a dewatering
screw was a limitation, an enzyme treatment was developed to successfully
de-bottleneck this stage. Enzymatic treatments have helped mills reduce pulping
times, and hence energy. In one application, high consistency pulping time was
reduced by 23%, from 22 to 17 min. This method can also increase the running rate
for mills that are bottlenecked at the pulper. The disperger energy may be reduced
or in some cases eliminated using enzymes. Certain enzymatic treatments have been
found to “clean” fibers such that more hydrogen bonding sites present themselves to
provide strength in the sheet. In mill applications where strength enhancement was
a goal, sheet strength increases from 5 to 13% were attained. While mills leverage
these increases in different ways, a common strategy is to decrease refining energy
such that the same sheet strength is achieved. For example, one mill reduced
refining from 125 kWh/ton to the 70–90 kWh/ton range and still achieved the
desired final sheet properties (Tausche 2007). Enzymatic treatments can enhance
the drainability of stock on the paper machine. Certain treatments have enabled the
steam to escape more readily and have reduced drying energy per ton. Mills using
such enzymatic approaches have been able to reduce total energy usage by over
€10 per tissue ton.

11.5 Effect of Enzyme on Fiber and Paper Quality

Enzymatically deinked pulp typically has higher brightness, greater freeness, and
superior paper quality strength properties compared with chemically deinked
pulp. Yang et al. (1995) reported that the freeness of enzymatically deinked MOW
pulp was 32% higher than that of control pulp. Heise et al. (1996) found that enzyme
treatment significantly increased pulp freeness from 510 to 570 ml Canadian Standard
Freeness (CSF), and Prasad (1993) found an increase from 440 to 490 ml. Prasad
(1993) observed that freeness increased in all the enzyme-treated samples compared
with the control. The freeness increase varied from 50% for cellulase-treated colored
flexo-printed newsprint to 14% for black- and white-printed newsprint treated with a
hemicellulase preparation. Enzyme-deinked pulp also had better runnability on paper
machines. It is mainly the enhanced drainage and oxygen wet web strength that
contributes to enhanced runnability. Baret et al. (1991) claimed to see a physical
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property enhancement even when applying as much as 4 dm3 cellulase per ton of
pulp. A hemicellulase preparation showed the largest strength increase with the
smallest improvement in freeness.

11.6 Effect of Enzyme on Pulp Yield

Yield results are inconclusive. Some yield reduction appears to arise from losses of
fines and other small particles through the action of the applied enzyme. More
precise control over enzyme dosages and reaction times are expected to minimize
these losses. Kim et al. (1991) have reported that reducing sugars were released
during enzymatic deinking of old newspaper but yield losses were immaterial.
Relatively short reaction times were thought to have restricted enzyme attack of
fibrils on fiber surfaces. In another study with ONP, sugar release increased with
enzyme dosage and reaction time (Paik and Park 1993). The yield was reduced by
5% but freed sugars did not explain all the loss. Microfibrils freed from fibers by
enzymatic activity were said to have been lost during flotation. Even then, yields
from enzymatic deinking were higher than from conventional deinking.

11.7 Effect of Enzyme on Effluent Characteristics

Enzymatic and chemical deinking not only significantly influence the optical and
mechanical properties of deinked paper but also influence the pulp properties and
wastewater effluent generated (Lee et al. 2011b). Both enzymatic and chemical
deinking of mixed office wastepaper (MOW) and old newspaper (ONP) showed
improvement in brightness (1.4–4.7 units), tensile index (1–14%), burst index (1.2–
3.8%), freeness (1.9–2.9%), and residual ink removal (31.1–51.2%) but caused loss
in opacity (0.1–2.6%) and tear index (0.1–9.6%). Chemical Oxygen Demand
(COD) analysis indicated that effluents produced from enzymatic deinking were
about 33.9 and 33.8% lower compared to chemical deinking of ONP and MOW,
respectively. Meanwhile, Biological Oxygen Demand (BOD5) obtained from
enzymatic deinking of MOW and ONP were 47.1 and 39.3% lower compared to the
chemical deinking process, respectively. The results demonstrated that the quality
of the pulp and paper obtained from enzymatic deinking process was better than
that from the chemical deinking process. This suggests that enzymatic deinking has
high potential as an alternative to the chemical method.

In comparison to alkaline deinking process, the chemical oxygen demand is
lower in enzymatic deinking; this reduces the load on wastewater treatment systems
(Yang et al. 1995). Wastewater effluent from enzymatic deinking was reported to
have a 20–30% lower COD than wastewater from chemical deinking processes
(Kim et al. 1991). There may be extra environmental advantages by avoiding the
use of high alkalinity in the pulping stage (Jeffries et al. 1994). Another report
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indicated that the COD load after enzyme treatment was 50% lower than for
conventional deinking (Putz et al. 1994).

The following observations on effluent characteristics are based on the results of
Heise et al. (1996), who reported on the industrial-scale enzyme deinking of
nonimpact-printed toners. Process water entering the clarifier from the enzyme runs
contained lower total and dissolved biochemical oxygen demand (BOD) and higher
COD than the comparable control (Table 11.1). However, the dissolved air flotation
(DAF) cell readily clarified the process water, and the water exiting the DAF
contained lower BOD and COD than the clarified control water (Table 11.2). The
best quality reprocessed water was achieved with enzyme run 2, which was also the
best trial for ink removal. Enzyme run 2 also had the lowest BOD and COD in the
reject effluent stream (Table 11.3). There was no detectable difference in the BOD
of different samples from each trial. The reject streams had comparable toxicities.
However, if the conventional chemical control were used for comparison, the en-
zyme runs would undoubtedly be less toxic than the conventional run, as previously
observed on effluents collected from bench-scale experiments (Jeffries et al. 1994;
Sykes et al. 1995).

In deinking offset newsprint, the COD load in the white water from the pulp
suspension after reaction was lowest, at 5 kg per ton of deinked pulp, when no

Table 11.1 Quality of water
entering dissolved air
floatation clarifier

Parametera Control run Enzyme runs

1 2

Total BOD5 441 327 253

Dissolved BOD5 234 168 138

Total COD 1080 1190 1455
aAll values in mg/l
Based on data from Heise et al. (1996)

Table 11.2 Quality of water
exiting dissolved air floatation
clarifier

Parametera Control run Enzyme runs

1 2

Total BOD5 298 192 115

Dissolved BOD5 275 165 123

Total COD 510 565 415
aAll values are mg/l
Based on data from Heise et al. (1996)

Table 11.3 Quality of reject
stream

Trial Dissolved BOD5 (mg/l) Total COD (mg/l)

Control run 219 440

Enzyme run 1 210 427

Enzyme run 2 180 346

Based on data from Heise et al. (1996)
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chemicals were added (Putz et al. 1994). With the total chemical reference formu-
lation, a COD load of 22 kg per ton was generated, because of the alkaline pulping
environment. However, for the enzyme-treated pulp, the COD load depends on the
amount of enzymes as well as on the enzyme type. On average, the following CODs
were obtained (Putz et al. 1994): 11 kg per ton for 0.2% enzyme addition and 20 kg
per ton ton for 1.0% enzyme addition. Compared with the common alkaline deinking
procedure, the COD load of a treatment with 0.2% enzymes was 50% lower.

Knudsen et al. (1998) reported that COD coming into the biological treatment
plant was not statistically different between chemical and enzymatic deinking.
Bioplant outlet COD and therefore treatment plant efficiency were also unchanged.
SVI was not impaired by the transition to enzymatic deinking. Ash content almost
doubled probably due to increased transfer of calcium ions from the deinking plant
to the biological treatment plant. This changed the dewatering properties of the
bio-sludge necessitating a minor modification of the dewatering equipment. Then, a
significantly higher solids content could be achieved compared to reference.

11.8 Benefits and Limitations

Conventional deinking is a chemical-intensive process that requires extensive
wastewater treatment, which is expensive and becoming highly regulated. Enzyme-
based deinking offers a potential means for reducing the amount of chemicals in the
deinking process, hence reducing the load on wastewater treatment systems.
Conventional methods are relatively ineffective in deinking MOW, which presents
technical and economic challenges to the paper recycler. MOW contains a wide
variety of fibers and contaminants as well as toners and other nonimpact polymeric
inks from laser printing, which are the most difficult to deal with. Toners and laser
printing inks do not disperse readily during a conventional repulping process and
are not readily removed during flotation or washing. Conventional deinking uses
surfactants to float toners away from fibers, high temperatures to make toner sur-
faces form aggregates, and vigorous high-intensity dispersion for size reduction.

Most of the deinking chemicals and high-energy dispersion steps are expensive.
Microbial enzymes enhance the release of toners from office wastepapers. The size
distribution and the shape of the ink removed can be effectively controlled using the
enzymatic process to maximize the efficiency of the flotation process, which relies
heavily on particle size. This can be accomplished by selectively varying enzyme
composition, dose and residence time, and by varying other additives and the pH of
the system to effectively dislodge the normally large, flat, and rigid ink particles into
much finer and non-platelet forms. Enzymes may also retard redeposition of ink
particles onto the fibers. The most promising implication of high deinking efficiency
from enzyme-enhanced deinking is that the dewatering and dispersion steps—as
well as subsequent reflotation and washing—may not be essential. This should save
capital expenses in construction of deinking plants while also reducing consump-
tion of electrical energy for dewatering and dispersion.
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Less bleaching chemicals are usually needed for enzymatic deinking than for
conventional chemical deinking. Lower chemical use would reduce waste treatment
costs and reduce the impact on the environment. Lower bleaching costs and less
pollution can also be anticipated, since enzymatically deinked pulps have proved
easier to bleach and require less chemicals than pulps deinked by conventional
methods. Enzymatically deinked pulp also displays improved drainage, superior
physical properties, higher brightness, and lower residual ink compared with
chemically deinked recycled pulps. Improved drainage results in faster machine
speed, which yields significant energy savings, hence overall cost savings. In
addition, the use of recycled fiber reduces the need for virgin pulp. This brings great
savings in the energy required for pulping, bleaching, refining, etc., which will also
reduce pollution problems. Introducing enzymatic deinking technology in a
mill-scale operation will require extensive customization of the enzyme formulation
and process variables to achieve optimal effectiveness. After extensive experience
with US mill-based trials (Yang et al. 1995), it is clear that the enzyme formulations
will vary widely and will depend on the furnish, process water, equipment con-
figuration, and desired specifications of the deinked pulp. Moreover, an enzyme-
based deinking process will naturally lead to a new chemical balance throughout the
mill’s entire water system. If enzymatic deinking is to be effectively introduced into
the pulp and paper industry, the costs and risks of conversion must be minimized.

11.9 Conclusions

Enzymes for deinking are now commercially available and at lower cost than in the
past. Several pilot plant and mill-scale trials have been conducted and promising
results have been obtained. Several mills in the world are regularly using enzymes
for deinking. EDT has been one of the most active companies. Increased usage and
advances in fermentation technology are expected to lower the production costs of
enzymes. Alternatively, genetic engineering techniques can be used to identify the
gene for a specific enzyme and transfer it to another organism, e.g., Escherichia
coli, that normally does not produce the enzyme. Transfer and expression of cel-
lulase genes have also been accomplished and several firms are now producing
individual cellulases.
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Chapter 12
Fiber Modification

Abstract The use of enzymes in papermaking is becoming an established tech-
nology for promoting reduction in refining energy, developing paper characteristics,
and enhancing productivity. The carefully selected and formulated enzyme-based
products modify fiber to deliver a number of process and product-related advan-
tages. In many cases, the mechanisms and effects are unique and specific to
enzymes and which conventional papermaking additives have as yet to deliver.
Machines making tissue and fine printing paper grades using bleached pulps and
requiring refining have achieved considerable savings in energy consumption,
substitution of long fiber by short, and savings in starch use. The cellulase-based
products are added to the fiber streams with specific physicochemical conditions
ideal for optimum enzyme activity. Studies have also been conducted on packaging
board machines using recycled fiber. Trials have shown interesting and commer-
cially viable results. These include increase in production rate and decrease in steam
consumption due to better dewatering and increase in post-press solids.
Furthermore sheet strength increased and filtrate water quality also improved.
Employing xylanase or cellulase to improve the drainage on a pulp or paper
machine has been pursued by several mills with the objective to increase the
production rate. The presence of endoglucanase activity is a prerequisite for
improvement of drainage of recovered paper by enzymatic means.
Cellobiohydrolase and Xylanase activity act synergistically with the endoglucanase
to improve its effects. Endoglucanases enhance dewatering by hydrolyzing the
amorphous hydrophilic cellulose, which is the main constituent of the fines formed
during refining. By applying purified enzymes on specific regions of the cellulose
fibers, the desired part of the pulp could be modified for a particular enzyme
application.

Keywords Enzymes � Refining energy � Productivity � Cellulase
Xylanase � Recycled fiber � Drainage � Endoglucanase � Cellobiohydrolase
Beatability � Refinabilty � Fiber modification
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12.1 Introduction

Wood fibers are composed mainly of cellulose and hemicellulose microfibrils
encrusted in lignin-carbohydrate matrices. They are multilayered structures that can
have internal delamination and external fibrillation after chemical and/or mechan-
ical processing. Wood pulp can be treated with enzymes, and some of the cellulose
in the fiber is hydrolyzed. This biochemical treatment reduces the amount of
mechanical treatment needed to reach the desired fiber properties. Less mechanical
action and less energy are required. Since refining requires significant energy input
as well as capital investment for equipment, helping the refining process could
provide numerous benefits. In the past few years, interest in the use of enzymes as a
way of modifying fiber properties to improve the beatability/refinability, and
drainage of pulps has increased (Bhardwaj et al. 1995, 1996; Pastor et al. 2002;
Garcia et al. 2002; Torres et al. 1999; Scartazzini et al. 1995; Wong et al. 1999a;
Bajpai and Bajpai 2001; Bajpai et al. 2004, 2005, 2006; Michalopoulos et al. 2005;
Covarrubias 2006, 2007; Gill 2008; Loosvelt 2008, 2009a, b; Lecourt et al. 2010).
The use of commercially produced enzymes in papermaking is relatively new.
Typical enzymes include amylases, proteases, lipases, xylanases, and cellulases.
Produced in nature by fungi, bacteria, and protozoans cellulases break down the
cellulose walls of plant fiber. There are several kinds of cellulases which differ
structurally and mechanistically. These enzymes can be classified into two broad
groups according to the specific function they perform. Endo-cellulases break in-
ternal bonds to disrupt the crystalline structure of cellulose to expose individual
polysaccharide chains. Exo-cellulases on the other hand cleave two to four units
from the ends of the cellulose chains resulting in much smaller tetra- or disaccharide
molecules. In papermaking, the enzymes used are principally of the endo-cellulase
type. When used to treat papermaking pulps, fiber modification enzymes deliver a
number of beneficial effects on the manufacturing process and paper properties. The
main process-related impacts are seen in reduction in refining energy, substitution
of expensive pulps by more cost-effective ones, increase in dewatering, lowering of
drying energy, and reduction in starch use. In some cases increases in machine
speeds and therefore productivity have been realized. Effects on paper quality
include increase in tensile strength, higher bulk, porosity, and tissue softness.
Successful applications result in delivering a substantial return on investment
(ROI) for the papermakers. There are a number of running applications using these
fiber modification enzyme products in the paper industry.

12.2 Enzymes Promoting Beatability/Refinability

The use of enzymes to modify wood pulp is not new. In 1942, a patent claimed that
microbial hemicellulases from Bacillus and Aspergillus species could aid refining
and the hydration of pulp fibers (Diehm 1942). In 1959, Bolaski et al. patented the
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use of cellulases from Aspergillus niger to separate and fibrillate pulps, mainly in
cotton linters and other non-wood pulps. In 1968, cellulases from a white rot
fungus, which were applied at a concentration of 0.1–1% by weight, reduced the
beating or refining time (Yerkes 1968). While enhancing beating, the enzyme also
facilitated drainage by removing fines. In other applications, cellulases have been
used to remove fines from pits and felts in the papermaking machinery. French
researchers employed xylanase enzymes from mutants of Sporotrichium pulveru-
lentum and S. diorphosphorum to fibrillate pulps while suppressing the cellulase
activity (Comtat et al. 1984; Mora et al. 1986; Noe et al. 1986; Barnoud et al. 1986).
The enzyme treatment increased the °SR of the pulp. When the enzyme-treated
pulps were compared with untreated controls, the time required to obtain the same
degree of freeness decreased by about 60%. Along with the slower drainage, the
water retention increased by about 40% following enzyme treatment, and more than
doubled following refining. The tensile strength and the zero-span breaking length
of the enzyme-treated refined pulp also increased. Comtat et al. (1984) claimed
similar results using xylanases produced by cloning the DNA for the enzyme into a
bacterium. In addition to the increase in water retention, Mora et al. (1986) showed
that the mean pore radius of aspen wood was reduced by a factor of ten following
treatment with xylanases. Presumably, this results from the opening of small cracks
in the walls of the pores. Electron microscopy showed increased fibrillation in
enzyme-treated pulps compared with control pulps. Noe et al. (1986) reported the
characteristics of enzyme-treated pulps of birch and spruce. The Schopper–Riegler
index, the amount of water retention, the breaking length, and the apparent density
all increased with treatment, but the viscosity decreased by more than 30%. The wet
zero-span breaking length also decreased significantly. The authors concluded that
enzyme-treated pulps show enhanced beatability and better bonding as a result of
increased fiber flexibility, but that the intrinsic fiber strength decreases as a result of
the loss of xylan.

The effectiveness of commercial enzymes has been examined for energy savings
in refining of different pulps (Bhardwaj et al. 1996). Unbleached mixed pulp (60%
waste-corrugated kraft cuttings and 40% unbleached softwood pulp) was treated
with enzyme. The beating time was reduced by 15% with two different enzyme
samples (Table 12.1). In another case, a double-sorted old corrugated cartons

Table 12.1 Effect of enzyme treatment on beatability and strength properties of mixed pulp (60%
waste-corrugated kraft cuttings and 40% softwood)

Enzyme Reduction in
beating time (%)

°SR Tensile
index
(Nm/g)

Breaking
length (m)

Tensile energy
absorption (J/m)

Burst
index
(kN/g)

Control 28 34.05 3473 32.25 2.26

Enzyme 2 15.0 28 34.88 3558 28.90 2.23

Enzyme 3 15.0 28 34.79 3549 27.50 2.21

Conditions Temperature, 50 °C; pulp consistency, 4%; reaction time, 3 h; enzyme dose, 0.05% on
o.d. pulp; pH, 5.0 with Enzyme 2 and 7.0 with Enzyme 3
Based on Bhardwaj et al. (1996)

12.2 Enzymes Promoting Beatability/Refinability 243



(OCC) pulp sample was treated with FibreZyme LBR before refining (Bajpai et al.
2006). The °SR of enzyme-treated pulps was higher at the same PFI revolutions.
The enzyme-treated pulps required about 30% less energy to reach a °SR of 30
(Table 12.2).

Oksanen et al. (1997) and Mansfield et al. (2000) reported that the effectiveness
of xylanase-aided refining varies with pulp type and that fully bleached pulps are
less responsive than high Kappa pulps. Release papers, which are used as backings
to hold adhesive labels, are extremely dense and are made by extensively refining a
chemical pulp. Mill trials showed that treatment with a commercial cellulase
reduced the refining energy required by 7.5% (Freiermuth et al. 1994). The success
of this cellulase application, which has been implemented in some mills, may be
due to a greater tolerance for the losses in fiber strength associated with cellulase
treatments. Other product grades in this category include the high-density papers
used in the food industry, as well as condenser papers and glassine—the refining of
all of these is enhanced by cellulase treatments (Yamaguchi and Yaguchi 1996).

Laboratory trials with Pergalase A40H on condenser, glassine and thin papers
showed about a 20% reduction in refining energy. Mill trials on glassine paper
showed an energy saving of between 15 and 20%, while the opacity remained the
same. Studies on thin paper showed that, even when pulp with a freeness of 40 ml
higher was used, the formation improved and there was an energy saving of 10%
(Yamaguchi and Yaguchi 1996).

Lecourt et al. (2010) examined the effect of three different commercial cellulase
treatments on softwood bleached kraft pulp before the refining step. The refining
experiments were conducted with a disc refiner to simulate industrial conditions
usually present in paper mills, and the impact on energy saving, fiber characteris-
tics, and paper properties were explored. An energy saving of 20% was obtained
with two cellulase treatments to reach a given drainage index or breaking length.
The water retention value (WRV) was increased by the cellulase treatment, but tear
index losses were also observed. It is concluded that if a paper quality with a high
tensile resistance but lowered tear strength is acceptable, cellulase treatment could
save 20% of the electrical energy required for refining.

Table 12.2 PFI refining of OCC pulps

No. of
revolutions

°SR

Control Cy 5%, 50 °C, 1 h Cy 5%, 50 °C, 2 h

Enzyme
(0.02%)

Enzyme
(0.03%)

Enzyme
(0.02%)

Enzyme
(0.03%)

Enzyme
(0.04%)

2000 26.0 32.0 32.0 34.0 33.0 34.5

2900 31.0 37.5 38.0 38.0 38.5 39.0

3400 36.0 40.5 40.5 41.5 42.0 43.0

3750 40.0 45.5 46.0 46.0 46.5 47.5

Based on Bajpai et al. (2006)
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The potential for saving energy in the refining of cellulase-treated kraft pulp was
investigated by Kim et al. (2006). Two kinds of commercial enzymes, consisting of
cellulase and xylanase, were used for the modification of fiber properties during
pulp processing and papermaking. With the simple enzyme treatment of cellulosic
fibers, some important physical factors, such as freeness development and better
dewatering ability, were improved remarkably without any loss in the mechanical
strength of the paper. These features consequently result in better potentials for
electric voltage saving in the refining of cellulose-treated domestic unbleached kraft
pulps, presumably attributable to internal swelling of the fiber cell wall after en-
zymatic treatment.

Liu et al. (2016) pretreated the hardwood bleached kraft pulp (HBKP) fibers by
PFI mill to obtain the substrates and the effects of fibrillation on HBKP fibers’
enzymatic hydrolysis was studied. The results showed that the enzymatic hydrolysis
efficiency was enhanced by mechanical refining. The mechanical refining alterated
the fibers’ characteristics such as fibrillation degree, specific surface area, swelling
ability, crystallinity, fiber length, and fines content. All these factors correlating to
the enzymatic hydrolysis were evaluated through mathematical analysis. Among
these factors, the fibrillation degree has the profoundest impact on the enzymatic
hydrolysis of wood fibers. Consequently, the mechanical refining aiming for a high
fibrillation degree was feasible to enhance the enzymatic hydrolysis of lignocel-
lulosic biomass.

Liu et al. (2015) studied five cellulase formulations for fiber modification. The
number of PFI revolutions decreased by about 50% while achieving the same
freeness value (decrease in CSF by 200 mL) with the enzymatic pretreatment. The
physical properties of handsheets were modified after enzymatic pretreatment fol-
lowed by PFI refining. A slight decrease in tear strength was observed with
enzymes C1 and C4 at pH 7, while the most decrease in tear was observed after C2,
C3, and C5 treatments. C1 and C4 which had xylanase activity improved paper
properties, while other enzymes had a negative impact. Therefore, the intricate
balance between cellulolytic and hemicellulolytic activity is the key to optimizing
biorefining and paper properties. It was also observed that C1 impact was pH
dependent, which supports the importance of pH in developing an enzymatic
strategy for refining energy reduction.

Maximino et al. (2011) studied the effects of the enzymatic treatment with
Pergalase A40 (a blend of cellulases and hemicellulases) on an industrially recycled
pulp made up of old corrugated container (OCC) fibers, kraft liners, and a low
percentage of white office paper. The enzymatic treatment was carried out through a
23 experimental design, by varying pulp concentration, enzyme dosage, and
treatment time. Furthermore, they also evaluated a combined treatment (enzyme
plus PFI mechanical refining) to obtain a greater improvement in drainability, while
maintaining or improving the properties of secondary fibers. Enzymatic pretreat-
ment of recycled fibers without refining increased the initial freeness degree of pulp,
practically without any loss in tensile strength, for most of the conditions analyzed.
Generally, combined treatments (enzyme + refining) show that a higher tensile
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index level may be attained, with significant drainability improvement and minor
specific energy consumption—comparatively with the reference pulp.

The effect of cellulases and beta-glucanases was evaluated by Gil et al. (2009)
for energy savings in the papermaking refining process. Two commercial enzyme
preparations, Celluclast 1.5L® (cellulases mixture) and Viscozyme L® (carbohy-
drases mixture) were used to improve the refining process of a bleached Eucalyptus
globulus kraft pulp, using different enzyme dosages and different reaction times.
This treatment improved pulp drainability (expressed as Schopper–Riegler degree)
by up to 80% at the same level of refining energy (1500 PFI revolutions). These
results were more significant for cellulases treatment. Pulp degradation was eval-
uated by the pulp viscosity determination, which was in agreement with the fiber
length determination that showed a slight reduction with the enzymatic treatment.
The strength properties of the pulp were not affected by enzyme treatment; in fact,
an increase was observed in paper internal bonding.

In high-yield pulps, the use of oxidative enzymes has also been evaluated. After
treatment of an alkaline peroxide pulp derived from poplar, with Manganese per-
oxidase, 25% less PFI-refining was required to develop the equivalent pulp freeness
(Petit-Conil et al. 1998). In contrast, the treatment of a high Kappa kraft pulp with
the laccase–mediator system reduced the refinability by increasing the handsheet
bulk (Wong et al. 1999b).

Laccase and LMS can modify the fiber and improve its properties (both physical
and chemical) by enzymatic activation of fibers containing high lignin content
(Mocciutti et al. 2008; Chen et al. 2012). Lund and Felby (2001) found that wet
tensile strength properties were significantly improved when the unbleached
high-yield kraft pulp was modified with LMS. However, they did not observe any
effect on the dry tensile strength. Mohandass et al. (2008) reported that laccase
oxidation of pulp fibers increased the amount of carboxyl groups contained on the
original fibers. This modification improved fiber swelling and flexibility and was
found advantageous in the bonding of pulp fibers in the paper to increase paper
strength (Witayakran and Ragauskas 2009). Chen et al. (2012) observed that car-
boxyl group content and physical strength properties of old corrugated container
pulp increased with laccase or a laccase/HBT system (Chen et al. 2012). Wong
et al. (2000) found that laccase treatment of mechanical pulp improved paper
strength by increasing the interfiber bonding.

Compared to laccase alone, LMS are more effective in terms of increasing strength
of kraft paper produced from unbleached pulp. With a low dose of laccase/HBT,
Wong et al. (1999), improved the strength of paper produced from high-yield kraft
pulp. The wet strength of kraft paper produced from unbleached high-yield pulp
increased with LMS treatment with different mediators (Lund and Felby 2001). LMS
combined with heat treatment improved wet strength more than the LMS treatment
alone. This was ascribed to polymerization of lignin in the handsheets, and to
cross-linking of phenoxy radicals in adjacent fibers. These researchers observed that
treatment with laccase alone had only a very little effect on the wet strength of the
pulp, whereas addition of lignin-rich extractives significantly increased the wet
strength after the enzyme treatment (Lund and Felby 2001).
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Lund and Felby (2000) patented a process for producing corrugated paperboard
or corrugated containers with LMS to produce a paper material with improved wet
strength. The wet strength of paper materials was improved without using wet
strength resins which makes the product more easily reused.

Hansen et al. (1995) patented a process for producing linerboard or corrugated
medium having increased strength. These researchers found that the strength of the
linerboard/corrugated medium could be increased by treating the pulp suspension
with a phenol-oxidizing enzyme system in the stock preparation section prior to the
paper machine. This strengthening is attributed to cross-linking of the lignin present
at the surface of the individual pulp fibers.

By laccase-assisted polymerization of vanillic acid, Yamaguchi et al. (1994)
prepared dehydrogenative polymer and deposited on laccase-treated TMP. The
water resistance and tensile strength of TMP paper increased. This was ascribed to
coupling reactions between fiber lignin and dehydrogenative polymer, and also to
an increase in fiber contact area. In another study (Yamaguchi et al. 1992), dehy-
drogenative polymers with laccase from various phenols including tannic acid,
vanillic acid, and catechol were prepared and precipitated on TMP. This improved
the ply bond strength.

Li et al. (2013) modified unbleached kraft pulp fibers with laccase and ferulic
acid (FRC) to improve their physical strength properties in paper products. The
physical strength properties of unbleached kraft pulps improved after laccase-FRC
modification. The laccase-FRC-modified pulp yielded a 20.4% increase in carboxyl
group content when compared to the control pulp; the increase in carboxyl groups
facilitated bonding between the modified fibers and resulted in increased paper
strength. The surface lignin content of laccase-FRC-modified fibers was higher than
that of laccase-modified fibers, indicating the simultaneous polymerization/
condensation and degradation of the lignin during the laccase-FRC modification.
AFM phase images showed that the surfaces of laccase-FRC-modified fibers were
covered with large granular substance from the products of the grafting and lignin
polymerization/condensation reactions. Strength improvements of laccase-
FRC-modified pulp could be attributed to the grafting of FRC onto the fibers,
increased carboxyl group content of the modified fibers, and the formation of
covalent bonding between the fibers via radical coupling.

A comprehensive study compared the effects that different mono-component
enzymes from a cellulolytic system have on the secondary refining of mechanical
pulps (Pere et al. 1994, 1996). Cellobiohydrolase I (CBH) was capable of reducing
the energy consumption during laboratory refining to develop freeness, while
CBH II, different endoglucanases, xylanase, and mannanase had little effect.
A subsequent trial confirmed the effects of CBH I, by demonstrating a 10% saving
in the energy required for the secondary refining of primary rejects. The authors
suggested that the improved refining properties were due to the ability of CBH I to
decrease the crystallinity of the cellulose. In contrast, when mechanical pulps were
treated with a complete cellulolytic system, the resultant fibers were more difficult
to refine (Viikari et al. 1998). It appears that the fiber components, which were more
resistant to cellulase treatments were also more resistant to refining. After an
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interstage treatment of mechanical pulp with a proteinase preparation, there were no
obvious energy savings during secondary refining. However, energy savings were
achieved when destructured wood chips were treated with proteinase or laccase
before primary refining (Mansfield et al. 1999; Mansfield 2002). It is unclear how
much of this energy saving was due to a greater efficiency in fiber separation, rather
than fiber development.

The treatment of recycled fibers with cellulases reduced the refining energy
required to achieve a specific freeness. At equivalent levels of refining, the cellulase
treatment of recycled pulps yielded increases in freeness, but led to reductions in
average fiber length (Eriksson et al. 1998). One trial revealed that the freeness of the
refined stock could be increased to allow greater incorporation of the recycled fibers
into a corrugating medium furnish (Moran 1996). Others, using recycled kraft fibers
and old corrugated container pulps demonstrated savings in refining energy
(Cabrera et al. 1996).

Mohlin and Pettersson (2001) investigated the effect of cellulase treatment. The
trial was conducted on the EuroFEX paper machine. The bleached softwood market
pulp was treated with a commercial cellulase (Celluclast from Novozymes), prior to
refining. The potential for energy reduction was substantial and the pulps showed
improved formation and retained their sheet strength properties. Treatment with one
unit of commercial enzyme reduced the energy required to reach a specific
WRV-level by about 45–65 kWh/t (40–70%). The enzyme slightly reduced the
pulp viscosity and had a significant effect on the fiber strength (its zero-span tensile
index). In enzyme-treated pulps, there was a reduction in fiber length during re-
fining which resulted in less fiber flocculation. Enzyme treatment produced a sheet
which was superior in many ways to that made of untreated pulps. However, these
benefits were not observed in laboratory testing. A study by Kallioinen et al. (2003)
showed that enzyme-aided refining is economical and competitive in improving the
energy economy of mechanical pulping.

Researchers at TCIRD, India (Bajpai et al. 2004, Bajpai et al. 2005, 2006)
conducted extensive laboratory and process-scale studies with a neutral cellulase/
hemicellulase enzymatic complex. They used FibreZyme LBR (from Dyadic
International), which is derived from a Chrysosporium strain (US Patent
No. 5,811,381, US Patent No. 6,015,707) for reducing the energy requirement in
the refining/beating of different pulps––hardwood kraft pulp, 100% LF-3 bamboo
pulp, OCC, and a mixed pulp containing NDLKC and LF-3 bamboo pulp (Bajpai
et al. 2005). In the laboratory studies, the energy requirement reduced by 18–55%
with different pulps. Process-scale trials in a mill producing packaging grade paper
during the manufacture of high-strength ESKP (100% long fraction bamboo pulp)
and normal ESKP (60% unbleached bamboo long fraction Kraft pulp and 40%
NDLKC) showed a reduction in refining energy and steam consumption. In case of
high-strength ESKP, the refining energy reduced by 25 kWh/TP due to reduction in
DDR (stock and machine) load (Bajpai et al. 2006). There was also a reduction in
steam consumption of *0.6 ton/ton paper. The strength properties were not
affected by enzyme treatment; in fact mill was able to produce high-strength paper
having low Gurley porosity without sacrificing other strength properties
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(Table 12.3). In case of normal ESKP, stock DDR was bypassed. Saving in power
due to reduction in DDR load was 54 kWh/TP (Table 12.4). Saving in steam
consumption was observed to be *0.25 ton/ton paper and the strength properties
were comparable.

Another process-scale trial in a mill producing coated papers, again using the
same enzyme showed a reduction in refining energy of about 70 kWh/TP in soft-
wood pulps, and 30 kWh/TP in hardwood pulps. A reduction in steam consumption
of around 0.5 T/T of paper was observed. The use of the enzyme eliminated the
de-bottlenecking of refining in the softwood street and increased production by 12%
(Table 12.5). The strength properties were not affected. Process-scale trials in other
mills producing writing and printing paper also showed encouraging results. In a
mill producing heavy gsm base papers, a trial conducted with Biorefine L led to the
bypass of a triple-disc refiner of 180 kWh (Table 12.6). The strength and other
properties were within the specified limits and comparable to those without a trial
run. This enzyme is being used regularly in mills throughout India, China,
Indonesia, and North America.

In one of the North American mill using 100% OCC, use of enzyme resulted in
significant increase in mullen (32%) and decrease in tear by around 1.8% in both
MD and CD directions. To compensate for decreasing tear, the refiner was turned
down by 20% and tear came back into specification. Drainage was increased and

Table 12.3 Effect of enzyme treatment on power consumption during manufacturing of ESKP
high strength—process-scale trial results

Particulars Stock DDR kWh/
ton

Machine DDR kWh/
ton

Steam ton/ton
paper

Control (no
enzyme)

80.12 50.97 3.18

Trial (with enzyme) 62.34 43.57 2.55

Savings 17.79 7.40 0.63

Net savings in refining power: 25.19 kWh/ton
Conditions Temperature, 40–45 °C; pH, 6.8–7.5; Enzyme dose, 145 ml/TP; Dosing point, pit
pulper
Based on data from Bajpai et al. (2005, 2006)

Table 12.4 Effect of enzyme treatment on power consumption during manufacturing of ESKP
normal—process-scale trial results

Particulars Stock DDR kWh/ton Machine DDR kWh/ton Steam ton/Ton paper

Control (no enzyme) 71.67 35.42 3.15

Trial (with enzyme) 0.00 (Bypassed) 52.79 2.90

Savings 71.67 −17.38 0.25

Net savings in refining power: 54.29 kWh/ton
Conditions Temperature, 40–55 °C; pH, 6.8–8.0; Enzyme dose 110 ml/TP; Dosing point, pit
pulper, and Tridyne pulper
Based on data from Bajpai et al. (2005, 2006)
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the machine was able to speed up by 50 fpm. A second evaluation was run on 84#
grade and again similar results were achieved. In addition, the mill got very positive
feedback from the converter regarding the first evaluation production. The mill is
running the enzyme full time without having to use any virgin fiber and achieving
better quality than before.

In one European mill producing toweling tissue using a mix of long fiber and
short fiber, use of enzyme resulted in reduced refiner energy by over 30%; reduced
long fiber use by over 20% (the cost of short fiber was significantly lower than long
fiber); reduced starch use by 50% without loss of dry strength; increased retention
by 2% most likely due to reduction in fines due to less refining; increased stretch by
20% and reduced steam consumption due to improved dewatering of the sheet (Gill
2008). In another mill in Europe producing toweling tissue, use of enzyme reduced
Refiner 1 energy by over 60% and Refiner 2 energy by about 25% and reduced long
fiber usage by 10%. In another mill producing toweling tissue, use of enzyme shut
down one refiner without loss of strength; reduced long fiber use by over 15%;
completely removed starch and improved machine runnability. In another mill in
Europe producing packaging grade paper from old corrugated cardboard (OCC) and
mixed grades of recovered paper, use of enzyme improved sheet dewatering giving
10% increase in production; increased sheet strength properties by 9–13%; reduced
steam consumption by 10% implying better press dewatering and increase in sheet
post-press solids. The disc filter capacity also increased by 15% with better quality
filtrate.

Table 12.5 Effect of enzyme treatment on power and steam consumption during coating base
manufacture—process-scale trial results

Particulars Power consumption kWh/ton
pulp

Steam ton/Ton paper

Softwood Hardwood

Control 200 150 2.57

Trial 130 120 2.07

Savings 70 30 0.50

Conditions Temperature, 40–45 °C; pH, 6.8–7.0; Enzyme dose 100 g/TP (in both the streets)
Based on data from Bajpai et al. (2005, 2006)

Table 12.6 Effect of enzyme treatment on power consumption during manufacturing of high gsm
base papers (super coated art board 122 gsm and art paper 102 gsm)—process-scale trial results

Condition Normal (control) Trial

Before refining 16–18 16–18

After refining (1 Conical, 1 TDR, and 1 DDR) 23–25 25–28

After refining (1 Conical and 1 DDR) – 23–25

Conditions Temperature, 40–45 °C; pH, 6.8–7.0; RT, 1.5 h; Stock consistency, 4%; Enzyme dose,
200 g/TP (dilution 50:50); Dosing point, mixing chest
Based on data from Bajpai et al. (2005, 2006)
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Liberty Paper, Becker, MN, USA, producing 500 tpd of linerboard from OCC,
switched to a fungal biorefining enzyme from Dyadic International and the output
of its paper machine jumped 15 tpd and saved energy in the refining stages
(Thomas and Murdoch 2006). The mill operates a twin former paper machine with
an air-pad headbox and twin LNP presses. Paper is then dried and passed to a
single-stage calender. Enzyme dose to the pulp stock was optimized in trials at
100 g/t of final paper with a 2 h dwell. The result was better stock drainage and
consequently an increase to paper machine speed and reduced steam demand
through the driers. There was also a reduction in use of cationic starch and size.

Dyadic International has launched high-performance enzyme Fibrezyme® G200
for pulp and paper industry using new C1 production platform (Murdoch 2011).
This enzyme reduces production costs while also improving fiber-to-fiber bonding
and pulp refining properties. This enzyme is produced using a new variant of
Dyadic’s patented and proprietary C1 platform technology which Dyadic refers to
as the “white strain”. Developed through sustained research efforts at Dyadic
Netherlands, the white strain produces significantly less background proteins. These
changes allow for more efficient and economical industrial-scale production of
highly targeted enzymes and proteins at greater purity levels.

Buckman’s newest technology, Maximyze, is a family of products based on
cellulase enzymes (Loosvelt 2009a, b). These enzymes have proven to be effective
for fiber modification on both on bleached hardwood and softwood species. The
enzyme hydrolyzes parts of the cellulose, which leads to delamination of the cell
walls, facilitating their collapse. The enzyme-treated fiber can then be refined more
easily. As a result, the papermaker can choose whether to change paper strength
characteristics while maintaining the applied refining energy or to keep the paper
strength specifications constant, but reduce the applied refining energy. Mills must
determine the maximum level of refining energy that can be applied while pre-
venting the pulp freeness from dropping below a certain level. This freeness target
is typically determined by how fast (or slow) the paper machine’s former section
can drain and hence how fast the machine can run or produce product. With
Maximyze, the °SR is lower than in the initial stage, which has a positive effect on
drainage. The company’s specialists work onsite to conduct necessary process
surveys to ensure appropriate process conditions (retention time, pH, temperature,
etc.) exist for the successful application of the enzymes. Application equipment is
very straightforward, generally consisting of a pump and metering equipment.
According to Buckman, cellulase treatment gives papermakers many opportunities
to improve operations and/or reduce total cost of operation by reductions in applied
energy at refining and rationalization of fiber source. The enzyme treat may also
improve drainage, boost sheet strength, or increase filler content (www.
pulpandpapercanada.com/chemicals/more-effective).

Fiber modification enzymes are typically applied at the pulping stage of the
papermaking process. Fiber type, process temperature, pH, pulp consistency,
contact time between the fiber and enzyme, and key process and paper quality
parameters are taken into consideration before and during the treatment. As yet fiber
modification enzymes are found to be most effective on chemically bleached fiber
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and few applications have been successful in other types of raw materials. No doubt
this will change as other types of cellulases are produced.

12.2.1 Enzyme Actions

Mixtures of cellulase and hemicellulase enzymes mainly function by partial
hydrolysis of the fines, perforation, and brushing of long fibers. By hydrolyzing
fines, the enzyme increases drainage at the paper machine, reduces the vacuum
requirement, reduces the steam load and increases the paper machine speed.
A reduction in the number of fines allows an improvement in the sheet strength due
to an increase in the percentage of long fibers. Cellulases in the enzyme mixture
prefer attaching to fines, rather than long fibers. This protects the long fibers from
severe hydrolysis conditions. In a similar way, the xylanases collide randomly with
the fines and long fibers in the pulp chest. The other main action of these enzymes is
the perforation of the fibers by xylanase action. This improves the fibers’ hydration
(swelling) and promotes the internal fibrillation and delamination of the fiber, which
improves its properties. Brushing of long fibers is another effect. The long fibers are
eventually collided with cellulases, which damage the bonds on the exposed cel-
lulose chains. This partial depolymerisation of cellulose chains on the fiber surface
causes a weakening (but not a complete cutting) of external microfibers, which
allows the fiber to be refined with less energy or to be more easily defibrillated. This
defibrillation also facilitates fiber rehydration, internal fibrillation, and fiber
reswelling.

Figures 12.1 and 12.2 show photomicrographs of enzyme-treated hardwood and
softwood fibers. As can be seen, use of enzyme leads to improved fibrillation.

12.2.2 Effects of Enzyme

As the enzyme promotes fiber swelling and makes fiber more flexible, the pulp gets
excess refining (higher °SR) in the beginning at the same power input as that for
control (without enzyme treated pulp). Higher °SR pulp contains more fines, which
results in poor drainability on the wire (more water remains with the pulp) and
requires more steam to dry the paper sheet (on the dryer). Once the above effects are
observed, the power input to the refiners (refining energy) is reduced so that the °SR
of the pulp remains within the limit. The enzyme produces better fibrillation so
those paper properties that depend on fibril content turn out better. These properties
are tensile strength, bursting strength, and tensile energy adsorption. Improvement
in the BOD to COD ratio in machine wastewater is also expected as one component
of the enzyme (endoglucanase) hydrolyzes fines/fibrils and cellulosic debris in
paper machine backwater to low molecular weight saccharides that are easily
biodegradable. As explained above, the enzyme helps to reduce the fines/fibrils and
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cellulose debris in the white water (machine backwater) loop, meaning the recycled
water is cleaner with a minimum of fines.

12.2.3 Potential Benefits of Enzymatic Treatment Before
Refining

The directly visible advantages are

• a reduction in the electrical energy requirement for refining the pulp
• a reduction in the steam consumption
• a reduction in the backwater consistency.

These advantages can also be converted into the following benefits (depending
upon the situation and the requirements), but not necessarily all the benefits will be
achieved

• An increase in machine speed, especially in the case of high gsm base paper;
• Better machine runnability;

CCoonnttrrooll

HHaarrddwwoooodd ++ PPFFII

HHaarrddwwoooodd ++ EEnnzzyymmee ++ PPFFII

Fig. 12.1 Biorefining of Hardwood fibers (Michalopoulos et al. 2005); reproduced with
permission
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• Reduced retention aid;
• Better formation and smoothness of paper (it may be possible to reduce the head

box consistency without affecting the capacity, due to improved drainability. In
this case, the machine speed/steam consumption may not be reduced).

• De-bottlenecking of refiner capacity to increase the production;
• Possibility of utilizing difficult-to-refine pulps.

Other benefits are

• Possibility of reducing toxic biocides which create problem in ETP and also
denature enzyme;

• Ease of operation of backwater clarification/filtration;
• Possibility of reduction in pitch problem due to better dispersion;
• Better biodegradability of machine effluent (due to hydrolysis of fine fiber fibrils

by the enzyme;
• Ease of operation of ETP (due to fewer fibrils and smaller amount of biocides);
• Reduction in greenhouse gas emissions associated with the generation of steam

and power;
• Ease in broke repulping—better dispersion, which may also reduce the addition

of chemicals for dispersion.

CCoonnttrrooll

SSooffttwwoooodd ++ PPFFII

SSooffttwwoooodd ++EEnnzzyymmee ++ PPFFII

Fig. 12.2 Biorefining of Softwood fibers (Michalopoulos et al. 2005); reproduced with
permission
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12.3 Enzymes Improving Drainage

Recycled fibers have lower strength and higher drainage resistance than virgin
fibers. These differences limit the paper quality and the speed at which paper
machines can operate. The mechanical properties of fibers, as well as their ability to
swell, are diminished after they are exposed to pulping and drying conditions
imposed during the papermaking cycle. Freeness reduction during beating is much
faster for secondary fibers. For equivalent beating times, a sheet containing recycled
fibers is less dense and usually more absorptive than virgin fiber stock. The fines
that are created when secondary fibers are beaten consist largely of microfribils that
were strongly coupled to each other when they were originally dried on the paper
machine. When liberated during refining, they increase the specific surface area of
suspension more than the swelling potential. They start to behave as fillers, with a
small effect on strength but a large effect on the drainage properties. In general, the
greater the degree of refining of the virgin fibers, the lower is the recovery potential
of sheet properties that are a direct function of fiber bonding such as burst strength
and tensile strength. Folding endurance of recycled paper is also considerably lower
than for sheets made from virgin stock. Sheet density decreases each time the fibers
are recycled. The strength losses may be the result of loss of binding potential,
either in the strength of the interfiber bonding or in their number.

The potential of improving the drainage rates of recycled fibers by cellulase
mixtures was discovered in the late 80s (Fuentes and Robert 1986). Researchers
from La Cellulose du Pin were the first to show that a mixture of cellulase and
hemicellulase enzymes increases the freeness of pulp. Improved drainage and faster
machine speeds, resulting from increased freeness, yields significant savings in
energy and thus in overall cost. The endoglucanase activity is a prerequisite for
drainage improvement of recycled pulps.

Several commercial enzymes are available which improve the drainage of sec-
ondary fibers. A commercial cellulase enzyme preparation (Pergalase A-40) based
on Trichoderma has been used in several mills to improve drainage (Pommier et al.
1990; Eriksson et al. 1997, 1998). These types of enzymes are applied after re-
fining/beating of the pulp, mainly to improve the dewatering. Recently, a cellulase
enzyme with endoglucanase activity (FiberCare® D) developed by Novozymes has
been reported to substantially increase the runnability of recycled furnishes and
reduces the steam consumption in the drying of paper on treating the pulp with
enzyme after refining (Shaikh and Luo 2009).

The effectiveness of several commercial carbohydrate-modifying enzymes was
examined for improving the drainage of secondary fibers (Bhardwaj et al. 1995).
Drainage improvement over the control was substantial with Pergalase A-40 (a
mixture after refining (Table 12.7). The drainage improvement was 11.7% (with
0.1% enzyme) and 21.3% (with 0.2% enzyme) at a reaction time of 30 min for low
freeness pulp. An increase of the reaction time to 180 min improved the drainage
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by 25.4% (with 0.1% enzyme) and 31.7% (with 0.2% enzyme). The pulp retained
most of the required strength properties when treated with Pergalase either at 0.1%
enzyme addition and a reaction time of 45 min or at 0.2% enzyme addition and a
reaction time of 30 min. Increase of reaction time beyond 30 min with 0.2% en-
zyme resulted in deterioration of strength properties. Pergalase treatment on pulps
of different initial freeness showed that the lower the initial freeness, the higher the
gain. When the pulp was treated with enzyme, the freeness increased without any
loss of the mechanical properties in the paper, and when mechanical refining pre-
ceded the enzymatic treatment, better physical properties were obtained at freeness
similar to the control one. In other words, better physical properties can be obtained
at an identical drainability.

The effects of a commercial cellulase (CelluclastTM), a commercial xylanase
containing cellulase activity (Pulpzyme HATM), and a cellulase-free xylanase from
Aureobasidium pullulans were compared by Jeffries (1992). The effects of the
enzymes were found to be significant. In the case of the A. pullulans xylanase
acting on chemical fibers, the freeness was better than observed with CelluclastTM
when both were used at the same dosage level.

Drainability of mechanical pulp can also be enhanced by the addition of
hemicellulases (Karsila et al. 1990). Xylanase improves the freeness of deinked
recycled pulp while having no detrimental effect on fiber tensile strength properties.
By comparison, the tear indices of recycled pulps treated with cellulases decreased.
These findings suggested that xylanases might be much more effective than cel-
lulases or crude xylanase/cellulase mixtures. Xylanases, however, remove hemi-
cellulases that promote interfiber bonding. This effect can also lead to poor paper
properties.

Enzymes and several chemical additives including modified polyacrylamides
and modified starches to improve the drainage and strength of secondary fibers
containing corrugated kraft cutting and corrugated boxes have been examined

Table 12.7 Effect of enzyme treatment on the drainability of OCC

Enzyme dose (% o.d.
pulp)

Reaction time
(min)

Drainage time for
800 ml (s)

Improvement in
drainage (%)

0 – 31.5 –

0.1 30 27.8 11.7

0.1 45 26.5 15.9

0.1 60 26.1 17.1

0.1 120 25.1 20.3

0.1 180 23.5 25.4

0.2 30 24.8 21.3

0.2 60 22.8 27.6

0.2 180 21.5 31.7

Conditions pH 5.0; temperature, 50 °C; pulp consistency 5%; initial CSF of pulp 490 ml
Based on Bhardwaj et al. (1995)
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(Bhardwaj et al. 1997). It was found that the effect of enzyme treatment was limited
to the improvement in drainage by 39.6% over control without any appreciable
change in pulp strength properties. However, the treatment of pulp with various
chemical additives resulted in substantial improvement of drainage as well as pulp
strength properties. Best results were obtained using an anionic polyacrylamide.

The interaction of various types of cellulases and polymers for enhancing the
freeness of a laboratory and mill furnish has also been investigated (Sarkar et al.
1995). Results showed that both enzyme and polymer are required to significantly
enhance the freeness of pulp suspension. Handsheets prepared after enzyme and
polymer treatment showed insignificant losses in tensile and burst strength. Enzyme
treatment followed by polymer addition could provide a new biological chemical
method for enhancing the freeness of recycled fiber. Although an independent
treatment of pulp suspension, either with enzyme or polymer can improve the
freeness of pulp stock, a combination of lower dosages of enzyme and polymer will
significantly increase the freeness. Treatment of recycled fiber with polymer alone
can produce large flocs. By using enzyme with lower levels of polymer, a poten-
tially more uniform sheet can be produced.

The effects of purified cellulases and hemicellulases on the properties of recycled
kraft pulps have been studied by Oksanen et al. (1995). ECF-bleached kraft pulp
was recycled by subsequent drying slashing and refining steps. The recycled pulps
were treated with purified Trichoderma reesei hemicellulases and cellulases, and
their combinations. Changes in fiber properties caused by the enzymatic treatments
were characterized by measuring the water retention value, SR value, and handsheet
strength properties. The strength properties and WRV lost upon drying, could be
recovered almost to the initial level by refining between the cycles. The tensile
index increased as a function of recycles while tear index decreased slightly.
However, extensive refining resulted in deteriorated drainage properties, i.e.,
increase in SR value. Of the single enzymes, endoglucanases were most effective in
improving the drainage whereas cellobiohydrolases had practically no effect. The
pulp strength was, however, negatively affected even with rather low endoglu-
canase dosages. Xylanase, and mannanase treatments improved the change only
slightly. Although, the drainage could be improved by enzymatic treatments, none
of the enzymes could improve the swelling of the recycled fibers.

Stork et al. (1995) examined all possible enzymes of the cellulase system and
relevant hemicellulases for their capacity to upgrade recycled pulps. The results
have shown that presence of endoglucanase activity is a prerequisite for improve-
ment of drainage of recycled fibers by enzymatic means. When cellobiohydrolase
and xylanase activity were present, they acted synergistically with the endoglu-
canase to improve its effects. Mannanases were not helpful. The effect of cellulases
on chemical pulp fibers and fibers-containing lignin was quite different. Chemical
pulp fibers were severely damaged and disintegrated completely on prolonged
incubation whereas strength properties of recycled mechanical pulp fibers were
affected only to a small extent.
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Stork and Puls (1995) carried more detailed investigation on endoglucanase
treatment of different primary and secondary fiber sources. It was found that
strength properties of different classes of primary and secondary pulps were not
improved by an endoglucanase treatment. However, this treatment prevented fur-
ther improvements of the breaking length by beating. Results for tear strength were
found to be more complex. Endoglucanase-treated and-beaten kraft pulps were
reduced in tear strength, whereas TMP and groundwood were not. Treated CTMP
followed by beating gave superior pulp strength properties compared to control
pulps.

Pala et al. (1998) investigated refining, refining with an enzymatic treatment, an
enzymatic treatment plus refining, and an enzymatic treatment alone, of recycled
fibers. The physical and mechanical properties were measured. The most suitable
method for upgrading recycled pulps was by refining with an enzymatic treatment.
Refining increased the burst and tensile resistance and the enzymatic treatment
produced better drainage results under certain conditions.

Fiber which has been recycled more than once has lower papermaking qualities
than virgin or once-recycled fiber. By using an enzyme blend with recycled fiber
some lost freeness can be restored. Pergalase is a blend of enzymes which improves
the freeness of the fiber but does not reduce the fiber strength. The enzyme is
effective at an optimum pH of 5.5–6 but remains active at pH 4.5–7. The optimum
temperature is between 50 and 60 °C. Enzymes need time to be effective. A 15-min
retention time is adequate, provided there is a good mixing. Trial results from three
mills show that machine speeds were increased when using Pergalase. The benefits
of such an enzyme-enhanced drainage program have been shown on grades
including tube stock, gypsum linerboard, and corrugating medium (Moran 1996).

The endoglucanases (EG I and EG II) of T. reesei have been reported to sig-
nificantly improve pulp drainage at low dosage levels, and EG II was found to be
more effective at a given level of carbohydrate solubilization (Oskanen et al. 2000).
Combining hemicellulases with the endoglucanase treatments increased the positive
effects of the endoglucanases on pulp drainage. However, as a result of the
endoglucanase treatments (high dosage) a slight loss in strength was observed. EG
alone has been found to be more detrimental to strength properties as compared to
EG+Xyl at a given level of cellulose hydrolysis. Although the drainage properties
of the pulps could be improved by selected enzymes, the water retention capacity of
the dried hornified fibers could not be recovered by any of the enzymes tested. It
was reported that endoglucanases enhance dewatering by hydrolyzing the amor-
phous hydrophilic cellulose which is the main constituent of the fines formed
during refining. CBH I did not influence pulp drainage at any level of refining
(Oksanen et al. 2000). All enzyme treatments except CBH 1 alone reduced the SR
Value to some extent. CBH as well as xylanase did not markedly affect the strength
properties.

Stork et al. (1995) used isolated cellobiohydrolases and endoglucanases of
Penicillium pinophilum to treat recycled pulps and measured the effects on the
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water retention value. They found that the action of endoglucanases was necessary
for an improvement in the drainage of recovered paper. The effect did not appear to
be due to a selective hydrolysis of the fines fraction but was a consequence of the
hydrolysis of amorphous cellulose on the surface of the fibers. Depending on the
origin and history of primary and secondary fibers, the endoglucanase treatment
decreased the strength properties to differing degrees. It has been reported by Pere
et al. (1995) that EGs dramatically decreased pulp viscosity. EG appears to attack
cellulose at sites where even a low level of hydrolysis reduces pulp viscosity,
resulting in a marked deterioration of strength properties.

The effectiveness of a cellulase enzyme having predominantly endoglucanase
(EG) activity was evaluated in the laboratory and paper mills for improving the
freeness and drainability of different types of recycled pulps (Shaikh and Luo
2009). On treating the refined pulps with enzyme, the improvement in Canadian
standard freeness (CSF) was observed by 13.1% in ONP, 19.3% in old corrugated
container (OCC) and 40.5% in mixed waste (MW), as shown in Table 12.8.
Using OCC and addition of enzyme at different levels, the CSF value increased
with the increase in enzyme dose. However, there was no appreciable change in the
tensile and compression strengths of the handsheets prepared from the enzyme-
treated pulps (Table 12.9). In fact, the EG activity of cellulase partially hydrolyzes
the amorphous and low molecular components of cellulose present in the form of
fine fribils and colloids. This helps in dewatering of the pulp, as these components
constitute very small fraction of the pulp but have very high specific surface area
and hold maximum water (Bajpai et al. 2006).

Table 12.8 Effect of Enzyme treatment on CSF of different types of pulp

Pulp grade CSF (ml)

Before enzyme treatment After enzyme treatmenta

OCC
MW
ONP

419
304
168

500 (19.3%)
427 (40.5%)
190 (13.1%)

aValues in parenthesis show percent improvement
Based on Shaikh and Luo (2009)

Table 12.9 Effect of enzyme dose on CSF and strength properties of OCC

Enzyme dose (g/TP) CSF (ml) Compression strength (Nm/g) Tensile strength (Nm/g)

Nil 300 22.0 45.0

50 353 22.5 45.5

100 368 23.0 45.5

200 388 21.5 43.0

500 422 22.0 43.0

Based on Shaikh and Luo (2009)
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Functional additives are generally introduced to improve retention and drainage
on the paper machine and quality of the final product. The high specific surface area
of the colloidal fraction of the furnish readily adsorbs a great amount of the
additives without a perceptible benefit. The unproductive consumption of additives
often necessitates compensation with higher additive dosing levels. Preferential EG
enzyme activity upon the colloidal fraction is expected to modify the overall
response of the furnish to functional additives. The impact of enzymatic treatment
on the drainage of OCC pulp, conditioned with various levels of cationic poly-
acrylamide (CPA) was evaluated (Shaikh and Luo 2009). It is shown in
Table 12.10 that the requirement of CPA decreased to a great extent for the same
drainage rate when pulp was treated with enzyme.

The improvement in drainage of the pulp by enzyme treatment was demon-
strated in the mill trials to observe the change in machine runnability (Shaikh and
Luo 2009). Figure 12.3 shows the increase in machine speed for the production of
200 g/m2 liner on enzyme dosing at a North American mill. Due to enhanced
dewaterability, a 6–7% reduction in steam consumption within in the dryer section
was also observed. It was also possible to increase the ring crush by two points.
A similar trial with enzyme treatment (100 g/TP) before refining in a European
mill, producing towel and tissue, showed an increase in machine speed from
1650 to 1750 m/min for tissue and from 1600 to 1750 m/min for towel produc-
tions. The specific refining energy also was reduced by 12.5%, probably due to the
presence of some celobiohydrolase (CBH) activity in the enzyme product, which
helps in pulp refining (Bajpai et al. 2006). Shaikh and Luo (2009) have also
reported steam savings on enzyme treatment in the mill trials at Asian mills pro-
ducing various basis weight papers from OCC pulp.

For improving the drainability (freeness) of secondary fiber, treatment with
cellulase alone generally leads to loss in pulp brightness. Furthermore, when used in
combination with a drainage aid polymer, the loss in brightness is even more
pronounced. A method using a mixture of cellulase and pectinase enzymes has been
described to accomplish the goal of simultaneously increasing freeness (drainage)
without loss of brightness and physical properties (Olsen et al. 2000). As seen in
Table 12.11, treatment with cellulase alone gave a very high improvement in CSF
value (190 ml) but not the brightness, and treatment with pectinase alone though

Table 12.10 Effect of enzyme treatment on the requirement for cationic polyacrylamide for
drainage control of OCC

10 s filtrate weight (g) Cationic polyacrylamide requirement (kg/TP)

No enzyme treatment After enzyme treatment

470 0.0 –

540 0.13 0.0

600 0.60 0.35

650 0.84 0.58

700 1.10 0.80

Based on Shaikh and Luo (2009)
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resulted in greater enhancement of brightness (1.6 points) but very little improve-
ment in CSF value (only 70 ml). However, treatment with the combination of both
the enzymes resulted in appreciable improvement in CSF (130 ml) while 1.6 points
enhancement in brightness (same as that with pectinase).

12.3.1 Enzyme Action

Several theories have been proposed to explain the freeness increase occurring after
enzymatic treatment (Kantelinen and Jokinen 1997; Jackson et al. 1993; Mansfield
et al. 1997; Mansfield and Wong 1999). The enzymatic attack may involve a
peeling mechanism, which removes fibrils and fiber bundles that naturally have a
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Fig. 12.3 Effect of enzyme dose on machine speed using OCC and MW pulps to produce
200-gsm liners at a North American mill. Based on Shaikh and Luo (2009)

Table 12.11 Effect of cellulase and pectinase enzymesa on drainage of deinked pulp

Treatment CSF (ml) Brightness (% GE)

No enzyme 330 80.7

Cellulase (1 l/TP) 520 (190) 81.6

Pectinase (1 l/TP) 400 (70) 82.3

Cellulase (1 l/TP) + Pectinase (1 l/TP) 460 (130) 82.3
aValues in parenthesis indicate increase in freeness (CSF value) over control at pH 5.5
Based on Olsen et al. (2000)
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high affinity for water, and leaves the fibers less hydrophilic and easier to drain.
Alternatively, it has been suggested that enzymes act preferentially on fines which
have a propensity to block up interstices in the fiber network. The increase in
drainage has also been attributed to the cleaving of amorphous cellulose on the
surface of fines. One of the explanations suggested that due to the high specific
surface area of the fines, the attack of cellulases was specific toward this fraction
(i.e., fines) of the pulp. It has been reported that the fiber surface is stripped through
the enzymatic hydrolysis of subsequent layers or fibrils (Jackson et al. 1993;
Mansfield et al. 1997). Jackson et al. (1993) suggested that enzymes can either
flocculate or hydrolyze fines and remove fibrils from the surface of large fines. The
enzyme-aided flocculation occurs when a low enzyme dosage is used. In this case,
fines and small fiber particles aggregate with each other or with the larger fibers,
decreasing the amount of small particles in pulp and consequently improving pulp
drainage. On the other hand, at higher enzyme concentration, flocculation becomes
less significant, and hydrolysis of fines begins to predominate. Enzyme specifity
also plays a very important role. As shown by Pere et al. (1995), endo and ex-
oglucanases affect paper properties differently. Endoglucanase can lower pulp
viscosity and thus dramatically reduce the pulp strength. The differences in enzyme
activity are attributed to different modes of action. Endoglucanase is more active on
amorphous cellulose and randomly attack the inner part of the cellulosic chain,
whereas exoglucanases can hydrolyze both crystalline and amorphous cellulose by
removing cellobiose from the terminal part of cellulose chains. Although consid-
ered more detrimental to fibers, endoglucanase action is probably the main deter-
minant of drainage improvement (Jackson et al. 1993; Stork et al. 1995).

Using mixtures of cellulases can be disadvantageous for certain pulp properties.
By applying purified enzymes on specific regions of the cellulose fibers, the desired
part of the pulp could be modified for a particular enzyme application. When
applying cellulase enzyme mixtures, identification of the key component, respon-
sible for the required effect on pulp and paper properties, is very difficult. In
secondary fibers, the fines and fibrils, which cause a low rate of drainage, decisively
consist of amorphous cellulose. Since the amorphous cellulose is more accessible
than crystalline cellulose, it is not necessary to use the whole cellulose complex for
the hydrolysis. That is applying specific cellulose component may be effective
enough.

12.3.2 Benefits of Improving Drainage

Treatment with a mixture of cellulase and hemicellulase enzymes at low concen-
tration increases the drainage of pulp. The increase in drainage can enhance the
capacity of a secondary fiber preparation plant, increase machine speed or pulp
dilution in the head box, and ultimately produce paper of better quality
(Table 12.12). In addition to an increase in drainage, regular use of enzymes under
optimum conditions may produce beneficial secondary effects such as greater
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reliability of the paper machine. Less substandard paper is found to be produced
partly due to a lower frequency of breaks. In some cases, enzymes can be also used
in conjunction with the normal retention/drainage agents to give a significant
increase of freeness to the pulp. The key to a successful enzyme application is the
careful selection of the right enzymes for a mill’s specific furnish, process condi-
tions, and water chemistry.

12.4 Enzymes for Vessel Picking Problems

Significant increase in issues relating to vessel picking are faced due to increased
use of tropical hardwoods. The vessel elements of tropical hardwoods are hard,
large, and tubular shaped and do not fibrillate during normal beating. As a result,
they stick up out of the surface of the paper. During printing, the vessels are torn
out, leaving voids. This characteristic reduces the value of tropical hardwood pulps.
Different HW species have different quantities and sizes of vessel elements ranging
from less than 10% to greater than 50% by volume. These vessels are easily picked
from the sheet by tacky inks and deteriorate offset print quality. Problems related to
vessel elements include the following:

• Dusting on the paper machine
• Coating picks or streaks
• Linting or picking in the printing operations
• Print spots or voids (ink refusal).

Traditional methods to deal with vessel picking problems include the use of
high-intensity refining, fractionation by hydrocyclone, dry strength additives, and
surface sizes. Refining to the point of eliminating vessel picking is not practical for
most mills as it is expensive and generally has a negative impact on drainage and
optical properties. Concentration of the vessel elements by hydrocyclone followed
by subsequent high consistency refining of the vessel rich stream is probably the
most effective option, but is very capital intensive for mills that do not already have
the required equipment. Dry strength additives and surface sizes can help but high
dosages are usually required to have much impact. In the recent years, several
products using proprietary enzyme blends have been developed by Buckman
Laboratories that are effective for reducing vessel picking and has secured an

Table 12.12 Benefits of
improving drainage

Increased paper machine speed

Reduced steam consumption

Improved formation and appearance

Lower headbox consistency

Content of poorly draining and inexpensively recycled fibers
can be increased
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ongoing application at a mill in Indonesia. The acacia pulp was treated with
0.5–1.0 kg/ton of enzyme and achieving a 20% reduction in refining energy while
more importantly increasing IGT values. IGT is a picking test in which a paper strip
is printed with a tacky ink at ever increasing speeds. The speed just prior to the
sample beginning to pick determines the pick resistance. The same instrument can
also give a pick count. A laboratory test method has been developed by Buckman
Laboratories for evaluating vessel picking and determining the effectiveness of the
enzyme treatments to reduce vessel picking. Figures 12.4 and 12.5 show the dif-
ference in vessel element structure of treated versus untreated vessels picked from
laboratory handsheets made from refined pulp (Covarrubias 2009, 2010). In the
handsheets made from the enzyme-treated pulp, the picks are significantly fewer
and tend to be only fragments vessel elements rather then the intact vessel elements
seen from the untreated pulp handsheets. Positive results in reducing vessel picking
with enzyme treatment for a number of different pulp species have been obtained
(Table 12.13). As there is wide variety of HW pulps being used by the pulp and
paper industry, a number of enzyme-based products for vessel pick reduction have
been developed by Buckman Laboratories.

In one of the mills producing writing and printing paper from HW Kraft
Eucalyptus, use of fiber modification enzymes, reduced vessel element picking
during printing by 30–40% (Table 12.14). The enzyme treatment was employed on
brown stock prior to bleaching.

Fig. 12.4 Untreated vessel pick (Covarrubias 2009, 2010); reproduced with permission
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In another mill trial, use of fiber modification enzymes reduced IGT counts by
more than 50%; increased internal Bond; reduced vessel picking reduction even
though refiner load was reduced from 70 to 55 kWh/t; reduced porosity (Gill 2008).
There was some drop in tear but other strength properties remained unaffected
(Figs. 12.6, 12.7, 12.8, and 12.9).

Honshu Paper Company has patented a process for the use of commercial cel-
lulases to enhance the flexibility of hardwood vessels (Uchimoto et al. 1988).

Fig. 12.5 Treated vessel pick (Covarrubias 2009, 2010); reproduced with permission

Table 12.13 Effect of
enzymes on vessel pick
reduction

Hardwoods Vessel pick reduction (%)

Brazilian Eucalyptus 70

Canadian Aspen 50

German Birch 55

Mixed Tropical Hardwood 65

Australian Eucalyptus 60

Based on Covarrubias (2009)

Table 12.14 Reduction in
vessel element picking by
fiber modification enzymes in
mill trial

Vessel element (relative area)

Reference 1.0

Enzyme 1 0.67

Enzyme 1 + Enzyme 2 0.58

Based on Covarrubias (2009, 2010)

12.4 Enzymes for Vessel Picking Problems 265



Fig. 12.6 Effect of enzyme on IGT (Gill 2008); reproduced with permission

Fig. 12.7 Effect of enzyme on Internal bond (Gill 2008); reproduced with permission

Fig. 12.8 Effect of enzyme on long fiber and internal bond (Gill 2008); reproduced with
permission

266 12 Fiber Modification



Enzyme treatment reduces vessel picking by 85% along with the improved drain-
ability, smoothness, and tensile strength. Thus, enzymes can help in saving the
beating energy for vessels.

12.5 Conclusions

The use of fiber modification enzymes in papermaking is an emerging and exciting
technology offering unique, innovative solutions for process improvements and
developing sheet quality while delivering significant ROI for the papermaker.
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Chapter 13
Enzyme Application in Fiberboard

Abstract Laccase enzymes are found to be very useful for applications in several
biotechnological processes. Laccase is a oxidoreductase enzyme; its action involves
the oxidation of various phenolic polymers present in the lignin structure, with a
concomitant reduction of oxygen to water. Laccase has been used in the pulp and
paper industry for improving the wet strength of fibers. Use of laccase to activate
the lignin structure was a new technique developed in the 1990s. In this chapter, use
of laccase enzymes in the fabrication of binderless fiberboards is presented.

Keywords Enzyme � Laccases � Lignin � Fiberboard � Green composites
Wood composites � Binderless particle board

13.1 Introduction

Laccase enzymes are receiving much attention due to their specific ability to oxidize
lignin (Ohkuma et al. 2001; Kharazipour et al. 2008; Yu et al. 2009; Gochev and
Krastanov 2007). This function of laccase is very useful for applications in several
biotechnological processes. Laccase is a widely distributed enzyme in plants and
fungi. The majority of fungi that produce laccase belong to the class of white-rot
fungi involved in lignin degradation. Laccase is an oxidoreductase enzyme. It acts
specifically on lignin and its constituent compounds such as phenols, polyphenols,
anilines, aryldiamines, methoxy-substituted phenols, hydroxyindols, and ben-
zenethiols (Kunamneni et al. 2007; Van de Pas et al. 2011). Laccase action involves
the oxidation of various phenolic polymers present in the lignin structure, with a
concomitant reduction of oxygen to water (Witayakran and Ragauskas 2009).
Laccase has been used in the pulp and paper industry for improving the wet strength
of fibers (Felby et al. 1997; Lund and Felby 2001; Mattinen et al. 2011). Laccase
treatments usually involve the application of laccase enzymes for (Gochev and
Krastanov 2007):
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– activating the lignin in fibers (a one-component system) or
– addition of another component with laccase which acts as a potential

cross-linking agent (a two-component system).

As the size of the laccase enzymes is too large to penetrate the cell wall (50–
100 kDa), treatments are restricted to surface modification only (Kunamneni et al.
2007). So, during enzyme hydrolysis, the free phenolic groups on the fiber surfaces
act as potential reactive sites for laccase enzymes for creating phenoxy radicals.

Laccase contains multiple copper atoms which catalyze the single-electron
oxidation of phenolic compounds with a simultaneous reduction of oxygen to water
(Zhou et al. 2009; Tian et al. 2012; Bajpai 2017). Laccase treatment of lignocel-
lulosic fibers causes several changes to the chemical and physical properties of the
fibers (Garcia-Ubasart et al. 2012). The rate of laccase-catalyzed oxidation varies
with the chemical and physical properties of the substrate.

Use of laccase to activate the lignin structure was a new technique developed in
the 1990s (Felby et al. 1997; Hüttermann et al. 2001; Wu et al. 2011). Laccase is
applied to wood composites with two objectives (Winandy and Rowell 2005;
Tamminen et al. 2010; Moilanen et al. 2011; Huttermann et al. 1989):

Physical modification of fiber
This includes changes in the crystallinity or the morphology of the fiber surface.

Such changes may improve the mechanical strength and facilitate self-bonding of
fibers by mechanical interlocking.

Chemical modification of fiber
This includes activation of the lignin molecules of lignocellulose fibers to induce

lignin polymerization reactions.
Commercial wood composites are made from wood-based materials bonded

together with a synthetic adhesive using heat and pressure. So, in wood composites,
the synthetic adhesive is the only foreign component that is not present in the
natural wood. These synthetic adhesives are mostly formaldehyde-based, produced
from nonrenewable resources such as petroleum and natural gas, and they emit
formaldehyde throughout their usable life (Li et al. 2007, 2009; Moubarik et al.
2009). Formaldehyde gas has been classified as carcinogenic to humans by the
International Agency for Research on Cancer (IARC 2004). Thus, to manufacture a
completely natural wood composite, it should be free of synthetic adhesives (Nasir
et al. 2015a).

13.2 Binderless Fiberboards

To facilitate self-bonding, several alternative methods have been studied. These, are
using natural adhesives, lignin- or tannin-based adhesives, or modifying wood fiber.
Several studies have been conducted to reduce or replace the formaldehyde content
in adhesives preparation, but these methods have not been commercially applicable
(Nasir et al. 2015a).
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Nowadays, there is a trend to consider fabrication of green composites because
of growing concerns regarding the emission of formaldehyde from wood com-
posites (Nasir et al. 2015a, b; Widsten and Kandelbauer 2008). Treatment of fiber
with laccase–mediator system oxidizes the lignin component in fiber without
affecting the structure of cellulose. This result in the generation of free radicals on
the fiber surface which act as potential reactive sites for cross-linking reactions in
the manufacturing of board (Euring et al. 2011). Binderless fiberboards produced
using these methods can be considered as green composites because the manu-
facturing process involves no additional resin. In developing countries, research is
being focused on developing wood composites free from formaldehyde-based
adhesives.

Thielemans et al. (2002) fabricated a binderless board by heating and pressing
cellulosic fibers at high temperature. Lignin starts plasticizing at a high temperature
above 200 °C and behaves like a thermoplastic resin (Lora and Glasser 2002).

Hüttermann et al. (2001) produced a binderless particle board using laccase
treatment that showed improved tensile strengths but reduced water resistance.
Extensive research has been conducted to develop a completely natural fiberboard
by treating fiber with laccase, but these methods have not been commercialized
(Milstein et al. 1994; Lund and Felby 2001; Felby et al. 2004; Nasir et al. 2013,
2014a, b).

Felby et al. (1997) and Kharazipour et al. (1997) suggested an enzyme-
assisted composite fabrication without using any adhesive. Laccase was used to
produce free radicals, which helped in either the physical or chemical bonding of
fibers by modifying the fiber and also the lignin structure (Kharazipour et al. 1997;
Yu et al. 2009).

Felby et al. (2002) produced a laccase-treated binderless board in a pilot scale.
The mechanical strength was found to be good and comparable to the conventional
urea formaldehyde-based resin boards but the dimensional stability was poor. When
the wax was applied in treated fiber for improving the dimensional stability, it
impaired the bonding effect of the enzyme (Felby et al. 2002). Therefore, binderless
boards cannot be regarded as commercially viable until they obtain good dimen-
sional stability along with mechanical strength.

The properties of medium-density fiberboard prepared on a laboratory-scale
show a significant improvement upon laccase treatment (Felby et al. 1997;
Kharazipour et al. 1997; Cao et al. 2007). Also, medium-density fiberboard and
high-density fiberboards prepared on a pilot-scale from laccase-treated fibers by the
wet- or dry-process showed superior mechanical strength compared to controls
meeting the European standards for IB strength, whereas the dimensional stability
of the boards needs to be improved to comply with industrial standards (Felby et al.
2002, 2004; Widsten et al. 2003, 2004).

Kharazipour et al. (1993) and Qvintus-Leino et al. (2003) have obtained patents
relating to binderless wood composite boards fabricated from laccase-treated fibers.
Another strategy to substitute synthetic resins in wood composite production is a
two-component system in which laccase-treated lignin functions as the adhesive. This
method has been applied to the production of particle board (Kharazipour et al. 1998),
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and the technology has been patented (Huttermann et al. 1998; Viikari et al. 1998).
The drawback of using the water-soluble lignosulfonates is that the products display
poor dimensional stability (Kharazipour et al. 1998). The extra costs incurred upon
using large amounts of technical lignins may be also prohibitive.

Nonconventional one- or two-component methods based on the treatment of
lignins with enzymes have been examined for fiberboard manufacturing on both a
laboratory and a pilot scale (Widsten and Kandelbauer 2008).

In one-component (binderless) fiberboard bonding systems, which do not con-
tain cross-linking binder material, the lignin located at or near the fiber surface is
treated with a phenol-oxidizing enzyme (Felby et al. 1997; Kharazipour et al. 1997;
Widsten et al. 2003). During hot pressing, radical cross-linking leads to covalent
interfiber bonds which improve the board properties. In one application, laccase
was sprayed in the refiner blowline (Widsten et al. 2003), although enzyme activity
and radical stability are reduced at high blow line temperatures. However, the
refiner preheating temperature has to be well above the normal industrial level
(1708C–1808C) to depolymerize the fiber lignin and make it reactive toward lac-
case (Widsten 2002). These requirements cannot be obtained in most
medium-density fiberboard plants. Other strategies—in which the fibers are
removed from the continuous medium-density fiberboard manufacturing process
treated with an enzyme, and then returned to the manufacturing process—are
incompatible with existing manufacturing practices (Felby et al. 2004).
Two-component enzymatic gluing systems contain added water-soluble phenolic
cross-linking material, such as spent sulfite liquor (SSL) or isolated LS (Haars et al.
1989; Hüttermann et al. 1989). LS and SSL are compatible with the aqueous
enzyme systems but the hydrophilic sulfonic acid groups of LS reduce the di-
mensional stability of the boards. Apart from the problems indicated, the press
times of nonconventional one- or two-component bonding methods should not be
unduly longer than those of the currently applied processes (Pizzi 2006).

Nasir et al. (2015b) analyzed physicochemical properties of rubber wood fiber
after laccase treatment and studied the performance of medium-density fiberboard
fabricated from the treated fiber. In a single-parameter study, two different times,
i.e., 60 and 120 min of laccase treatment were applied at constant pH, temperature,
and enzyme dose. After the pulp treatment, fibers were separated and transferred
into the autoclave at 121 °C for 15 min to stop further enzyme reaction. Treated
fiber was dried in an electric oven drier at 80–90 °C for 24 h to dry up the fiber
until constant moisture content. Crystallinity index of the fiber was measured by
X-ray diffraction method and it was observed maximum up to 14% higher com-
pared to untreated fiber. The treated fiber was further analyzed for FE-SEM, TGA
and the comparison was made with the untreated fiber in order to evaluate its
properties. Enzyme treated fiber showed superiority in fiber surface structure and
thermal degradation over the untreated fibers. The medium-density fiberboard
fabricated from improved crystalline fiber showed improved mechanical and
physical properties in comparison to the medium-density fiberboard from the
untreated fiber.
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Guan et al. (2015) used laccase for wood processing. According to the synergistic
effect of natural mediator and artificial mediator, different wood fibers were modified
by the laccase–mediator system to press medium-density fiberboard. Based on
response surface methods, the best technological parameters were 60 U/ml of laccase
activity, 0.28 mmol/L of ABTS concentration, 1.66 mmol/L of vanillin concentration
and 55 min of treatment time. The study showed that increasing covalent bonds and
hydrogen bonds between the fibers were the root cause for the mechanical properties.
Furthermore, the reaction of lignin and laccase with the mediator was competing.
Excessive mediators restrained the oxidation reaction of lignin, and the amount of
mediators was related to the amount of lignin. There is good industrialization pro-
spect to press medium-density fiberboard by laccase–mediator system without ad-
hesive. Rising prices of petrochemical resins and possible harmful formaldehyde
emissions from conventionally produced wood composites have resulted in increased
interest in enzymatic binder systems as environmentally friendly alternatives for
gluing lignocellulosic products. Laccase–mediator systems were used to activate
lignin on wood fiber surfaces in the pilot-scale production of medium-density
fiberboard using a dry process. Three different mediators were applied: 4-hydroxy-
benzoic acid (HBA), 1-hydroxybenzotriazole (HBT), and acetosyringone (AS) of
which HBA performed best. The mechanical properties of the manufactured boards
produced with thermomechanical pulp fibers, laccase, and HBA fulfilled all required
European standards for wood-based panels. Oxygen consumption rates of the dif-
ferent LMSs and 13C NMR spectroscopy results for treated thermomechanical pulp
fibers were obtained for qualitative and quantitative analysis of lignin activation. The
results show that reactions were most effective within the first 30 min of reaction.
Oxygen consumption was fastest and highest for the LMS using HBA. 13C NMR
spectroscopy showed the highest decrease of aromatic groups in the wood fiber lignin
with this LMS. The data correlated well with the quality of the medium-density
fiberboard. The required enzymatic reaction times allowed direct integration of the
LMS into standard medium-density fiberboard production techniques. The results
show that application of laccase–mediator systems has a high potential for envi-
ronmentally friendly medium density fiberboard production.

13.3 Conclusions and Future Prospects

Emission of formaldehyde is a serious matter, and positive progress in laccase-
based wood composites will lead to the manufacture of an eco-friendly,
biodegradable composite. Laccase displays a versatile mode of action and has a
substantial scope for future work. It not only plays a role in the delignification of
cellulosic fiber but also has the capability to remove other phenolic and also
non-phenolic extractives. It is a potential tool to modify the physiochemical
properties of natural fiber by altering surface morphology, surface deposition, pulp
grafting, and delignification. The optimum-treated fiber shows improved crys-
tallinity, improved thermal resistance, and higher mechanical strength that would be

13.2 Binderless Fiberboards 277



transferred to the product into which it is made. A binderless board can be fabri-
cated either by liberating reactive radicals from lignin or by functionalizing lig-
nocellulosic fibers, but further work is required to improve the mechanical strength
and water resistance. An integrated approach to fiber modification and lignin
polymerization should be studied. Detailed study will be required to determine the
radical reaction mechanism of laccase and the stability of oxidized lignin molecules
through laccase reaction engineering.
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Chapter 14
Removal of Shives

Abstract Cleanliness is a very important quality parameter of a bleached chemical
pulp. The main objective of bleaching kraft pulp to full brightness is to produce a
white, strong, clean, and stable pulp that is suitable for high-quality grades of
printing paper. It is natural to stress brightness and cleanliness while properties such
as strength are given a lower priority. However, for most purposes, cleanliness is
more critical than brightness and the advantages of bleaching to a very high
brightness are, therefore, not always evident. The reason for bleaching to a very
high brightness is that this indirectly guarantees an acceptable cleanliness or that
customer demands are not always necessarily related to the end product demand.
For many paper grades, a significantly lower bleached pulp brightness can be
accepted if the cleanliness is sufficient. During most of the bleaching operation, the
shives decrease significantly. Normally, bleaching to make market pulp removes
95–99% of the shives. Better cleanliness is obtained using bleaching in short
sequences. Some advances in mill techniques such as whole tree utilization
intensify the cleanliness problems. Another is closing up of the screening depart-
ment including recycling the screenings. On the other hand, improved bleaching
techniques with more extensive use of chlorine dioxide permit prolonged cooking
without excessive carbohydrate degradation during cooking and bleaching. The
resulting pulp has fewer and probably less shives. Xylanase enzymes have also
been found to be effective in removing shives. By treating the brown stock with
xylanases, mills can substantially increase the degree of shive removal in the
subsequent bleaching. Xylanase enzymes can increase the degree of shive removal
by 50% in the subsequent bleaching. At a given bleached brightness, Xylanase
treatment results in a lower shive count. Xylanase treatment, therefore, helps to
remove shives from the pulp beyond the associated gain in the brightness. Removal
of shives and ease of pulp bleaching by the use of xylanases also helps in reducing
the energy requirement.

Keywords Shives � Cleanliness � Enzymes � Xylanases � Brightness
Bleaching � Shivex � Shives removal
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14.1 Introduction

For fully bleached pulps, good cleanliness is more important than high brightness.
Lack of cleanliness can lead to a number of problems such as dark dots, fish eyes,
gravure speckle, preparations, and uneven coating in the final product. The
cleanliness level at a particular brightness is the result of the competition for
bleaching chemicals between dissolved organic substances pulp fibers and wood
particles. There are three main sources of dirt contamination: the wood, process
problems, and external origins, for example, plastics. More than half of the
impurities found in pulp originate from wood (Robitaille 1991). The cleanliness of
bleached pulp is affected by coarse particles derived from the cellular tissue of the
tree and by extraneous particles. The former group consists of shives, knots, and
bark specks. The latter group consists of pitch, fungus hyphae, rust stains, lime, and
sand (Annergren and Lindblad 1996). Shive is a particle or fiber bundle large
enough, or in enough quantity, to produce a paper and board quality or productivity
problems. Normally, this particle has a thickness, or third dimension, that separates
it from being benign to being problematic. For example:

• Shives in bleached pulps show up as dirt in paper or board.
• Shives in unbleached pulps reduce print quality, reduce end strength, decrease

runnability, and present visual defects.
• Shives in mechanical pulps cause paper machine breaks, offset printer linting,

pick outs, coater scratches, visual defects, and reduce print quality.

In short, the presence of shives in the pulp is problematic to meeting customer
expectations and maintaining optimum production costs. In any pulping operation,
a practical balance is struck between theoretical desirability and economic
feasibility.

The concentration of shives decreases significantly during most of the bleaching
operation (Axegard 1980; Axegard and Teder 1976; Germgard and Sjogren 1985).
Typically, bleaching to make market pulp removes 95–99% of the shives (Axegard
1990). Shives, themselves do not consume a significant amount of bleaching
chemicals. However, the difficulties in removing shives by bleaching can increase
bleaching chemical use significantly. The shive count of bleached pulp depends on
the shive count for the pulp as it enters the bleach plant and the efficiency of shive
removal by the bleaching chemicals. The efficiency of shive bleaching depends on
the concentration of bleaching chemical overtime, which depends on the initial
chemical charge and the temperature. An improved degree of shive removal is
obtained by maintaining a high concentration of bleaching chemical for as long as
possible. This can be accomplished by, for example, increasing the retention time
which is often impractical, decreasing the rate of reaction or increasing the con-
centration of the bleaching chemicals. The methods, which are used to do this, are
listed in Table 14.1 (Annergren and Lindblad 1996; Bruun et al.1993). Bleaching in
short bleaching sequences provides much better cleanliness than bleaching in long
sequences. Progress in mill techniques such as whole tree utilization and closing up
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of the screening department including recycling the screenings aggravate cleanli-
ness problems. Improved bleaching techniques with the more extensive use of
chlorine dioxide allow prolonged cooking without too much carbohydrate degra-
dation during cooking and bleaching. The resulting pulp has fewer and probably
less shives (Annergren and Lindblad 1996).

One of the technologies for improving the bleachability of kraft pulp involves
the use of hemicellulase enzymes (Bajpai 2004, 2009; Bajpai and Bajpai 1992,
1997; Grant 1994, 1995; Hancock and Esteghlalian 2007; Lavielle 1993; Senior
and Hamilton 1992; Skerker et al. 1991; Tolan 1992a, b; Viikari et al. 1993, 1994).
This process sometimes termed as bleach boosting has been successfully used in
pulp mills throughout the world (Lavielle 1993; Viikari et al. 1994). The main
enzyme needed to enhance the delignification of kraft pulp is reported to be
endo-b-xylanase but enrichment of xylanase with other hemicellulolytic enzymes
has been shown to improve the effect of enzymatic treatment (Viikari et al. 1994).
These enzymes modify the xylan portion of the hemicellulose in such a way as to
increase the efficiency of the subsequent bleaching stages. The effects of enzyme
treatment on pulp brightness and delignification have been reported widely
(Pedersen et al. 1992; Senior and Hamilton 1992; Skerker et al. 1991; Tolan 1992a,
b). Typically enzyme-treated pulp can be bleached to a target brightness with 15%
less oxidative bleaching chemicals than untreated pulp, with no difference in pulp
strength (Bajpai and Bajpai 1997; Viikari et al. 1994). These benefits have pro-
pelled xylanase enzyme treatment into regular use in many mills. Xylanase
enzymes have also been used to increase the efficiency of shive removal by
bleaching and encouraging results have been obtained (Tolan et al. 1994).

Table 14.1 Methods used
for improving pulp
cleanliness

Method 1. Increase brightness
Increase in chemical use and bleaching costs

Method 2. Decrease number of stages
Increase in chemical use and bleaching costs

Method 3. Decrease temperature
No effect on chemical use if retention time is sufficient; Increase
in utility costs

Method 4. Increase (CD) chemicals/decrease D1 and D2
Small increase in chemical use; Increase AOX

Method 5. Add (CD) chemicals together rather than
sequentially

Increase in chemical use; Increase AOX

Based on Annergren and Lindblad (1996), Bruun et al. (1993)
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14.2 Application of Enzymes for Shive Removal

Researchers from Iogen Corporation, Canada used a novel enzyme treatment to
improve the efficiency of shive removal by bleaching. They used three xylanase
enzymes from different microbial sources (Tolan et al. 1994). One of the enzymes
was a product of Iogen Corporation, which was designed to enhance the removal of
shives by bleaching and sold under the trade name “Shivex”. Other two enzymes
were commercial bleach boosting xylanase preparations. The ability of the xylanase
enzymes to enhance the shive removal was found to vary greatly. Lack of corre-
lation of shive removal with xylanase dosage was found showing that different
shive removal factors (Sf) result from treatment with different enzymes all at the
same xylanase dose (Table 14.2). Shivex had the highest degree of enhancement of
Sf of the three enzymes. Xylanase 2 decreased Sf at a given brightness while
xylanase 3 enhanced Sf less than Shivex. The ability of enzymes to enhance shive

Table 14.2 Effect of different xylanase enzymes on shive removal factor and bleach boosting

Pulp treatment Shive removal factor (Sf) Brightness (Elrepho)

Untreated 25.0 85.5

35.3 86.6

63.6 87.7

Xylanase 2 26.2 86.2

32.3 87.0

38.9 88.0

Xylanase 3 45.0 86.5

62.5 87.1

Shivex 37.0 85.2

46.6 86.3

77.2 87.2

Pulp treatment Kappa factor Brightness (Elrepho)

Untreated 0.20 83.5

0.22 85.4

0.24 86.5

0.26 87.7

Xylanase 2 0.19 85.2

0.21 86.3

0.23 87.2

Xylanase 3 0.205 86.2

0.225 87.0

0.235 88.0

Shivex 0.20 86.4

0.22 87.1

Based on Tolan et al. (1994)
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removal was not related to the degree of bleach boosting of the enzymes
(Table 14.2). Shivex showed the highest enhancement of shive removal in spite of
the fact that the bleach boosting performances of the three enzymes are similar. The
best performance of the Shivex was found at pH 5.2–7.8, and temperature, 40–62 °C,
and more than 1 h treatment. The conditions for shive removal by Shivex differed
slightly from those for bleaching enhancement. Shivex did not have any measurable
effect on the shive count or particle size in the enzyme treatment itself. The effects
of Shivex became evident after subsequent bleaching. Treatment with Shivex
decreased the shive count after each of the stages in D100-E-D bleaching sequence
(Table 14.3). After the D100 stage for a given chemical dose, the shive count was
10% lower for enzyme-treated pulp than for untreated pulp. This enzyme effect was

Table 14.3 Effect of Shivex on shive counts and shive factor in different bleaching stages at
varying Kappa factors

Bleaching stage Pulp treatment D100 Kappa factor Shives factor Log Sf (% of initial)

D100 Untreated 0.15 34.0 0.44

0.17 34.0 0.44

0.23 32.5 0.50

0.26 27.5 0.56

Shivex treated 0.15 35.0 0.44

0.17 31.0 0.50

0.23 27.5 0.56

0.26 23.0 0.62

E Untreated 0.15 16.7 0.76

0.17 15.7 0.80

0.23 10.0 1.00

0.26 8.0 1.10

Shivex treated 0.15 14.0 0.83

0.17 13.3 0.86

0.23 8.1 1.10

0.26 6.0 1.13

D100E-D Untreated 0.15 0.90 1.82

0.22 0.86 1.91

0.23 0.70 1.88

0.24 0.60 2.00

0.26 0.40 2.03

Shivex treated 0.15 1.5 2.07

0.17 1.1 2.07

0.23 1.3 2.16

0.24 1.0 2.25

0.26 0.9 2.50

Based on Tolan et al. (1994)
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found to differ from that observed in bleach boosting by xylanase enzymes, in
which there was a little change in the brightness or Kappa number of chlorinated
pulp. After the extraction stage, the enzyme-treated pulp had 20% fewer shives than
the untreated pulp. The benefit of enzyme treatment was greatest after the D1 stage
to the extent that the shive count for treated pulp was 50% lower than for untreated
pulp. Sf for the bleaching sequence increased from 100 to 155 showing about 55%
increase in shive reduction (Tables 14.3 and 14.4). At a given bleached brightness,
Shivex treatment was found to result in lower shive count. Enzyme treatment,
therefore, helps to remove shives from the pulp beyond the associated gain in the
brightness.

14.3 Mechanism of Shive Removal
with Xylanase Enzymes

Enzymatic shive removal and bleach boosting are affected by different mechanisms
(Tolan et al. 1994). It appears that shive removal is accomplished by an enzyme
other than xylanase or that some property of xylanase other than its ability to
hydrolyze xylan is important in shive removal. Most bleach boosting enzymes are
the mixtures of 6–20 different proteins many of which have not been identified and
only one or two of which are xylanase. Preliminary investigation of several
enzymes that digest various portions of pulp including a-arabinosidase, mannanase,
and cellulase failed to identify a single enzyme that is responsible for enhanced
shive bleaching. In terms of properties of the xylanase protein, the ability to bind on
to shives or to penetrate into shives could conceivably vary among the enzymes and
cause different efficiencies of shive removal. However, there has been no direct
evidence of this. The enzymes used for shive removal had molecular weights of 20–
22,000 and showed similar binding tendencies on the substrate. Axegard (1990) has
identified two mechanisms for shive removal by chlorine dioxide: peeling of fibers
from the surface and fragmentation of the particles. The rate controlling step of both
these reactions is the diffusion of a chemical within the particles. Tolan et al. (1994)
have suggested that enzyme acts on the surface of the shives to remove diffusion
barriers and thereby increasing the efficiency of shive bleaching.

Table 14.4 Effect of Shivex
on shive removal factors (Sf)

Bleaching
stage

Untreated Enzyme
treated

Shive
benefits

D100 3.1 3.5 1.13

E 3.2 3.5 1.09

D 10 12.5 1.25

Total 100 155 1.55

Kappa factor 0.24
Based on Tolan et al. (1994)
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14.4 Benefits with Enzymes

Mills have following options for using enzyme treatment to decrease shives (Tolan
et al. 1994).

Option 1 Maintain the same brightness, decrease shives, and bleaching chemicals.
Option 2 Increase brightness and decrease shives.
Option 3 Maintain the same shive factor, decrease brightness, and bleaching

chemicals.

The choice at a given mill will depend on the mill’s operating objectives and
constraints.

Option 1 is accomplished by running enzyme treatment and adjusting the control
of the bleach plant to maintain the same bleached brightness as without
enzyme treatment. This option saves bleaching chemicals and increases
the shive factor.

Option 2 is accomplished by running enzyme treatment with no changes in the
beaching chemical use. The result is higher brightness and the increase
in shive factor. This option gives the maximum increase in shive factor.

Option 3 would be of interest to mills that are bleaching to a higher than necessary
target brightness to maintain a low shive count. In this case, the shive
factor is unchanged but the brightness target is decreased which allows a
decrease in Kappa factor.

Benefits of shive reduction would often be difficult to observe directly in the
short term in an operating mill because mills necessarily run with Sf that allows a
large margin of safety and, therefore, usually have few shives in the bleached
pulp. On the other hand, treatment with Shivex would allow a mill to take benefits
in chemical savings without undue risk of increasing shive counts. Shivex can be
used in conjunction with other oxidizing chemicals to decrease the use of chlorine
compounds without increasing the tendency to form shives. Most effective means to
decrease Kappa factor while increasing Sf is to combine Shivex treatment with
peroxide reinforcement of the extraction stage (Table 14.5).

Table 14.5 Shive removal in different bleaching sequences

Bleaching sequence Kappa factor Shive removal factor

Control (D100ED) 0.26 115

3 kg/t peroxide {D100(EP)D} 0.235 100

Shivex (SD100ED) 0.235 155

6 kg/t peroxide {D100(EP)D} 0.20 90

Shivex plus 3 kg/t peroxide {SD100(EP)D} 0.20 145

Based on Tolan et al. (1994)
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14.5 Conclusions

Enzymes can be efficiently used to increase the efficiency of shive removal by
bleaching. By treating brown stock with enzymes, mills can increase the degree of
shive removal in the subsequent bleaching. Depending upon the shive level in the
incoming brown stock and the desired shive level of the bleached pulp, this allows a
mill to decrease its actual shive counts or to increase its margin of safety against
shives. The increase in shive removal is accompanied by an increased efficiency in
the bleaching of pulp. Therefore, mills can decrease chlorine use in bleach plant
without compromising on shive counts. The enzyme activity responsible for the
enhanced shive removal is not known. The degree of shive removal by the enzyme
is not directly related to the enzyme’s xylanase activity or bleach boosting
effectiveness.
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Chapter 15
Production of Dissolving-Grade Pulp

Abstract Dissolving-grade pulps are commonly used for the production of cellu-
lose derivatives and regenerated cellulose. To obtain products of high quality, these
so-called “special” pulps must fulfill certain requirements, such as high cellulose
content, low hemicellulose content, a uniform molecular weight distribution, and
high cellulose reactivity. Xylan-degrading enzymes have been explored for selective
removal of pentosans in preparing dissolving-grade pulp. The complete enzymatic
hydrolysis of the hemicellulose in the pulp is difficult to achieve. Even with very
high enzyme loadings and prolonged incubation periods, xylan hydrolysis is limited.
Nevertheless, xylanase treatment may reduce the chemical loading required during
caustic extraction or facilitate xylan extraction from kraft pulps. Xylanase treatment
of unbleached pulp appears to be more effective because of the presence of more
hemicellulose at this stage is accessible for enzymatic degradation. Alkaline
extraction in conjunction with enzyme treatment leads to some improvement of the
pulp properties. Enzymatic treatments have been shown to activate cellulose by
enhancing cellulose accessibility and reactivity. A monocomponent endoglucanase
with a cellulose-binding domain (CBD) has been shown to significantly improve the
cellulose reactivity.

Keywords Dissolving-grade pulp � Enzymes � Cellulose reactivity
Xylan-degrading enzymes � Hemicellulose � Xylanase � Pentosans
Endoglucanase � Cellulose-binding domain (CBD) � Cellulase
Monocomponent endoglucanase

15.1 Introduction

Dissolving pulp is a high-grade cellulose pulp, with low contents of hemicellulose,
lignin, and resin. This pulp has special properties, such as a high level of brightness
and uniform molecular weight distribution. It is used to make products that include
rayon and acetate textile fibers, cellophane, photographic film, and various chemical
additives (Hinck et al. 1985) (Table 15.1). To a large extent, use of dissolving wood
pulp depends on its purity (cellulose content), which depends mainly on the
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production process. To obtain products of high quality, these so-called “special”
pulps must fulfill certain requirements, such as high cellulose content, low hemi-
cellulose content, a uniform molecular weight distribution, and high cellulose
reactivity. Most, if not all, of the commercial dissolving pulps accomplish these
demands to a certain extent. Nevertheless, achieving high cellulose accessibility as
well as solvent and reagent reactivity is not an easy task due to the compact and
complex structure presented by the cellulose.

About 77% of all dissolving pulp is used in the manufacture of cellulosic fibers
(rayon and acetate). These include (a) viscose rayon staple and filament yarn used
mainly for textiles, tire cords, and various industrial products and (b) acetate staple
and filament yarn used for textiles and acetate fiber (tow) for cigarette filters. Two
basic processes are used to produce dissolving pulp (Hiett 1985). The sulfite process
produces (sulfite) pulp with a cellulose content up to 92%. It can use ammonium,
calcium, magnesium, or sodium as a base. The prehydrolysis sulfate process pro-
duces (sulfate) pulp with a cellulose content of up to 96%. Special alkaline purifi-
cation treatments can yield even higher cellulose levels-up to 96% for the sulfite
process and up to 98% for the sulfate process (Hiett 1985). The 90–92%
cellulose-content sulfite pulps are used mostly to make viscose rayon for textiles and
cellophane. The 96–98% cellulose-content sulfate pulps are used to make rayon yarn
for industrial products such as tire cord, rayon staple for high-quality fabrics, and

Table 15.1 Derivatives and end-use products from dissolving pulp

Derivative Total pulp use End-use product (%)

Cellulosic fibers
Viscose rayon staple

Regular Apparel fabric 42

High-wet modulus Special fabric for apparel,
furnishings

3

Viscose rayon filament yam

Regular tenacity Apparel 10

High tenacity Tire cord and belting, industrial
uses

7

Acetate staple and tow Cigarette filters 8

Acetate filament yam Apparel, furnishings 7

Others from viscose rayon

Cellophane Packaging 7

Sponges, sausage casings 1

Acetate plastics Photographic films, sheets,
moldings

1

Cellulose nitrates Lacquers, film, explosives 8

Other cellulosic organic
compounds

Additives in food, cosmetics 8

Special paper pulps Filter, photographic papers 2

Based on data from Hiett (1985), Hinck et al. (1985)
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various acetate and other specialty products (Hiett 1985). Most producers worldwide
make dissolving pulp using softwood fiber and the acid sulfite and sulfate process.
The acid sulfite process is the most common that covers approximately 65% of the
total dissolving pulp production and the prehydrolysis kraft process, which covers
approximately 25% (Sixta 2006). Benefits of acid sulfite process include high
recovery rates of the inorganic cooking chemicals and the totally chlorine-free
(TCF) bleaching. One disadvantage is that it results in pulps with a broad molecular
weight distribution of cellulose (Sixta et al. 2004). Aside from the conventional
pulping process, organosolv pulping has been investigated for the production of
dissolving pulps because it offers several advantages and seems to be a more
environmental-friendly alternative to conventional processes (Kordsachia et al.
2004; Sixta et al. 2004; Fink et al. 2004; Vila et al. 2004). Organosolv pulping can be
applied to small plants, different wood species can be utilized, and one of the most
important benefits is the absence of sulfur-containing chemicals (Vila et al. 2004). In
addition, during the production of viscose, they exhibit superior strength than those
obtained from sulfite pulps (Sixta et al. 2004). However, the main drawback is that
this process is based on the use of organic solvents, and the expense of solvent
recovery is large. Furthermore, it has been reported that some of the organosolv
pulping reagents, Milox (peroxyformic acid), and Acetosolv (acetic acid), are not
suitable for the production of viscose because of the low reactivity exhibited by these
pulps, which is reflected in their structural inhomogeneity and the formation of
condensation products (Sixta et al. 2004). Comparisons of the pulps produced by
these different methods have been presented (Fink et al. 2004; Sixta et al. 2004).

To manufacture dissolving-grade pulps, removing hemicelluloses from the wood
fiber is crucial. For instance, hemicelluloses can affect the filterability of viscose,
the xanthation of cellulose, and the strength of the end product during the pro-
duction of viscose (Croon et al. 1968; Christov and Prior 1993). Dissolving-grade
pulp suitable for cellulose ester manufacture for fiber and film applications should
contain about 97–98.5 %w cellulose, not more than about 3 %w xylans, and not
more than about 0.5 %w mannans. Hemicelluloses are removed during the cooking
of wood and the subsequent bleaching (Gamerith and Strutzenberger 1992). In
sulfite pulping, the acidic conditions used are responsible for removing most of the
hemicellulose while in sulfate process usually a prehydrolysis step is required to
remove hemicelluloses. However, part of the hemicelluloses mainly xylan remain in
the pulp after bleaching thus causing problems at the latter alkalization and spinning
stages of viscose process. Therefore, a more complete removal of residual xylan
from dissolving pulp could facilitate the following steps in rayon manufacture and
improve the final quality of the product.

An alternative method to remove hemicelluloses would be by treating pulps with
enzymes which react only with the hemicellulose portion of the pulp (Jeffries 1992).
In the past two decades, xylan-degrading enzymes have been explored, for selective
removal of pentosans in preparing dissolving-grade pulp (Bajpai 1997; Bernier
et al. 1983; Jeffries and Lins 1990; Jeffries 1992; Paice and Jurasek 1984; Roberts
et al. 1990; Senior et al. 1988; Jurasek and Paice 1988; Biely (1985); Buchert et al.
(1994); Myburgh et al. (1991); Quintana et al. (2014)). Most research effort has
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been focused on xylanase treatment of kraft pulps as the kraft process is the
dominant form of chemical pulping. The application of xylanases to sulfite pulps
has received scant attention (Christov and Prior 1993, 1994; Christov et al. 1995).
Enzymes have been used to enhance the cellulose accessibility and reactivity of
commercial dissolving-grade pulps (Ibarra et al. 2010).

15.2 Enzymes Used in the Production of Dissolving Pulp

Hemicellulose degrading enzymes mainly xylanases have been used for selective
removal of pentosans in preparing dissolving-grade pulp. These enzymes are pro-
duced by many bacteria and fungi (Viikari et al. 1993, 1994). In the earlier studies
(Viikari et al. 1986, 1987), crude culture filtrates of hemicellulases produced by
different microorganisms were used and most of the reports published are based on
results with unpurified enzymes. The culture filtrates used, however, contained
xylanases as the main activity and the enzyme preparations were generally dosed
according to the xylanase activity. Thus, when small doses were used, the amounts
of other activities, mainly other hemicellulolytic and some cellulolytic enzymes
were very low. Even with the unpurified enzymes, identification of the sugars
released in the enzymatic treatments confirmed that xylanase was the major activity
(Viikari et al. 1987, 1990). Some difference in the amount and composition of
liberated sugars were observed when hemicellulase-rich culture filtrates (same
xylanase dose) from different microorganisms were used (Viikari et al. 1994). The
increase in reducing sugars can be influenced by the a-xylosidase activity in the
enzyme preparation used, but it can reflect the presence of other hemicellulases or
cellulase activities in the enzyme preparation used. The production of dissolving
pulp requires the use of enzyme preparation that has little activity against amor-
phous cellulose. Cellulases have been considered to be detrimental to pulp treat-
ments, if present in hemicellulase preparations (Viikari et al. 1994). This is
especially true, when both endoglucanase and cellobiohydrolase are present in
crude enzyme preparations. Due to the synergistic action of cellulolytic enzymes, a
rapid depolymerization of cellulose occurs.

15.3 Application of Enzymes in the Production
of Dissolving Pulp

Xylanases from different microorganisms have been explored for selective removal of
pentosans in preparing dissolving-grade pulp. Some xylanases can remove xylan from
pulps without affecting other components. The purified cellulose can then be used in
making dissolving pulps. Paice and Jurasek (1984) used xylanase enzyme from
Schizophyllum commune for removal of hemicellulose from delignified mechanical
aspen pulp. Hydrolysis of the pulp with crude enzyme gave no significant relative
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decrease in hemicellulose but poor yield (Table 15.2). On the other hand, treatment
with xylanase-rich fraction at two different concentrations gave better yields of pulp
and the hemicellulose content was lower than the control (Table 15.2).
The hemicellulose content decreased from 20.4 to 13.4% in 1 hhydrolysis. After 24 h
hydrolysis, the hemicellulose content was further reduced to 9.1%. However, all
treatments resulted in lower viscosity pulps, indicating cellulose hydrolysis. The
higher specificity with xylanase was confirmed by the HPLC analysis of the sugars
produced from the pulps during hydrolysis. The pentose sugars, xylobiose and xylose,
predominated in both xylanase treatments while glucose was found to be the major
sugar from the total enzyme hydrolysis. Treatment of low-yield chemical pulp (low
pentosan) with xylan-rich fraction did not result in significant further removal of
pentosan (Table 15.3). A target value for dissolving pulp (2%) could not be obtained.
Viscosities of the treated pulps decreased markedly as a result of traces of cellulase

Table 15.2 Effect of xylanase enzyme from Schizophyllum commune on removal of hemicel-
lulose from delignified mechanical aspen pulp

Treatment Time
(h)

Xylanase
(U/ml)

Yield
(%)

18% NaOH
solubility (%)

Pentosans
(%)

Viscosity
(mPa s)

Buffer
control

1 0 99 23.4 20.4 16.8

Crude
total
enzyme

1 300 67 22.0 17.7 8.4

24 300 18 28.0 n.d n.d

Xylanase
fraction

1 300 87 22.3 16.9 10.4

24 300 74 20.2 12.7 9.2

Xylanase
fraction

1 1600 71 18.2 13.4 8.7

24 1600 65 12.9 9.1 6.4

Based on data from Paice and Jurasek (1984)

Table 15.3 Effect of xylanase enzyme from Schizophyllum commune on pentosan content and
viscosity of chemical pulp

Enzyme Time
(h)

Pentosan content (%) Viscosity (mPa s)

Partially
bleached

Fully
bleached

Partially
bleached

Fully
bleached

Total enzyme 0 7.8 4.6 13.8 13.6

Total enzyme 1 7.5 4.4 11.6 9.7

Total enzyme 4 7.3 4.3 10.7 8.6

Xylanase
fraction

4 7.2 4.0 11.8 9.2

Total enzyme 24 7.0 4.0 10.4 8.5

Xylanase
fraction

24 6.4 3.5 9.9 8.4

Based on data from Paice and Jurasek (1984)
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present in the enzymatic preparation. The a-cellulose content also dropped. These
studies revealed that xylanase preparation of high purity must be used.

Bernier et al. (1983) undertook to construct a specific xylanase-producing
organism by genetic engineering. A Bacillus subtilis strain producing both cellulase
and xylanase was chosen as a source of the enzyme. The xylanase gene was
transferred to an Escherichia coli strain which normally does not produce either
cellulase or xylanase. As a result, a new strain of E. coli was obtained which was an
exclusive xylanase producer. Experiments with xylanase produced from this new
microorganism showed that a partial xylan removal from dissolving pulp can be
obtained without sacrificing pulp viscosity (Table 15.4).

Roberts et al. (1990) used enzyme preparation from thermophilic actinomycete
Saccharomonospora virdis for selective removal of xylan from bleached birchwood
kraft pulp. Successive treatments with the enzyme resulted in the removal of 20% of
the total xylan content, as estimated by reducing sugar determinations (Table 15.5).

Senior et al. (1988) treated bleached and unbleached kraft pulp with xylanase
from Trichoderma harzianum and tested for the liberation of oligosaccharides of
glucose and xylose. Only xylose oligosaccharides were released from both the
pulps, with xylobiose detected as the predominant sugar. The greater solubilization
of the bleached pulp after a 24 h treatment probably reflected the increased
accessibility of the residual xylan, which resulted from the prior bleaching and
extraction steps. The subsequent 24 h enzyme treatments of the unbleached pulp
resulted in the progressive solubilization of the xylan component with about 25% of
the original xylan released after three 24 h treatments. More than 54% of the

Table 15.4 Effect of xylanase enzyme from Escherichia coli on pentosan removal from
dissolving pulp

Treatment Pentosans (%) Viscosity (mPa s) Yield (%)

Control 4.6 11.4 100

Xylanase from Escherichia coli 3.7 12.0 97

Based on data from Bernier et al. (1983)
Bleaching sequence—CED
Bleached pulp at 3% consistency was treated with 300 U/ml enzyme for 24 h at 40 °C, pH 5.0

Table 15.5 Effect of successive xylanase treatments* from Saccharomonospora virdis for
selective removal of xylan from bleached birchwood kraft pulp

Treatment cycles Xylan solubilization

Xylose (mg equivalent) Percent of initial xylan (100%)

1 360 12.5

2 486 16.9

3 576 20.0

4 576 20.0

Based on data from Roberts el al. (1990)
*Enzyme treatment for 24 h
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original xylan present in the bleached pulp was released after one 24 h treatment
(Table 15.6). These results were similar to those reported by Chauvet et al. (1987).
They also found from analysis of neutral sugar products that only xylan-derived
sugars were solubilized. The accessibility of the substrate to the enzyme appears to
be a major problem as prolonged incubation was not as effective as a series of short
treatments during which the pulp was water extracted, consequently providing
better access to the remaining xylan.

Jeffries and Lins (1990) investigated the use of Aureobasidium pullulans
xylanase to selectively remove xylan from aspen kraft and thermomechanical pulps
(TMP). A. pullulans secrete a highly active, specific, extracellular xylanase that
exhibits little or no glucanase activity. About 33% removal of xylan was achieved.
Dilute alkali treatment was found to have a major effect on the susceptibility of
TMP to xylanase. The enzyme was found to be stable under the conditions
employed and only small amounts were necessary to remove significant amounts of
sugar from TMP treated with dilute alkali.

Christov and Prior (1994) used enzymes from A. pullulans in removing pen-
tosans from bleached sulphite dissolving-grade pulp. The release of reducing sugars
at varying dose levels of enzyme was seen. The amount of reducing sugars in the
hydrolysate increased with the increase of incubation time and enzyme loadings.
The best result was obtained with 1500 U/g xylanase for 24 h (about 10 mg
reducing sugars/g pulp). Low enzyme dosages (15 U/g) and buffer alone failed to
release reducing sugars from the dissolving pulp. The main degradation product
detected in the enzyme hydrolysates was xylose (Table 15.7). Xylose accumulated
in the incubation mixture gradually with time. The xylosidase activity of the en-
zyme preparation was sufficient enough (ratio of xylanase to xylosidase activity
20:1) to hydrolyze the major part of xyloligomers, produced by the xylanase action
to xylose. The pentosan content of enzyme-treated samples was reduced simulta-
neously with the progress of hydrolysis time and enzyme charges (Table 15.7).
Buffer alone slightly decreased pentosans in pulp. The most pronounced effect was
observed after treatment with 1500 U/g for 24 h (about 31% reduction).

Table 15.6 Effect of xylanase from Trichoderma harzianum on xylan content of unbleached and
bleached kraft pulps

Pulp/enzyme treatment Xylan remaining in pulp (%) Xylan removed (%)

Unbleached kraft

Control 17.0 0

First 24 h hydrolysis 15.0 11.8

Second 24 h hydrolysis 14.4 15.3

Third 24 h hydrolysis 12.7 25.3

Bleached kraft

Control 21.0 0

First 24 h hydrolysis 11.4 54.3

Based on data from Senior et al. (1988)
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These researchers also investigated the removal of pentosans from unbleached
sulfite pulps with crude enzyme of A. pullulans (Christov and Prior 1993).
The crude enzyme preparation contained 61 U/ml xylanase activity and 3 U/ml
xylosidase activity at a protein concentration of 0.25 mg/ml. Increasing dosages
and times of treatment resulted in greater amounts of reducing sugars being
released. A maximum of 12.8 mg reducing sugars/g pulp was reached when
1500 U/g xylanase activity was applied for 24 h. The proportional release of
reducing sugars with time and enzyme loadings indicated that no inhibition of
enzyme hydrolysis by chemicals remaining in pulp after delignification apparently
occurred. Enzyme treatment, when carried out for shorter periods (1 and 5 h) was
more successful at 50 °C than at 40 °C. On the other hand, from 30 to 70% more
reducing sugars were released at 40 °C than at 50 °C when treated for longer
periods (10–24 h). Residual xylanase activity in the pulp slurry after treatment at
50 °C was from 5 to 30% lower than that at 40 °C. It decreased also with the
progress of hydrolysis time and in some instances, less than 50% activity remained
after 24 h. Statistical analysis of results from pulp treatments showed that the
treatment type X (enzyme treatment) and XE (enzyme treatment and alkaline

Table 15.7 Effect of xylanase enzyme from Aureobasidium pullulans on pentosans from
bleached sulfite dissolving-grade pulp

Reaction time (h) Xylanase dose (U/g) Pentosans (%w/w) Xylose (mg/mL)

0 2.62 0.00

1 0 2.46

15 2.36

150 2.30 0.011

450 2.18

1500 2.12

3 0 2.44

15 2.27

150 2.19 0.015

450 2.13

1500 2.08

5 0 2.44

15 2.26

150 2.16 0.021

450 2.07

1500 2.01

24 0 2.43

15 2.24

150 2.11 0.045

450 1.95

1500 1.81

Based on data from Christov and Prior (1994)
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extraction) and the effect of enzyme charges of pulp were both highly significant.
However, there was no significant difference between mean effect at 40 and 50 °C.
The pentosan content significantly decreased with the duration of treatment and
enzyme loading (Table 15.8). About 5 to 28% of pentosans was removed by en-
zyme treatments only, but after alkaline extraction, a further 6–13% was released.
By treatment with 450 U/g for 24 h followed by alkaline extraction, 35% of the
pentosan was removed. Kappa numbers of xylanase-treated pulps were not sig-
nificantly influenced by the hydrolysis time but increased with the enzyme dosages,
especially if 45 U/g or more had been used. The kappa number of pulp treated with
450 U/g for 1, 5 or 10 h was 8% higher than the untreated control (4.6) and 25%
higher than the blank when treated only with buffer. However, after alkaline

Table 15.8 Effect of xylanase enzyme from Aureobasidium pullulans on properties of
unbleached sulfite pulps

Reaction time
(h)

Enzyme (U/g) Pentosans (%w/v) Viscosity (mPa s)

Enzyme Enzyme
Alkali

Enzyme Enzyme
Alkali

1 0 4.1 3.8 14.4 14.6

1.5 4.1 3.8 14.4 14.7

15 4.0 3.7 14.6 14.8

45 4.0 3.5 14.5 14.7

150 3.8 3.4 14.4 14.6

450 3.7 3.3 14.1 14.4

5 0 4.1 3.7 14.4 14.6

1.5 4.0 3.7 14.4 14.8

15 3.9 3.5 14.6 14.9

45 3.7 3.4 14.5 14.7

150 3.6 3.3 14.3 14.5

450 3.6 3.3 14.0 14.4

10 0 4.1 3.7 14.4 14.6

1.5 3.9 3.5 14.4 14.8

15 3.8 3.4 14.6 14.9

45 3.8 3.4 14.5 14.8

150 3.5 3.3 14.2 14.5

450 3.3 3.1 13.8 14.2

24 0 4.1 3.7 14.4 14.6

1.5 3.8 3.4 14.6 14.8

15 3.6 3.2 14.8 15.0

45 3.7 3.1 14.7 14.9

150 3.3 2.9 14.2 14.4

450 3.1 2.8 13.8 14.2

Based on data from Christov and Prior (1994)
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extraction, kappa numbers were significantly lowered by 15–30% resulting in pulps
with kappa numbers at least one unit lower than the control of 4.6. Viscosity of
unbleached-untreated pulps (14.4 mPa s) was hardly affected or slightly improved
(Table 15.8) by relatively low enzyme dosages (up to 45 U/g), whereas a drop of
0.2 and 0.6 mPa s was observed with pulps treated, respectively, by 150 and
450 U/g for longer periods (10 and 24 h). However, enzyme-alkali-treated pulps
had slightly improved viscosities compared to pulps obtained after enzyme treat-
ment alone. In all enzymatic hydrolysates, xylose was detected as the main
degradation product and its concentration increased with the length of treatment and
xylanase dosages. Xylobiose and xylotriose also were detected after prolonged
incubation (10 and 24 h) with enzyme loadings of 45 U/g or more. In the alkaline
extracts, the major component found was xylobiose, accompanied by other longer
chain oligosaccharides. However, monosugar analysis confirmed that xylose was
the main hydrolysis product of alkaline extracts. Scanning electron micrographs
indicated improved fibrillation and flexibility of the fiber structure by enzyme
treatment. No cut fragments typical of cellulose degradation were seen. Untreated
sulfite pulp fibers were observed to be narrow, separated with relatively uniform
length, and stiff with moderate fibrillation.

Christov et al. (1995) used xylanases from A. pullulans in biobleaching of sulfite
pulps for dissolving pulp production. The pentosan content was lowered by 13%
and a-cellulose enriched by 1 point, respectively, after 1 h enzyme treatment with
15 U/g xylanase pulp. At the same time, the impact of xylanase treatment on
brightness and kappa number was insignificant (Table 15.9). Bleaching of sulfite
pulp with A. pullulans xylanases and chemicals in sequence OD1E0D2H resulted in

Table 15.9 Effect of xylanase enzyme from Aureobasidium pullulans on properties of sulfite pulp

Pulp treatment Kappa
number

a-cellulose
(%w/w)

Pentosan
(%w/w)

Brightness
(%ISO)

Control 6.7 89.9 3.9 56.0

Xylanase
treated

6.5 90.7 3.4 56.5

Based on data from Christov et al. (1995)

Table 15.10 Bleaching of sulfite pulp with Aureobasidium pullulans xylanase and reduced
amount of active chlorine in OD1EOD2H sequence

Pulp
treatment

% Total active chlorine
reduction

a-cellulose
content

Pentosan
(%w/w)

Brightness
(%ISO)

Control 0 91.6 2.4 87.5

Xylanase
treated

0 92.4 1.9 88.5

13 92.2 1.7 88.4

23 92.2 1.8 89.6

37 92.1 1.8 88.3

Based on data from Christov et al. (1995)
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the production of a dissolving pulp having the highest a-cellulose content (92.1–
92.4%) as related to control (91.6%) (Table 15.10). This is indicative of the high
selectivity of xylanolytic enzymes of A. pullulans in hydrolyzing only the hemi-
celluloses mostly xylan in the pulp as well as for the lack of cellulase activities in
the crude enzyme preparation. The enzyme pretreatment of pulp contributed about
72% to the total release of reducing sugars during bleaching with the latter being
approximately 4 times greater than that of control. Pentosans of xylanase-pretreated
dissolving pulp were reduced by 25–29% when pulp was bleached with 13–37%
less active chlorine than the control of enzymatically untreated dissolving pulp
(Table 15.10). Therefore, the amount of pentosans removed from the unbleached
pulp by the xylanase treatment (13%, Table 15.9) was doubled after bleaching
(Table 15.10). Brightness was also improved over the control by 1–2 points.

Christov et al. (1996) reported that pretreatment of sulfite pulp with A. pullulans
xylanases could improve alkali solubility and brightness, important parameters of
dissolving pulp for producing viscose rayon. On the other hand, biobleaching with
the white-rot fungus C. subvermispora could enhance significantly the brightness,
however, affecting the cellulose content of dissolving pulp. A combined fungus–
enzyme pretreatment of sulfite pulp leads to the production of dissolving pulp with
63% less active chlorine and a brightness of over 93% ISO. A TCF bleaching for
dissolving pulp production would be feasible once the fungal treatment conditions
are optimized in terms of preventing the nonselective degradation of cellulose by
C. subvermispora.

Biobleaching of acid bisulfite pulp with A. pullulans xylanases and reduced
amounts of chlorine dioxide (up to 50% as active chlorine) produced dissolving
pulp with improved properties such as alkali solubility (S10 and S18) and brightness
over the conventionally ECF-bleached control (Christov and Prior 1996).

Christov and Prior (1996) also studied repeated consecutive A. pullulans
hemicellulases and alkali-oxygen treatments in a totally chlorine-free bleaching
sequence for their effects on pulp characteristics related to hemicellulose and lignin
content of the pulp. The treatment sequence of hemicelluloses and alkali, produced
different effects on sulfite pulps. The combination of treatments, where the enzymes
were applied first, followed by extraction (XE), solubilized more pentosans from
pulp than the combination beginning with alkali (EX) (Table 15.11). Pentosans
were further reduced using the treatment sequence XEXE by increasing the xy-
lanase loadings from 15 to 120 U/g pulp. The amounts of reducing sugars released
by the treatment sequence XO and XOXO were slightly less than those released by
the XE and XEXE combinations. The triple treated xylanase and oxygen treatments
of sulfite pulps resulted in significant modifications of pulp properties. Pentosan
content of pulp was reduced twofold, the K number decreased by 60%, brightness
was enhanced by 18 points and a-cellulose content was enriched by 3 points.
Monocarbohydrate analysis indicated that treated pulp contained less xylan (48%)
and glucomannan (15%), than the untreated reference of dissolving pulp.

Extensive research has been undertaken into the use of xylanolytic enzymes in
bleaching of dissolving pulp and a process developed for bleaching of dissolving
pulp using an enzymatic pretreatment with xylanase enzyme (Bajpai and Bajpai
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2001; Bajpai et al. 2005). This process involves using the mild prehydrolysis stage
to retain relatively higher pentosans in the unbleached pulp. The higher pentosan
content results in higher unbleached pulp yield at the same Kappa number. Results
of bleaching of enzyme-treated pulp in a CEHED sequence indicated reductions in
bleach chemical requirement, together with improved brightness of the final
bleached pulp, desired levels of pentosans, and a considerable increase in bleached
pulp yield. The rayon yield and reactivity were also higher for the enzyme-treated
pulp. Jackson et al. (1998) reported that alkali extraction of dissolving pulps made
from bleached hardwood kraft fiber and recycled paper rich in hardwood fiber,
followed by xylanase treatment and a second alkali extraction, provided a reduction
in the hemicellulose content of the pulp, acceptable viscosity, and alkali solubility.

Kopcke et al. (2010a) studied the feasibility of converting different kraft pulps
from wood and non-wood pulps into commercial dissolving-grade pulps. Several
sequences of treatments were examined based on enzymatic treatments and alkali
extraction steps and the process parameters were optimized in order to improve the
cellulose reactivity, hemicellulose content, pulp viscosity, and molecular weight
distribution. Commercial dried elemental chlorine-free (ECF)-bleached kraft pulps
from birch and eucalyptus were investigated, together with several dried
ECF-bleached soda/anthraquinone pulps from flax, hemp, sisal, abaca. and jute. It
was found that birch, eucalyptus and sisal pulps were suitable for use as
dissolving-grade pulps. The xylanase treatment and the alkali extraction stages
reduced the amount of hemicelluloses, reaching values to those of a commercial
dissolving-grade pulp. Moreover, it was observed that endoglucanase treatment was
the main contributor to the enhancement of the cellulose reactivity. On the other
hand, the pulp viscosity exhibited values slightly lower than those of a commercial

Table 15.11 Properties of pulp before and after treatment with Aureobasidium pullulans
hemicellulases and alkali

Pulp treatment Reducing
sugars

Pentosans
(%)

Kappa
number

Brightness
(%)

X 1.8 (0.0) 3.8 (3.9) 6.0 (6.1) 57.8 (57.4)

E 1.1 3.4 4.2 57.9

XE 3.2 (1.3) 3.0 (3.4) 4.3 (4.3) 60.7 (60.0)

XEX 4.3 (1.3) 2.9 (3.4) 4.3 (4.2) 63.9 (63.0)

XEXE 5.1 (2.1) 2.5 (2.9) 3.8 (3.7) 66.9 (65.7)

EX 2.7 (1.1) 3.2 (3.4) 4.4 (4.4) 60.6 (59.9)

EXE 3.7 (2.1) 2.8 (2.9) 3.8 (3.8) 65.6 (64.9)

EXEX 4.6 (2.1) 2.6 (2.9) 3.8 (3.7) 66.4 (65.5)

Unbleached pulp
(Blank)

– 3.9 6.5 5.6

Based on data from Christov and Prior (1996)
1. X-Enzyme treatment (15 U/g xylanase pulp; pH 4.5; 1 h; 55 °C; 9% pulp consistency)
2. E-Alkaline extraction (1.5 g NaOH/100 g pulp; 1 h; 100 °C; 9% pulp consistency)
3. Data in parentheses represent results of control determinations in which the enzyme treatment
step (X) was carried out using only buffer and no enzymes
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dissolving pulp, but suitable for the production of viscose. The pulps also contained
only cellulose I, while the molecular weight distribution was more uniform than that
of a commercial dissolving-grade pulp.

Enzymatic treatments, especially using cellulases, hold great potential for
increasing cellulose reactivity in dissolving pulps (Rahkamo et al. 1988, 1996, 1998;
Cao and Tan 2002, 2006; Henriksson et al. 2005, Kvarnlöf et al. 2005, Engström
et al. 2006). Cellulases are enzymes that hydrolyze the 1,4-a-D-glucosidic bonds of
the cellulose chain. For hydrolysis to take place, cellulases must bind to the surface
of the substrate (i.e., cellulose) (Zhang and Lynd 2004). There are three major groups
of cellulases: endoglucanases (EC. 3.2.1.4), cellobiohydrolases or exoglucanases
(EC. 3.2.1.91), and glucosidases (EC. 3.2.1.21) as illustrated in Fig. 15.1. These
enzymes can act on the cellulose chain either alone or in combination. When they act
together, synergy is often generated, resulting in the efficient degradation of the
cellulose structure (Fig. 15.2). Endoglucanases (EG) are enzymes that randomly
cleave the amorphous sites of cellulose, which creates shorter chains and, therefore,
new chain ends. Cellobiohydrolases or exoglucanases (CBH) attack the reducing
and nonreducing ends of the cellulose chains, generating mainly cellobiose units.
This type of cellulose can also act on microcrystalline cellulose by a peeling
mechanism. Glucosidases act on cellobiose, which is two glucose units linked by a
1,4-a-D-glucosidic bond, generating glucose units (Lynd et al. 2002). It has been
suggested that there are three primary parameters that affect the degree of enzymatic
hydrolysis: the crystallinity, the specific surface area, and the degree of polymer-
ization of the cellulose (Mansfield et al. 1999; Eremeeva et al. 2001). Most cellulases
consist of two domains. The first is a catalytic domain, which is responsible for the
hydrolysis of the cellulose chain. The catalytic domain of endoglucanases is
cleft-shaped Exoglucanases, however, they have a tunnel-shaped catalytic domain
structure. The second is a cellulose-binding domain (CBD), which helps the enzyme
bind to the cellulose chain and bring the catalytic domain close to the substrate. An
inter-domain linker serves as a connection between the two domains (Rabinovich
et al. 2002a, b). The abilities of these enzymes to degrade their substrates are directly

Fig. 15.1 Types of cellulases: A Endoglucanases without cellulose-binding domain
B Endoglucanases with cellulose-binding domain; C and D Cellobiohydrolases E Glucosidases.
Based on Kopcke (2010b)
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related to their size and structure, and their mode of action is at the substrate surfaces,
which is the main region where the modifications occur (Mansfield et al. 1999;
Zhang and Lynd 2004). Endoglucanases have been demonstrated to significantly
enhance the cellulose reactivity of dissolving pulps (Henriksson et al. 2005;
Kvarnlöf et al. 2005; Cao and Tan 2006; Engström et al. 2006). Rahkamo et al.
(1996) reported that endoglucanase treatment decreased the viscosity and chain
length and increased the reactivity of a pulp made from eucalyptus and acacia. The
endoglucanases were more efficient at hydrolyzing the pulp than were cellobiohy-
drolases at the same protein dosage. The use of cellulases in a two-step process,
where the alkali-insoluble material was recovered, treated with enzymes, and
recombined with the first extraction, resulted in a dissolving pulp that was more
soluble in alkali than pulp treated directly with enzymes followed by alkali.
Although when compared at the same level of hydrolysis, the fibers from the
two-step process were actually slightly lower in solubility (Rahkamo et al. 1998).

Ibarra et al. (2010) studied the behavior of different endoglucanases on the
accessibility and reactivity of hardwood and softwood dissolving-grade pulps. It
was found that endoglucanase with a CBD and an inverting hydrolysis mechanism
was the most effective of the different assayed enzymes in increasing the reactivity
of both pulps. At the same time, the viscosity decreased, which was more marked
for softwood-dissolving pulp. In both pulps, a narrower molecular weight distri-
bution with a considerable reduction in the amount of long-chain cellulose mole-
cules was observed and this was more pronounced for softwood-dissolving pulps.

Fig. 15.2 Mode of action of various components of cellulose. Based on Wood and McCrae (1979)
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On the other hand, endoglucanase without a CBD and a retaining hydrolysis
mechanism exhibited an inefficient action on the studied properties. When
never-dried dissolving pulps were used, it was found that the effects of the different
endoglucanase treatments were more pronounced.

Henriksson et al. (2005) reported that monocomponent endoglucanase treatment
increased the reactivity of softwood sulfite-dissolving pulp. The reactivity of the
pulp as determined with the Fock method increased drastically with relatively low
amounts of enzyme, and the yield loss and decrease of viscosity were moderate.

Kvarnlöf (2007) undertook a research study to improve the reactivity of the
dissolving pulp in order to reduce the chemical demand in the viscose process and
thus reduce the cost and indirectly the environmental impact. The work showed that
it is possible to enhance the pulp reactivity and to use less carbon disulphide in the
production of viscose, while maintaining a good quality viscose dope, by two
entirely different pretreatment methods, one chemical and one enzymatic. The
chemical method used pressurized oxygen after the mercerisation step, which
increased the reactivity of the alkali cellulose. The viscose dopes produced from the
pressurized oxygen-treated alkali cellulose had lower filter clogging values, Kw,
compared to conventionally produced viscoses. The temperature and the oxygen
treatment time of the alkali cellulose were, however, crucial for the viscose quality.
The best performing enzyme of several tests was a cellulase of the monocomponent
endoglucanase preparation Carezyme®. This enzymatic treatment was optimized
with respect to viscose dope preparation. The study showed that the enzyme treat-
ment could be carried out under industrially interesting conditions with respect to
temperature, enzyme dose, and reaction time. A recirculation study of the enzyme
showed that it was possible to reuse the spent press water from the enzymatic
treatment step several times, and thus lower the production cost. Some of the viscose
process stages were modified to properly fit the enzymatically treated dissolving
pulp and a comparison between viscose made from enzyme-treated pulp and viscose
made from conventional pulp showed that the enzyme-treated samples had a lower
filter clogging value, Kw. This indirectly indicates that the enzyme pretreatment
could reduce the carbon disulphide charge in the viscose manufacturing process.

Östberg and Germgård (2013) reported that for a dissolving pulp, an enzymatic
pretreatment with an endoglucanase prior to viscose preparation did not change the
correlation between the gamma number of the viscose dope and the carbon disul-
phide charge. Thus, the pulp stoichiometry, or reactivity, was not changed by an
endoglucanase pretreatment. It has nevertheless previously been found that the pulp
reactivity measured either by Fock’s test or as the filter clogging value (Kw),
increased for the same type of enzyme pretreatment. Thus, the pulp reactivity seems
to be influenced by the analysis method used.

High accessibility is an essential prerequisite for a homogeneous substitution of
cellulose material. Engström et al. (2006) investigated chemical and enzymatic
pretreatments to increase the accessibility of cellulose materials. Dissolving pulp
was treated with a monocomponent endoglucanase. Fock’s method, a microscale
process similar to the viscose process, showed an increase in cellulose yield.
Simultaneously, the viscosity decreased. To clarify whether the increase in reactivity
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was due solely to the decrease in the degree of polymerization, the dissolving pulp
was also subjected to acid hydrolysis. At a given viscosity level, the enzymatic
pretreated pulp had a higher reactivity than the pulp subjected to acid hydrolysis. To
achieve 100% reactivity, according to Fock, the acid-treated pulp showed a lower
molecular weight compared to the enzymatic-treated pulp. A monocomponent
endoglucanase can thus be used to increase the reactivity and accessibility of dis-
solving pulp in the viscose process.

Cost-effectiveness is vital for enzymatic treatment of dissolving pulp toward
industrial application. The strategy of cellulase recycling with fresh cellulase
addition was demonstrated in a study by Wang et al. (2016) to activate the dis-
solving pulp, i.e., decreasing viscosity and increasing Fock reactivity. It was found
that 48.8–35.1% of cellulase activity can be recovered from the filtered liquor in
five recycle rounds, which can be reused for enzymatic treatment of dissolving
pulp. As a result, the recycling cellulase with the addition of fresh cellulase of 1 mg/
g led to the pulp of viscosity 470 mL/g and Fock reactivity 80%, which is com-
parable with cellulase charge of 2 mg/g. Other pulp properties such as
alpha-cellulose, alkaline solubility, and molecular weight distribution were also
determined. Additionally, a zero release of recycling cellulase treatment was pro-
posed to integrate into the dissolving pulp production process.

Liu et al. (2015) studied the kinetics of the decrease in cellulose viscosity during
a cellulase treatment. The study showed that the kinetics of the cellulose degra-
dation during a cellulase treatment can be divided into at least two phases, where
the initial phase is very fast and the final phase is very slow. The kinetic two-phase
model for the viscosity degradation that has been developed can be used to predict
and control the final pulp viscosity of dissolving pulps.

Gehmayr and Sixta (2011) subjected a commercial oxygen-delignified
Eucalyptus globulus paper-grade kraft pulp to xylanase (X) pretreatment com-
bined with cold caustic extraction (CCE) at reduced alkali concentration and to
endoglucanase (EG) posttreatment after TCF bleaching. The xylanase-pretreated
pulp showed increased reactivity toward xanthation and high viscose dope quality
in terms of particle content in comparison to the pulp after cold caustic extraction at
elevated alkali concentration. The dependence of cellulose chain scission upon
endoglucanase treatment on certain pulp qualities was analyzed in detail, and this
allowed precise viscosity reduction as well as reactivity increase. The qualities of
the spun fibers from the differently treated pulps were very similar to those viscose
fibers from commercial dissolving pulps.

Sixta et al. (2013) have reported about existing and novel dissolving pulp pro-
cesses providing the basis for an advanced biorefinery. The SO2–ethanol–water
(SEW) process has the potential to replace the acid sulfite process for the pro-
duction of rayon-grade pulps owing to a higher flexibility in the selection of the raw
material source, substantially lower cooking times, and the near absence of sugar
degradation products. Special attention is paid to developments that target toward
the selective and quantitative fractionation of paper-grade pulps into hemicelluloses
and cellulose of the highest purity. This target has been accomplished by the
IONCELL process, where the entire hemicellulose fraction is selectively dissolved
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in an ionic liquid in which the H-bond basicity and acidity are adequately adjusted
by the addition of a co-solvent. At the same time, pure hemicellulose can be
recovered by further addition of the co-solvent, which then acts as a non-solvent.
The residual pure cellulose fraction may then enter a Lyocell process for the pro-
duction of regenerated cellulose products.

Zhao (2009) investigated a combination of mechanical refining with xylanase
treatment for incorporation into a prehydrolysis kraft-based bamboo-dissolving
pulp production process. Laboratory PFI refining and xylanase treatment were
combined to improve the xylan removal efficiency. Refining at 9,000 revolutions
increased the efficiency of subsequent enzymatic treatment resulting in a 44%
removal of beta-plus gamma-cellulose with only 3 h of xylanase treatment. The
alpha-cellulose content of bleached pulp prepared following combined refining-
xylanase treatments was 93.37% (w/w) while the xylan content was only 2.38%.
The properties of refined fibers prior to xylanase treatment, such as freeness, water
retention value, fiber size, and scanning electron microscopy (SEM) images were
investigated to further understand the underlying mechanism of the effect of re-
fining on enzymatic treatment. The brightness, reactivity and viscosity of bleached
bamboo dissolving pulp after ECF bleaching (D-EP-D) sequence were also eval-
uated. These results demonstrated the feasibility of combining refining and xylanase
treatment to produce high-quality bamboo dissolving pulp.

Wang et al. (2017) demonstrated the concept of using cationic polyacrylamide
(CPAM) to enhance the cellulase treatment efficiency. The hypothesis was that the
CPAM would attribute to the increased cellulase adsorption onto cellulose fibers
based on the patching/bridging mechanism. Results showed that the viscosity
decrease was improved with the addition of 250 ppm of CPAM under the same
conditions as those of the control. Degraded cellulose content was increased based
on the alkaline solubility analysis, while alpha-cellulose content kept constant. The
CPAM-assisted cellulase treatment concept may provide a practical alternative
method for upgrading dissolving pulp.

A comparative study of enzymatic hydrolysis reactions of cellulose dissolved in
NMMO and in cellulose dissolved in ionic liquids (Emim Ac and Emim DEP) was
carried out by Collier et al. (2011). These studies reveal that processing with NMMO
results in a higher rate and yield of sugars when compared with the ionic liquids. It
will also be shown that high yields of sugars can be achieved by using a twin screw
reactor for processing of high concentrations of the pulp (up to 15% w/w) and by
carrying out the reactions in the twin screw reactor itself.

The dissolution of a softwood-dissolving pulp in a NaOH/ZnO system was
improved by means of a three-stage pretreatment with an initial xylanase treatment,
followed by an alkaline extraction, and finally an endoglucanase stage. The solu-
bility of the pulp increased from 29 to 81%, although the crystallinity and the
specific surface area of the pulp did not change during the enzymatic treatment.

The dissolution of a softwood dissolving pulp in a NaOH/ZnO system was
improved by means of a three-stage pretreatment with an initial xylanase treatment,
followed by an alkaline extraction, and finally an endoglucanase stage (Almlof
Ambjornsson et al. 2014). The solubility of the pulp increased from 29 to 81%,
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although the crystallinity and the specific surface area of the pulp did not change
during the enzymatic treatment.

15.4 Conclusions

Attempts to remove hemicellulose for production of dissolving pulps with very low
hemicellulose contents, have shown that complete enzymatic hydrolysis of hemi-
cellulose within the pulp is difficult to achieve. The complete removal of residual
hemicellulose seems thus unachievable, due to the modification of the substrate or
to structural barrier. It appears that pentosans in the bleached pulp are well shielded
by other pulp components and therefore not susceptible to enzymatic attack. Even
with very high enzyme loadings and prolonged incubation periods, xylan hydrol-
ysis is limited. The wood species and the method of their pulping, the accessibility
of pentosans and their quantity in pulp, the penetration capabilities and substrate
specificity of the enzymes, the inhibitory action of bleaching chemicals, and the
linkage of xylan to lignin and cellulose by covalent and hydrogen bonds, respec-
tively, may be the factors contributing to the difficulties in removing xylan from the
bleached pulp (Gamerith and Strutzenberger 1992; Minor 1986; Vikkari et al.
1990). Xylanase treatment of unbleached pulp appears to be more effective because
of the presence of more hemicellulose at this stage is accessible for enzymatic
degradation. Alkaline extraction in conjunction with enzyme treatment leads to
some improvement of the pulp characteristics. Enzymatic treatments hold great
potential for increasing cellulose reactivity in dissolving pulps. A monocomponent
endoglucanase with a cellulose-binding domain significantly improves the cellulose
reactivity.

Little is known about the mechanisms producing the effects of xylanase–cellu-
lase interactions and the role that other essential enzymes may play thereby. There
is a need to evaluate the effectiveness of accessory enzymes alone and in combi-
nation for production of dissolving pulps.
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Chapter 16
Biological Treatment of Pulp and Paper
Mill Effluents

Abstract The pulp and paper industry is one of the major consumers of water.
Pulp and paper industrial wastewaters usually contain halogenated organic mate-
rials, because general use is made of chlorine-containing compounds as bleaching
agents during pulp and paper manufacture. Kraft pulping is the most common
commercial chemical delignification procedure. Chlorination is generally the first
stage in kraft pulping and during this treatment phase, chlorinated organic com-
pounds are produced. The chlorinated substances are extracted with dilute alkali
from the pulp in the subsequent extraction phase. Chloro-organic compounds tend
to persist in nature because of their inherent recalcitrance; they are often toxic to
aquatic live; many are genotoxic and have the potential to migrate widely
throughout the ecosystem, ultimately accumulating in the fatty tissues of organisms.
Legislation has been introduced to limit the levels of these toxic compounds in
effluents. Additionally, during bleaching treatments chromophoric, highly oxidized,
polymeric lignin/chlorolignin derivatives are formed that give rise to a dark color in
the effluent. The color poses an aesthetic problem and contributes to the biological
oxygen demand. Several methods have been attempted for decolorization and
detoxification of bleached kraft effluents. These include physicochemical and
biotechnological methods. The problems underlying the physicochemical treat-
ments are those associated with cost and reliability. Biotechnological methods have
the potential to eliminate/ reduce the problems associated with physicochemical
methods. This article reviews the research on the use of Biotechnological methods
for treatment of pulp and paper mill effluents. The progress made and the further
scope are also discussed.

Keywords Kraft pulping � Chemical delignification � Chlorinated organic
compounds Decolorization � Detoxification � Bleached kraft effluents
Effluent treatment � Enzymatic treatment � Bacterial treatment � Anaerobic
treatment � Aerobic treatment � Fungal treatment
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16.1 Introduction

The pulp and paper industry is an important economic activity in several countries
around the world although being considered as one of largest polluters. The pulp
and papermaking industry is very water intensive and ranks third in terms of water
consumption and ranks fifth among the major industries in its contribution to water
pollution problems in the USA. The consumption of water varies depending on the
type of paper being produced.

Pulping, bleaching and papermaking operations are the three major wastewater
sources of the industry. Of the different wastewaters generated by pulp and paper
industry, bleach plant effluents are considered to be the most polluting. Bleach
effluents are colored and toxic in nature. They contain chlorinated and
non-chlorinated products of lignin and extractives of wood. Because of the color,
the productivity of aquatic ecosystems gets affected when these effluents are dis-
charged into the water bodies. Color also affects the downstream uses (municipal
and industrial) of water. It makes the water treatment difficult and costly. Color
reduces the visual appeal and recreational value of the water. It retards sunlight
transmission, thus, reducing the productivity of the aquatic community by inter-
fering with the photosynthesis. Color imparting substances complex with metal
ions, such as iron, or copper, and form tar-like residues. These residues may have
direct inhibitory effects on some of the lower organisms in the food chain.

The chlorinated organic compounds and the lignin derivatives of the bleach
effluents are recalcitrant and get bioaccumulated along the food chains in the
aquatic ecosystems. The low molecular weight fraction of bleach effluent contains
potentially problematic (toxic) compounds. These have the ability to penetrate cell
membranes and tendency to bioaccumulate. Low molecular weight chlorinated
organic compounds significantly affect the biology of aquatic ecosystems.
Disappearance of benthic invertebrates, high incidence of fish diseases, and muta-
genic effects on the aquatic fauna are some of the consequences of the disposal of
bleach effluents into surface waters.

Increasing awareness of environmental consequences of bleach effluent has lead
to stringent environmental regulations. Most of the nations have imposed limits on
adsorbable organic halides (AOX) of the effluents. In some nations, limits have also
been set on individual chlorinated organic compounds of bleach effluents. In
response to environmental concerns and environmental regulations, pulp and paper
industry has reacted by making process modifications based on existing and new
proven technologies. For a bleached kraft mill, a number of alternative technologies
are available (Table 16.1).

From these, it is possible to select a combination that can meet the present or
future effluent discharge limits. Initially, the effluent requirements varied from
country to country for reasons of differing national priorities and this has led to
diverse range of technological responses. However, as a result of the concern
regarding dioxins and polychlorinated organic materials, and of more stringent
regulations, the industry would tend to evaluate and avail the multitude of
wide-ranging options available.
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16.2 Bleaching and Environmental Impact

In kraft pulping, more than 90% of wood lignin gets solubilised during the cooking
process. The remaining lignin is mainly responsible for the brown color of the kraft
pulp and unbleached paper. The basic aim of bleaching is to remove the residual
lignin from the pulp as selectively as possible, without degrading the pulp carbo-
hydrate, especially cellulose, which would lead to decrease in strength of the
pulp. Pulp bleaching is carried out in a series of steps employing bleach chemicals
such as Cl2, ClO2, O3, O2, H2O2, etc. During bleaching, the wood components,
mainly lignin, get degraded, heavily modified, chlorinated, and finally, dissolved in
the effluent (Dence and Reeve 1990). As a result, the effluent from the bleaching
process is dark brown in color due to the presence of chromophoric polymeric
lignin derivatives. The amount of chlorinated organics produced, during the pulp
bleaching, varies with wood species, Kappa number of the pulp, bleaching
sequence, and conditions employed. The pollution loads from a hardwood kraft
pulp bleach plant are, generally, lower than those from a softwood pulp bleaching
plant. Of the total chlorine used in the bleach plant, about 90% form the common
salt, and 10% or less gets bound to the organic material removed from the
pulp. This organically bound chlorine is also termed as AOX. A physicochemical
classification of this chlorinated organic material, present in spent liquors from
conventionally pulped and bleached softwood kraft pulp is shown in Fig. 16.1
(Axegard et al. 1993; Gergov et al. 1988; Lindstrom and Mohamed 1988). About
80% or more of the organically bound chlorine corresponds to high molecular
weight (MW > 1,000) chlorinated lignin material, commonly referred to as

Table 16.1 The effect of various technologies on effluent parameters

Polychlorinated
organics

Acute
toxicity

BOD COD TSS AOX PCDD/
Fs

PCPs (LC50)

Modified cooking + + / + / + ?

Oxygen delignification ++ ++ / ++ + ++ +

Modified bleaching with
small amounts of
chlorine

/ / / ++ +++ +++ ++

External treatment

1°/2° clarification / / +++ / + / /

2° biological
treatment

+++ + + ++ + ++ +++

+ Weak positive effect
++ Positive effect
+++ Strong positive effect
/ Little or no effect
Based on Annergren (1990), Annergren et al. (1990)
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chlorolignin. About 20% of the organically bound chlorine correspond to relatively
low molecular weight material. This fraction is expected to contain potentially
problematic compounds (toxic to aquatic organisms) due to their ability to penetrate
cell membranes or their tendency to bio-accumulate in the fatty tissues of higher
organisms. Some of the major components of this low molecular weight fraction
have been found to consist of relatively water-soluble substances, such as chlori-
nated acetic acids or chlorinated acetone (Gergov et al. 1988; Lindstrom and
Mohamed 1988) which are easily broken down before or during biotreatment and
are, therefore, of little environmental significance. The fraction of AOX which is
extractable by a nonpolar organic and referred to as EOX, account for about 1–3%
of the TOCl. This fraction contains lipophilic neutral organic compounds primarily
of low molecular weight and, therefore, of greater environmental significance than
the remaining 99% of the AOX material. About 456 different compounds have been
identified in the effluents from conventional bleach plants. About 330 of those are
chlorinated organic compounds, which include chlorinated phenolics, dioxins,
hydrocarbons, and resin acids (Table 16.2) (Mckague and Carlberg 1996). The
most common chlorinated phenolics in bleached kraft pulp mill effluents are tri- and
tetrachloroguaiacols (Fig. 16.2) (Liebergott et al. 1990).

Bleach kraft mill effluent is a complex mixture of chlorinated and
non-chlorinated products of lignin and/or extractives of wood that imparts dark
color to the effluent. Bleached kraft mill effluent may have a noticeable effect on the
biological quality of the receiving water. Disappearance of benthic invertebrates,

Fig. 16.1 The character of AOX in the effluent from conventionally pulped and bleached kraft
pulp. Based on Bajpai and Bajpai (1996) and Gergov et al. (1988)
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Table 16.2 Chlorinated organic compounds in bleach plant effluents

S. No. Types of chlorinated compounds Variations (numbers)

1 Acids, esters, aldehydes, furans, pyrenes 77

2 Phenols and phenol ethers 52

3 Aldehydes and ketones 66

4 Hydrocarbons 75

5 Alcohols 25

6 Dioxins and furans 20

7 Miscellaneous 15

Total 330

Based on McKague and Carlberg (1996)

Fig. 16.2 Specific
compounds discharged from
bleached pulp mills. Based on
Gavrilescu (2006), Liebergott
et al. (1990)
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such as mussels, and high incidence of fish diseases are some of the effects
(Sundelin 1988; Sodergren et al. 1993). Bleached kraft and bleached sulphite mill
effluents have been demonstrated to impair the functions of liver, enzyme systems,
and metabolic cycles in the exposed fish. Furthermore, such exposures have been
demonstrated to increase the incidence of spinal deformities and reduced gonad
development.

Major part of the organically bound chlorine (80%) is believed to be hetero-
geneous material of relatively high molecular weight compounds. These com-
pounds, apparently, contribute little to the effluent BOD and acute toxicity. Their
major contribution is toward color, chemical oxygen demand (COD), and chronic
toxicity. Ecological/natural processes, such as sedimentation, biodegradation, and
bioaccumulation, are apparently correlated to the molecular size and hydropho-
bicity of the compounds. Highly polar and high molecular mass constituents are
responsible for the toxicity of the bleach effluents during early life stages of marine
animals and plants (Higachi et al. 1992). Chlorocymenes and chlorocymenenes, of
the bleach effluent, have been reported to bio-accumulate in fish and mussels
(Suntio et al. 1988). Chlorinated dioxins, which are present in very low concen-
trations in the bleach plant effluent (usually in ppt levels), account for a 10 billionth
of the total AOX discharged. About 210 dioxins, belonging to the two families,
namely, PCDDs, and PCDFs, have been reported in the bleach effluents.
2,3,7,8-TCDF and 2,3,7,8-TCDD are important from the toxicological point of
view. These two chemicals are known to be highly toxic, carcinogenic, and
bio-accumulable. Dioxins are almost insoluble in water. They tend to enter the food
chains and accumulate in high concentrations in predators, such as fish-eating birds
(McCubbin 1989; McCubbin et al. 1990). Adverse effects of dioxins have been
observed in almost all the species tested. According to an environmental protection
agency (EPA) report (Anon 1994), human beings lie somewhere in the middle of
the sensitivity range (from extremely responsive to extremely resistant) for dioxins.
Even in trace amounts, dioxins may cause a wide range of adverse health condi-
tions, such as disruption of regulatory hormones, reproductive and immune system
disorders, abnormal fetal development (Bajpai and Bajpai 1996, 1997; Bajpai et al.
1999). The structures of the most toxic forms of dioxin and furan molecules are
shown in Fig. 16.3 (Rappe and Wagman 1995).

16.3 Biotechnological Methods for Treatment of Pulp
and Paper Mill Effluents

Several methods have been attempted for decolorization and detoxification of pulp
and paper mill effluents. These include physicochemical and biotechnological
methods (Bajpai and Bajpai 1994, 1996, 1997; Bajpai et al. 1999; Bajpai 2001;
Thompson et al. 2001; Pokhrel and Viraraghavan 2004; Ali and Sreekrishnan
2001). The problems underlying the physicochemical treatments are those
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associated with cost and reliability. Coagulation and precipitation, produce a
voluminous sludge, which is very difficult to dewater. Usually, an extreme pH
range is used for optimum treatment and the pH needs to be readjusted to neutral
before discharge. Oxidation using ozone and hydrogen peroxide are costly and
oxidation using chlorine species generates secondary pollutants such as chlorinated
organics. The membrane techniques require pretreatment and a large capital
investment. Membrane fouling is also a problem with the membrane technique.
Biotechnological methods have the potential to eliminate/reduce the problems
associated with physicochemical methods. These methods are described below:

16.3.1 Enzymatic Treatment

Some of the enzymes seem to have the potential to decolorize and detoxify effluents
from pulp and paper mill effluents. The use of microbial or enzyme-based treatment
offers some distinct advantages over physical and chemical decolorization and
AOX precipitation methods, in that only catalytic and not stoichiometric amounts of
the reagents are needed, and the low organic concentrations and large volumes
typical of bleaching effluents are therefore less of a problem. Also, both complete
microbial systems and isolated enzymes have been shown to reduce the acute
toxicity by polymerizing and thereby rendering less soluble many of the low
molecular mass non-chlorinated and polychlorinated phenolics (Bollag et al. 1988;
Klibanev and Morris 1981; Ruggiero et al. 1989). In 1988, a review on the use of
enzymes for wastewater treatment in the pulp and paper industry examined the new
possibilities of using enzymes like laccase, peroxidase, and ligninase for this effect
(Hakulinen 1988). Forss et al. (1987) examined the use of laccase for effluent
treatment. They aerated pulp bleaching wastewater in the presence of laccase for

Fig. 16.3 Most toxic isomers of polychlorinated dioxins and furans. Based on Gavrilescu (2006),
Rappe and Wagman (1995)

16.3 Biotechnological Methods for Treatment of Pulp and Paper Mill Effluents 319



one hour at pH 4.8 and subsequently flocculated with aluminum sulfate. High
removal efficiencies were obtained for chlorinated phenols, guaiacols, vanilins, and
catechols. Roy-Arcand and Archibald (1991a) studied direct dechlorination of
chlorophenolic compounds in pulp and paper mill effluent by laccases from
Trametes versicolor and found that all the major laccases, secreted by T. versicolor,
could partially dechlorinate a variety of chlorophenolics. These researchers also
studied effects of horseradish peroxidase (HRP) and Phanerochaete chrysosporium
peroxidase on the mixture of five chlorophenolics (pentachlorophenol, tetra-
chloroguaicol, 4,5,6-trichloroguaicol, 4,5-dichloroguaicol, 2,4,6-trichlorophenol).
Both peroxidase enzymes were found to degrade the majority of substrates except
pentachlorophenol whereas the P. chrysosporium peroxidase was superior to both
horseradish peroxidase and laccase in degrading pentachlorophenol, it was inferior
to horseradish peroxidase in degrading the other four phenolics.

Field (1986) patented a method for the biological treatment of wastewaters
containing nondegradable phenolic compounds and degradable non-phenolic
compounds. It consisted of an oxidative treatment to reduce or eliminate the tox-
icity of the phenolic compounds followed by an anaerobic purification. This
oxidative pretreatment could be performed with laccase enzymes and it was claimed
to reduce COD by one thousand fold. Call (1991) patented a process on the use of
laccase for wastewater treatment. He claimed that wastewater from delignification
and bleaching could be treated with laccases in the presence of nonaromatic oxi-
dants and reductants and aromatic compounds. Almost complete polymerization of
the lignins is obtained which is 20–50% above the values attainable with the
addition of laccase alone. About 70–90% lignin is developed into insoluble form,
which is removed by flocculation and filtration.

Milstein et al. (1988) described the removal of chlorophenols and chlorolignins
from bleaching effluents by combined chemical and biological treatments. The
organic matter from spent bleaching effluents of the chlorination, extraction or a
mixture of both stages, was precipitated as a water-insoluble complex with poly-
ethyleneimide. The color, COD, and AOX were reduced by 92, 65, and 84%,
respectively, for the chlorination effluent and by 76, 70, and 73% for the extraction
effluent. No significant reduction in BOD of treated effluent was detected but fish
toxicity was greatly reduced. Enzyme treatment results in coprecipitation of the
bulk mono- and dichlorophenols with the liquors of the chlorination and extraction
bleaching stages. Lyr (1963) reported that laccase of T. versicolor partially
dechlorinates PCP and Hammel and Tordone (1988) reported that peroxidase from
P. chrysosporium can partially dechlorinate PCP and 2,4,6-trichlorophenol.

Paice and Jurasek (1984) studied the ability of horseradish peroxidase to catalyze
color removal from bleach plant effluents. The color removal from effluents at
neutral pH by low levels of hydrogen peroxide was enhanced by the addition of
peroxidase. No precipitation occurred during the decolorization process. The
catalysis with peroxidase (20 mg/l) was observed over a wide range of peroxide
concentrations (0.1–800 mM) but the largest effect was between 1 and 100 mM.
The pH optimum for catalysis was around 5.0. Compared with mycelial color
removal by C. versicolor, the rate of color removal by peroxide plus peroxidase was

320 16 Biological Treatment of Pulp and Paper Mill Effluents



initially faster (for the first 4 h) but the extent of color removal after 45 h was
higher with the fungal treatment. Further addition of peroxidase to the enzyme-
treated effluents did not produce additional catalysis. Thus, the peroxide/peroxidase
system did not fully represent the metabolic route used by the fungus. One working
hypothesis has been proposed to explain the behavior of enzymes in the decol-
orization process (Paice and Jurasek 1984). Glucose is used by the cell to produce
peroxidase which is one of the extracellular enzymes often found in white-rot fungi.
It seems that this enzyme oxidizes the chromophores and so removes the color from
bleaching wastewater.

Though the use of enzyme-based treatments offers some distinct advantages over
physical and chemical methods in that only catalytic amounts of reagents are
needed, biochemical instability and difficulty in reusing of the enzyme are its
disadvantages. Immobilization of the enzymes is required for biochemical stability
and reuse of the enzymes. Carbon immobilized laccase was used by Davis and
Burns (1992) to decolorise extraction stage effluent at the rate of 115 PCU/en-
zyme unit/h. The removal rate was found to increase with the increasing effluent
concentration. Dezotti et al. (1995) developed a simple immobilization method
where activated silica was used as a support and used it for enzymatic color removal
from extraction stage effluent by lignin peroxidase (LiP) from Chrysonilia sitophila
and by commercial horseradish peroxidase (HRP). Immobilized HRP gave 73%
decolorisation and LiP gave 65 and 12% reductions in COD and color, respectively.
Immobilized enzymes were found to retain activity even after 5 days of contact
with the kraft mill effluent. Ferrer et al (1991) reported that immobilized lignin
peroxidase decolorized kraft effluent. Novel lignin peroxidases called pulpases
produced by P. chrysosporium mutant strain SC 26 and described in two patents
assigned to the Repligen Corporation have been claimed to decolorize bleaching
effluents (Farrel 1987a, b).

Karimi et al. (2010) investigated the efficiency of advanced oxidation processes
(AOPs), enzymatic treatment and combined enzymatic/AOP sequences for the
color remediation of soda and chemimechanical pulp and paper mill effluent. The
results indicated that under all circumstances, the AOP using ultraviolet irradiation
(photo-Fenton) was more efficient in the degradation of effluent components in
comparison with the dark reaction. It was found that both versatile peroxidase
(VP) from Bjerkandera adusta and laccase from T. versicolor, as pure enzymes,
decolorize the deep brown effluent to a clear light-yellow solution. In addition, it
was found that in the laccase treatment, the decolorization rates of both effluents
were enhanced in the presence of 2, 2′-azinobis (3-ethylbenzthiazoline-6-sulfonate),
while in the case of VP, Mn(+2) decreased the efficiency of the decolorization
treatment. The concomitant use of enzymes and AOPs imposes a considerable
effect on the color remediation of effluent samples.
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16.3.2 Bacterial Treatment

Bacterial treatment includes aerobic treatment, anaerobic treatment, and combina-
tion of both treatments. Combinations of anaerobic and aerobic treatment processes
are found to be efficient in the removal of soluble biodegradable organic pollutants
(Pokhrel and Viraraghavan 2004).

16.3.2.1 Aerobic Treatment

The most common aerobic biological methods used in the treatment of pulp mill
effluents are aerated lagoons or stabilization basins (ASBs), activated sludge
treatment (AST) processes, sequencing batch reactors (SBR). Rotating biological
contactors (RBCs) and trickling filters are rarely used.

Aerated Lagoon Treatment (ASB)

The aerated lagoon is a low rate aerobic biological process and is the oldest and
simplest type of aerobic biological treatment system to construct and operate. The
system consists of an aeration system for supplying dissolved oxygen. The
wastewater to be treated is continuously fed into the aeration lagoon where
bio-oxidation of the organic matter occurs, then directly flows out to the receiving
environment. In some cases, a settling pond following the aeration basin is installed
to remove the biological and other solids from the treated wastewater. A large
portion of the sludge produced settles in the lagoon or settling pond, where it
subsequently undergoes auto-oxidation or endogenous respiration, which not only
reduces the sludge production but also releases and reuses the nutrients from the
sludge. Since the ASBs do not recycle the biomass, they normally require a long
HRT (volume/volumetric flow) of 5–10 days, and microorganisms concentration in
the lagoon is too (<200 mg/l) low.

ASBs have long been widely employed in the treatment of kraft mill effluent
(Tomar and Allen 1991; McCubbin 1983). ASBs have also been used for other
types of pulp mill effluents including TMP and CTMP for the removal of BOD and
toxicity chlorophenols, low molecular weight AOX, resin, and fatty acids of pulp
mill effluents (Liu et al. 1996; Johnson and Chatterjee 1995; Saunamaki et al. 1991;
Tomar and Allen 1991; Jokela et al. 1993). To produce a reliable high-quality
effluent, this method generally uses a long HRT of 5–7 days, which achieves high
BOD removal (85–95%) and effluent detoxification. Extensive experience in
applying ASBs in the treatment of pulp mill effluent is available. In both Canada
and US (Wilson and Holloran 1992; Turk 1988), most of the early constructed
secondary treatment systems in pulp and paper mills, where available land space is
not limited, are aerated lagoons. In developing countries, lagoons are the major
process for the treatment of pulp mill effluent. Removals of AOX from bleached
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kraft mill effluents are quite variable among systems, ranging from 15 to 60% with
an average of 30% (Wilson and Holloran 1992). The complex and variable prop-
erties of AOX compounds from different processes account for this range in the
removal rate.

Experiments on recirculation of biomass in an aerated lagoon have indicated that
a fourfold increase in lagoon biomass could increase removal efficiency from 50 to
60% (Boman et al. 1988). Significant work has been done to determine the
mechanism of AOX removal in aerated lagoon (Yin et al. 1989a; Bryant et al. 1987,
1988). It has been postulated that AOX removal occurs by biosorption of orga-
nohalides to biomass and anaerobic dehalogenation and degradation in the benthyl
layer, of the lagoon with biosorption providing the transport mechanism (Bryant
et al. 1987, 1988; Amy et al. 1988). Both high and low molecular weight chlor-
olignins are reported to adsorb to aerobic biomass but aerobic dehalogenation has
not been reported.

Conversely, it has been suggested that the majority of AOX removal in an
aerated lagoon is due to aeration enhanced hydrolytic splitting of chlorine from the
organic substrate (Yin et al. 1989a). It is said that MLSS levels in an aerated lagoon
are too small to allow significant biosorption to sludge. Removal of resin and fatty
acids (RFAs) in CTMP effluent is generally >95% and degradation seem to take
place by three mechanisms: bio-oxidation by microorganisms, adsorption on to
sludge, and air oxidation. Bio-oxidation is the main removal mechanism.
Adsorption on to sludge is the primary mechanism. However, when the treatment
time is very short, air oxidation plays a minor role (Liu et al. 1996). Analysis of
relative removals of different MW fractions in three North American ASBs was
reported (Bryant and Barkley 1990). Low molecular weight AOX was removed
more effectively (43–63%) than high molecular weight AOX (4–31%). Effluent
AOX removal from mills using hardwood and softwood furnishes was comparable
but furnish changeovers reduced the removal performance. In a separate lab scale
ASB study, degradation of hardwood derived TOCl was greater (44–52%) than for
softwood derived TOCl (44%) (Yin 1989).

Fulthrope and Allen (1995) studied the ability of three bacterial species to reduce
AOX in bleached kraft mill effluents. Ancylobacter aquaticus A7 exhibited the
broadest substrate range but could only affect significant AOX reduction in soft-
wood effluents. Methylobacterium CP13 exhibited a limited range but was capable
of removing significant amounts of AOX from both hardwood and softwood
effluents. By contrast, Pseudomonas sp. Pl exhibited a limited substrate range and
poor to negligible reductions in AOX levels from both effluent types. Mixed inocula
of all the three species combined and inocula of sludge from mill treatment systems
removed as much AOX from softwood effluents as did pure populations of
Methylobacterium CP13. Rogers et al. (1975) treated the bleached kraft mill effluent
in a bench scale aerated lagoon for 29, 58, and 99 h showed that toxicity, BOD, and
resin acids were most consistently reduced during the 99 h treatment. Leach et al.
(1978) reported the biodegradation of seven compounds representing the major
categories of toxicants in a laboratory-scale batch aerated lagoon. Resin acids which
are the major source of acute toxicity were readily biodegradable but only part (less
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than 30%) of the load of chlorophenolic compounds was removed. Deardorff et al.
(1994) reported that the efficiency of AOX removal through biotreatment of
combined bleach plant effluent increases with increasing chlorine dioxide substi-
tution. Biological treatment in an aerated lagoon reduced the concentration of
polychlorinated phenolic compounds by 97%. Jokela et al. (1993) reported that
aerobic lagoon systems removed 58–60% of the organochlorine compounds from
the water phase whereas the full-scale activated sludge plants removed 19–55%.
Both biotreatments removed all sizes and classes of organochlorine molecules and
slightly changed the relative size distribution of the compounds remaining in the
water phase toward the large molecular weights. Eriksson and Kolar (1985) have
shown that high molecular weight fraction in bleach plant effluents cannot be
degraded in an aerated lagoon. In another study, it has been shown that chloroform
is stripped during the biological treatment and COD, AOX, and high molecular
weight material are reduced to a lesser extent (SSVL-85 Project 4, Final report).

Reduction of individual chlorinated organics across aerated basins has been
reported by various authors (Boman et al. 1988; Saunamaki et al. 1991; Lindstrom
and Mohamed 1988). Individual removal efficiencies for various chlorophenols
provided in Table 16.3 range from 30 to 89%. Information obtained from Paprican
has indicated removal efficiency up to 100% for chlorovanillins (Wilson and
Holloran 1992).

ASBs provide distinct advantages over high rate systems such as ASTs,
including little or no nutrient addition required, except at initial start-up, lower net
settleable solids generation, lower energy consumptions due to avoidance of sludge
handling and reduced aeration requirement, and better toxicity removal. Lagoons
are generally able to detoxify pulp mill effluents because of the long HRT; thus,
ASBs have been universally accepted by pulp and paper mills, where land space is

Table 16.3 Reported
activated sludge removal
efficiencies for chlorophenols

Compound Reduction range (%)

Dichlorophenols 22–63

Trichlorophenols −11 to 57

Tetrachlorophenols 22–67

Pentachlorophenols 25

Dichloroguaiacols 0–89

Trichloroguaiacols −400 to 81

Tetrachloroguaiacols 80

Dichlorocatechols −115 to 45

Trichlorocatechols −30 to 41

Tetrachlorocatechols 13–57

Monochlorovanillins 92–100

Dichlorovanillins 81–96

Based on Wilson and Holloran (1992), Boman et al. (1988),
Bryant et al. (1987), Gergov et al. (1988), Voss (1983),
Lindstrom and Mohamed (1988)
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not limited. One other major merit of ASBs is much lower capital and operating
costs than AST processes. However, since the HRT in an ASB is long, the required
land space for constructing an aeration basin is large, which can be a major dis-
advantage. This has led to the introduction of AST systems, which require much
less land.

Activated Sludge Treatment (AST)

AST is a high rate biological process adapted largely from sanitary waste treatment.
In contrast to an ASB, in an AST process there is sludge settler following the
aeration basin. The function of the settler is to separate the sludge from the treated
effluent so that it can be recycled to the aeration basin and bacterial concentration in
the aeration basin can be maintained at a high level (2,000–5,000 mg/l). The high
biomass concentration increases the rate of treatment, so the required HRT for
treating the same effluent is much shorter than in an ASB and aeration basin size
required is also greatly reduced. Two major AST processes used in paper mills are
air and pure oxygen AST systems.

AST has been used by the pulp and paper industry when the available land space
is small and/or a low treated effluent suspended solids concentration is required.
ASTs have been adopted initially in the paper mills in the United States. They have
also emerged into the Canadian paper mills and are also common in other countries.
A number of full-scale AST system are operated in the United States and in Canada
for the treatment of various pulp mill effluents, including those from kraft, paper
board, deinking, TMP and CTMP, sulfite and, newsprint mill operations (Buckley
1992; Paice 1995; Johnson and Chatterjee 1995). ASTs generally reported to
remove much higher quantities of AOX than aerated lagoons. Removal efficiencies
ranging from 14 to 65% have been reported.

Melcer et al. (1995) carried out pilot-scale investigation of AST of bleached kraft
effluent at a Northern Ontario mill site over a 8 month period. The AS system was
operated at a 1 day HRT, 25–30 days SRT and 30 °C. Treated effluents were found
to pass all acute and chronic toxicity tests as measured by Rainbrow trout LC50,
Microtox, and Ceriodaphnia LC50 and IC25 tests. A high level of effluent quality
was achieved with low concentrations of AOX (4–13 mg/l), total chlorophenolics
(0.3–0.32 mg/l), toxicity equivalents (TEQ-PCP) (0.4–5 mg/l), total resin and fatty
acids (0–4 mg/l), BOD (4–12 mg/l), and soluble COD (142–274 mg/l) being
recorded over the whole period of investigation. An 8–17 fold reduction in hepatic
MFO enzyme activity was measured in the treated effluents over the influent
wastewaters.

Valenzuela et al. (1997) studied the degradation of chlorophenols by Alcaligenes
eutrophus TMP 134 in bleached kraft mill effluent. After 6 days of incubation, 2,4-
dichlorophenoxyacetate (400 ppm) or 2,4,6 trichlorophenol (40–100 ppm) was
extensively degraded (70–100%). In short-term batch incubations, indigenous
microorganisms were unable to degrade such compounds. Degradation of
2,4,6-trichlorophenol by strain JMP 134 was significantly lower at 200–400 ppm of
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compound. This strain was also able to degrade 2,4-dichlorophenoxyacetate,
2,4,6-trichlorophenol, 4-chlorophenol and 2,4,5-trichlorophenol, when bleached
kraft mill effluent was amended with mixtures of these compounds. On the other
hand, the chlorophenol concentration and the indigenous microorganisms inhibited
the growth and survival of the strain in short-term incubations. In long-term
(>1 month) incubations, strain JMP 134 was unable to maintain a large, stable
population, but an extensive 2,4,6-trichlorophenol degradation was still observed.
When combined effluents of a kraft pulp mill were treated in a lab scale activated
sludge system, the average TOC and AOX removal efficiencies were found to be 83
and 21%, respectively (Ataberk and Gokcay 1997). The highest AOX removal
occurred at larger SRTs. Mass balance on the system revealed that the principal
AOX removal mechanism was metabolization at long SRT. About 90% of the AOX
removed was metabolized. As SRT was lowered, AOX removal efficiency
decreased.

When the bleaching effluents from chlorination and extraction stage were treated
in an activated sludge process (ASP), the AOX reduction was found to be 30–40%
in 8 days. About 70–80% of the total AOX reduction was achieved in about 4 days
(Mortha et al. 1991). The presence of high molecular weight material in the
bleached kraft effluent was found to improve the removal of chlorophenolic com-
pounds. Growth experiments using microorganisms from a lab scale activated
sludge reactor showed that high molecular weight material had a significant role in
soluble COD and chlorophenol removal (Bullock et al. 1994). Large decreases in
the soluble COD and increases in the biomass were observed with the addition of
high molecular weight materials to the low molecular weight fraction. The addition
of mono- and dichlorinated phenolic compounds at concentrations up to 10 mg/l
was found to have no effect on the metabolism or growth of the microorganisms in
the activated sludge. While 6-chlorovanillin (6-CV), 2,4-dichlorophenol (2,4-DCP),
and 4,5 dichloroguaiacol (4,5-DCG) were found to be stable in uninoculated
controls and inoculated low molecular weight effluent over a 160 h period, these
compounds decreased significantly, when low molecular weight with three times
the original concentration of high molecular weight material was inoculated with
microorganisms. The removal rates of these compounds increased in the order:
6-CV > 4,5-DCP > 2,4-DCP. Gergov et al. (1988) investigated pollutant removal
efficiencies in mill scale biological treatment systems. About 48–65% AOX was
removed in the ASP.

The combined effects of oxygen delignification, ClO2 substitution, and biolog-
ical treatment on pollutants levels in bleach plant effluents were examined.
Biological treatment did not reduce color but reduced COD, BOD, AOX, and
toxicity (Graves et al. 1993). ClO2 substitution reduced the discharge of all five
pollutants with a large reduction in AOX. Oxygen delignification reduced dis-
charges of the five pollutants, and effluents from the sequence with oxygen
delignification, were easier to treat by aerobic methods. Treatment of bleaching
effluent in sequential activated sludge and nitrification systems revealed that
dechlorination of bleaching effluent took place in both the systems (Altnbas and
Eroglu 1997). In the activated sludge system, released inorganic chloride was
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4.5–7 mg/l at TOC loading rate of 0.03–0.07 mg/mg VSS/day, respectively, but it
was decreased from 10 to 3 mg/l at TOC loading rate of 0.006–0.06 mg/mg
VSS/day, respectively. Removal efficiencies for individual chlorinated organics
range from 18 to 100% and are presented in Table 16.4.

Liu et al. (1996) demonstrated that AOX removal mechanism includes
biodegradation, adsorption to biomass, and air oxidation. Among these three,
biodegradation is the major mechanism. Apart from achieving high AOX removals
in ASTs, high-performance COD, BOD and TSS removals was recorded (Goronzy
et al. 1996).

AOX removal efficiency was correlated to SRT and HRT (Rempel et al. 1990) in
pilot-scale tests of air and oxygen activated sludge systems. The maximum reported
AOX removal efficiencies (>40%) were achieved for SRTs greater than 20 days
and HRTs greater than 15 h. In a separate report on Finish activated sludge systems,
the highest AOX removals (45%) in mill scale units were reported for SRTs greater
than 50 days (Salkinoja-Salonen 1990). Varying the HRTs and SRTs indicated that
HRT had more of an effect on treatment performance than SRT. Longer HRTs led
to improved BOD, COD, toxicity, and AOX removal, and longer SRTs were not
shown to significantly affect the performance (Barr et al. 1996). Paice et al. (1996)
investigated effluents from CMP/newsprint operation that was treated in two par-
allel laboratory-scale activated sludge systems. Removal of BOD and resin fatty
acids in excess of 90% was achieved with an HRT of 24 h. Anoxic conditioning of
the sludge (Liu et al. 1997) and hydrolysis pretreatment of bleachery effluents
(Zheng and Allen 1997) have been demonstrated to enhance AOX removal by
about 8 and 20–30%, respectively, in AST. As the temperature of mill effluent is
high (60 °C), research is underway to use thermophilic (50–60 °C) bacteria in
ASTs (Barr et al. 1996; Rempel et al. 1990; NCASI 1990; Puhakka 1994).

Table 16.4 Reported
activated sludge removal
efficiencies for chlorophenols

Compound Reduction range (%)

Dichlorophenols 78

Trichlorophenols 51–69

Tetrachlorophenols 86–100

Pentachlorophenols 50–80

Dichloroguaiacols 67–97

Trichloroguaiacols 18–97

Tetrachloroguaiacols 59–99

Dichlorocatechols 37

Trichlorocatechols 63–95

Tetrachlorocatechols 59–90

Monochlorovanillins 94

Dichlorovanillins 100

Based on Wilson and Holloran (1992), Gergov et al. (1988),
Saunamaki (1989), Rempel et al. (1990), Mcleay (1987)
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Tiku et al. (2010) studied the capability of three bacteria, Pseudomonas
aeruginosa (DSMZ 03504), P. aeruginosa (DSMZ 03505), and Bacillus mega-
terium (MTCC 6544), to reduce the BOD and COD level of pulp and paper mill
effluents up to permissible level, i.e., 30 and 250 mg/l, respectively, within a
retention time of 24 h in batch cultures. A concomitant reduction in TDS (total
dissolve solid), AOX, and color (76%) was also observed. This is the first report on
the use of bacterial cultures for the holistic bioremediation of pulp mill effluent.

Rai et al. (2007) examined three lignin-degrading bacterial strains, identified as
Paenibacillus sp., Aneurinibacillus aneurinilyticus, and Bacillus sp. for the treat-
ment of pulp and paper mill effluent. The results of this study revealed that all three
bacterial strains effectively reduced color (39–61%), lignin (28–53%), BOD (65–
82%), COD (52–78%) and total phenol (64–77%) within 6 days of incubation.
However, the highest reduction in color (61%), lignin (53%), BOD (82%) and COD
(78%) was recorded by Bacillus sp. while maximum reduction in total phenol
(77%) was recorded with Paenibacillus sp. treatment. Significant reduction in color
and lignin content by these bacterial strains was observed after 2 days of incubation,
indicating that bacterium initially utilized growth supportive substrates and sub-
sequently chromophoric compounds thereby reducing lignin content and color in
the effluent. The total ion chromatograph (TIC) of compounds present in the ethyl
acetate extract of control and bacterial treated samples revealed the formation of
several lignin-related aromatic compounds. The compounds identified in extracts of
treated samples by Paenibacillus sp. were t-cinnamic acid and ferulic acid, while
3-hydroxy-4-methoxyphenol, vanillic acid by A. aneurinilyticus and gallic acid and
ferulic acid by Bacillus sp., respectively, indicating the degradation of lignin pre-
sent in the effluent. The identified compounds obtained after different bacterial
treatments were found to be strain-specific. Among these identified compounds,
ferulic acid, vanillic acid, and vanillin could have immense value for their use in
preservatives and in the food flavor industry.

Mishra and Thakur (2010) isolated four different bacterial strains from pulp and
paper mill sludge in which one alkalotolerant isolate (LP1) having higher capability
to remove color and lignin, was identified as Bacillus sp. by 16S RNA sequencing.
Optimization of process parameters for decolorization was initially performed to
select growth factors which were further substantiated by Taguchi approach in
which seven factors, % carbon, % black liquor, duration, pH, temperature, stirring,
and inoculum size, at two levels, applying L-8 orthogonal array were taken.
Maximum color was removed at pH 8, temperature 35 °C, stirring 200 rpm,
sucrose (2.5%), 48 h, 5% (w/v) inoculum size and 10% black liquor. After opti-
mization 2-fold increase in color and lignin removal from 25–69 to 28–53%,
respectively, indicated the significance of Taguchi approach in decolorization and
delignification of lignin in pulp and paper mill effluent. Enzymes involved in the
process of decolorization of effluent were found to be xylanase (54 U/ml) and
manganese peroxidase (28 U/ml). Treated effluent was also evaluated for toxicity
by Comet assay using Saccharomyces cerevisiae MTCC 36 as model organism,
which indicated 58% reduction after treatment by bacterium.
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Chandra et al. (2008) isolated eight aerobic bacterial strains from pulp paper mill
waste and screened for tolerance of kraft lignin (KL) using the nutrient enrichment
technique in mineral salt media (MSM) agar plate (15 g/l) amended with different
concentrations of KL along with 1% glucose and 0.5% peptone (w/v) as additional
carbon and nitrogen sources. The strains ITRC S6 and ITRC S8 were found to have
the most potential for tolerance of the highest concentration of KL. These organ-
isms were characterized by biochemical tests and further 16S rRNA gene (rDNA)
sequencing, which showed 96.5 and 95% sequence similarity of ITRC S(6) and
ITRC S(8) and confirmed them as Paenibacillus sp. and Bacillus sp., respectively.
KL decolorization was routinely monitored with a spectrophotometer and further
confirmed by HPLC analysis. Among eight strains, ITRC S(6) and ITRC S(8) were
found to degrade 500 mg/l of KL up to 47.97 and 65.58%, respectively, within
144 h of incubation in the presence of 1% glucose and 0.5% (w/v) peptone as a
supplementary source of carbon and nitrogen. In the absence of glucose and pep-
tone, these bacteria were unable to utilize KL.

Monje et al. (2010) evaluated the aerobic and anaerobic biodegradability and
toxicity to Vibrium fischeri of generated L-stage and total bleaching sequence
effluents. The highest levels of aerobic and anaerobic degradation of the generated
effluents were achieved for treatments with laccase plus violuric acid, with 80% of
aerobic degradation and 68% of anaerobic biodegradation. V. fischeri toxicity was
remarkably reduced for all the effluents after aerobic degradation.

Sequencing Batch Reactors (SBR)

The SBR process is a fill and draw cyclic batch ASP. The operation of each cycle
normally consists of four sequential steps: fill reaction, settle, withdraw, and idle.
During the fill period, wastewater is fed to SBR under anoxic conditions (without
aeration) and biosorption takes place. After completion of fill, the aerobic reaction
starts with aeration. Following reaction, the biomass is allowed to settle in quiescent
conditions in the reactor. Finally, about 1/3rd of the SBR of the clarified treated
effluent is withdrawn. For multi SBR systems without sufficient wastewater, an idle
period may be necessary. The next cycle starts again at the fill stage. Sludge wasting
occurs at the end of the settle period or during the idle period. Essentially, the
SBR’s batch stage can be compared to the unit operations in an AST, with the react
stage corresponding to the aeration basin and the settle draw stages corresponding
to the secondary clarifier and sludge recycle.

SBR have the following advantages compared to conventional ASTs: lower
operating costs as there is no aeration for 30–40% of the total time, no sludge settler
or recycling pumps are required. Control of filamentous bulking due to the anoxic
fill, ability to tolerate peak flow and shock loads, and denitrification during the
anoxic fill and settle stages are the main advantages. In addition, the control and
operation of a SBR are flexible.

SBRs were initially used for the treatment of small- and medium-size municipal
wastewaters. Before 1980s, the application of SBR processes was limited mainly
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due to the lack of automatic control devices. But now with the rapid development of
modern automatic control devices and computer technology, operation of an SBR
can be easily accomplished through automatic control devices. As such, the
application of SBRs for the treatment of various effluents has rapidly increased.
SBRs have been used for the treatment of pulp mill effluents and, in North America,
there are several full-scale SBR systems treating various pulp mill effluents
including kraft, TMP, high yield sulphite, deinking, and fine paper mill effluents.
SBRs generally produce smaller quantity of effluent as ASTs. One of the major
problems is the lack of experience in both design and operation of SBR systems for
the treatment of such large quantities of effluents.

Other Aerobic Treatment Systems

Other aerobic biological processes include rotary disk contractors and trickling
filters. Mathys et al. (1993, 1997) studied the treatment of CTMP mill wastewater in
laboratory-scale RBC. Application of these two processes for the treatment of pulp
mill effluents are limited (Lunan et al. 1995; Mathys et al. 1997).

16.3.2.2 Anaerobic Treatment

The major anaerobic processes currently used for the treatment of pulp mill efflu-
ents include anaerobic lagoons, anaerobic contract process, upflow anaerobic
sludge blanket (UASB), anaerobic fluidised bed, and anaerobic filter.

Anaerobic Lagoon

The anaerobic lagoon is the oldest low rate anaerobic treatment process. It generally
consists of large flow through basin where the SRT equals HRT. To achieve a high
treatment efficiency, the HRT is generally long from (10–30 days), requiring large
land areas, which is the major limitation of the system.

Anaerobic Contact Process

The anaerobic contact process was developed in 1950s and was first high rate
anaerobic treatment system (Lee 1993). Separation of the sludge from the settling
tank is the critical factor for maintaining high biomass concentration and for
operating the contact process. It is an outgrowth of anaerobic lagoon and is similar
to ASP, consisting of fully mixed anaerobic reactor and sludge settling tank.
A portion of the sludge is returned to the contact reactor to maintain high biomass
concentration (3,000–10,000 mg/l) in the reactor. Due to the recycling of sludge,
the SRT can be controlled to be much longer than the HRT. Separation of the
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sludge from the settling tank is the critical factor for maintaining high biomass
concentration and for operating the contact process. This system is suitable for
treating effluents containing a high concentration of suspended solids. It can be
operated at an organic loading from 1 to 2 kg BOD/m3/day.

Upflow Anaerobic Sludge Blanket Reactor (UASB)

The UASB reactor was developed in the Netherlands in the 1970s (Lettinga 1980).
This reactor operates entirely as a suspended growth system and consequently does
not contain any packing material. It contains a gas–liquid–solid separation device
for the separation of biogas, treated effluent, and suspended solids at the top surface
of the reactor to minimize the loss of biomass. Wastewater to be treated is dis-
tributed into the bottom of the reactor and flows upward in the reactor. A dense
granular sludge formation in the reactor is the critical factor in process performance,
since it ensures proper settling characteristics of sludge. The SRT value is extre-
mely high for well-adapted systems, and generally this process seems to have the
potential to treat more dilute and colder effluents than contact process. Loading
rates generally range from 3.5 to 5.0 kg BOD/m3/day and can be up to 8 kg BOD/
m3/day (Lee et al. 1995). At present, most of the full-scale high rate anaerobic
systems in use in pulp and paper industry are UASB reactors.

Fluidized Bed Reactor

The effluent is distributed into the bottom of the reactor and flows upward through a
fluidized bed of microorganisms attached to a carrier. A certain amount of water
usually has to be recirculated in order to keep the bed fluidized. The SRT value may
be extremely high, comparable to the UASB reactor. Loading rates are in the range
of 17–41 kg BOD/m3/day (Lee et al. 1995). However, operating costs of this
reactor are elevated since recycling of effluent inside the reactor consumes a large
amount of power.

Anaerobic Filter

The anaerobic filter, also known as fixed bed or fixed film, contains a packing
material, usually plastic material, with a large specific area. The microorganisms
grow on the surface of the material and in the void space between surfaces. The
effluent may pass the bed upflow or downflow. The loading rates range from 4 to
15 kg BOD/m3/day.

The application of anaerobic treatment system at pulp and paper mills is expe-
riencing a notable increase in the last years. Anaerobic technologies are already in
use for many types of forest industry effluents. The UASB reactor and the contact
process are the most widely applied anaerobic systems. Most of the existing
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anaerobic full-scale plants are treating non-inhibitory forest industry wastewater
rich in readily biodegradable organic matter (carbohydrates and organic acids) such
as recycling wastewater, mechanical pulping (TMP) effluents. Full-scale application
of anaerobic systems for chemical, semichemical, and chemithermomechanical
bleaching and debarking liquors is still limited.

Thermomechanical pulping wastewater is known to be highly biodegradable
during anaerobic digestion and not toxic to methanogenic bacteria. This makes
them highly suitable for anaerobic wastewater treatment (Sierra-Alvarez et al. 1990,
1991; Jurgensen et al. 1985). In mesophilic anaerobic process, loading rates up to
12–31 kg COD/m3/day with about 60–70% COD removal efficiency have been
obtained (Sierra-Alvarez et al. 1990, 1991; Rintala and Vuoriranta 1988). In ther-
mophilic anaerobic process conditions up to 65–75% COD removal was obtained at
55 °C at loading rate of 14–22 kg COD/m3/day in a UASB reactors (Rintala and
Vuoriranta 1988; Rintala and Lepisto 1992).

About 60% COD removal was maintained at 50% in the UASB reactor at a
loading rate as high as 80 kg COD/m3/day, which corresponds with HRT of
55 min. Kortekaas et al. (1998) studied anaerobic treatment of wastewaters from
thermomechanical pulping of hemp. Hemp stem wood and hemp bark thermome-
chanical pulping wastewaters were treated in a laboratory-scale UASB reactors. For
both the types of wastewaters, maximum COD removal of 72% was obtained at
loading rates of 13–16 g COD/l/day providing 59–63% recovery of the influent
COD as methane. The reactors continued to provide excellent COD removal effi-
ciencies of 63–66% up to loading rate of 27 g COD/l/day, being the highest loading
rate tested. Batch toxicity assays revealed the absence of methanogenic inhibition
by hemp TMP wastewaters, coinciding with the high acetolastic activity of the
reactor sludge of approximately l g COD/g VSS/day. Due to the relatively low
molecular weight of hemp TMP lignin, its removal which was measured as UV 280
during anaerobic treatment was markedly high and averaged 45 and 31% for the
hemp stem wood and the hemp bark TMP UASB reactors, respectively. Subsequent
batch aerobic posttreatment led to a considerable increase in color levels and
polymerization of the residual lignin to molecular weight in excess of 34 kD.

The application of anaerobic treatment for degradation and dechlorination of
kraft bleach plant effluent has been studied. The COD removals in the anaerobic
treatment of bleaching effluents have ranged from 28 to 50% (Lafond and Ferguson
1991; Raizer-Neto et al. 1991; Rintala and Lepisto 1992). Removal of AOX was
improved when easily degradable cosubstrate (methanol or ethanol) was used to
supplement the influent (Parker et al. 1993a). Many chlorophenolic compounds,
chlorinated guaiacols—catechols and chlorovanillns were removed at greater than
95% efficiency (Parker et al. 1993b). Fitzsimonas et al. (1990) investigated
anaerobic dechlorination/degradation of chlorinated organic compounds of different
molecular masses in bleach plant effluents. A decrease in organically bound chlo-
rine measured as adsorbable organic halogen was found with all molecular mass
fraction. The rate and extent of dechlorination and degradation of soluble AOX
decreased with increasing molecular mass (Table 16.5). As high molecular weight
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chlorolignins are not amenable to anaerobic microorganisms, dechlorination of high
molecular weight compounds may be due to combination of energy metabolism,
growth, adsorption, and hydrolysis.

Black liquor and bleach effluent from an agroresidue-based pulp and paper mill
were treated anaerobically to reduce their high COD and adsorbable organic halide
(AOX) contents (Ali and Sreekrishnan 2007). Addition of 1% w/v glucose yielded
80% methane from black liquor with concomitant reduction of COD by 71%, while
bleach effluent generated 76% methane and produced 73 and 66% reductions in
AOX and COD, respectively. In the absence of glucose, black liquor and bleach
effluent produced only 33 and 27% methane with COD reductions of 43 and 31%,
respectively.

NSSC pulping is the most widely used semichemical pulping process. Chemical
recovery in semichemical pulping is not practiced in all the mills, and thus, there is
a need to treat the spent liquor. Hall et al. (1986) and Wilson et al. (1987)
demonstrated anaerobic treatability of NSSC spent liquor together with other
pulping and paper mill wastewater streams. The methanogenic inhibition by NSSC
spent liquor was apparently the effect of the tannins present in these wastewaters
(Habets et al. 1985). Formation of H2S in the anaerobic treatment of NSSC spent
liquor has been reported but not related to methanogenic toxicity. Apparently, the
evaporator condensates from the NSSC production are amenable to anaerobic
treatment because of their high volatile fatty acid mainly acetate (Pertulla et al.
1991).

Table 16.5 Reduction of COD and AOX in the continuous reactor by anaerobic treatment

Fraction Sampling pt Total COD
(% reduction)

AOX
(% reduction)

I (Mw > 20,000) 1

2 8 0

3 62 5

4 56 14

II (6,000 < Mw < 20,000) 1

2 11 8

3 67 23

4 69 34

III (2,000 < Mw < 6,000) 1

2 3 9

3 80 46

4 84 58

IV (Mw < 2,000) 1

2 14 31

3 85 66

4 87 66

Based on Fitzsimonas et al. (1990)
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Unstable operations have been encountered in anaerobic treatment of pulp mill
effluents, in particular with CTMP and NSSC wastewaters. The exact reason for
these operation problems is still unclear although it is believed that they may be
associated with the toxicants in these effluents, particularly wood extractives (RFA).
Because of the unstable operation problems, application of anaerobic treatment
technology in the paper industry sector is still limited. Research is underway to
develop treatment system that combine aerobic technology or ultrafiltration process.
The sequential treatment of bleached kraft effluent in anaerobic fluidised bed and
aerobic trickling filter was found to be effective in degrading the chlorinated, high
and low molecular material (Haggblom and Salkinoja-Salonen 1991). The treat-
ment significantly reduced the COD, BOD, and AOX of the wastewater. COD and
BOD reduction was greatest in the aerobic process whereas dechlorination was
significant in the anaerobic process. With the combined aerobic and anaerobic
treatment, over 65% reduction of AOX and over 75% reduction of chlorinated
phenolics was observed. The similar COD/AOX ratio of the wastewater before and
after treatment indicates that the chlorinated material was as biodegradable as the
non-chlorinated.

Dorica and Elliott (1994) studied the treatability of bleached kraft effluent using
anaerobic and aerobic plus aerobic processes. BOD reduction in the anaerobic stage
varied between 31 and 53% with hardwood effluent. Similarly, the AOX removal
from the hardwood effluents was higher 65 and 71%, for single-stage and the
two-stage treatment, respectively, than that for softwood effluents (34 and 40%).
Chlorate was removed easily from both softwood and hardwood effluents (99 and
96%, respectively) with little difference in efficiency between the single-stage and
two-stage anaerobic systems. At organic loadings between 0.4 and 1.0 kg COD/m3/
day, the biogas yields in the reactors were 0.16–0.37 l per gram BOD in the feed.
Biogas yield decreased with increasing BOD load for both the softwood and
hardwood effluents. Anaerobic plus aerobic treatment removed more than 92% of
BOD and chlorate. AOX removal was 72–78% with hardwood effluents and 35–
43% with softwood effluents. Most of the AOX was found to be removed from
hardwood effluents during feed preparation and storage. Parallel control treatment
tests in nonbiological reactors confirmed the presence of chemical mechanisms
during the treatment of hardwood effluent at 55 °C. The AOX removal that could be
attributed to the anaerobic biomass ranged between 0 and 12%. The Enso-Fenox
process was capable of removing 64–94% of the chlorophenol load, toxicity,
mutagenicity, and chloroform in the bleaching effluent (Hakulinen 1982b).

The sequential treatment of bleached Kraft effluent in an anaerobic fluidized bed
and aerobic trickling filter was found to be effective in degrading the chlorinated
high and low molecular weight material (Haggblom and Salkinoja-Salonen 1991).
The treatment significantly reduced the COD, BOD and the AOX of the wastew-
ater. COD and BOD reduction was greatest in the aerobic process whereas
dechlorination was significant in the anaerobic process. With the combined aerobic
and anaerobic treatment, over 65% reduction of AOX and over 75% reduction of
chlorinated phenolic compounds was observed (Table 16.6). The COD/AOX ratio
of the wastewater was similar before and after treatment indicating that the
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chlorinated material was as biodegradable as the non-chlorinated. Microbes capable
of mineralizing pentachlorophenol constituted approximately 3% of the total het-
erotrophic microbial population in the aerobic trickling filter. Two aerobic poly-
chlorophenol degrading Rhodococcus strains were able to degrade polychlorinated
phenols, guaiacols, and syringols in the bleaching effluent.

Singh and Thakur (2006), Singh (2007) studied sequential anaerobic and aerobic
treatment in two steps bioreactor for removal of color in the pulp and paper mill
effluent. In anaerobic treatment, color (70%), lignin (25%), COD (42%), AOX
(15%), and phenol (39%) were reduced in 15 days. The anaerobically treated
effluent was separately applied in bioreactor in presence of fungal strain,
Paecilomyces sp., and bacterial strain, Microbrevis luteum. Data of study indicated
reduction in color (95%), AOX (67%), lignin (86%), COD (88%), and phenol
(63%) by Paecilomyces sp. whereas M. luteum showed removal in color (76%),
lignin (69%), COD (75%) AOX (82%), and phenol (93%) by day third when
7 days anaerobically treated effluent was further treated by aerobic microorganisms.
Change in pH of the effluent, and increase in biomass of microorganisms sub-
stantiated results of the study, which was concomitant to the treatment method.

Pudumjee Pulp and Paper Mills in Maharashtra, India, which is having a 30 tpd
bagasse pulping capacity and a paper manufacturing capacity of 50 tpd, is running a
full-scale anaerobic–aerobic plant for treatment of black liquor. The process is
known as Pudumjee-An-OPUR-P. The anaerobic treatment scheme includes two
digesters each of 6,200 m3 capacity to treat not only the existing effluent coming
from the 30 tpd pulping operations but also to treat increased flow coming from an
enhanced 50 tpd production capacity. The anaerobic pretreatment of black liquor
has reduced COD and BOD by 70 and 90%, respectively (Deshpande et al. 1991).
The biogas produced is used as a fuel in boilers along with LSHS oil. The anaerobic
pretreatment of black liquor has reduced organic loading at aerobic treatment plant
thereby reducing the electrical energy and chemical nutrient consumption.

Table 16.6 Removal of
pollutants by anaerobic–
aerobic treatment of bleaching
effluent

Parameter Reduction (%)

Chemical oxygen demand (mg O2/l) 61

Biochemical oxygen demand (mg O2/l) 78

Adsorbable organic halogens (mg Cl/l) 68

Chlorophenolic compound

2,3,4,6 tetrachlorophenol 71

2,4,6 trichlorophenol 91

2,4 dichlorophenol 77

Tetrachloroguaiacols 84

3,4,5 trichloroguaiacols 78

4,5,6 trichloroguaiacols 78

4,5 dichloroguaiacols 76

Trichlorosyringol 64

Based on Haggblom and Salkinoja-Salonen (1991)
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Swedish MoDo Paper’s Domsjo Sulfitfabrik is using anaerobic effluent treat-
ment at its sulphite pulp mill and produces all the energy required at the mill
(Olofsson 1996). It also fulfills 90% of the heating requirements of the inner town
of Ornskoldvik. Two bioreactors at the mill transform effluent into biogas and
slime. The anaerobic unit is used to 70% capacity. A reduction of 99% has been
achieved for BOD7 and the figure for COD is 80%. There are plans to use the slime
produced as a fertilizer.

A process based on UF and anaerobic and aerobic biological treatments has been
proposed (EK and Eriksson 1987; EK and Kolar 1989; Eriksson 1990). The UF
was used to separate the high molecular weight mass, which is relatively resistant to
biological degradation. Anaerobic microorganisms were believed to be able to more
efficiently remove highly chlorinated substances than aerobic microorganisms. The
remaining chlorine atoms were removed by aerobic microorganisms. The combined
treatments typically removed 80% of the AOX, COD, and chlorinated phenolics
and completely removed chlorate (Table 16.7).

Anaerobic processes were previously regarded as being too sensitive to inhibi-
tory compounds (Lettinga et al. 1990; Rinzema and Lettinga 1988). But now the
advances in the identification of inhibitory compounds/substances in paper mill
effluents as well as increasing insight over the biodegradative capacity and toxicity
tolerance of anaerobic microorganisms has helped to demonstrate that anaerobic
treatment of various inhibitory wastewater is feasible.

The capacity of anaerobic treatment to reduce organic load depends on the
presence of considerable amounts of persistent organic matter and toxic substances.
Most important toxicants are sulfate and sulfite (Pichon et al. 1988), wood resin
compounds (Sierra-Alvarez and Lettinga 1990; McCarthy et al. 1990), chlorinated
phenolics (Sierra-Alvarez and Lettinga 1991), tannins (Field and Lettinga 1991).
These compounds are highly toxic to methanogenic bacteria at very low concen-
tration. In addition, a number of low molecular weight derivatives have also been
identified as methanogenic inhibitors (Sierra-Alvarez and Lettinga 1991).

Table 16.7 Removal of pollutants with ultrafiltration plus anaerobic/aerobic system and the
aerated lagoon technique

Parameter UF plus anaerobic/aerobic predicted
reductions (%)

Aerated lagoon
estimated reductions (%)

BOD 95 40–55

COD 70–85 15–30

AOX 70–85 20–30

Color 50 0

Toxicity 100 variable

Chlorinated
phenols

>90 0–30

Chlorate >99 variable

Based on Eriksson (1990), Ek and Eriksson (1987), Ek and Kolar (1989)
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In CTMP wastewaters, resins and volatile terpenes may account for up to 10% of
the wastewater COD (1,000 mg/l) (Welander and Andersson 1985). The solids
present in the CTMP effluent were found to contribute to 80–90% of the aceto-
clastic inhibition (Richardson et al. 1991). The apparent inhibition by resin acids
was overcome by diluting anaerobic reactor influent with water or aerobically
treated CTMP effluent which contained less than 10% of the resin acids present in
the untreated wastewater (Habets and de Vegt 1991; MacLean et al. 1990).
Similarly, the inhibition by resin acids was overcome by diluting the anaerobic
reactor influent with water and by aerating the wastewater to oxidize sulfite to
sulfate prior to anaerobic treatment (Eeckhaut et al. 1986).

The chlorinated organic compounds formed in the chlorination and alkaline
extraction stages are generally considered responsible for a major portion of the
methanogenic toxicity in bleaching effluents (Rintala et al. 1992; Yu and Welander
1988; Ferguson et al. 1990). Anaerobic technologies can be successfully applied for
reducing the organic load in the inhibitory wastewaters if dilution of the influent
concentration to subtoxic levels is feasible (Ferguson and Dalentoft 1991; Lafond
and Ferguson 1991). Dilution will prevent methanogenic inhibition and favor
possible microbial adaptation to the inhibitory compounds. In practice, considerable
dilution might be feasible with other non-inhibitory waste streams such as kraft
condensates (Edeline et al. 1988) and sulfite evaporator condensates (Sarner 1988)
prior to anaerobic treatment, has been shown to be an efficient measure for reducing
the methanogenic toxicity.

Tannic compounds present at fairly high concentrations, contribute 30–50% of
the COD of the debarking wastewaters and inhibit methanogenesis (Field et al.
1988, 1991). Dilution of wastewater or polymerization of toxic tannins to high
molecular weight compounds by auto-oxidation at high pH as the only treatment
(Field et al. 1991) was shown to enable anaerobic treatment of debarking effluents.

Kumar et al. (2014) studied the removal of pollutants from the wastewater of
pulp and paper mill by using bacterial consortium (Klebsiella sp., Alcaligens sp.,
and Cronobacter sp.). The objective was to identify the influences of F/M ratio and
dissolved oxygen concentration on the microorganism’s growth and pollutant
removal. The process of bioremediation was optimized by Taguchi approach.
Bioremediation experiment resulted in reduction of chemical and BOD up to 72.3
and 91.1%, respectively. A significant reduction in color (55%), AOX (45.4%),
total dissolved solids (22%), and total suspended solids (86.7%) was also observed
within 14 h while the sludge volume index was 52. The wastewater after the
treatment process meets the standard given by regulatory agencies and can be
discharged into the environment without any risks.

Lin et al. (2013) used a pilot-scale anaerobic–aerobic sequential system to treat
four different waste streams produced in a kraft pulp and paper mill. The system
consisted of a 2.3 m3 packed-bed anaerobic digester and a completely mixed
ASP. Under the applied organic loading rate to the anaerobic digester (0.2–
4.8 kg COD m−3 day−1), a COD removal efficiency of 50–65% was achieved.
After the anaerobic treatment, the BOD/COD ratio of the effluent was low
(0.12 ± 0.03), suggesting that additional pretreatment is necessary for the digester
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effluent to be further polished aerobically. Combined with the aerobic treatment, the
overall COD removal efficiency was up to 70% for the substrates evaluated. Air
purging before feeding sulfide-containing substrate was shown to be effective for
removing sulfide toxicity in the digester. Kinetic analysis showed that the
pseudo-first-order degradation rate constants of the evaluated substrates are 0.28–
0.46 day−1 in the anaerobic digester, with a methane production yield of 0.22–
0.34 m3-CH4 kg-COD

−1 at standard temperature and pressure (0 °C, 1 atm). These
values are comparable to those found for other industrial substrates, indicating that
an anaerobic process is a sound treatment alternative for the evaluated waste
streams. The quality of biogas produced by the substrates was excellent, contain-
ing � 80% of methane. The application of anaerobic treatment has the potential of
significantly improving the energy footprint of the pulp and paper industry.

Pollutant removal study of Century Pulp and Paper Mill effluent was conducted
by Mishra et al. (2015). A hybrid unit of upflow fixed-bed anaerobic bioreactor
(UFBAB) along with slow sand filter (SSF) was compared with single unit UFBAB
for pollutant removal at different hydraulic retention time (HRT). The hybrid sys-
tem showed better removal efficiency which can be attributed to SSF. It was
observed that SSF provides a polishing effect to the effluent treated by UFBAB. The
biodegradation rate in both filters was observed to be increased in first 6 weeks of
experiment prior to the acclimatization of microbial communities. The relative
removal efficiency of biological oxygen demand and COD was found to between
0.90 and 0.99, respectively, at 24 h HRT, demonstrating very high removal effi-
ciency of the hybrid system. The relative removal efficiency of total dissolved solids
and total suspended solids was around 1 at 16 h HRT indicating 100% efficient and
within the limits as prescribed by Central Pollution Control Board India (CPCB) for
treated effluent discharge in surface water bodies. Best removal efficiency was
observed in case of sulfate at low HRT of 8 h. Relative removal efficiency for
phenols was found to be greater than 1 at 12 h HRT. SSF was found to be a suitable
substrate for polishing of treated effluent of pulp and paper mill wastewater,
demonstrating promising relative efficiency.

Chaparro and Pires (2011) assessed the removal efficiency of organic matter and
how it relates to the decrease of toxic and mutagenic effects when an anaerobic
reactor is used to treat the bleaching effluent from two kraft pulp mills. Parameters
such as COD (chemical oxygen demand), DOC (dissolved organic carbon), AOX
(adsorbable organic halogen), ASL (acid-soluble lignin), color, chlorides, total
phenols, and absorbance values in the UV–VIS spectral region were measured. The
acute and chronic toxicity and genetic toxicity assessments were performed with
Daphnia similis, Ceriodaphnia sp., and Allium cepa L, respectively. The removal
efficiency of organic matter measured as COD, ranged from 45 to 55%, while AOX
removal ranged from 40 to 45%. The acute toxic and chronic effects, as well as the
cytotoxic, genotoxic, and mutagenic effects, decrease as the biodegradable fraction
of the organics was removed. These results, together with the organic load mea-
surement of the effluents of the anaerobic treatment, indicate that these effluents are
recalcitrant but not toxic. As expected, color increased when the anaerobic treat-
ment was applied. However, the colored compounds are of microbial origin and do
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not cause an increase in genotoxic effects. To discharge the wastewater, it is nec-
essary to apply a physicochemical or aerobic biological posttreatment to the
effluents of the anaerobic reactor.

Vaidhegi (2013) treated the pulp and paper mill effluent using moving bed
biofilm reactor (MBBR). The wastewater generated by these industries contains
high COD, BOD, color, organic substances, and toxic chemicals. The study was
carried out on laboratory-scale MBBR with proflex type biocarriers, where the
biofilm grows on small, free-floating plastic elements with a large surface area and a
density slightly less than 1.0 g/cm3. The reactor was operated continuously at
different filling percentages of 40, 50, 60, and 70%. During the different filling
percentage, the removal efficiencies of COD and BOD were monitored at the HRT
period of 2, 4, 6, and 8 h. The result showed that the maximum COD and BOD
removal of 87% was achieved for 50% filling of biocarriers at the HRT of 8 h. The
moving bed biofilm reactor could be used as an ideal and efficient option for the
organic and inorganic removal from the wastewater of pulp and paper industry

Singh et al. (2011) isolated tannic acid degrading bacterium, Enterobacter
sp. from soil by tannic acid enrichment. This isolate was used for bioremediation of
pulp and paper mill effluents. Parameters like temperature, agitation, inoculum size,
and treatment duration were optimized by using Qualiteck-4 software. Reduction in
lignin 73% and color up to 82% was also observed. Encouraging results were
observed in terms of reduction of COD, BOD with 16-h retention time in batch
culture.

Sanjeeva Gandhi et al. (2010) immobilized Bacillus subtilis in polyurethane
foam and subsequently the biofilm was allowed to grow up to 16 days. The
scanning electron microscopic images clearly discriminated the formation of bio-
film on the PUF. Batch experiments were carried out to study the degradation of
pulp and paper mill effluent by using developed biofilm under three different cir-
cumstances; with and without nutrients to the biofilm and PUF alone, i.e., without
microorganisms and nutrients (control experiment). The experimental results
revealed that the biofilm with nutrients had effectively reduced the effluent color
(65.2%), BOD (80.8%), COD (75.6%), lignin (64.8%) and total phenol (60.9%)
content in 6 days of treatment. The operational stability and longevity of the
immobilized PUF was significantly higher due to addition of nutrients.

An experimental study was carried out by Bishnoi et al. (2006) to find out the
degradability of black liquor of pulp and paper mill wastewater for biomethano-
genesis in continuous stirred tank reactor (CSTR) and followed by ASP. CSTR was
used in present study for anaerobic digestion of black liquor, while completely
mixed activated sludge system was used for aerobic digestion. A maximum
methane production was found up to 430 ml/day, COD was reduced up to 64% and
total volatile fatty acid increased up to 1,500 from 975 mg/l at 7.3 pH, 37 °C
temperature and 8 days hydraulic retention time during anaerobic digestion. In ASP
(aerobic digestion), COD and biological oxygen demand reduction were 81 and
86%, respectively, at 72 h hydraulic retention time.
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16.3.3 Fungal Treatment

Fungi have been harnessed and utilized by humans for thousands of years for many
diverse applications. In response to demand for innovative technologies to degrade
recalcitrant materials, fungi have been used and found to have nonspecific ability to
degrade many of the recalcitrant chemicals, including PCB’s PCP, DDT, and
several other polycyclic hydrocarbons (Bumpus and Aust 1995). Work with
fungi-based biological processes has shown that certain fungi are capable of
degrading complex xenobiotic chemicals (organochlorines) and sorb heavy metals
from aqueous solutions (Kapoor and Viraraghavan 1995).

Fundamental research on biological treatment of pulp mill wastewaters espe-
cially bleach effluents has been considered as one of the important fields of study
during the last three decades. The research indicates that white-rot fungi
(P. chrysosporium and T. versicolor) are the known microbes capable of degrading
and decolorising bleach plant effluents. White-rot fungi have been evaluated in
trickling filters, fluidised bed reactors, and airlift reactors, at bench scale and found
technologically feasible (Pellinen et al. 1988a, b; Prouty 1990). Only mycelia color
removal (MyCoR) process which uses P. chrysosporium to metabolize lignin color
bodies has crossed the bench scale and has been evaluated at pilot-scale level
(Campbell et al. 1982; Jaklin-Farcher et al. 1992) and found to be very efficient in
destroying organochlorines. However, no reactors/process studied so far have been
found economically feasible because of the following reasons:

1. Energy required for lignins/chlorolignin degradation by white-rot fungi has to be
derived from an easily metabolisable, low molecular mass sugars.

2. Process is not self-sustaining from the angle of growth of white-rot fungi used.

Factors affecting fungal treatment of pulp mill effluents/bleach effluents include
concentration of nutrients and dissolved oxygen, pH, and temperature. Fungi, like
other living organisms, require certain essential minerals for their growth. The
essential mineral nutrients required can be divided into two categories, viz.,
macronutrients required at 10−3 M or more, and micronutrients required at 10−6 M
or less. Fungal decolorisation involves a series of complex reactions many of which
are catalyzed by enzymes. The addition of mineral solution presumably activates
the specific enzymes necessary for normal metabolism, growth, and decolorisation.
The fungus can tolerate a wide range of pH and temperature during decolorisation
compared to the growth stage. Decolorisation is maximal under high oxygen
concentration and the fungus requires a carbon source such as glucose or cellulose.
A small addition of nitrogen is required to sustain decolorisation because nitrogen is
lost from the system by the extracellular enzyme secreted by the fungus.

To identify the potential fungal strains for the treatment of bleach effluents, many
researchers have screened cultures obtained from a variety of sources. Most of the
papers dealt with effluent supplemented with nutrients. Fukuzumi et al. (1977) were
probably the first to study the use of white-rot fungi for effluent treatment. The
fungi were grown in Erlenmeyer flasks in a liquid medium containing nutrients,
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vitamins, and spent liquor from the first alkali extraction stage of pulp bleaching.
Among the fungi selected from 29 species of tropical fungi and 10 species of
Japanese isolates, Tinctoporia sp. showed the best results for decolorisation of the
extraction stage effluents. Phlebia brevispora, Phlebia subserialis, Poria cineras-
cens, and Trametes versicolor were tested by Eaton et al. (1982) and found to
reduce the effluents color efficiently. In another study (Livernoche et al. 1983), 15
strains of white-rot fungi were screened for their ability to decolorize bleaching
effluents. Five fungal strains—T. versicolor, P. chrysosporium, Pleurotus ostreatus,
Polyporus versicolor, and one unidentified strain showed decolorising activity.
T. versicolor was found to be most efficient in shaken cultures. Galeno and Agasin
(1990) evaluated several white-rot fungi collected in the south of Chile for their
ability to decolorize bleaching effluents and found Ramaira sp. strain 158 to have
the highest potential. Over 90% of the color (initial color 14,500 color units) was
removed after 140 h under air with a similar rate and extent of decolorisation as
P. chrysosporium did under oxygen.

The addition of an easily metabolizable nutrient such as glucose or cellulose is
required for obtaining the maximum decolorisation efficiency with most of the
white-rot fungal cultures. However, this would increase the operational cost of the
process. Moreover, if the added nutrients are not completely consumed during the
decolorisation stage, they could increase the BOD and COD of the effluents after
fungal treatment. Esposito et al. (1991) and Lee et al. (1994) examined fungi that
showed efficient decolorisation of the extraction stage effluents without any addition
of nutrients. Through a screening of 51 ligninolytic strains of fungi, the Lentinus
edodes strain was shown to remove 73% of the color in 5 days without any
additional carbon source. Under these conditions, L. edodes was more efficient than
the known P. chrysosporium strains (Esposito et al. 1991). Lee et al. (1994)
screened fungi having high decolorisation activity. The fungus KS-62 showed 70
and 80% reduction of the color after 7 and 10 days of incubations, respectively. To
obtain a reasonable basis for evaluation of an industrial fungal treatment, Lee et al.
(1995) performed treatment of the extraction stage effluent with the immobilized
mycelium of the fungus KS-62. This fungus showed 70% color removal (initial
color 6,600 PCU) without any nutrient within 1 day of incubation with four times
effluent replacement; however, the color removal started to decrease at the fifth
replacement with the fresh extraction stage effluent. The decolorisation activity of
the fungus was restored by one replacement of extraction stage effluent containing
0.5 of glucose and the high decolorisation was continuously observed for four
replacements in the absence of glucose. With the fungus KS-62, such decolorisation
activity was reportedly obtained for 29 days of total treatment period. Through
screening of 100 strains at low glucose concentration, Rhizopus oryzae—a
zygomycete and Ceriporiopsis subvermispora—a wood degrading white-rot fungi
were shown to remove 95 and 88% of the color, respectively. Even in the absence
of carbohydrates, a significant amount of color reductions was achieved
(Nagarathnamma and Bajpai 1999; Nagarathnamma et al. 1999a, b). Glucose has
been found to be the most effective cosubstrate for decolorisation by most of the
white-rot fungi (Nagarathnamma et al. 1999a, b; Nagarathnamma and Bajpai 1999;
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Bajpai et al 1993; Mehna et al. 1995; Fukuzumi 1980; Prasad and Joyce 1991;
Bergbauer et al. 1991; Pallerla and Chambers 1995). Belsare and Prasad (1988)
showed that the decolorization efficiency of Schizophyllum commune could be rated
in the following order: sucrose (60%), glucose (58%), cellulose (35%), and pulp
(20%). With the fungus—Tinctoporia, ethanol was also found to be very effective
cosubstrate for decolorization of waste liquor (Fukuzumi 1980). Ramaswammy
(1987) observed that addition of 1% bagasse pith as a supplementary carbon source
resulted in 80% color reduction in 7 days with S. commune. Eaton et al. (1982)
compared the suitabilities of three primary sludges and combined sludge with that
of cellulose powder for use as a carbon source for P. chrysosporium cultures.
Archibald et al. (1990) reported that T. versicolor removed color efficiently in the
presence of inexpensive sugar refining or brewery waste. With R. oryzae
(Nagarathnamma and Bajpai 1999), maximum decolorization of the order of 92%
was obtained with addition of glucose in 24 h. Ninety percent color reduction was
measured with mycrocrystalline cellulose and lactose, 89% was measured with
sucrose and 88% was measured with CMC and Xylose. Starch and ethyl alcohol
showed about 87 and 84% color reduction, respectively.

P. chrysosporium has been the most studied white-rot fungus for waste treat-
ment. Eaton et al. (1980) studied extensively, for the first time, the application of
this fungus for the treatment of bleaching effluents. Their report indicated that 60%
decolorisation of extraction stage effluent (initial color 3,500 PCU) could be
accomplished with P. chrysosporium in shake flasks. The same mycelium could be
recycled up to 60 days or six successive batches. Mittar et al. (1992) also showed
that under shaking conditions, the 7 day-old growth of the culture at 20% (v/v)
inoculum concentrations resulted in maximum decolorisation (70%) of the effluent
along with more than 50% reduction in BOD and COD.

Sundman et al. (1981) studied the reactions of the chromophoric material of
extraction stage effluent during the fungal treatment without agitation. The results
of these studies showed no preference toward degradation of lower molecular
weight polymeric material over high molecular weight material. They noticed that
the yield of high molecular weight material decreased to half during the fungal
treatment. As the color also decreased by 80%, they concluded that chromophores
were destroyed. Further, they noticed that the fungal attack led to a decrease in the
content of phenolic hydroxyl groups and to an increase in oxygen content.

Joyce and Pellinen (1990) have explored ways to use white-rot fungus to
decolorise and detoxify pulp and paper mill effluents. They proposed a process
termed FPL NCSU MyCoR using P. chrysosporium for decolorisation of pulp mill
effluents. It resulted from the cooperative research between the U.S. Forest Products
Laboratory and North Carolina State University. A fixed film MyCoR reactor is
charged with growth nutrients which can include primary sludge as the carbon
source and is inoculated with the fungus. The sludge will provide some of the
required mineral nutrients and trace elements as well as carbon. Nitrogen rich
secondary sludge can be also used to supply the nitrogen required for growth. After
the mycelium has grown over the reactor surface, it depletes the available nitrogen
and becomes ligninolytic (pre-growth stage 2–4 days). The reactor is then ready for
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use. Operations for over 60 days has been achieved in bench reactors in a batch
mode. This process converts to 70% of the organic chlorides to inorganic chlorides
in 48 h while decolorising the effluent and reducing both COD and BOD by about
half.

Huynh et al. (1985) used the MyCoR process for the treatment of chlorinated
low molecular mass phenols of the extraction stage effluent. It was found that most
of the chlorinated phenols and low molecular mass components of the effluent were
removed during the fungal treatment. Pellinen et al. (1988a, b) have reported that
the MyCoR process can be considerably improved in terms of COD removal by
simply using less glucose as the carbon source for the fungi—P. chrysosporium.
However, the decolorisation was reported to be faster at high glucose concentration.
Yin et al. (1989b) studied the kinetics of decolorisation of extraction stage effluent
with P. chrysosporium in an RBC under improved conditions. The kinetic model
developed for 1 and 2 days retention times showed a characteristic pattern. The
overall decolorisation process can be divided into three stages, viz., a rapid color
reduction in the first hour of contact between the effluent and the fungus followed
by a zero-order reaction and then a first-order reaction. The color removal rate on
the second day of the 2 day batch treatment was less than that on the first day. The
decolorisation in a continuous flow reactor achieved approximately the same daily
color removal rate, but the fungus had a larger working life than when in the batch
reactor, thereby removing more color over the fungal lifetime. Pellinen et al.
(1988a, b) studied decolorisation of high molecular mass chlorolignin in first
extraction stage effluent with white-rot fungus—P. chrysosporium immobilized on
RBC. The AOX decreased almost by 50% during 1 day treatment. Correlation
studies suggested that decolorisation and degradation of chlorolignin (as COD
decrease) are metabolically connected, although these processes have different
rates.

The combined treatment of extraction stage effluent with white-rot fungi and
bacteria have been also reported. Yin et al. (1990) studied a sequential biological
treatment using P. chrysosporium and bacteria to reduce AOX, color, and COD in
conventional softwood kraft pulp bleaching effluent. In six variations of the
white-rot fungus/bacterial systems studied, only the degree of fungal treatment was
varied. In three of the six variations, ultrafiltration was also used to concentrate high
molecular mass chlorolignins and to reduce effluent volume (and thus cost) prior to
fungal treatment. The best sequence, using ultrafiltration/white-rot fungus/bacteria,
removed 71% TOCl, 50% COD, and 65% color in the effluent. Fungal treatment
enhances the ability of bacteria to degrade and dechlorinate chlorinated organics in
the effluent.

The degradation of model compounds—chlorophenols, and chloroguaiacols in
pure water solution by fungal treatment using an RBC has been studied by Guo
et al. (1990). It was found that at concentration of 30 mg/l, 80–85% of
chlorophenols and chloroguaiacols could be degraded after 3–4 h treatment.

Prouty (1990) proposed an aerated reactor in order to eliminate some of the
problems associated with the RBC process. The fungal life in the aerated reactor
was longer and the color removal rate was significantly higher than those of the
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RBC process in an air atmosphere. A preliminary economic evaluation of the RBC
process indicated that the rate of decolorisation and the life span of the fungus are
the most critical factors (Joyce and Pellinen 1990). Yin et al. (1989b) and Yin
(1989) suggested that treatment of the extraction stage effluent by ultrafiltration
before RBC treatment would be economically attractive. Their study also suggested
that combining ultrafiltration and the MyCoR system could maximize the efficiency
of the MyCoR process and reduce the treatment cost, thereby making the process
more economically feasible for industrial use.

Although the MyCoR process was efficient in removing color and AOX from
bleaching effluents, it also had certain limitations. The biggest problem was the
relatively short active life of the reactor. Therefore, several other bioreactors such as
packed-bed and fixed-bed reactors were studied (Lankinen et al. 1991; Messner
et al. 1990; Cammarota and Santanna 1992). The use of trickling filter-type
bioreactor, in which the fungus immobilized on porous carrier material, was
adopted in the MyCOPOR system (Messner et al. 1990). For extraction stage
effluent with an initial color between 2,600 and 3,700 PCU, the mean rate of color
reduction was 60% during consecutive 12 h run. The mean AOX reduction value at
a color reduction of 50–70% in 12 h was 45–55%. Cammarota and Santanna (1992)
developed a continuous packed-bed bioreactor in which P. chrysosporium was
immobilized on polyurethane foam particles. The bioreactor operation at a
hydraulic retention time of 5–8 days was able to promote 70% decolorisation. In
comparison with the MyCoR process, the fungal biomass could be maintained in
this process for at least 66 days without any appreciable loss of activity.

To apply the MyCOPOR process on an industrial scale, relatively big reactors
(diameter, 70 and 100 mm; volume 4–16 l) were prepared and filled with
polyurethane-foam cubes (1 cm3) as carrier material. Long-term experiments were
successfully carried out and it was decided to build a small pilot reactor at a large
paper mill in Austria (Jaklin-Farcher et al. 1992). However, many aspects related to
the operating conditions must be further investigated and improved. A disadvantage
of these treatment processes is that P. chrysosporium required high concentrations
of oxygen and energy sources such as glucose or cellulose as well as various basal
nutrients, mineral solution, and Tween 80 (Messner et al. 1990). Kang et al. (1996)
developed a submerged biofilter system in which mycelia of P. chrysosporium were
attached to media (net ring type) and used to dispose wastewater from a pulp mill.
Maximum reduction of BOD, COD, and lignin concentrations were 94, 91, and
90%, respectively, in 12 h of hydraulic retention time.

Fukui et al. (1992) determined the toxicity by the microtox bacterial assay of EP

(alkaline extraction with hydrogen peroxide) effluent and ultrafiltration fractionated
EP effluent before and after fungal treatment. The overall toxicity of unfractionated
effluent was reduced; however, fungal degradation of higher molecular weight
fractions led to an increase in toxicity because of the generation of lower molecular
weight compounds after enzyme cleavage.

Matsumoto et al. (1985) demonstrated that RBC treatment of extraction stage
effluent was effective for the removal of organically bound chlorine as well as color.
Removal of AOX was determined to be 62, 43, and 45% per day for the low
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molecular weight fraction of extraction stage effluent, high molecular weight
fraction of the same and unfractionated extraction stage effluent, respectively. After
further optimisation, 49% of the high molecular weight AOX was transformed to
inorganic chloride in 1 day and 62% in 2 days. The chloride concentration
increased simultaneously with decreasing AOX including decolorisation.

Singhal et al. (2005) studied treatment of pulp and paper mill effluent by
Phanerochaete chlysosporium at two different pH, 5.5 and 8.5. At both the pH,
color, COD, lignin content, and total phenols of the effluent significantly declined
after bioremediation. However, greater decolorisation and reduction in COD, lignin
content and total phenols were observed at pH 5.5. Such bioremediated effluent of
pulp and paper mill could gainfully be utilized for crop irrigation.

Egyptian researchers applied the fungus, P. chrysosporium DSMZ 1556, to the
microbiological processing of mill effluents (Abdel-Fattah et al. 2001). Experiments
were conducted to compare the decolorization of paper mill effluents using this
fungus under free cell, repeated batch, and coimmobilisation systems.
Immobilization and coimmobilization of the fungus were accomplished using al-
ginate and activated charcoal. A twofold increase in color reduction was achieved
using fungus that was immobilized in alginate compared with alginate used alone as
bioadsorbent. Similarly, a further 40% increase in decolorization was found to
occur with the cells coimmobilized with alginate and charcoal compared with
alginate and charcoal used alone. The results are ascribed to the ability of the
immobilization and the protective barrier formed by the adsorbent to provide
greater control over the remediation process.

Another white-rot fungus—C. versicolor removed 60% of the color of combined
bleach kraft effluents within 6 days in the presence of sucrose (Livernoche et al.
1983). Decolorisation of effluent was more efficient when the concentration of
sucrose and inoculum was high. When the fungus was immobilized in calcium
alginate gel, it removed 80% color from the same effluent in 3 days in the presence
of sucrose. The decolorisation process affected not only the dissolved chro-
mophores but also the suspended solids. The solids after centrifugation of the zero
time samples were dark brown while the solids after 4-day incubation were light
brown. The beads with the immobilized mycelium remained light colored
throughout the experiments with no indication of accumulation of the effluent
chromophores. Recycled beads were found to remove color efficiently and
repeatedly in the presence of air but not under anaerobic conditions. Biological
reactors of the airlift type using calcium alginate beads to immobilize the fungus C.
versicolor have been used to study the continuous decolorisation of kraft mill
effluents (Royer et al. 1985). The effluent used contained only sucrose and no other
nutrient source. An empirical kinetic model was proposed to describe the decol-
orisation process caused by this fungus, but it did not shed any light on the chemical
mechanism involved in the decolorisation.

Bergbauer et al. (1991) showed that C. versicolor efficiently degraded chlor-
olignins from bleaching effluents. More than 50% of the chlorolignins were
degraded in 9 day incubation period, resulting in a 39% reduction in AOX and 84%
decrease in effluent color. In a 3 l laboratory fermenter, with 0.8% glucose and
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12 mM ammonium sulfate, about 88% color reduction was achieved in 3 days.
Simultaneously, the concentration of AOX dropped from 40 to 21.9 mg/l, a 45%
reduction in 2 days.

Direct use of suspended mycelium of the fungus C. versicolor may not be
feasible because of the problem of viscosity, oxygen transfer, and recycling of the
fungus. The fungus was therefore grown in the form of pellets, thus eliminating the
problems with biomass recycling and making it possible to use a larger amount
(Royer et al. 1985). Rate of decolorisation with fungal pellets was almost ten times
as high in batch culture as in continuous culture under similar conditions. The
capacity for decolorisation decreased markedly with increase in lignin loading
(Royer et al. 1985).

Bajpai et al. (1993) reported 93% color removal and 35% COD reduction, from
first extraction stage effluent (7,000 PCU) with mycelial pellets of C. versicolor in
48 h in batch reactor, whereas, in a continuous reactor, the same level of color and
COD reduction was obtained in 38 h. No loss in decolorisation ability of mycelial
pellets was obtained when the reactor was operated continuously for more than
30 days. Mehna et al. (1995) also used C. versicolor for decolorisation of effluents
from a pulp mill using agriresidues. With an effluent of 18,500 color units, the color
reduction of 88–92% with COD reduction of 69–72% was obtained. Royer et al.
(1991) described the use of pellets of C. versicolor to decolorize ultrafiltered kraft
liquor in nonsterile conditions with a negligible loss of activity. The rate of
decolorisation was observed to be linearly related to the liquor concentration and
was lower than that obtained in the MyCoR process. This could be due to lower
temperature used in this work and to the use of pellets with relatively large
diameters which could limit the microbial activity as compared to the free myce-
lium used in the MyCoR process. An effective decolorisation of effluent having
400–500 color units/l can be obtained in presence of a simple carbon source such as
glucose. In the repeated batch culture, the pellets exhibited a loss of activity
dependent on the initial color concentration. Simple carbohydrates were found to be
essential for effective decolorisation with this fungus and a medium composed of
inexpensive industrial by-products provided excellent growth and decolorization
(Archibald et al. 1990).

Pallerla and Chambers (1996) have shown that immobilization of T. versicolor
in urethane prepolymers leads to significant reductions in color and chlorinated
organic levels in the treatment of kraft bleach effluents. Color reduction ranging
from 72 to 80% and AOX reduction ranging from 52 to 59% is possible from a
continuous bioreactor at a residence time of 24 h. The highest color removal rate of
1,920 PCU per day was achieved at an initial color concentration of 2,700 PCU.
The decolorisation process was linearly dependent on the concentration of glucose
cosubstrate up to a level of 0.8% by weight. The biocatalyst remained intact and
stable after an extended 32-day operation.

Treatment of extraction stage effluent with ozone and the fungus C. versicolor
has also been tried (Roy-Arcand and Archibald 1991b). Both ozone treatment and
biological treatment effectively destroyed effluent chromophores but the fungal
process resulted in greater degradation as expressed by COD removal.
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Monoaromatic chlorophenolics and toxicity were removed partially by ozone and
completely by C. versicolor. Molecular weight distributions showed roughly equal
degradation of all sizes of molecules in both the treatments. The combination of a
brief ozone treatment with a subsequent fungal treatment revealed a synergism
between the two decolorisation mechanisms on extraction stage effluent. Effluent
was pretreated with ozone (110–160 mg/l) or C. versicolor (24 h with 2–5 g/l wet
weight fungal biomass). The pretreatment was followed by 5 day incubation with
C. versicolor. It was noted that partial color removal by ozone pretreatment allowed
more effective removal by the fungus than that by fungal pretreatment. After 20 h,
46–53% decolorisation was observed for ozone pretreated effluents, compared to
29% for fungal treatment alone. The contribution of ozone seemed to be most
important in the first 24 h following the pretreatment. Ozone pretreatment also
produced a small improvement in the bioavailability of effluent organics to the
fungus. A partial replacement of chlorine by ozone in the bleach plant or a brief
ozone pretreatment of extraction stage effluent should considerably reduce the low
molecular mass toxic chlorophenolics. In addition, the use of ozone should also
improve decolorisation by subsequent fungal and possibly bacterial treatments.

A white-rot fungus—Tinctoporia borbonica has been reported to decolorize the
kraft waste liquor to a light-yellow color (Fukuzumi 1980). About 99% color
reduction was achieved after 4 days of cultivation. Measurement of the culture
filtrate by ultraviolet spectroscopy showed that the chlorine-oxylignin content also
decreased with time and measurement of the culture filtrate plus mycelial extract
after 14 days of cultivation showed the total removal of the chlorine-oxylignin
content.

Another white-rot fungus—S. commune has also been found to decolorize and
degrade lignin in pulp and paper mill effluent (Belsare and Prasad 1988). The
fungus was able to degrade lignin in the presence of an easily metabolizable carbon
source. The addition of carbon and nitrogen not only improved the decolorising
efficiency of the fungus but also resulted in reduction of the BOD and COD of the
effluent. Sucrose was found to be best carbon source for the degradation of the
lignin. A 2 day incubation period was sufficient for lignin degradation by this
fungus. Under optimum conditions, this fungus reduced the color of the effluent by
90% and also reduced BOD and COD by 70 and 72% during a 2 day incubation.

Duran et al. (1991) reported that preradiation of the effluent, followed by fungal
culture filtrate treatment resulted in efficient decolorisation. Moreover, when an
effluent pre-irradiated in the presence of ZnO was treated with L. edodes (Esposito
et al. 1991), a marked enhancement of the decolorisation at 48 h was obtained
(Duran et al. 1994). They proposed that the combined photobiological decolori-
sation procedure appears to be an efficient decontamination method with potential
for industrial effluent treatment.

White-rot fungus C. subvermispora has been found to decolorise, dechlorinate,
and detoxify the pulp mill effluents at low cosubstrate concentration
(Nagarathnamma et al. 1999a, b). The fungus removed 91% color and 45% COD in
48 h under optimum conditions. The reductions in lignin, AOX, and EOX were 62,
32, and 36%, respectively. The color removal rate was 3,185 PCU/day at an initial
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color concentration of 7,000 PCU. Monomeric chlorinated aromatic compounds
were removed almost completely and toxicity to Zebra fish was eliminated
(Table 16.8).

A zygomycete R. oryzae has been reported to decolorise, dechlorinate, and
detoxify extraction stage effluent at low cosubstrate concentration. Optimum con-
ditions for treatability were determined as pH 3–4.5 and temperature 25–40 °C
(Nagarathnamma and Bajpai 1999). Under optimum conditions, the fungus
removed 92–95% color, 50% COD, 72% AOX and 37% EOX and complete
removal of monoaromatic phenolics and toxicity. Significant reduction in chlori-
nated aromatic compounds was observed and toxicity to zebra fish was completely
eliminated (Table 16.9). The molecular weight of chlorolignins was substantially
reduced after the fungal treatment. Another thermotolerant zygomycete strain
Rhizomucor pusillus RM 7 could remove up to 71% of color and substantially
reduce COD, toxicity, and AOX levels in the effluent (Christov and Steyn 1998).

Kannan (1990) reported about 80% color removal and over 40% BOD and COD
reduction with fungus Aspergillus niger in 2 days. Tono et al. (1968) reported that
Aspergillus sp. and Penicillium sp. achieved 90% decolorisation in 1 week’s
treatment at 30 °C and at pH 6.8. Later Milstein et al. (1988) reported that these
microorganisms removed appreciable levels of chlorophenols as well as
chloro-organics from the bleach effluent. Gokcay and Taseli (1997) have reported
over 50% AOX and color removal from softwood bleach effluents in less than

Table 16.8 Effect of treatment with C. subvermispora CZ-3 on chlorophenols and chloroalde-
hydes in the effluent from extraction stage

Compounds Untreated effluent
(mg/l)

Treated effluent
(mg/l)

Removala

(%)

2-Chlorophenol 14.20 8.88 36.5 ± 1.7

4-Chlorophenol 48.60 3.20 93.4 ± 2.4

3-Chlorocatechol 1.82 Nil 100

6-Chloroguaiacol 90.12 31.59 67.0 ± 2.6

5-Chloroguaiacol 3,202.00 184.70 94.0 ± 1.9

3,6-Dichloroguaiacol 50.00 1.95 96.0 ± 1.6

3,6-Dichlorocatechol 4.92 Nil 100

4,5-Dichlorocatechol 50.27 Nil 100

3,4,5-Trichloroguaiacol 0.147 Nil 100

3,4,6-Trichlorocatechol 4.14 Nil 100

4,5,6-Trichloroguaiacol 8.89 2.39 73 ± 2.0

Pentachlorophenol 2.11 Nil 100

Trichlorosyringaldehyde 2.38 1.29 45.9 ± 1.8

Tetrachlorocatechol 64.35 Nil 100

2,6-Dichlorosyringaldehyde 46.42 16.50 64.5 ± 2.2

Based on Nagarathnamma and Bajpai (1999), Nagarathnamma et al. (1999a, b)
aResults are reported as mean of three measurements, ± the standard deviation
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2 days of contact with Penicillium sp. Bergbauer et al. (1992) reported AOX
reduction by 68% and color reduction by 90% in 5 days with the coelomycetous
fungus Stagonospora gigaspora. Toxicity of the effluent was reduced significantly
with this fungus. Few marine fungi have been also reported to decolorize the bleach
plant effluents (Raghukumar et al. 1996, 2008). With Trichoderma sp. under
optimal conditions, total color and COD decreased by almost 85 and 25%,
respectively, after cultivation for 3 days (Prasad and Joyce 1991).

Wu et al. (2005) explored the lignin-degrading capacity of attached-growth
white-rot fungi. Five white-rot fungi, P. chrysosporium, P. ostreatus, L. edodes,
T. versicolor, and S22, grown on a porous plastic media, were individually used to
treat black liquor from a pulp and paper mill. Over 71% of lignin and 48% of
chemical oxygen demand (COD) were removed from the wastewater. Several
factors, including pH, concentrations of carbon, nitrogen, and trace elements in
wastewater, all had significant effects on the degradation of lignin and the removal
of COD. Three white-rot fungi, P. chrysosporium, P. ostreatus, and S22, showed
high capacity for lignin degradation at pH 9.0–11.0. The addition of 1 g l−1 glucose
and 0.2 g l−1 ammonium tartrate was beneficial for the degradation of lignin by the
white-rot fungi studied.

Malaviya and Rathore (2007) reported bioremediation of pulp and paper mill
effluent by an immobilized fungal consortium for the first time. They immobilized
two basidiomycetous fungi (Merulius aureus syn. Phlebia sp. and an unidentified

Table 16.9 Effect of treatment with R. oryzae on chlorophenols and chloroaldehydes in the
effluent from extraction stage

Compounds Untreated effluent
(mg/l)

Treated effluent
(mg/l)

Removala

(%)

2-Chlorophenol 14.20 Nil 100

4-Chlorophenol 48.60 2.90 94 ± 1.8

3-Chlorocatechol 1.82 Nil 100

6-Chloroguaiacol 90.12 Nil 100

5-Chloroguaiacol 3,202.00 Nil 100

3,6-Dichloroguaiacol 50.00 Nil 100

3,6-Dichlorocatechol 4.92 Nil 100

4,5-Dichlorocatechol 50.27 Nil 100

3,4,5-Trichloroguaiacol 0.147 Nil 100

3,4,6-Trichlorocatechol 4.14 Nil 100

4,5,6-Trichloroguaiacol 8.89 2.49 72 ± 1.9

Pentachlorophenol 2.11 Nil 100

Trichlorosyringaldehyde 2.38 Nil 100

Tetrachlorocatechol 64.35 27.02 58 ± 2.2

2,6-Dichlorosyringaldehyde 46.42 Nil 100

Based on Nagarathnamma and Bajpai (1999), Nagarathnamma et al. (1999a, b)
aResults are reported as mean of three measurements, ± the standard deviation
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genus) and a deuteromycetous fungus (Fusarium sambucinum Fuckel MTCC 3788)
on nylon mesh and used the consortium for bioremediation of pulp and paper mill
effluent in a continuously aerated benchtop bioreactor. The treatment resulted in the
reduction of color, lignin, and COD of the effluent in the order of 78.6, 79.0, and
89.4% in 4 days. A major part of reductions in these parameters occurred within
first 24 h of the treatment, which was also characterized by a steep decline in the pH
of the effluent. During this period, total dissolved solids, electrical conductivity, and
salinity of the effluent also registered marked decline.

Singhal and Thakur (2009) took up genotoxicity analysis along with effluent
treatment to evaluate the efficiency of biological treatment process for safe disposal
of treated effluent. Four fungi were isolated from sediments of pulp and paper mill
in which PF4 reduced color (30%) and lignin content (24%) of the effluent on third
day. The fungal strain was identified as Emericella nidulans var. nidulans (ana-
morph: Aspergillus nidulans) on the basis of rDNA ITS1 and rDNA ITS2 region
sequences. The process of decolorization was optimized by Taguchi approach. The
optimum conditions were temperature (30–35 °C), rpm (125), dextrose (0.25%),
tryptone (0.1%), inoculum size (7.5%), pH (5) and duration (24 h). Decolorization
of effluent improved by 31% with reduction in color (66.66%) and lignin (37%)
after treatment by fungi in shake flask. Variation in pH from 6 to 5 had a most
significant effect on decolorization (71%) while variation in temperature from 30 to
35 °C had no effect on the process. Treated effluent was further evaluated for
genotoxicity by alkaline single cell gel electrophoresis (SCGE) assay using
S. cerevisiae MTCC 36 as model organism, indicated 60% reduction.

Chuphal et al. (2005) applied Paecilomyces sp. and Pseudomonas syringae pv
myricae (CSA105) for treatment of pulp and paper mill effluent in a two-step and
three-step fixed film sequential bioreactor containing sand and gravel at the bottom
of the reactor for immobilization of microbial cells. The microbes exhibited sig-
nificant reduction in color (88.5%), lignin (79.5%), COD (87.2%), and phenol
(87.7%) in two-step aerobic sequential bioreactor, and color (87.7%), lignin
(76.5%), COD (83.9%), and phenol (87.2%) in three-step anaerobic–aerobic
sequential bioreactor.

Selvam et al. (2002) used white-rot fungi Fomes lividus and T. versicolor,
isolated from the Western Ghats region of Tamil Nadu, India, to treat pulp and
paper industry effluents on a laboratory scale and in a pilot scale. On the laboratory
scale, a maximum decolorization of 63.9% was achieved by T. versicolor on the
fourth day. Inorganic chloride at a concentration of 765 mg/l, which corresponded
to 227% of that in the untreated effluent, was liberated by F. lividus on the 10th day.
The COD was also reduced to 1,984 mg/l (59.3%) by each of the two fungi. On the
pilot scale, a maximum decolorization of 68% was obtained with the 6-day incu-
bation by T. versicolor, inorganic chloride 475 mg/l (103%) was liberated on the
seventh day by T. versicolor, and the COD was reduced to 1,984 mg/l corre-
sponding to 59.32% by F. lividus. These results suggested that F. lividus seems to
be another candidate efficient for dechlorination of wastewater.

Ragunathan and Swaminathan (2004) studied the ability of Pleurotus spp.—
Pleurotus sajor-caju; P. platypus and P. citrinopileatus to treat pulp and paper mill
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effluent on a laboratory and pilot scale. On the laboratory-scale treatment, P. sajor-
caju decolorized the effluent by 66.7% on day 6 of incubation. Inorganic chloride
liberated by P. sajor-caju was 230.9% (814.0 mg/dl) and the COD was reduced by
61.3% (1,302.0 mg/dl) on day 10 of treatment. In the pilot-scale treatment, maxi-
mum decolorization was obtained by P. sajor-caju (60.1%) on day 6 of the incu-
bation. Inorganic chloride content was increased by 524.0 mg/dl (113.0%) and the
COD was reduced by 1,442.0 mg/dl (57.2%) by P. sajor-caju on day 7 of incu-
bation. These results revealed that the treatment of pulp and paper mill effluent by
P. sajor-caju proved as better candidate for the purpose than P. platypus and
P. citrinopileatus.

Belém et al. (2008) used P. sajor-caju and P. ostreatus to promote degradation
of organic matter and remove color from kraft pulp mill effluent by an
ASP. Absorbance reduction of 57 and 76% was observed after 14 days of treatment
of final effluent with glucose by P. sajor-caju, at 400 and 460 nm, respectively.
Lower values of absorbance reduction were observed in final effluent with additives
and inoculated with the same species (22–29%). Treatment with P. ostreatus was
more efficient in the effluent with additives, 38.9–43.9% of reduction. Higher
growth rate of P. sajor-caju was observed in the effluent with glucose. Biological
treatment resulted in 65-67% reduction of COD after 14 days revealing no differ-
ences for each effluent composition and inoculated species. Profiles of composition
of organic compounds obtained by GC-MS showed no significant differences
between the two effluents treated with P. sajor-caju or P. ostreatus, but longer
incubation time reflected higher reduction of organic compounds.

Pendroza et al. (2007) carried out lab experiments with the fungus T. versicolor
to see the effect of using a sequential biological and photocatalytic treatment on
COD, color removal, the degradation of chlorophenolic compounds in bleaching
effluent, produced during paper manufacture. T. versicolor was cultured in an
Erlenmeyer flask with wheat bran broth and 100 polyurethane foam (PDF) cubes,
one cu cm in size. The culture was incubated for 9 days at 25 °C. Samples of fungi
were placed in effluent samples. This was tested for its chemical, physical, and
microbiological characteristics before T. versicolor was added, and after 4 days
treatment with the fungus. Some samples were then treated with UV/titanium
dioxide/ruthenium (Ru)–selenium (Se) chalcogenide for 20 min. After treatment
with T. versicolor there was an 82% reduction in COD and color, and significant
reductions in chlorophenols. When this was followed by photolysis with titanium
dioxide/Ru–Se, COD fell by 97%, and there was a 92% reduction in color. The
chlorophenols were reduced by 99%.

Shintani et al. (2002) used a newly isolated fungus Geotrichium candidum
Dec 1, capable of decolorising a wide range of synthetic dyes for the treatment of
kraft pulp bleaching effluent. With a glucose content of 30 g/l, a color removal of
78% and a reduction in adsorbable organic halogen (AOX) concentration of 43%
could be obtained after 1 week. Decolorisation was not observed in the absence of
added glucose. The average molecular weight of colored substances was reduced
from 5,600 to below 3,000. It would appear that G. candidum Dec 1 has a different
mechanism to that of peroxidase, manganese peroxidase, and laccase in the
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delolorisation of bleaching effluents. Color removal is believed to proceed via color
adsorption to the cells followed by decomposition of the adsorbed materials.

A study was undertaken by van Driessel and Christov (2001) to evaluate the
bioremediating abilities of Coriolus versicolor (a white-rot fungus) and R. pusillus
(a mucoralean fungus) applied to plant effluents with special emphasis on the color
removal from a bleaching plant effluent and the mechanisms involved. Effluent
decolorisation was studied in an RBC reactor. The decolorisation by both fungi was
directly proportional to initial color intensities and its extent was not adversely
affected by color intensity, except at the lowest level tested. Decolorisation of 53–
73% was found to be attainable using a hydraulic retention time of 23 h. With
R. pusillus, 55% of adsorbable organic halogen (AOX) were removed compared to
40% by C. versicolor. Fungal treatment with both R. pusillus and C. versicolor
rendered the effluent virtually nontoxic and the addition of glucose to the decol-
orisation media stimulated color removal by C. versicolor, but not with R. pusillus.
Ligninolytic enzymes (manganese peroxidase and laccase) were only detected in
effluent treated by C. versicolor. There are definite differences in the decolorizing
mechanisms between the C. versicolor fungus (adsorption plus biodegradation) and
the mucoralean fungus (adsorption).

Sequential treatment using fungal process followed by photo-catalytical treat-
ment on COD, color removal, degradation of chlorophenolic compounds in bleach
effluent has been studied by Pendroza et al. (2007). The overall reduction was 97%
in COD, 92% in color and 99% in chlorophenols.

Prem and Vijayan (2015) performed characterization of the paper mill effluent
and identification of the degradation efficiency of lignin degrading fungal species—
Pleurotus species and Rhizopus stolonifer and bacterial species—P. aeruginosa and
B. subtilis in laboratory scale was done. Sequential anaerobic and aerobic treatment
was carried out in two bioreactors in series. The study showed that anaerobic
treatment gave a reduction of color (18%), lignin (25%), COD (36%), and BOD
(28%) in 5 days. The anaerobically treated effluent was then separately given to the
aerobic reactors containing the fungal and bacterial species. Data obtained indicated
that the Rhizopus showed good reduction in color (71%), lignin (77%), COD (68%)
and BOD (70%) in 5 days whereas Pleurotus, Pseudomonas, and Bacillus species
showed reduction in color (68, 31, 18%), lignin (64, 43, 44%), COD (58, 42, 43%),
and BOD (60, 40, 42%), respectively in 5 days. Thus, Rhizopus was identified as
the microbe with better degradation capacity.

Selvam and Shanmuga Priya (2012) collected white-rot fungi, S. commune and
Lenzites eximia from the Western Ghats region of Tamil Nadu, India from the living
tree of Tamarindus indica and burnt tree, respectively. The fungi were isolated
using 2% malt extract agar medium, and the fungal growth was subcultured and
incubated for 6 day at 370 °C and maintained on malt agar slants. Then, the spores
were harvested without disturbing the mycelial growth using a camel hairbrush and
filter sterilized. The spore concentration was adjusted to 105 spores/ml and used as
inoculums to treat pulp and paper industry effluents on a laboratory and pilot scales.
In laboratory scale, a maximum decolorization of 73.9 and 69.5% was achieved by
S. commune and L. eximia on sixth day, respectively. Inorganic chloride at a
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concentration of 539 and 534 mg/l was liberated by S. commune and L. eximia,
respectively, on sixth day of treatment. The COD (COD) was reduced to 3,996 mg/l
(67.0%) by S. commune and 4,317 mg/l (65.0%) by L. eximia. In pilot scale, a
maximum decolorization of 62.3% was obtained on sixth day of incubation by S.
commune and 56.20% by L. eximia on sixth day. Inorganic chloride at a concen-
tration of 477 and 469 mg/l was liberated by S. commune and L. eximia, respec-
tively, on sixth day. The COD was reduced to 4,798 mg/l (61.5%) by S. commune
and 5,196 mg/l (56.6%) by L. eximia on sixth day treatment. These results revealed
that S. commune proved to be more efficient for the treatment of pulp and paper
industry effluent in lab scale when compared to pilot scale.

A potential lignin-degrading fungal strain, identified as Aspergillus flavus strain
F10 were studied for the treatment of pulp and paper mill effluent (Barapatre and
Jha 2016). The results of this study revealed that A. flavus effectively reduced the
color and lignin content (in the term of total phenolic content). It reduces color up to
31–51% and lignin content 39–61% in 10 days of incubation when used as a free
form, while in immobilized condition it reduces more color and lignin content
within 6 days of treatment. A significant reduction in color and lignin content by
this fungus strain was observed after 4 days of incubation, indicating that fungus
subsequently utilized chromophoric compounds thereby reducing lignin content
and color. The toxicity of paper and pulp effluent was measured in the term of
phytotoxicity. A high germination index of treated samples indicated that the
treatment reduced pollution load in effluent to low levels which are not toxic to
plants.

Gomathi et al. (2012) studied dcolorization of paper mill effluent by immobilized
cells of P. chrysosporium. The optimum conditions under which significant
decolorization observed were temperature (30–35 °C), agitation (125 rpm), sucrose
(0.25–1.0%), ammonium chloride (0.25–1.0%), pH and duration 24–96 h. The
addition of 1 g/l sucrose and 1 g/l ammonium chloride has significant effect on the
degradation of lignin by the white-rot fungi as immobilized cells. Reduction of
lignin, phenol, COD, and BOD from paper mill effluents using different concen-
tration of carbon and nitrogen (0.25, 0.50, 0.75, and 1.0%) was examined.
Maximum decolorization of 83% was achieved when 1% sucrose and 1% ammo-
nium chloride was added the effluent containing immobilized cells of
P. chrysosporium. Significant reduction in BOD, and COD of the effluent was
observed in the presence of P. chrysosporium, respectively. A pH shift of 7.0–6.3
had the significant effect (83%) on biological decolorization process.

The potential of using a combined fungal and enzyme system as an internal
treatment was investigated for the control of the buildup of detrimental dissolved
and colloidal substances present in a thermomechanical pulp (TMP)/newsprint mill
process water (Zhang 2001). The experimental data obtained concerning the
composition of a typical TMP process white water provided a better understanding
of the influence that the dissolved colloidal substances (DCS) components in the
recycling white water system had on the paper properties and also helped in the
design of an appropriate treatment technology. The white-rot fungus, T. versicolor,

16.3 Biotechnological Methods for Treatment of Pulp and Paper Mill Effluents 353



was shown to be able to grow on unsupplemented process waters, while effectively
removing white water organics. The fungus also produced a large spectrum of
enzymes during its growth on the different white water streams and the fungal
enzyme treatments resulted in a significant degradation or modification of various
DCS components. A combined fungal and enzyme system could possibly be used
as an internal treatment “kidney” to remove detrimental organic substances present
in a TMP/newsprint mill with a closed water system. A concept flow diagram for
the combined fungal and enzymatic treatment system is given in Fig. 16.4.

Different studies have shown that a combined fungal enzyme system showed
promise as one way of decreasing the detrimental substances present within a
closed water system, while treatments with different enzyme preparations revealed
that fungal laccases play an important part in the removal of white water extrac-
tives. Potentials of laccase enzymes to modify model extractive compounds found
in thermomechanical pulp (TMP)/newsprint process waters were investigated by
Zhang et al. (2001). The model compounds used were representative of the fatty
acids, resin acids, and triglycerides found in mill process waters. It was found that
these compounds were significantly degraded or modified by the laccase treatments.

Sorce Inc. technology uses a combination of fungi and facultative bacteria to
degrade the highly cross-linked structure of lignin. This technology was started up
on a Southeastern Kraft Pulp Mill with a wastewater flow of 15 million gallons/
day. The starting color value of the wastewater averaged 1,880 Pt–Co units. After
nutrient conditioning and application of the microorganisms to the mill’s lagoon,
color reduced more than 50% with the anticipation of more than 80% color removal
(Sorce Inc. 2003). This technology is called fungal/bacterial sequencing or bio-
geochemical cycling. Biogeochemical cycling uses specific microorganisms and
manipulates their life cycles so that their degrading activities can be predicted and
harnessed in a beneficial way. In this case, white-rot fungi and its ability to secrete

Fig. 16.4 The principle of combined fungal and enzyme treatment system. Based on Zhang
(2001)
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highly oxidative enzymes are used to fragment the lignin structure into smaller
compounds. These fragments are mineralized into CO2 and water with facultative
anaerobic bacteria. Mineralization is accelerated with the use of co-metabolites. The
latent phase of the fungal growth is a time of limited food, nutrients, or adverse
environmental conditions that result in a decrease in the microbial population. The
life cycle manipulation is the basis of the white-rot/facultative bacteria sequencing
technology. In other words keeping the fungi in a latent phase at the same time
keeping facultative bacteria in a prolonged exponential growth phase. Under these
conditions the white-rot fungi secretes a tremendous amount of enzymes catalyzing
the lignin degradation reaction that become the prime food source for the bacteria
ultimately mineralizing the degraded lignin fragments and reducing color, toxicity,
BOD, COD, etc., of the water to make it suitable for certain applications. This
technology seems to be quite effective but requires large land area—tens of
hectares.

A novel two-stage process using chemical hydrogenation as a first-stage treat-
ment, followed by biological oxidation showed promise in substantially reducing
the color of pulp mill effluents. In a pilot plant study using two 20 l reactors in
series, the addition of sodium borohydride to the first reactor, for a residence time of
1 day, resulted in a 97% reduction in color. Subsequent biological oxidation in the
second reactor reduced BOD (99%), COD (92%), and TSS (97%) (Ghoreishi and
Haghighi, 2007).

Tables 16.10 and 16.11 show the comparison of the results for color and AOX
reduction by a few white-rot fungi.

16.3.4 Ligninolytic Enzymes and Their Role
in Decolorisation of Bleaching Effluents

The enzymes lignin peroxidase, manganese peroxidase, and laccase have been
implicated in the decolorisation of bleaching effluents (Momohara et al. 1989;
Esposito et al. 1991) but their roles were not critically examined until 1991. The
results of Momohara et al. (1989) indirectly indicated that decolorisation of
extraction stage effluent by P. chrysosporium was not catalyzed by lignin peroxi-
dase. Lackner et al. (1991) concluded for the first time that MnP plays the major
role in the initial breakdown and decolorisation of high molecular weight chlor-
olignin in bleaching effluents with P. chrysosporium in vivo, by demonstrating the
following:

1. P. chrysosporium degraded high molecular weight chlorolignin in bleaching
effluents even though a direct contact between ligninolytic enzymes and
chlorolignins was prevented by a dialysis tubing.

2. Manganese peroxidase effectively catalyzed the depolymerisation of chlor-
olignin in the presence of Mn (11) and H2O2.
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Table 16.10 Comparison of systems used for the treatment of bleaching effluents with different
fungi in batch process

Evaluation method Operation
mode

Residence
time (day)

Max. color
reduction
(%)

Max. AOX
reduction
(%)

References

Lentinus edodes

Mycelial pellets Batch 5 73 – Esposito et al.
(1991)

Pleurotus sajor-caju

Mycelial pellets Batch 6 66.7 – Ragunathan and
Swaminathan
(2004)

Geotrichium candidum Dec 1

Mycelial pellets 7 78 43 Shintani et al.
(2002)

Phanerochaete chrysosporium

Mycelium
immobilized on
rotating disk

Batch 1 90 – Yin et al. (1989a)

Tinctoporia borbonica

Mycelial pellets Batch 4 99 – Fukuzumi (1980)

Schizophyllum commune

Mycelial pellets Batch 2 90 Belsare and
Prasad (1988)

Trametes versicolor

Mycelial pellets
immobilized in
Ca-alginate

Batch 3 80 – Livernoche et al.
(1983)

Mycelial pellets Batch 2 61 – Royer et al.
(1985)

Free cells Batch 3 88 45 Bergbauer et al.
(1991)

Mycelial pellets Batch 5 80 – Archibald et al.
(1990)

Mycelial pellets Batch 3 88 – Mehna et al.
(1995)

Rhizopus oryzae

Mycelial pellets Batch 2 91 – Nagarathnamma
and Bajpai
(1999)

Ceriporiopsis subvermispora

Mycelial pellets Batch 1 95 – Nagarathnamma
et al. (1999a, b)
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These researchers also investigated the biochemical mechanism of chlorolignin
degradation in the MYCOPOR reactor and found that the amount of
mycelium-bound manganese peroxidase correlated with decolorisation rates. This
explains the fact that bleaching effluents can be degraded during continuous
operation of the MYCOPOR reactor for months even though the enzymes are
washed out. Mycelium-bound manganese peroxidase could generate Mn(III) which
can freely diffuse into the effluent and depolymerise the chlorolignins trickling
through the reactor. Michel et al. (1991) also investigated the role of ligninolytic
enzymes of P. chrysosporium in decolorising bleaching effluents. They concluded

Table 16.11 Comparison of systems used for the treatment of bleaching effluents with different
fungi in continuous process

Fungus Operation
mode

Residence
time (day)

Max.
color
reduction
(%)

Max.
AOX
reduction
(%)

References

Rhizomucor pusillus

Mycelium Continuous
RBC
reactor

0.95 73 55 van Driessel
and
Christov
(2001)

Phanerochaete chrysosporium

Mycelium
immobilized on
porous material

Continuous 0.5 60 55 Messner
et al. (1990)

Mycelium
immobilized on
polyurethane
foam

Continuous 5–8 70 – Cammarota
and
Santanna
(1992)

Mycelium
immobilized on
net ring type

Continuous 0.5 91 – Kang et al.
(1996)

Trametes versicolor

Mycelial pellets
immobilized in
Ca-alginate

Continuous 0.7 45 – Royer et al.
(1983)

Mycelial pellets Continuous 0.6–1.2 50 – Royer et al.
(1985)

Mycelial pellets Continuous 1 78 42 Pallerla and
Chambers
(1995)

Mycelial pellets
immobilized in
Ca-alginate
beads

Continuous 1 80 40 Pallerla and
Chambers
(1996)

Mycelial pellets Continuous 1.6 93 – Bajpai et al.
(1993)
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that manganese peroxidase plays an important role in effluent decolorisation.
Moreover, Lee et al. (1994) demonstrated high levels of manganese peroxidase but
no lignin peroxidase activity during extraction stage effluent treatment with the
fungus KS-62 which showed excellent decolorisation without any additional
nutrients. Because of significant reduction was observed for the decolorisation of a
catalase added culture, they suggested that manganese peroxidase plays an
important role in the decolorisation of extraction stage effluent by this fungus. The
role of manganese peroxidase in decolorisation of bleach plant effluent has been
also confirmed by Jaspers et al. (1994). Archibald and Roy (1992) reported that
laccase and not peroxidase plays the primary role in effluent decolorisation by
T. versicolor. Archibald and Roy (1992) later demonstrated that T. versicolor
laccase, in the presence of phenolic substrate, was able to generate Mn(III) chelates
similar to those produced by manganese peroxidase, which were shown by Lackner
et al. (1991) to be responsible for the oxidation of bleaching effluent.

Manzaners et al. (1995) evaluated the enzymatic activities when the effluents
from alkaline cooking of cereal straw were treated with T. versicolor. They reported
that the production of laccase activity was much higher than that obtained under the
same conditions in synthetic growth media and that there was a clear relationship
between the effluent concentration in the medium and laccase activity. In the
decolorisation medium, manganese peroxidase activity was detected when MnSO4

was added to these media, although no lignin peroxidase activity was detected in
any of the conditions assayed. Lankinen et al. (1991) treated softwood pulp
bleaching effluents with carrier immobilized Phlebia radiata and noticed the pro-
duction of large amounts of lignin peroxidase (the most characteristic lignin per-
oxidase isozymes in effluent media were lignin peroxidase 2 and lignin
peroxidase 3) during AOX decrease and color removal.

16.4 Conclusions and Future Perspectives

Several methods have been attempted for decolorization and detoxification of
bleached kraft effluents. These include physicochemical and biotechnological
methods. The problems underlying the physicochemical treatments are those
associated with cost and reliability. Biotechnological methods have the potential to
eliminate/reduce the problems associated with physicochemical methods. These
methods may be bacterial treatment (aerobic as well anaerobic), fungal treatment or
enzymatic treatment. The bacterial processes are not very effective due to the
limitation that they cannot degrade the high molecular weight chlorolignin com-
pounds and enzymatic processes are not cost effective. Among the biological
methods tried so far, fungal treatment technology using white-rot fungi appears to
be the most promising in this regard. One of the drawbacks associated with the
fungal treatment has been the requirement of easily metabolizable cosubstrate like
glucose for the growth and development of ligninolytic activity. To make the fungal
treatment method economically feasible, there is a need to reduce the requirement
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of cosubstrate or identify a cheaper cosubstrate. Hence, efforts should be made to
identify the strains that show good decolorization with less or no cosubstrate and
can utilize industrial waste as a cosubstrate. Efforts should be also made to utilize
the spent fungal biomass for preparing the culture medium required in the synthesis
of active fungal biomass. If succeeded, the cost of treatment may be further
reduced. As lignin degrading system of white-rot fungus has a high oxygen
requirement, use of oxygen instead of air as fluidizing media should be explored.
Increasing the oxygen concentration in the culture atmosphere is expected to have a
dual effect: it would lead to an increased titre of the lignin degrading system and to
increased stability of the existing system. A quantitative study of extracellular
enzymes is also required in order to gain insight into the possible enzymatic
mechanism involved in the degradation of lignin derived compounds present in the
effluents.

Use of white-rot fungi, can serve as a pretreatment method to bacterial treatment
and to enhance the bacterial ability to remove organic chlorine and to degrade the
relatively higher molecular weight chlorolignins. This process can be used as an
alternative to internal process modifications (modified cooking, oxygen bleaching,
high level chlorine dioxide substitution, etc.) and conventional biological treatment.
Since the majority of AOX and color is in high molecular weight chlorolignins, the
priority of research should concentrate on the fate of high molecular weight
chlorolignins in biological treatment or in the natural environment. Since bacteria
degrade significantly only those chloro-organics with molecular weights lower than
800–1,000 Da, research is needed to decrease the chlorolignin molecular weight or
to remove high molecular weight chlorolignins before biological treatment is
applied in order to enhance the biotreatability of bleaching effluents.
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Chapter 17
Slime Control

Abstract Formation of slime deposits is a major problem facing paper industries.
The current papermaking trends have a negative influence on the treatment programs
as, for example, microbiological control in mills that use alkaline or neutral pro-
cesses can end up by being several times more expensive than that in the factories
that operate in an acid medium. Also, when secondary fibers are used as raw
material, the cost of the average treatment per ton of paper can be double of that of
virgin fiber. Slime-producing microbes secrete extracellular polysaccharides that
gum up the process machinery. The specific nature of slime and its formation depend
on the mill environment. Correspondingly, countermeasures vary with the type of
slime deposit. Conventional slime control methods generally employ combinations
of biocides. This leads to effluent toxicity, as well as high processing and treatment
costs. Therefore, alternative control measures are in demand. Such measures are the
use of enzymes, biodispersants, bacteriophages, competing organisms, and biolog-
ical complex formers. Use of enzymes for slime control is expected to bring
important benefits for the pulp and paper industry. Enzymes represent a clean and
sustainable technology: they are nontoxic, readily biodegradable, and produced
using renewable raw materials. This methodology will contribute to efforts to reduce
water consumption and facilitate the use of recycled fibers. Industry will gain the
advantage of more eco-efficient processes, which will also have impact on con-
sumers as a whole especially with respect to the elimination of undesirable sub-
stances in food packaging materials. Many enzymatic products are already in
industrial use around the world and many additional products are currently being
designed and tested for a wide variety of specific applications. Use of enzymes in
combination with biodispersants appears to be a promising method for slime control.
Nevertheless, whatever the nature of the new applications, the eventual changeover
to biocide-free methods will be possible only when the new technologies become
beneficial and realistic replacements. At least in the near future, the great challenge is
to reduce the possibility of running paper machines on a totally ecological basis.

Keywords Slime control � Slime � Slime deposit � Microbiological control
Biocides � Enzymes � Biodispersants � Microbicides � Bacteriophages
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17.1 Introduction

Significant advances have taken place in the pulp and paper industry in recent years.
The dissemination of knowledge, the development of new and improved raw
materials, the stronger emphasis on process development, and the increased use of
automation have combined to produce a stronger industry having a broader range of
products in terms of quality level. Despite these advances, problems still remain that
increase production costs and reduce profit margins. The control of slime is perhaps
the most troublesome of these problems (Johnsrud 1997; Bajpai 1999; Bajpai and
Bajpai 2001).

Paper mills provide the natural conditions of nutrient supply, temperature, and
moisture for the breeding of slime-forming microorganisms which can cause
spoilage of raw materials and additives (pulp, mechanical pulp, recycled paper,
starch, filler, and pigment dispersions) (Safade 1988; Bennett 1985; Bjorklund
2000, 2002a; Blanco et al. 1996, 2002; Brown and Gilbert 1993; Chaudhary et al.
1997; King 1990; Kulkarni et al. 2003). Intense growth of spore-forming bacteria
can cause problems with the hygienic quality of the end products in manufacturing
of food-quality packaging paper and board. Volatile, malodorous metabolic prod-
ucts of microbes may enter the end products. According to Salzburger (1996), the
most important economic loss caused by microbes in paper machines arises from
the growth of biofilms, i.e., slime layers on the machine surfaces that are mostly
made of stainless steel. Unless microbial growth is controlled, these tiny organisms
can bring the large, modern, computer-controlled, hi-tech paper machines—up to
9 m wide and 200 m long—to a standstill (Salzburger 1996). The reuse of white
water inoculates previously sterile parts of the system, spreading and magnifying
the problem. If the growth of these microorganisms is unchecked for too long, the
deposits they cause may dislodge and be carried into the paper, lowering product
quality. The slime may also cause breaks in the paper at the wet end, interfere with
the free flow of stock, or cause excessive downtime for cleaning (Jokinen 1999;
Blankenburg and Schulte 1997). This chapter presents cause and nature of the slime
problems in pulp and paper industry, and the use of microbicides, enzymes, bac-
teriophages, competing organisms, biological equilibrium, biodispersants, and use
of biocontrol agents in combination with biocides to counteract the slime.

17.2 Slime Problems in the Mills

Slime is the generic name for the deposits of microbial origin in a paper mill (Bendt
1971; Bennett 1985; Safade 1988). Problematic slimes in the paper and board
machines are mixed deposits with thick microbial biofilms as major components.
Table 17.1 presents the primary characteristics of biofilm and general paper
machine deposits.
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Paper machine biofilms are usually composed of bacteria, EPS produced by the
bacteria, wood fibers, and miscellaneous papermaking additives from the process
(Latorre et al. 1991; Nurmiaho-lassila et al. 1990). Generally, EPS are composed of
polysaccharides (Glucose, galactose, mannose, glucosamine, galactosamine,
L-rhamnose, and fucose) but may also contain proteins, nucleic acids, and poly-
meric lipophilic compounds. The percentage of various sugars in EPS in different
paper grade furnish is presented in Fig. 17.1 (Grant 1998).

Table 17.1 Primary characteristics of biofilms and general paper machine deposition

Biofilms

Characteristic Range

Water content High (70−95%)

Organic content High (70−95 dry wt%)

Bacterial content High (106 cells/gm wet wt)

Biological activity High

Inorganic content Low

Paper machine deposition

Characteristic Range

Microbiological Filamentous bacteria, unicellular bacteria, fungi

Particle materials (organic and
inorganic)

Calcium carbonate, clay fines, fibers, pitch, chemical
deposition

Dissolved substances Minerals, sodium, chlorides

Based on Bunnage et al. (2000)
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Fig. 17.1 Composition of EPS (extracellular polysaccharides) from Paper machines (Grant 1998);
reproduced with permission
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Verhoef et al. (2002) have purified EPS from bacteria Brevundimonas vesicularis,
isolated from a paper mill. Chemical, mass spectrometry, and NMR experiments
showed that B. vesicularis sp. produces a linear exopolysaccharide without
non-sugar substituents containing a tetrasaccharide-repeating unit with the following
structure: ! 4)-a-L-GlcpA(1 ! 4)-a-D-GalpA-(1 ! 4)-b-L-Rhap-(1 ! 4)-b-D-
Glcp(1 !.

The novel EPS consist of only one distinct homologue population with a
molecular weight distributed around 2,000–4,000 kDa and an intrinsic viscosity of
around 0.5 dL/g. The novel EPS contains a liner backbone consisting of four sugar
residues. In terms of weight and volume, EPS represent the major structural
component of biofilms, being responsible for the interaction of microbes with each
other as well as with interfaces (Flemming 2002; Neu et al. 2001; Hoyle et al. 1990;
Corpe 1980; Costerton et al. 1978; Dudman 1977; Srinivasan et al. 1995). Slime
binds in soft and viscous masses, which hook onto the sections of the paper
machine where the amount of flow is not sufficiently powerful to dislodge them.
These masses increase in volume until they fall off under their own weight and
contaminate the pulp.

The true nature of slime and the causes of its formation are complex and many
factors interact to establish the necessary conditions for slime formation. Paper
mills, especially those employing increasingly closed processes and higher use of
secondary fibers, have high nutrient levels as well as optimal temperature and pH
ranges to support serious microbial proliferation (Oyaas 2001). Many of these
microorganisms develop slimy capsular materials around the cell. This capsular
material enables the cells to attach to each other and to adhere to surfaces. The slime
may be homopolysaccharides or heteropolysaccharides. The homopolysaccharides
are usually fructans containing a terminal glucose unit. The polymer is known as
inulin or levan depending on the linkages—b (2-6) linkages occur in levan and:
b (2-1) linkages in inulin. Many strains of Bacillus polymyxa produce
heteropolysaccharides that consist of D-glucose, D-mannose, D-galactose, D-fructose,
glucuronic acid, and pyruvate. The proportions of various sugars in the polymer
depend on the environmentant and the microbial strain. Levans, polymers of
fructose, are generated by various forms of bacteria (Table 17.2) (Purkiss 1973;
Dedonder 1966; Chaudhary et al. 1997, 1996).

Majority of bacterial extracellular polysaccharides are made of more than one
type of sugar residue, and they often contain uronic acids (Chaudhary et al. 1997,
1996; Han and Clarke 1990; Hestrin et al. 1943; Tanaka et al. 1979). Many bacteria
secrete organic polymers with limited solubility in water, which tend to accumulate
as loose, confluent layers in the immediate neighborhood of the cell just outside the
wall. Unlike the cell wall, the capsule or slime layer seems to have no important
direct role in the maintenance of cellular function. Some bacteria form the slime
layer only when growing at the expense of a specific substrate, which is a direct
biochemical precursor of the slime substance in question. The behavior is charac-
teristic of certain Streptococci, Bacillus, Pseudomonads, and Xanthomonads, which
form copious quantities of either dextrans or levans when growing at the expense of
the disaccharide sucrose. No other metabolizable sugar, including glucose and
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fructose themselves, can serve as a substrate for the synthesis of these polysac-
charides. Consequently, dextran- and levan-forming bacteria produce these capsular
materials only when growing on sucrose-containing medium. Certain kinds of
capsular substances can be removed from the cells by treatment with specific
hydrolytic enzymes. Such enzymatic treatment leaves the cell unharmed (Stanier
et al. 1968). Effluents, rich in sucrose specifically encourage the growth of dextran-
and levans-producing organisms.

The slime problem is a natural phenomenon. Microorganisms such as bacterial,
fungi, and yeast thrive in the presence of nourishment, moisture, and warmth. The
nutrient-laden waters of the paper mill provide a hospitable environment, especially
in the areas where the water temperature is around 30 °C. These are the areas where
microbial metabolic substances such as slime, chemical deposits, or fine debris are
found. Each papermaker’s experience with slime is unique. The type of slime varies
from one mill to another, from one paper machine to another within the same mill
and even at different areas in the same machine. An economically sound slime
control program for a given mill must bear the proper relationship to the total loss
caused by the slime. This loss can be gauged by considering the following items:
loss of finished product; loss of production time; loss of heat, chemicals, filler, fiber,
and water; decreased life of equipment or clothing. Literature shows that significant
problems are caused by several genera of bacteria such as Aerobacter particularly

Table 17.2 Levanase-producing bacteria

Bacillus mesentericus

Bacillus subtilis

Bacterium prune (Phytomonas pruni)

Bacillus megaterium

Bacillus vulgatus

Pseudomonas mors-prunosum

Bacillus polymyxa levan

Pseudomonas prunicola

Aerobacter levanicum

Corynebacterium sp.

Aerobacter acetigenum

Corynebacterium sp.

Pseudomonas aureofaciens

Pseudomonas caryophyll

Pseudomonas chlororaphis

Pseudomonas denitroflourescens

Pseudomonas syringae

Aerobacter levanicus

Serratia killensis

Aerobacter sp.

Based on Purkiss (1973), Dedonder (1966), Chaudhary et al. (1996, 1997)
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the species Aerogenes, Cellulmonas, Chromobacter, Achromobacter, and
Crenothrix. Pink and red slime is a familiar presence in the mills producing printing
paper (Nason et al. 1940). Sanborn (1965) noted that such slime was composed of
organisms closely resembling Micrococcus agilus, Serratia marcescens, S. pisca-
tora, Ascophyta sp., Gliocladium roseum. Penicillium pinophilum, Fusarium sp.,
Rhodotorula, and Monilia. Various organic biocides are typically added to the
papermaking system in an attempt to control these microorganisms. However, the
antimicrobial activity of the chemicals is nonselective. As a result, operation of
sewage-treatment systems containing active sludge is often impaired. On the other
hand, microorganisms can develop a resistance to a given biocide. Most paper-
makers try to avoid this phenomenon by alternating the use of different biocides.

Understanding the nature of slime formation in paper mills requires an under-
standing of the functioning of the mill. This helps in identifying possible areas
where slime deposits may form and interfere with the operation of the mill. The
papermaking process consists of several steps. In the paper mill, the pulp produced
in a pulp mill is suspended in water to 3–4% solids. The resulting slurry is passed
through a series of machine chests and refiners in which the pulp is mechanically
processed and diluted to a workable consistency. These steps make up the begin-
ning of wet end. A complex system of flow spreaders and pressurized head boxes
ejects the dilute slurry of fibers onto a rapidly moving paper machine wire screen.
Fibers are laid onto the surface of the screen, the sheet is formed, and the water is
removed. This water is known as white water. Excessive biological activity in paper
mill is generally seen at this end. The stored pulp from various recycle streams may
be mixed with fresh pulp. Microbial contamination may take place due to prolonged
storage in the open. Microbial contamination is further aggravated in closed-loop
mills where white water is recycled for dilution of the pulp. Closing up of white
water system contributes to the cycling of nutrients (Baker 1981; Barnes 1984;
Baurich et al. 1998; Bendt 1971; Bennett 1985). Factors such as pH, temperature,
and levels of organic nutrients also play a significant role in slime development
(Dubout 1979). From the nutrient point of view, microorganisms are divided into
two groups: those which demand relatively complex organic molecules and those
which, like higher plants, are capable of synthesizing their foodstuffs on the basis of
simple mineral salts and carbon dioxide. These two categories of microorganisms
have free field in the pulp and white water systems. If we cast a glance at the
solutions, which are normally found in the water of the paper mill, it is easy to see
that the number of invading organisms is considerable. The conditions normally
found in the paper machine are pH 5–8, temp. 20–78 °C and an abundance of
nutrients, which is an excellent environment for the growth of bacteria and fungi
(Kolari et al. 2003). The starch, glues, and coatings that are used as additives in the
mill are excellent food sources for many microorganisms (Oppong et al. 2000).
Nutrients from pulp and white water are coated on surfaces to produce films of
concentrated food, which becomes the basis for microbiological growth and
activity. Changes in equipment design, use of complex chemical mixtures or
additives, changes in operating practices from high to low grammage grades, bad
housekeeping, and storage of pulps, recycled fiber and sludges are the major factors
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that aggravate the slime problem. Surface water supply from lakes, rivers, ponds,
and well can also be a serious source of inorganic nutrients (e.g., iron, sulfur) and
bacterial contamination. The deposits formed can be classified as biological (slime)
and nonbiological (scale and pitch).

17.3 Microorganisms Within the Slime
and Contamination Sources

The biological components of the slime of a paper mill are all unicellular members
of the plant kingdom. Bacteria are the most common but these are often accom-
panied by fungi and yeasts (Stanier et al. 1968; Sanborn 1965; Väisänen et al. 1994,
1998, 1989, 1991; Lutey 1972; Eveleigh and Brewer 1963; Brewer 1960)
(Table 17.3).

The bacteria most commonly found in paper mills are those, which are normally
present in natural water. The most common of the slime-generating bacteria
belonging to this group is Aerobacter aerogenes which is a nonsporing rod, and has
a large capacity for adapting to the oxygen supply of the environment. It is very

Table 17.3 Microorganisms commonly found in mill environment

Microorganisms Type Characteristics

Desulfovibrio
(sulfate-reducing)

Anaerobic bacteria (pH
3.5−10.0)

Corrosive, odorous due to H2S

Clostridium Anaerobic
spore-forming bacteria
(pH 4.0–10.0)

Corrosive, putrefactive odors, decompose
starches and proteins. Form heat-resistant spores

Aspergillus
Pencillium
Trichoderma
Mucor

Aerobic filamentous
fungi (pH 2.0–7.0)

May attack cellulose, also found in wood piles,
chips and bales of dry lap stock or waste paper.
May cause mildew and musty odor

Oospora
Manilla
Torula
Rhodotorula
Sacharomyces

Aerobic, yeast like
fungi (pH 2.0−7.0)

Discoloration spotting of pulps

Mucoid types
Pseudomonas
B. mycoldes
B. subtilis
B. cereus
B. megaterium

Aerobic slime-forming
bacteria (pH 3.5−9.5)

Stock odors (souring)

Flavobacterium
Enterobacter
E. coli

Aerobic slime-forming
bacteria (pH 5.0−8.0)

Stock odors. Heat resistant

Based on Stanier et al. (1968), Sanborn (1965), Väisänen et al. (1989, 1991, 1994, 1998)
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frequently found in paper mills all over the world and gives rise to a soft and
gelatinous slime, which requires the mechanical support of a network of paper
fibers. Its development seems particularly large in mill waters, which have a sub-
stantial biochemical oxygen demand as a consequence of the substantial concen-
tration of organic materials. There are several variants of this species, which are
mobile and are capable, to a certain extent, of choosing the most favorable location
of the paper machine for forming colonies. Other bacterial species encountered in
slime are Escherichia coli, Pseudomonads, Chlamydobacterials (encapsulated
bacteria), Alcaligenes, Arthrobacter, Proteus, Bacillus, and others. E. coli is
essentially a microorganism of intestinal flora, which is similar to A. aerogenes in
many respects but habitually forms a film of slime, which progressively increases
in thickness with time and finally tears off in the form of small grayish scales. In
general, its nutrient needs are similar to those of Aerobacter. Pseudomonads make a
special contribution to slime formation. This group comprises a range of badly
defined species, which are notoriously resistant to low concentrations of antislime
agents. Pseudomonads can be identified by the fluorescent tint, which they give to
slime. Chlamydobacterials is an extremely important group of slime-generating
bacteria but, in contrast with the A. aerogenes and E. coli, they require a great deal
of oxygen. They prefer water with a low BOD and this is why they are most often
found in mills, which do not recycle their process water. One member of this group
forms abundant white filamentous plumules. Another converts, by metabolism, the
iron salts and deposits iron oxide in its external envelope. In addition, bacteria
found most often in paper and board machine slime include species of
Flavobacterium, Clavibacter, Sphaerotilus, and Leptothrix.

Slime/biofilm systems may provide an anaerobic zone enabling the
sulfate-reducing bacteria—Desulfotomaculum, Desulfovibrio (Postgate 1979) to
grow and metabolize even when the bulk water contains oxygen close to saturation.
The outer layer of this film will consist of heterotrophic bacteria depleting oxygen
and developing an environment suitable for sulfate-reducing to grow and metab-
olize if sulfate and excess organic carbon are present. Sulfate reduction in biofilm
systems is of concern in many water systems (Piluso 1977; Robichaud 1991).
Sulfate-reducing bacteria produce hydrogen sulfide, which can deteriorate concrete
or corrode metals. A general hierarchy of heterotrophic organisms, denitrifiers,
iron-reducing bacteria, sulfate-reducing bacteria, and methanogens may be found in
thick microbial films where excess organic material, nitrate, iron, and sulfate are
present.

Sulfur bacteria make only a small contribution to the formation of deposits of
sludge, one of their members, “sulfate-reducing bacteria” is very commonly
encountered in the highly sulfurized water of paper machines. These bacteria
develop poorly in the presence of gaseous oxygen but they are frequently found in
full growth under the thick deposits of slime and those of fibers in the storage tanks
of white water. They reduce the sulfate ions in hydrogen sulfide and are responsible
for odors and for the black-enemy of the Fourdrinier wires and accessories made of
copper alloy. They can also deactivate the mercurial slimicides by the formation of
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insoluble sulfurs. Proteolytic bacteria decompose the formulations of casein and
gelatin employed for sizing. Among others, Pseudomonas sp. are in this category.

Common fungal species found in slime are Aspergillus, Penicillium, and
Cephalosporium (Brewer 1960; Huster 1992a, b). In closed process water systems,
where temperatures are often maintained above 30 °C, the thermotolerant fungi
play an important role in slime formation in paper mills (Eveleigh and Brewer
1963). Several mold species are also known to be synergistic with bacterial species,
forming tough slimes that are resistant to biocides and difficult to control. These
include Cladosporium, Geotrichum, and Mucor (Sanborn 1965). The extremely
varied group of microorganisms produces an equally varied number of extracellular
polysaccharides, reserve materials, and other excretory products that make up the
slime. Fungi, unlike bacteria, are not really at home in process water. On the other
hand, they often form the fibrous mat on which the deposits of slime will accu-
mulate as a consequence. They are to a large extent responsible for the deterioration
of balls of wet pulp in sheets in the course of stacking or of finished paper products.
The colored patches of the pulp so well known to papermakers are, in general, due
to colonies of Basidiomycetes and Penicillium. It is then essential for the slime
control program to include the use of fungicidal element. Penicillium roguefortii
deactivates the mercury compounds.

Väisänen et al. (1998) performed a thorough examination of microbial com-
munities of a printing paper machine. They isolated 390 strains of aerobic bacteria
representing at least 34 species, thus demonstrating the large number of bacteria
living in a single paper machine. The most frequent contaminants of the machine
wet end were species of genera Bacillus, Burkholderia, Pantoea, Ralstonia, and
Thermomonas. Chaudhary et al. (1997) reported that B. alvei and A. aerogenes
were the most prevalent contaminants in an Indian paper mill. Oppong et al. (2000)
isolated pink-pigmented bacteria Deinococcus grandis, Flectobacillus sp.,
Methylobacterium zatmanii, Micrococcus sp., and Roseomonas sp. from slime
deposits of American paper machines. Harju-Jeanty and Vaatanen (1984) showed
that the filamentous bacterium Sphaerotilus natans can produce slimy aggregates in
groundwater pulp (1%) at 28 °C, but it was not growing above 40 °C (Pellegrin
et al. 1999), making it an unlikely biofilm former in modern paper machines with
operation temperatures near 50 °C. Raaska et al. (2002) observed that contamina-
tion of starch-based glues with spore-forming bacteria (e.g., Bacillus and
Paenibacillus) and enterobacteria (e.g., Citrobacter and Enterobacter) was the most
important factor threatening the process hygiene and product safety in one machine
manufacturing refined paper products for food packaging. Generally, the major
contaminants of the dry paper products seem to be limited to three genera of
spore-forming bacteria: Bacillus, Brevibacillus, and Paenibacillus (Hughes-van and
Kregten 1988; Pirttijärvi et al. 1996; Raaska et al. 2002; Suominen et al. 1997;
Väisänen et al. 1998). Kolari et al. (2003) have reported microbiological survey of
colored biofilms in six paper and board machines, including two case studies
of outbreaks of colored slimes in which the causative bacteria were found. A total
of 95 pink-, red-, orange-, or yellow-pigmented strains were isolated. Nearly all
(99%) of the strains grew at 52 °C, 72% grew at 56 °C but only 30% grew at 28 °C
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indicating that most of the strains were moderately thermophilic. Biofilm formation
potential and biocide susceptibility of the strains were analyzed with a microtiter
plate assay. In the presence of 5 ppm of methylene bisthiocyanate or 2,2-dibromo-3
nitrilopropionamide in paper machine water, 55 strains formed biofilm. Moreover,
39 strains increased biofilm production in the presence of biocide, suggesting that
biocide concentrations inhibitory to planktonic but not to surface-attached cells may
actually promote biofouling. The cells may have inactivated a portion of the bio-
cides, as the cell density in this assay was high, corresponding to the highest cell
densities occurring in the circulating waters. Four groups of colored bacteria that
were isolated from several mills were identified. Pink-pigmented Deinococcus
geothermalis and red-pigmented Meiothermus silvanus occurred as common pri-
mary biofilm formers in paper machines. The third group of bacteria (putative new
species related to Roseomonas) contained strains that were not biofilm formers, but
which were commonly found in slimes of neutral or alkaline machines. The fourth
group contained red-pigmented biofilm-forming strains representing a novel genus
of a-Proteobacteria related to Rhodobacter. Many colored paper machine bacteria
are species previously known from microbial mats of hot springs.

The main sources of microbiological contamination are as follows:

(1) Freshwater, especially when surface water without previous treatment is used;
(2) The cellulosic raw material, particularly when secondary fibers are used;
(3) The brokes, especially when sizing and coating additives are used;
(4) The solutions or suspensions of additives, fillers, pigments, starches, coatings,

etc;
(5) The recycled water; and
(6) The environment in which the paper machine is place.

When the dissolved oxygen concentration is high, aerobic bacteria will be
developed, which are the main producers of the slime. Alternatively, if the con-
centration of oxygen is decreased, the population shifts toward anaerobic species,
which are responsible for the problems of odors and corrosion (Bennett 1985). If
the temperature increases, the population could vary from mesophilic to ther-
mophilic species, which form spores. The reuse of the white water also increases
the concentration of filamentous microorganisms present in the system. These
species, which initially enter the system with the freshwater, are developed in the
process, continuously contaminating the system wherever the white water is reused.
Although the freshwater is the main cause of the presence of algae in the system,
the recycled pulp is the main source of bacterial and fungal contamination. The
concentration of microorganisms in the recycled pulp is a thousand times higher
than in the virgin fiber pulp. The starches and coating products that appear in the
recycled paper are an important source of microorganisms (Robertson 1994). Also,
the fillers and adhesives that are present in the recycled pulps enhance the formation
of slime, as they are ideal places for the attachment of fungi and bacterial colonies.
However, rosin and aluminum compounds generally reduce the growth of
microorganisms.
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17.4 Sites Chosen by the Microorganisms
in the Paper Mill

On a theoretical level, microorganisms can develop in any location of the water
systems of a paper machine but, in practice, it must be stated that they form at various
points of relatively small isolated packets of proliferation (Blanco et al. 1996). The
placing of these chosen sites depends on the combined effect of several factors such as:
model of machine, type of microorganism, chemical environment, flow speed of
water, pulp consistency, composition of the pulp, and program for combating the
slime. Even in the absence of heavy contamination, the type of construction of the
paper machine can exert a substantial influence on the formation of deposits of slime
by supplying amultiplicity of pointswith zeroflow. By this, we understand the sectors
of the machine in the pipe conduits where a certain degree of stagnation is produced,
for example: the inner side of the angles of pulp pipes, the T or Y shaped joints, the
orifice plates, the rotary cleaners, cross-bars, basins, and pulp lines, the tanks of rich
white water, the wire rolls, the fourdriner, etc. All the efforts taken at the moment with
studying the machine for avoiding these dead points and making the interior of pipes
smooth will contribute to reducing the problems caused by slime.

The very nature of microorganisms developing in slime plays an important part in
the location of slime on the machine (Purkiss 1973; Blanco et al. 1996). Anaerobic
bacteria are to be expected at points where the oxygen tension of the water is zero,
under already existing deposits of slime or accumulations of fiber deposits. One will
find anaerobic bacteria in most of the other locations. Those bacteria, which form a
thin gelatinous film proliferate where the content of abrasive products of the water is
at its minimum since, when the consistency of the pulp has risen (1–3%), the
displacement of the cellulose fibers tends to remove the fine film as soon as it forms.
The pseudofilamentous bacteria require a certain turbulence and a surface suitable
for their fixing. They do not like substantial quantities of electrolyte and avoid points
where the alum concentration is too high. Certain microorganisms can only form
coherent masses when they find a suitable mechanical base and establish their
colonies around the fibers, progressively constructing hanging growths of a dirty
gray color, which generally becomes too dense and tear off under their own weight.
The fungi and molds often develop on the dried splashes situated above the water
line of the wooden chests. If the contamination is not all that substantial, the deposits
of slime tend to form very far from the point of introduction but the converse is not
true when it is a question of massive contamination. Majority of mill infections are
borne at a very localized principal point, a point where the bacterial proliferation is
able to develop and from where the greater part of the other infections expands. In
the majority of cases, the center of infection is the white water circuit. The most
satisfying method for localizing the center of infection of a paper machine consists of
making a quantitative microbiological examination, for example, using the plate
count method. When this counting operation is carried out on a machine installation,
it is normally found that the greatest concentration of microorganisms is in the buffer
tank or a white water storage tank even if the deposits of slime are not apparent there.
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It would seem that the microorganisms reproduce in the white water in which the
conditions are favorable and take the form of slime where the chemical milieu is
adverse. By biological means, it is possible to predict the most favorable locations
for microbial proliferation but the spores where slime forms seem to be a question
relating to the hydraulics and type of machine.

The manifestations of infections most commonly encountered in a paper mill are
the following—formation of slime, blocking of the felts, degradation of the felt,
fermentation of rosins, stains in the pulp, cellulolytic action, mold, musty odors
(Purkiss 1973).

Formation of slime

In its most accentuated form, slime does not leave any doubt as to its presence. Its
glutinous, blackish, and fibrous mass reveals the latter, even to the least observant.
On the other hand, it is in the least serious cases of infection that slime is best able to
show its insidious nature. As a consequence of their surface electrical charge, the
bacteria associate very rapidly with the cellulose fibers in suspension in the pulp. The
effect of this association is to slow down dewatering in the wire. This variation in the
rate of dewatering is often the precursor of machine contamination. The most serious
infections are revealed by the appearance of slime stains in the finished product, a
situation which worsens progressively until windows appear, holes, and finally tears
in the sheet caused by the localized adhesion of the latter to the rolls.

Blocking of the felts

A microbiological examination of a warped felt always reveals a substantial bac-
teriological examination. The accumulation of slime in the interslices of the fabric
can very quickly make the felt unusable until it is cleaned. As the proliferation of
bacteria is progressive, the loss of yield will take place for a certain period before
the complete working of the felt.

Degradation of the felt

When the microbial population of a machine contains proteolytic elements, the
degradation of the fibers making up the woolen felts is frequently apparent. This
state of affairs leads to a reduction in tensile strength and shear strength. Often the
rapture of a felt is attributed to “normal mechanical wear” although a closer
examination of this shows that numerous points display week resistance while
purely mechanical wear is slight there. Tanning can reduce this problem to a certain
extent but never completely.

Fermentation of rosins

Rosin preparations constitute a nutrient milieu particularly suitable for microor-
ganisms. The contamination of rosin can normally be detected by the characteristic
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odor, which is released. Protein-based adhesives release a bad odor of ammonia or
carbylamine while starch normally smells like alcohol. Frequently, these bad odors
are not revealed until the paper is in the hands of the converter. Rosins are con-
taminated in a fashion rather similar to that of the machine but cause a problem only
if insufficient attention is paid to the cleaning of the mixers or the resin formulations
are left too long for a period.

Stains in the pulp

As the pulp rarely contains much free water, it tends to promote the development of
fungi rather than that of bacteria. Proliferations of fungi are often pigmented and
appear in the form of stains in the pulp. It may also be the case that these stains
appear only after a certain period of storage of the latter. The fact that mercury
compounds have been added does not provide any guarantee in respect of the
nonappearance of these stains, since there are certain forms of fungi, which are
capable of absorbing mercury such as Penicillium roquieforti. A great deal of
research work has been done on this microorganism and it has been found that it
can reduce the concentration of mercury in the sheet of pulp to such an extent that
the development of other types of microorganisms becomes possible.

Cellulolytic action

The effects of the action of fungi and cellulolytic bacteria are not generally felt in the
mill itself. In fact, given that these microorganisms bring about, by degrading the
cellulose, a reduction in the tensile strength of the fibers, the effect of their attack is not
apparent in the paper until the latter is delivered into the hands of thefinal consumer. In
the case of products such as kraft racks of several thicknesses, this problem can largely
be resolved by paying suitable attention to slime control or, in limited cases, by
subjecting them to a treatment to make the product nonbiodegradable.

Mold

It is very common to receive complaints concerning the development of mold on
the finished products, and the paper produced is rarely at fault in these cases. It
should also be noted that many things can be carried out on the machine to prevent
the proliferation of mold on papers destined for special uses.

Musty odors

Here, we have to deal with strange odors, generally disagreeable, which are asso-
ciated with various phases of the production of paper and board. The most common
of these odors are the following: First the musty earthy smell, which is normally
released from stacks and covered tubs, and finally that offensive smell of hydrogen
sulfide, which is often noticed when the channels under the machine are cleared.
These are then a result of the manifestations of the microbiological activity.
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The musty earthy odor is normally due to proliferation of fungi under the lids of the
stacks, as well as that of hydrogen sulfide resulting from the action of
sulfate-reducing bacteria, in conditions where there is only little or no free oxygen.

17.5 Methods for Detection of Slime

Following methods are available for detecting slime problems (Farkas et al 1987):

(I) Slime collection boards

A collecting board is a unit placed in the water of a paper machine in such a way
as to cause slime formation. Inspection of the board at regular intervals makes it
possible to reveal the formation of slimes on the machine in the early stages before
they become a source of problems. Numerous authors have studied these boards
and it has been found that the most effective and least costly ones were those made
of plastic material, for example of Plexiglas. It is sufficient to take small rectangular
pieces of Plexiglas in which two holes are pierced so they can be suspended. These
pieces must be slightly curved and placed in a flow of water in such a way that an
area of slight turbulence is created on the concave side. It is easy to detect the
formation of slime on a collecting board. In fact, an extremely fine coating gives
greasy sensation. These detecting boards must be placed in any locations as are
necessary and inspected at regular and frequent intervals.

(II) Identification of the contaminated points

The stains and black areas of the paper are not necessarily caused by slime and it
is thus necessary to have some method for distinguishing the marks of biological
origin from the others. As most mills do not have any microbiologist, traditional
methods of microbiology have relatively little interest for the identification of
stains. So, chemical methods are used. Two tests belonging to this last category
have been developed in the last few years. These are: (1) Ninhydrin test and
(2) Tetrazolium chloride test.

(III) Standard plate count method

The generally accepted method for quantifying the level of biological activity in
a system is the standard plate count. In this method, a sample from the system is
serially diluted and placed in a sterile nutrient medium in a petri plate. This
accommodates the normal paper mill populations, which range anywhere from less
than 10,000 organisms per milliliter of sample to more than 100 million organisms
per milliliter. The plates are incubated and individual organisms allowed to
reproduce in the solidified nutrient until colonies of organisms, which were present
in the original sample. Incubation of bacterial plates generally takes 48–72 h;
fungal counts require 5–7 days.

The plate count method has several well documented, but minor, technical
limitations which are overcome using slightly modified procedures or nutrients.
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(IV) Dip sticks

Dip sticks marketed by a number of companies contain a solid nutrient and a color
changing indicator, which allows colonies to be counted. With these methods, the
device is momentarily dipped into a water sample. Following incubation of 24–48 h,
the number of colonies on the surface of the device is counted, or a comparison ismade
with a chart to gauge a color change,which has been correlated to standard plate counts.
This simple method gives a rough indication of the biological activity, which was
present in the sample. The rapidity of the test is a great improvement over the standard
plate count method. The dip method is widely used for control of cooling tower
systems, but the lackof precision and24-h turnaround timehas ledpapermills to search
for a yet more rapid precise simple test to alert the management of potential problems.

(V) Luminescence

Adenosine triphosphate (ATP) is the molecule associated with all biological
activity. A luminescence method can be rapidly used to quantify the amount of ATP
in a liquid sample. The level of ATP correlates to the level of biological activity at
the sample point. Since different species of bacteria and fungi function with dif-
ferent levels of ATP, a comparison with plate counts on a stable population must be
performed before the luminescence measure has meaning. The method is most
useful for study of pure laboratory cultures. Following sample preparation, the ATP
method provides useful information in less than 30 min. ATP luminescence is rapid
and precise, but it is fairly complicated and expensive to perform. Few mills find the
method useful as a routine control method.

(VI) Bio-Lert method

The Bio-Lert method uses an indicator system with a sterile stabilized nutrient
broth in a convenient vial. The liquor portion of a papermill sample (stock,filler slurry,
starch slurry, coating) is poured into the vial, filling it to the 10 cc mark. The vial is
capped and the contents shaken to thoroughly mix the nutrient and indicator with the
contents. The vial is then incubated at 37–42 °C (98.6–107.6 °F). The time required
for the obvious color change from blue to pink is correlated to standard plate counts.
Laboratory testing has demonstrated that the time for a sample to cause color change is
dependent solely upon the biological population in the original sample. Population in
the range of 100 organisms permilliliter to 1 billion organisms permilliliter have been
studied. Using the Bio-Lert vials, excessive biological populations can be detected in
as little as one hour. This allows the mill to take corrective action before the effects of
potential problems are translated into lost production or spoiled raw material.

The test method has proven to be effective and stable despite wide variation in
incubation temperatures or sample pH environments. The optimum incubation
temperature has been found to be 37–42 °C, but the test has utility even when
incubation occurs in a shirt pocket. A variety of sample types respond, including
wood pulp fiber suspensions, filler slurries, and starch slurries. Table 17.4 compares
the practicality and rapidness of the Bio-Lert method to the other methods
discussed.
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Because different species of microorganisms may react differently in the test, a
comparison with standard plate counts should be made for each sample point to
improve accuracy. The test is intended to provide an alert to high levels of bio-
logical activity. When systems containing low levels of biological activity are
studied, it will take several hours for the color change to occur. If a sample produces
unusually rapid color change, a biological control upset is indicated. Then, the
cause of the upset can be investigated and corrective measures taken before there
has been an economic impact upon the mill. The Bio-Lert method has proven its
simplicity, reliability and a rapidity in a variety of mill situations. The Bio-Lert
method has provided accurate, valuable information about the biological activity in
pulp and paper mill systems on a timely basis, leading to raw material cost savings,
continued uptime, and greater peace of mind.

(VII) Slime monitor

Sugi (1999) has developed a new monitoring tool—Slime Monitor to establish a
suitable slime control program in paper mills. This monitor allows online, real-time
measurement of slime deposition and makes sure that the minimum possible
amount of biocide is used to the greatest possible effect.

Buckman Laboratories International Inc. has developed a dual-channel bio-
fouling monitor to assess slime buildup in white water and cooling water circuits
(Personal communication). The monitor displays a numeric and graphical index of
biofouling and incorporates nutrient augmentation and other technology to mod-
erate sensitivity to slime buildup. These features provide an early warning of
biofouling that can be used to take corrective action prior to damaging slime
buildup in the industrial process. The features also permit the sensitivity of the
device to be adjusted to better correlate monitor output with paper machine per-
formance. The instrument was used to measure fouling in an alkaline fine paper mill
following a wet-end boilout. Results showed that biofouling in the nutrient aug-
mented channel was accelerated by several days compared with a white water only

Table 17.4 Comparison of biological activity test methods

Method Time Accuracy Comments

Bio-Lert 1–4 h Very
good

Rapid simple procedure, especially useful as
a Bio-Lert

Standard
plates

48–72 h Excellent Time-consuming procedure

Dip-stick 24 h Yes Results not rapid enough

ATP-
luminescence

<30 min excluding
sample prep.

Good Simple test, results not rapid enough, pulp
times can interfere with test

TTC,
Indicator
dyes

4–48 h excluding
sample prep.

Good Results not rapid enough, sample
preparation sometimes complicated

Ninhydrin
spray

5 min Fair Rapid amino-nitrogen test (careful; do not
tough spot) not quantitative

Based on Farkas et al. (1987)
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control. The data was modeled with an exponential curve to obtain a specific
fouling rate of 1.27 and 1.03 day−1 for the accelerated and control channels,
respectively. ATP measurements and microscopic analysis indicated the slime
buildup contained both microbial and abiotic components. The new instrument can
be used to optimize microbial control programs in paper mills by providing a
quantitative measure of slime accumulation.

17.6 Biofilm Formation in Paper Systems

A well-known and long-standing problem in paper manufacture is the proliferation
of biological slimes on machinery. Virtually every surface examined in natural,
industrial, and pathogenic ecosystems is colonized by biofilms consisting of
adherent (sessile) bacterial populations enmeshed within a glycocalyx, matrix,
which is defined as a polysaccharide containing material lying outside the cell
(Lawrence et al. 2002; Mattila et al. 2002; Bryers 1990; Brading et al. 1995).
Although many studies on free-living bacteria (planktonic) most commonly isolated
from process waters have been reported (Hughes-van-Kregten 1988; Jung and
Kutzner 1978; Vaatanen and Niemela 1983), relatively few of these have been
concerned with the biofilm environment. Biofilm buildup is characterized by an
increased resistance to biocides, by the development of anaerobic zones, by
structural heterogeneity, and by protection from predative grazing microorganisms
and from desiccation (Lawrence et al. 1994). Some reports relate to the formation of
biofilm in pulp and paper mills (Stoner and King 1994; Väisänen et al. 1994; Wiatr
1990, 1994; Mueller 1994). A few studies have been made on biofilms in the paper
machine environment (Väisänen et al. 1994; Latorre et al. 1991; Nurmiaho-lassila
et al. 1990). Most investigators of biofilm development in engineered systems have
concentrated on enumerating the bacterial population, with relatively fewer studies
considering the possible importance of filamentous fungi in such systems (Nagy and
Olson 1986; Eveleigh and Brewer 1964). Today, much effort is being directed
toward elucidating those features that determine the resistance of bacterial biofilms
towards antibacterial agents.

Although biofilm formation has been studied extensively in natural aquatic
systems, wastewater treatment systems, and medical appliances, only a few studies
have been made on biofilms in the paper machine environment. Work by Väisanen
et al. (1994) has shown that paper machine biofilm has a complicated biological and
chemical structure, which morphologically resembles those of wastewater biofilms,
biofilms in industrial cooling towers and natural river ecosystems. Within the slime,
microbial dominance is dynamic. The microbial composition of the slime is
dependent on its original and subsequent development in the mill system. Slime
formation depends both on a mechanism of inception and on the subsequent con-
ditions for growth of the organisms. The relative importance of a specific species is
difficult to assess, as many factors such as the influence of nutrients (Eveleigh and
Brewer 1964; Humiston 1955; Shema 1955), the presence of specific inhibitors and
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stimulants in woods, and physical conditions can control both its amount and type
of growth. Seasonal changes, slime treatment variations, freshwater recirculation
versus non-recirculation, type of pulp stock, and cleanliness also cause variations in
microflora (Eveleigh and Brewer 1964; Hughes-van and Kregten 1988; Martin
1955). Cell concentrations in biofilms are three to four orders of magnitude higher
than those of planktonic cells. Concentrations of 1012 cells/cm3 are commonly
found within biofilms, whereas the maximum concentration for cells in suspension
is 108–109 cells/cm3. As late as 1987, the biofilms were regarded as
surface-attached microbes embedded in their EPS, growing in a selfish manner and
producing unorganized slime layers on the surfaces (Stoodley et al. 2002). The
current opinion is that biofilm formation is a much more complicated and also a
well-controlled phenomenon. Increasing evidence exists that bacteria possess dif-
ferent growth modes and that cells in biofilms differ profoundly from planktonically
growing cells of the same species (Kuchma and O’Toole 2000; Stoodley et al.
2002). Biofilm formation is a dynamic process that begins with bacterial cells
attaching to, or “colonizing”, a submerged surface and continues until a mature
biofilm develops. The process of biofilm formation can be divided into five stages
—conditioning layer; bacterial attachment; biofilm formation and EPS production,
biofilm maturation and detachment (Brading et al. 1995; Bunnage et al. 2000;
Costerton et al. 1995; Glazer 1991; Marshall et al. 1971; Väisänen et al. 1994;
Werres 1998). The maturation of a biofilm, resulting in the complex architecture
with water channels, is influenced by a number of biological factors and by
hydrodynamic features (Stoodley et al. 2002). The biological factors include
cell-to-cell signaling between the biofilm bacteria, growth rates of the bacteria,
extent of EPS production, motility of the biofilm bacteria as well as possible
competition or cooperation between the bacteria. A mature biofilm with its complex
architecture provides niches with distinct physicochemical conditions, differing,
e.g., in oxygen availability, in concentration of diffusible substrates and metabolic
side products, in pH, and in the cell density. Consequently, cells in different regions
of a biofilm can exhibit different patterns of gene expression (Costerton et al. 1999).
Mixed-species biofilms can contain niches with distinct groups of bacteria having
metabolic cooperation (Kuchma and O’Toole 2000). The EPS matrix of a biofilm
community can also contain microzones with different charge and hydrophobicity
(Wolfaardt et al. 1998). Watnick and Kolter (2000) summarized that a
mixed-species biofilm is a dynamic community harboring bacteria that stay and
leave with purpose, compete and cooperate, share their genetic material, and fill
distinct niches within the biofilm. They stated, “The natural biofilm is a complex,
highly differentiated, multicultural community much like our own city.”

Bacteria in a mature biofilm are far more resistant to antimicrobials (biocides and
antibiotics) than freely swimming cells. Different mechanisms have been proposed
to account for this increased resistance that is most likely multifactorial (Costerton
et al. 1999; Czechowski and Stoodley 2002; Donlan and Costerton 2002; Dunne
2002; McBain et al. 2002; Stoodley et al. 2002; Watnick and Kolter 2000; Whiteley
et al. 2001). EPS may form permeability barriers or make complexes with the
antimicrobials thus interfering with the antimicrobial action. Reactive oxidants may
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be deactivated in the outer layers of EPS faster than they diffuse. Extracellular
enzymatic activity inside the biofilm may be high enough to destroy the antimi-
crobials. Different microenvironments existing at the deepest biofilm layers with
altered pH, pCO2, pO2, cation concentrations, etc., may affect the activity of an-
timicrobials. Bacterial cells of the biofilm phenotype may have reduced suscepti-
bility because of altered cellular permeability, metabolism, or growth rate. Das et al.
(1998) reported changes in susceptibility that were greater than twofold and
occurred immediately on attachment, and also in the presence of biocide concen-
trations which exceeded the minimum inhibitory concentrations for the planktonic
cells. Grobe et al. (2002) quantified the degree of biofilm resistance by calculating a
resistance factor that compared killing times for biofilm and planktonic cells in
response to the same concentration of biocides. The resistance factors averaged 29
for DBNPA, 34 for glutaraldehyde, 120 for chlorine, and 1,900 for a quaternary
ammonium compound. This indicates that data on antimicrobial efficacy obtained
with planktonic bacteria are not reliable indicators of biocide performance against
biofilms. A part of the biofilm resistance could be attributed to incomplete pene-
tration of chlorine, glutaraldehyde and DBNPA due to neutralizing reactions with
EPS. The results also implicated presence of a tolerant subpopulation for the
quaternary ammonium compound.

17.7 Control of Slime

Slime control is necessary in paper and board production to ensure high-quality and
trouble-free operation, without downtime caused by slime-induced paper breaks
and fouling of paper machinery (Safade 1988; Bendt 1971; Bennett 1985;
Blankenburg and Schulte 1997; Huster 1992a, b; Morros 1995; Robertson 1994;
Wiatr 1990; Chaudhary et al. 1998). At the same time, paper manufacturers are
demanding more of their microbial control programs in order to meet higher quality
criteria from customers, face hard competition in the market place, and comply with
tougher environmental legislation. The control of slime problems in paper or board
mills is carried out mainly using chemical substances called biocides. Because of
environmental and legislative demands, several alternative slime control methods
such as enzymes, bacteriophages, introduction of competing microorganisms,
biological equilibrium, and biodispersants have been developed (Gould 1992;
Geller 1996).

17.7.1 Traditional Methods

Regular inspection of all areas, a planned program of frequent and effective boil-
outs, and regularly scheduled washup reduce slime development (Lindvall 2000).
A thorough survey of the particular machine of interest is necessary for determining
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the extent of microbiological problem. In this regard, the key machine profile points
have been noted by Bendt (1971). These include machine chest, head box, white
water storage tanks, save-all, and the wet-end additives. A total microbial count is
performed on the key areas in the wet-end system (Kolari et al. 2003; Goldstein
1987). Information on pH, temperature, number of slime holes, sheet breaks, sheet
shift, count history, flow diagram of the system, and the extent of recycling also
provide a good background for developing a slime control program and monitoring
its effectiveness. Design of the system has a significant impact on the microbial
load. Some of the inexpensive hygienic design practices established in the bio-
processing industry need to be evaluated for use in paper mill operations (Chisti
1992a, b). Simple strategies such as keeping tanks covered and limiting the number
of valves and fitting in the pulping system help reduce contamination. Microbial
activity is relatively easy to control in machines, which use a series of short recycle
loops with save-alls for removing solids from the water (Bennett 1985).
Alternatively, existing effluent treatment plant may be utilized to separate solids
from water. The return of water and sludge serves as a major source of contami-
nation unless these streams are treated. The recycled water could be treated with
either oxidizing or nonoxidizing biocides. Several mills treat the sludge either at the
clarifier or at the holding tank stages.

The deposit control program consists of thorough washing of the machine
whenever there is a shut drawn for maintenance or for other reasons (Lindvall
2000). Hot (80–90 °C) caustic dispersant boilout has been used as an interim
measure for slime control (Lustenberger and Deuber 1991; Baker 1981; Bendt
1971). After circulating the hot caustic solution, the system is flushed with fresh-
water to remove all loosened deposits. The frequency of boilout is directly pro-
portional to the rate of prevention of slime deposits. Deposits are brought down to
tolerable levels by washups and boilouts (Patterson 1986; Kolari et al. 2003).
Boilout can address four major problems: formation of inorganic scales, organic
deposition, microbiological slimes, and removal of general wet-end additives
(Goldstein 1987). Mechanical cleaning and boilout are often impracticable and can
be costly because they usually involve equipment downtime. In addition, the harsh
chemicals used in a boilout can challenge what is often already stressed wastewater
treatment system.

In addition to above practices, the paper industry utilizes various biocides
(Barnes 1984; Bigotte 1979; Blanco et al. 2002; Brattka 1992; Bunnage and
Schenker 1995; Schenker 1996; Camp 1989; Carvalho 1978; Cloete and Brozel
1991; Cloete and Gray 1985; Eriksson et al. 1995; Farkas 1990; Giatti 1993;
Goldstein 1983; Haack et al. 1997; Himpler et al. 2001; Hootmann 2002; Lindvall
1998b; Lustenberger and Deuber 1991; Mobius et al. 1986; Nelson 1982; Palcic
and Teodorescu 2002; Paulus 1993; Purvis and Tomlin 1991; Rantakokko et al.
1994; Scharschmied 1975; Schirch et al. 1993; Stomps 1995; Van Haute 2000;
Weir et al. 1981). On the one hand, these are oxidizing agents such as chlorine
dioxide, hydrogen peroxide, and peracetic acid. Chlorine dioxide and hydrogen
peroxide happen to be the same chemicals that are also usually used for pulp
bleaching. Therefore, it is convenient for facilities employing these bleaching
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agents to add small amounts to the paper machine system as well. The oxidizing
action either kills the bacteria and fungi outright, or it weakens the cell walls so that
they are more susceptible to the main class of biocides. The other class involves
highly toxic organic chemicals. Subclasses of toxic biocides go by such names as
thiazoles, thiocynates, isothiozolines, cyanobutane, dithiocarbamate, thione, and
bromo-compounds (Bunnage et al. 2000). As the names imply, many of them
contain sulfur (“thio”). Grades composed of bleached pulps very often involve a
combination of treatments with oxidizing biocides, supplemented by toxic organic
biocides. The usual recommendation is to treat each of the incoming stream,
including the freshwater, filler slurries, chemical additives and make down streams,
etc. Special attention has to be paid to the starch preparation area since starch is
such a favored food for slime growth. The level of oxidizing agent has to be
monitored at a sufficiently low level that there are not any problems with bleaching
of dyes or decomposition of starch, etc. A possible starting level to consider is a
residual of 1 ppm of active oxidizing agent in the paper machine system. Hydrogen
peroxide, when used as a biocide, is slower to act but longer lasting. As a conse-
quence, it needs to be controlled at a higher level of residual activity in the system.
The toxic organic biocides can be selected based on the temperature of the system
and on the relative needs to control either bacteria or fungal growth. It is common to
cycle the toxic biocide on and off over periods from several minutes to several
hours; by this means it is possible to reach a required threshold of activity and also
minimize the cost of the chemicals. Such practices of intermittent addition need to
be checked to make sure that do not cause excessive savings in first pass retention
or other problems. Certain biocides are known to contain anionic dispersants that
interfere with retention. The residual level of oxidizing chemicals is most conve-
niently estimated by measuring the redox potential of the furnish with a Pt electrode
relative to a standard reference electrode. The effectiveness of a biocide program is
best evaluated with a combination of measurements, including petri-dish cultures of
water, tests for the presence of biological deposits as surfaces, the slipperiness of
wetted surfaces, and the level of smells within the facility. Biocides have become an
indispensable part of paper production particularly because modern process and the
water supply conditions in most plants greatly promote the growth of microor-
ganisms. In many mills, trouble-free working with largely closed water circuits and
continuous production of coated papers and boards has been made possible only by
the systematic use of slimicides and preservatives. Since the different types of
microorganisms have varying degree of resistance to biocides, there is no single
preparation, which can solve all the preservation problems occurring in the paper
industry. The properties demanded of biocides, in addition to high activity and
cost-effectiveness, also vary according to their specific field of application. Biocides
must be used in concentrations that do not disturb the papermaking processes, even
if they are added in massive doses. The products must be compatible with the many
auxiliaries used in papermaking. Furthermore, biocides must have low toxicity and,
in particular, low ecotoxicity, and no appreciable amount must be present in the
finished product, so that the paper can also be used in food packaging. Preservatives
for coating mixes, filler suspensions and sizes, and active ingredients for the
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antimicrobial finish of paper and board have to meet stringent requirements with
regard to the absence of color and odor, compatibility and physiological harm-
lessness in their use concentrations.

Chlorine dioxide has several strong points in its favor as a paper mill slime and
odor control agent (Baker 1981; Giatti 1993; Nelson 1982; Anonymous 1990b). As
a strong oxidizing agent, it provides broad-spectrum kill of microorganisms. Many
mills alternately apply several types of biocides to avoid developing resistance by
certain troublesome microorganisms to a single product. This possibility is elimi-
nated with oxidizing type of chemical. It performs well over a broad pH range. This
is important in mills that operate paper machine system at different pH levels,
whether because of the paper grades produced or because sizing changes have
raised the pH in the papermaking processes. Chlorine and some nonoxidizing
biocides drop off in performance in alkaline pH environment, but chlorine dioxide
does not. Effective dosages are generally low, making chlorine dioxide programs
cost competitive with other biocides. Low usage rates can result in cost reduction
for effective slime control and greatly reduce the potential harmful effects to the
environment from the mill effluent water. Chlorine dioxide provides a rapid kill of
slime-forming microorganisms by the mechanism of interrupting protein synthesis.
Processing equipment such as screens, with high water flows and short contact
times, can be kept free of slime buildups by the quick kill rates of Chlorine dioxide.
An improved slime control program utilizing chlorine dioxide improves the quality
of paper products by reducing defects such as slime specks, spots, and holes in the
sheet. Removal of these defects reduces sheet breaks and avoids subsequent pro-
duction losses. Chlorine dioxide does not form considerable reaction products with
other chemical substances that are associated with use of chlorine dioxide. Chlorine
dioxide does not react with ammonia and most ammonia-nitrogen compounds. It
can be used for controlling odors. Malodors caused by microbiological growths,
phenols, sulfides, or mercaptons are destroyed by chlorine dioxide. The use of
chlorine dioxide has eliminated time-consuming microbiological testing. Chemical
spot testing for chlorine dioxide at various points in the system is easily done and
can be used to make adjustments in the treatment program to compensate for
demand changes. This permits slime control by chemical control.

In western countries, increased public consciousness regarding environmental
issues has led to strict regulations on the use of biocides (including slimicides). New
microbiological control agents are being developed and research is going on all the
time to find the ideal eco-friendly microbial deposits control program. One option
being investigated is an equilibrium blend of peroxyacetic acid and hydrogen
peroxide as part of an integrated microbial control package. This approach can
provide a solution to the problem of residual toxicity associated with conventional
programs and synergy has been demonstrated upon using the combination
approach. Hydrogen peroxide is not a powerful biocide at low temperatures or low
concentrations, but it does exhibit a strong biostatic effect inhibiting growth of
many microbiological species (Chiari et al. 1990; Rantakokko et al. 1994; Schirch
et al. 1993). It has been used as a sterilant for aseptic packaging for milk and fruit
juice containers. It has also been used to control anaerobic bacteria in the paper
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industry. Hydrogen peroxide is used often in conjunction with peroxyacetic acid,
existing in an equilibrium mixture engineered to specific formulations to achieve
the greatest effectiveness for paper industry applications. Peroxyacetic acid is an
extremely powerful, fast acting biocide having broad spectrum of activity over a
wide temperature range (below °C to above 100 °C). Although claimed as an
oxidizing biocide, the mode of activity is not simply oxidation, as the molecule
penetrates the cell wall to give a greater effect than pure oxidation. There is also no
known immunity to peroxyacetic acid, provided sufficiently high active levels are
maintained. Peroxyacetic acid has long been used in sewage treatment and in the
sugar, dairy, and brewery industries as well as for medical sterilization for renal
dialysis machines. Once reacted, it breaks down to nontoxic end products—water,
oxygen, and acetic acid—which itself breaks down to CO2 and H2O. It is
non-foaming and can reduce chemical and biological oxygen demand in effluent.
The active ingredients can be easily monitored using proprietary electro-optical
measuring equipment, giving parts per million concentrations within seconds. The
chemistry does have some limitations. It is less successful against organisms with
thicker cell walls such as filamentous bacteria and molds. Certain system chemis-
tries—for example, high levels of carbonate filler—can mean that higher dosage
rates are required to effect control. The control program has been used successfully
in U.K. Paper New Thames Mill, Kant, England (Bhattacharjee and Farr 1977).

Glutaraldehyde, a broad-spectrum biocide, is effective against the bacteria-yeast
and mold present in papermaking systems and useful in preventing the formation of
slime in all the areas of the papermaking process (Purvis and Tomlin 1991). It is
found to be readily biodegradable and is effective against the aerobic and anaerobic
microorganisms including sulfate-reducing bacteria. It is fully compatible with
commonly used wet-end additives and greatly reduces the level of microorganisms
in both acidic (pH 5.3) and alkaline systems. It is found to show more than 90%
reduction at 25 ppm and essentially complete kill at 50 ppm in ASTM (American
Society for Microbiology) paper slimicide test. It is also able to drastically reduce
the level of sulfate-reducing bacteria present in the solutions at any time point.

Over the past several years, a number of new oxidant products have entered the
market place (Bruce 2003; Thomas 1999). These products consist of halogens,
bromine and/or chlorine, combined with an organic or inorganic carrier. One key
advantage to combining the halogen is that it can often reduce the negative impact
of the oxidant while maintaining its biocidal properties. The idea of combining a
halogen with another molecule so that halogen is less aggressive but still biocidal is
nothing new. In the 1930s and 1940s, mixing bleach (or chlorine gas) with
ammonia to make chlorammonia for microbiological control in papermaking sys-
tems was very common. Even though chloramines treatment was often touted as
being more effective than chlorine, eventually the chemistry was abandoned. Some
of the reasons for abandoning chloramines treatment were increased corrosion and
increased microbiological activity presumably due to the ammonia, a good source
of nitrogen for bacteria. In the 1960s and 1970s, bleach in combination with sul-
famic acid (chlorosulfamate) was proposed as a biocide with low reactivity to
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process equipment and chemistries. However, the product never obtained com-
mercial success in paper probably due to the weak biocidal activity of
chlorosulfamate.

In the past several years, interest in using combined halogens has been rejuvenated
(Bruce 2003). Papermakers are currently using a number of combined halogen
products for microbiological control in papermaking systems. The various trade
names often make it confusing to determine the number and nature of the products
available. In reality, papermakers currently use only four types of chemistries,
hydantoin, sulfamate, ammonia/ammonium, and isocyanurate. Hydantoin group
consists of bromine, chlorine, or both attached to a hydantoin molecule.
Halohydantoins are not very stable in liquor form so they aremanufactured and sold as
a solid product either as powder, granules, or briquettes. Feeding halohydantoins
requires the use of a powder feeder or a brominator. A brominator consists of a vessel
with granules or briquettes. Water flows through the vessel, dissolves product, and is
sent to the process. Powder feeders work bymaking a slurry and delivering that slurry
to the process. Once in the process, the product completely dissolves. Sulfamate group
consists of bromine or chlorine attached to a sulfamate molecule. Unlike the halo-
hydantoins, halosulfamates can be manufactured as stable liquid products. Currently,
only bromosulfamate is used for paper mill water treatment. Chlorosulfamate is used
in some cooling tower applications.Ammonia/ammonium can be generated bymixing
chlorine or bleach with ammonia or an ammonium salt. The two can be mixed in the
process water or premixed before application to the process water. Like halohydan-
toins, these types of haloamines cannot be manufactured as stable liquid products.
Recently, bleach in combination with ammonium bromide has been introduced as a
way to produce a new haloamine oxidant. Isocyanurate group consists of chlorine
attached to an isocyanuratemolecule. However, sodium bromidemay also be present,
allowing for the formation of hypobromide. Like halohydantoins, halocyanurates are
produced in solid from. One halocyanurate product, which is applied using a spe-
cialized power feeder, has enjoyed commercial success in cooling tower applications
and utilities, but has seen only limited application in paper.

Potential benefits of combined halogens are: persistence, increased efficacy in
high oxidant demand systems, better slime penetration and removal, better com-
patibility with papermaking chemistries, and with papermaking equipment.

Bromochloro dimethylhydantoin (BCDMH) has been found to be cost-effective,
fast-acting biocide, fully compatible with the conditions found in modern paper man-
ufacturing practices. It offers the paper manufacturer a unique solution to microbio-
logical problemsbyovercoming thedisadvantages of traditional nonoxidizingbiocides.
The product is proven to be three times more effective toward filamentous bacteria
selectively found in papermachine freshwater and slime deposits. Knapick et al. (2003)
have reported theuse ofbrominatedmethylethylhydantoin in a tissuemill led to reduced
costs, improved safety, greater selectibility, low biological costs, and less corrosion.

A new Biocide—Spectrum® Ammonium Bromide Technology has been laun-
ched by Hercules Pulp and Paper Division that effectively controls microorganisms
in alkaline systems without the adverse side effects associated with strong oxidizing
biocides (Personal communication). The new biocide, which degrades into inert
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compounds before effluent discharge, is produced on-site by blending an ammo-
nium bromide solution with sodium hypochlorite and mill freshwater. Dedicated
blending and dosing effluent ensures safe, consistent production of the biocide.

A new biocide system for use in paper production has been developed (Hootman
2002). It is based on the reaction of ammonium bromide and sodium hypochlorite.
The two inorganic reagents combine to form an oxidizing biocide. Unlike con-
ventional biocides, the new system does not require limited life stocks to be held.
Instead, it is dosed into circuits at rates that can be varied for different chemical
oxygen demand (COD) levels. The in situ system is effective against slime-forming
and sulfate-reducing microorganisms as well as molds and algae. Two-year mill
trials confirm wet-end biocide treatment improves runnability, reduces the inci-
dence of holes and spots in finished paper, and reduces hydrogen sulfide levels. The
trials covered closed-loop production of unbleached liner from 100% waste paper
as well as mills producing high-quality bleached graphic papers from chemical
pulp. The in situ biocide does not affect adsorbable organic halogen (AOX) and
there is no accumulation of active biocide or of byproducts.

An entirely new class of antimicrobial chemistry has been registered with EPA
for use in papermaking, based on the biocidal molecule—TetrakisHydroxymethyl
Phosphonium Sulfate (THPS) (Haack et al. 1997). The most outstanding charac-
teristic of THPS is its ability to combine broad-spectrum antimicrobial efficacy with
a relatively benign human and environmental toxicity profile. THPS biocides are
classified by DOT as nonhazardous, and they have very low acute toxicity in the
environment. In addition, THPS degrades rapidly on discharge to a molecule that is
virtually nontoxic, thereby minimizing the risk of pollution and/or harm to bio-
logical effluent treatment (BET) plants. THPS biocides are fast acting and offer
excellent activity against slime-forming microorganisms, sulfate-reducing bacteria,
and biofilms. The non-foaming THPS molecule can be monitored on-site with a
simple and rapid titration procedure to ensure proper dosing levels. As an illus-
tration, Table 17.5 shows effect of THPS against Enterobacter aerogenes and SRB.
Laboratory tests indicated up to 200 ppm of THPS formation could safely be dosed
to the paper mill without adversely affecting the BET plant (Haack et al. 1997)
(Table 17.6). This indication was substantiated during the plant trial. The plant trial
confirmed that microbial control could be achieved in the process at a dose rate of
only 9.6 ppm THPS (as active ingredient). Hydrogen sulfide levels were controlled
at acceptable levels. There were no detrimental effects in the BET plant.

Biocides possess different mechanisms of antimicrobial activity. Glutaraldehyde
reacts with amino and thiol groups in proteins causing irreversible cross-links in the
cellular constituents (Paulus 1993). In Gram-negative bacteria glutaraldehyde inter-
acts principally with outer components of the cells, notably lipoproteins (Maillard
2002). High degree of cross-linking means that the cells are unable to perform their
essential functions, resulting in bactericidal effect. BCDMH (1-bromo-3-chloro-
5,5-dimethylhydantoin) is not biologically active as such, but its rapid hydrolysis
yields hypobromic and hypochloric acids (Kemira Chemicals Oy 2003).
Glutaraldehyde and oxidizing biocides are effective also against bacterial spores
(Paulus 1993). Methylene bisthiocyanate (MBT) chelates Fe3+ ions are essential for
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the microbial growth. Isothiazolones (5-chloro-2-methyl-4-isothiazolin-3-one and
2-methyl-4-isothiazolin-3-one in a mixture) and 2,2-dibromo-3-nitrilopropionamide
(DBNPA) are electrophilic active compounds reacting with cytoplasmic constituents
such as thiol groups of proteins, thus inhibiting cellular metabolism (Millard 2002;
Paulus 1993). Bronopol (2-bromo-2-nitro-propane-1,3-diol) also contains an active
halogen group, but can release formaldehyde as well (Paulus 1993). Dazomet
(3,5-dimethyl-1,3,5-2H-tetrahydrothiadiazine-2-tion) is rapidly hydrolyzed in water
to methylene isothiocyanate (Kemira Chemicals Oy 2003), but can also release
formaldehyde (Paulus 1993).

U.S. STERILES developed “Ecofriendly Slimicide for Pulp & Paper” especially
for paper mill industries http://www.ussteriles.com/paper-industries-chemical/. It is

Table 17.5 Effect of THPS against Enterobacter aerogenes and SRB

Enterobacter aerogenes

THPS concentration (ppm a.i.) Surviving bacteria per ml after stated exposure
timea

2 h 6 h 24 h

0 (control) 2.3 � 105 1.3 � 105 1.9 � 106

15 4.0 � 104 1.0 � 100 0

37.5 1.0 � 100 1.0 � 100 0

75 0 0 0

150 0 0 0

SRB

THPS concentration (ppm a.i.) Surviving SRB per ml after stated
exposure timeb

6 h 24 h

0 (control) 8.8 � 106 1.4 � 107

10 1.1 � 105 1.4 � 107

25 2.0 � 100 0

50 0 0

100 0 0
aThe initial bacterial level was 1.8 � 106
bThe initial SRB level was 2.0 � 106

Based on Haack et al. (1997)

Table 17.6 Efffect of THPS on activated sludge in the biological effluent treatment plant

THPS dose (ppm) Oxygen demand (% O2/min)

0 (control) 40

100 44

200 39

300 20

Based on Haack et al. (1997)
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a multicomponent complex formulation of high-concentration hydrogen peroxide
and silver in cationic form. It possesses a very broad spectrum of anti microbial
activity on a wide range of microorganisms such as Gram-positive and
Gram-negative bacteria, slime, E. Coil, bacteriophages, legionella, salmonella,
fungi, yeast, viruses, spores, and biofilms. It does not develop any resistance. It is
highly effective on sulfate-reducing bacteria thereby even stainless steel bio cor-
rosion is prevented. It is nonpolluting. It is odorless, nontoxic, nonstaining, totally
chlorine free and can be used universally.

Biocides are generally toxic with low biological selectivity. Some like DBNPA,
isothiazolone mixtures, glutaraldehyde, and MBT are also sensitizing (Kemira
Chemicals Oy 2003; Paulus 1993; Pirttijärvi 2000). Many of the currently used
biocides such as peracetic acid, hydrogen peroxide, BCDMH, DBNPA, glu-
taraldehyde, or isothiazolone mixtures are reactive molecules that are rapidly (bio)
degraded to nontoxic molecules.

Thus, these biocides are not detrimental for the biological wastewater treatment
processes and are not persistent (bioconcentrated) in the environment (Kemira
Chemicals Oy 2003; Paulus 1993).

17.7.2 Use of Enzymes for Control of Slime

Enzymes are biologically produced nonliving proteins that act as a catalyst.
A catalyst effects the rate of a chemical reaction, generally accelerating it, but is not
altered or consumed by the reactions, so they can perform the same reaction
repeatedly. Enzymes have been evaluated in both the laboratory and in paper
process streams for control of microbiological slime deposits (Anonymous 1984,
1990a; Anstey et al. 1998a, b; Fischer and Baurich 1999; Freis 1984; Galon 1997;
Gould 1998; Hagelsieb et al. 1996, 1999; Hart 2001; Jaquess 1994; Kanto and
Brutar 1996; Kupfer and Baurich 1999; Lindvall 1998b; Siika-aho et al. 2000;
Schuetz and Wollenweber 1999; Van Haute 1997b; Benard 2010; Rivera and Jara
2007; Loosvelt and Datweiler 2007; Xu 2005; Paice and Zhang 2005; Buchert et al.
2004). Enzymes are composed of one or more polypeptide chains consisting of
amino acids, with molecular weights ranging from around 10,000 to a million or
more. Published molecular weights for the more common industrial enzymes—a
amylases, cellulases, lipases, proteases, and xylanases range from around 20,000 to
250,000 Da. The structure and function of enzymes are determined by the sequence
of aminoacids in the polypeptide chain(s) which leads to one of the most important
characteristic of enzymes—their specificity, i.e., can catalyze one particular reaction
on a particular substrate without effecting other elements. This specificity can be
pictured like a lock and key where polypeptide chains fold and arrange in such a
way as to form a unique binding active site for the substrate. The chemical reaction
occurs at this active site. Enzymes have been used for several years in the food,
beverage, and pharmaceutical industries, but have had limited use and acceptance
until recently in the pulp and paper industry. The accepted theory behind slime
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control with enzymes is that the enzymes degrade extracellular polysaccharides by
cleaving a specific bond in the EPS, thus dissolving the slime. Once the slime has
been digested away, the cells are then directly exposed to the biocides, which is
now effective at lower concentration. The slime, which is a fructan polymer, is
broken down to monomers by carbohydrase type of enzymes. There are two types
of enzymes involved in degradations of fructans—hydrolases and transferases. The
hydrolytic enzymes, according to their mode of action are either endo- or
exo-enzymes, producing a homologenes series of oligofrucans or only fructose,
respectively. The transferases, on the other hand, split off fructose dimers and by
simultaneous transfructosylation give rise to difructose anhydride. Levan in liquid
systems is generated by various forms of bacteria, most of which are attached to
surfaces. Levanases from Streptomyces, Bacillus, and Rhodotorula have been
purified and their molecular weights are found to be 54, 135, and 39 KDC,
respectively. The enzymes of Streptomyces sp. no. 7-3 and Streptomyces exfolratus
F3-2 have been found to hydrolyze levan to produce levanbiose. Levanase from
Bacillus sp. produces levanheptose as the predominant product. It begins forming
when colonizing bacteria cement to a surface and creates a biofilm by covering
themselves with layers of levan polysaccharides. This creates a protective niche that
covers the cell completely. It eventually grows into the large, complex slime
deposits—by trapping fines, fibers, matforming organisms, and general debris—that
create productivity problems for paper mills. The use of enzymes in the control of
microbiological slime deposits, particularly EDC-1 (enzymatic deposit control) has
proved useful under modern mill conditions (Hatcher 1983; Grussenmeyer and
Wollenweber 1992, 1993). EDC-I is an enzyme that hydrolyses and depolymerizes
the fructose polysaccharide levan, which has been identified in paper mill slime
(Colasurdo and Wilton 1988). It has been patented by Economics Laboratory
(Hatcher 1973). This enzyme is produced during an aerobic fermentation of a
common nonpathogenic, nonspore-forming soil bacterium. The product is envi-
ronmentally safe and has no effect on the operation of activated sludge effluent
plants. Obviously, personal safety is greatly enhanced through the use of an enzyme
product rather than conventional toxic biocides. The enzyme does not require any
special handling, is nontoxic, does not emit dangerous fumes and is not corrosive.
Spills can be flushed away with water. Once the system has been charged with
EDC-I, the enzymes will continue to work until they are inactivated by the natural
forces in the system. The exact period for which the enzyme is stable depends on a
number of factors peculiar to any paper machine system, including the temperature
and pH profiles as well as any other additive. EDC-I has been successfully applied
in systems with wide range of temperature and pH. It is used by paper mills in U.K.,
Scandinavia, Japan and U.S.A. Applications have been on machines producing
writing and printing, fine paper grades, and paperboards.

The combination treatment of enzyme and selected biocides has a significant
effect on cell survival. In all cases, the combination treatment resulted in signifi-
cantly greater population reduction compared to use of the biocide alone at the same
concentration (Ferris et al. 1989). The enzyme alone showed no cidal or static
effects. Further, it was shown that on application of enzyme (0.10 kg/metric ton) on
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machines producing printing grade paper, the biocide concentration could be
reduced from 0.15 to 0.02 kg/metric ton (Ferris et al. 1989). The amount of biocide
was reduced to *15% of what had been employed prior to using the enzyme.
A similar level of reduction in biocide concentration was achieved in the white
water system of a paper mill when an enzyme preparation was deployed (Hatcher
1983). Patterson (1986) has reported that with the use of enzyme, the concentration
of biocide may be reduced by 50% and slime breaks are reduced from three per day
to three per month. Similarly Colasurdo and Wilton (1988) noted that with the use
of an enzyme preparation at SONOCO Products Co., Hartsville, U.S.A., the slime
breaks were virtually eliminated leading to increased productivity. The Levanase
enzyme produced by Rhodotorula sp. has been found to reduce the needed biocide
concentration by 25% without adversely affecting the paper properties (Chaudhary
1992). Despite the strong indications that exopolysaccharides are involved in
adhesion, enzyme digestion has tended to show that proteases are more effective
than carbohydrate-degrading enzymes in removing bacteria from surfaces.

Microorganisms have cell walls, which confer rigidity, and, if the cell wall is
removed in some manner, the cell usually dies because of lysis resulting from
osmotic balance. Cell walls in microorganisms are composed of substances such as
cellulose, chitin, mucopeptide and b-1,3-glucan. In addition, many organisms have
capsules, slime layers or other surface components, which are polysaccharides or
proteins attached to the outside of the rigid layer or interdigitated with it, conferring
additional rigidity and/or protection. Enzymes are known, which will attack all of
these polymers. The application of lytic enzymes with gluconase and protease
activity in paper machine process water to destroy microbes causing precipitates
and/or forming slime and/or adversely affecting product quality, has been advo-
cated. Enzymatic dispersion of biological slimes has been claimed for a
pentosanase-hexosanase enzyme, Rhodozyme HP-150. This enzyme is particularly
effective in treating industrial waters used in the operation of cooling towers to
disperse slimes and slime-forming masses within such waters to prevent the deposit
of such slimes on the heat exchange surfaces of cooling towers and surface asso-
ciated with such units. Orndorff (1983) in his patent has described a method of
killing and inhibiting the growth of microorganisms in industrial process streams
using peroxidase- or lacasse-catalyzed oxidation of various phenolic compounds to
generate microbial oxidation products, e.g., poisonous quinines.

Enzyme-based antislime—Betzdearborn’s Spectrum has been developed in
response to such pressures of the European biocides Directive ecolabelling, ISO
1400 and mill water system closure. It has now become available in the market and
among its tool kit of products is a gluconase enzyme, which catalyzes the attack of
glucose, which represents a significant proportion of the polysaccharides in the EPS
on paper machines. In addition, formation of this troublesome polysaccharide
coating is inhibited by new and nonenzymatic materials in Spectrum, which
interfere with slime formation mechanism.

The use of a blend of enzymes has been shown to be more effective in treating
microbially produced extracellular polysaccharides in cooling water and in paper-
making broke water than the use of a single enzyme. The composite enzyme system
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tested consisted of cellulase, a-amylase, and protease. Some manufacturers and
service companies assert that the enzymes available are too species-specific and can
be used only on a smaller scale or as a supplement to conventional biocidal
methods.

Verhoef et al. (2005) showed the presence of the EPSs colanic acid in several
different paper mills from Spain and Finland. Colanic acid is commonly known to
be produced by several members of the Enterobacteriaceae family. Later, these
researchers described the characterization and partial purification of a novel b(1,4)-
fucanosyl hydrolase that causes a 100% conversion of colanic acid to its corre-
sponding hexasaccharide repeating unit. Furthermore, enzymatic research showed
new insights in the O-acetylation pattern of colanic acid. The fucoside hydrolase
purified was an endo acting, hydrolytic enzyme cleaving colanic acid between the
two adjacent fucopyranosyl residues present in the backbone of colanic acid
resulting in the formation of single repeating units with varying degrees of
O-acetylation. Kinetic studies and substrate modifications revealed that the affinity
of the enzyme for colanic acid is based upon electrostatic and hydrophobic inter-
actions and that removal of the O-acetyl moieties results in an increase in catalytic
activity.

Torres et al. (2011) tested 17 commercial enzymatic products on biofilm formed
by the flora present in the process water obtained in the sheet forming zone of the
wire section from a 100% recycling paper mill using mixed recovered paper as raw
material and producing paper for board. The results showed that Pectinex Smash®

and its fraction Novoshape® were the best formulations in the prevention of biofilm
formation (having in common that they are both principally composed by the pectin
methylesterase). Pectinex Smash® has a mixture of pectynolitic activities and
Novoshape® is an enzymatic solution of a microbial pectin methylesterase (PME,
E.C.3.1.1.11). The gene encoding of the esterase enzyme is derived from fungus
Aspergillus aculeatus, and is transferred into a strain of the food-grade organism
Aspergillus oryzae for commercial production. The NovoShape preparation has a
declared activity of 10 PEU/ml and an optimal temperature of 50 °C (data provided
by the manufacturer). This enzyme belongs to the carbohydrate esterase family,
catalyzes the hydrolysis of methyl ester groups and has high specificity for pectin
substrates, property widely used in food industry and in plant science.

The use of a mixture of enzymes has been found to be more effective in treating
microbially produced extracellular polysaccharides in cooling water and in paper-
making broke water than the use of a single enzyme. The composite enzyme system
tested consisted of cellulase, alpha-amylase and protease. According to some
manufacturers and service companies, the enzymes available are too
species-specific and can be used only on a smaller scale or as a supplement to
conventional biocidal methods.

Weyerhaeuser Inc., Dryden, ON, a fine paper mill in Northern Ontario, Canada
put an increased emphasis on paper machine shutdown cleaning and deposit con-
trol. This helped the mill to substantially reduce breaks and increase efficiency
(Daignault and Jones 2003). A coordinated chemical deposit control program was
supplemented by cleaning programs focused on difficult to reach areas which were
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suspected as possible contributors to breaks. The big breakthrough in starch system
cleaning has been the introduction of enzyme-cleaning products. The enzyme used
is amylase, an enzyme that breaks down the starch deposits and thus allowing them
to be easily washed away. The enzyme is so powerful and persistent that it is
necessary to deactivate the enzyme with hypochlorite or peroxide after the cleaning.
The Dryden mill has used the starch enzymatic cleaner for the last few years with
very good success. In the early enzymatic starch cleanings, the system was found to
have leaks after the enzyme boilout. Starch deposits that had plugged the leaks were
completely cleaned away. In addition to the enzymatic cleaning, regular caustic
cleanings of the system were done. These were found to be effective but do not
match the enzyme cleaning. The size press area itself is cleaned with hot water.

The lytic activity of biological catalyst enzymes reportedly prevents biofilm
formation. Steve patented a method that implemented plant dehydrogenase en-
zymes such as peroxidase and laccase to kill or inhibit the growth of microor-
ganisms in industrial processes (Steve 1983). Similarly, studies were proposed to
use microbial or plant enzymes in the presence of oxidants to degrade the bacte-
rially produced polysaccharides in biofilms (Ratto et al. 2001; Jedrzejas 2000).
A new group of biocides based on the cell-wall lytic enzymes obtained from
microorganisms, such as b-1,3-glucanases, chitinases and proteases, attack bacte-
rial, fungal, and yeast cell walls (Stepnaya et al. 2008; Shastry and Prasad 2005;
Bar-Shimon et al. 2004; Nagaraj Kumar et al. 2004; Brito et al. 1989; Cotrino and
Ordonez 2011; Bajpai 2015).

Klahre et al. (1998) however report poor performance of enzymes alone in
antifouling efforts in paper mills, particularly in long-term applications. The
enzymes themselves are rapidly degraded by extracellular proteases. Brisou (1995)
already showed that there were a vast variety of target structures that enzymes had
to interact with, indicating that there is no single enzyme or enzyme mixture to
effectively remove biofilms.

The specificity in the enzymes mode of action makes it a complex technique,
increasing the difficulty of identifying enzymes that are effective against all the
different types of biofilms. Formulations containing several different enzymes seem
to be fundamental for a successful biofilm control strategy. Basically, proteases and
polysaccharide hydrolysing enzymes may be useful (Meyer 2003). Moreover, the
use of enzymes in biofilm control is still limited due to the low prices of the
chemicals used today compared with the costs of the enzymes. In fact, the tech-
nology and production of these enzymes and the enzyme-based detergents are
mostly patent-protected. Moreover, the low commercial accessibility of different
enzyme activities limits their current usage (Johansen et al. 1997).

Orgaz et al. (2006) in their study on biofilm removal, concluded that on biofilm
removal of Pseudomonas fluorescens, the enzyme pectin esterase produced by
Trichoderma viride (which belongs to the same family as pectinese methylestear-
ase), could possibly deacetylate a polysaccharide in the biofilm matrix, making it
softer and possibly more porous (Orgaz et al. 2006, 2007). Many microbial EPS
have different substituent groups as ketallinked pyruvate or ester-linked acetyl
groups. The removal of acyl groups, especially the acetate, can significantly affect

17.7 Control of Slime 401



the physical properties of polysaccharides. The removal of one of the substituents
such as the acetyl group, in particular the acetate, influences the physical properties
of EPS (Sutherland 1999). Several fungi can degrade complex plant cell-wall
material, by secreting a large variety of enzymes. This versatility makes commercial
polysaccharide-degrading enzyme mixtures have a widespread use in multiple
fields, such as fruit processing (McKay 1993) or wastewater treatment (Wesenberg
et al. 2003). They could also be used to degrade bacterial biofilm matrices or
prevent and control the formation of biofilm in the piping system of the paper mill
wastewater. Due to the EPS heterogeneity, a mixture of enzymes might be nec-
essary for efficient biofilm degradation.

Leroy et al. (2008) and Molobela et al. (2010) have reported that proteases, and
particularly serine proteases are most efficient in removing Pseudoalteromonas and
P. fluorescens biofilms. Lequette et al. (2010) showed that serine proteases were
efficient in removing B. cereus biofilms while glycosidases were efficient on
P. fluorescens biofilms when used as a mix of a- and b-polysaccharidases.
Marcato-Romain et al. (2012) characterized biofilms from the paper industry and
evaluated the effectiveness of enzymatic treatments in reducing them. The EPS
extracted from six industrial biofilms were studied. EPS were mainly proteins, the
protein to polysaccharide ratio ranged from 1.3 to 8.6 depending on where the
sampling point was situated in the papermaking process. Eight hydrolytic enzymes
were screened on a 24-h multispecies biofilm. The enzymes were tested at various
concentrations and contact durations. Glycosidases and lipases were inefficient or
only slightly efficient for biofilm reduction, while proteases were more efficient:
after treatment for 24 h with pepsin, Alcalase1 or Savinase1, the removal exceeded
80%. Savinase1 was tested on an industrial biofilm sample. This enzyme led to a
significant release of proteins from the EPS matrix, indicating its potential effi-
ciency on an industrial scale.

17.7.3 Biological Equilibrium

A process has been invented, which works wholly or largely without biocides on
the principal of natural biological equilibrium (Oberkofler 1987, 1989, 1992,
Oberkofler and Braunsperger 1994; Braunsperger et al. 1996). The reduction of
chemical deposits and efficient system cleaning is achieved with the aid of con-
trolled bacterial activity. This process uses nontoxic modified lignosulfonates with
specific components (chelating agent different from those commonly used in
papermaking). The objective of the lignosulfonate treatment is to maintain the
organisms and the suspended matter in the white water in a colloidal state thereby
preventing the bacteria from agglomerating and forming deposits. The bacteria,
which carry a net negative charge, adhere to the modified lignosulfonate. As the
bacteria digest the organic substances within the colloids, the material becomes
more flocculant. The lignosulfonate, which is water soluble, is drained off on the
wire press, whereas bacteria enter the finished paper. The process allows
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biocide-free operation and is applicable to all paper grades. Counter-indications are
open water systems, unbleached kraft pulp, use of recycled fibers, and an increase
in organic matter.

Bimogard, produced by BIM Kemi AB, has been employed since 1991, as a
biocide-free slime control agent (Anonymous 1986; Bjorklund 1999, 2000, 2001a,
b, 2002a, b; Gavelin 1996). It is based on modified lignins and surfactants. It works
by first cleaning surfaces and thus reducing the adhesion of bacteria and by
reducing microorganism activity by inhibiting the production of extracellular
polysaccharides and reducing bacterial growth and spore formation. The Bimogard
system, which resembles the Biochem Process (Morros 1995), is claimed to be the
first completely biocide-free slime control system in Europe. Several Bimogard
systems are in operation on paper machines for newsprint, lightweight coated fine
paper, tissue, greaseproof paper, and paperboard. Reports from the mills indicate
that the system has brought about significant improvements in efficiency. For
example, the hole frequency drops, the time between washups increases, cleaning is
easier and there are fewer wet-end breaks and therefore lower broke production.
This slime control has been successfully used in low as well as neutral to high pH
conditions, and at small, old as well as large, modern, fast-moving paper machines.
It is also used as intermittent board machines in pulp mills. The cost for using
Bimogard for slime control is the same or, most often, less than using biocides. The
bacterial count is usually 105/ml–107/ml in mills using Bimogard. Most of these
bacteria are harmless and die in the drying section without causing slime problems.
Unlike biocides, it does not trigger bacterial defence mechanisms. Table 17.7
shows the effect of Bimogard on the amount of EPS after introduction to a mill
previously using biocides. It can be clearly seen that the amount of EPS decreases
after introduction of biocide-free slime control in paper mill using 100% DIP.

A new biochem method for closed water systems from PETROMONTAN uses a
multifractionated and modified lignosulfate called Petrodis (Anonymous 1986). It
reduces the need for biocides when added to the system and leads to better func-
tioning of the paper machine because of reduced chemical scaling and more

Table 17.7 Effect of Bimogard on EPS after introduction to a mill previously using biocides

EPS (mg/g)

Sample Before
introduction of
Bimogard

2 weeks after
introduction of
Bimogard

4 weeks after
introduction of
Bimogard

16 weeks after
introduction of
Bimogard

Deposit from
section under
forming roll

13.0 6.1 5.5 0.0

Backwater 6.3 3.1 1.2 0.0

Process water
from wire pit

3.8 1.3 0.0 0.0

Freshwater 0.0 0.0 0.0 0.0

Based on Bjorklund (2001b)
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efficient biological control, reduction of toxic substances in the system and in the
effluent. It is safer for workers, more efficient, and reduces costs for the control of
slime and scale.

17.7.4 Biodispersants

Biodispersants offer an ecologically attractive method of controlling slime in the
pulp and paper industry by eliminating or reducing the needs for biocides (Anstey
et al. 1998a; Blankenburg and Schulte 1999; Gould 1998, 2001; Pauly 2001;
Robertson and Taylor 1994; Saner 1998; Stenqvist 1992; Van Haute 1997a, b,
1999; Weisshuhn et al. 2000; Wright 1997). Biodispersants dissolve and disperse
deposits, preventing the biofilm from reestablishing itself. Conventional wisdom
has held that dispersants act as biopenetrants opening the biofilms and allowing
biocides to penetrate the exopolysaccharides. There are additional claims that dis-
persants facilitate penetration of biocides into the cell or that they trigger sloughing
of biofilms. Biodispersant technology is based on nonionic polymers, which are
nontoxic, non-foaming, colorless, and free of organic solvents. Because of their
nonionic character, they will neither increase the system anionicity nor interfere
with other papermaking chemicals. Biodispersants have no pH limitations and are
suitable for use in both acidic and alkaline papermaking. The nonionic products,
which have seen large-scale commercial use, fall into four general types, i.e.,
alcohol ethoxylates, alkylphenol ethoxylates, polyoxyethylene esters, and poly-
oxyethylene–polyoxypropylene derivatives. The latter are mixed polymers with
hydrophobic groups derived from propylene oxide, further reacted with ethylene
oxide until the desired properties are attained. Ordinarily they are of rather high
molecular mass, often with much more than the usual 8–15 molecules of ethylene
oxide characteristics of the other nonionics.

Buckman Laboratories have developed neoteric programs, which are specifically
designed for use in preventing and slowing the development of deposits in paper
machine systems (Van Haute 1999; Hart 2001; Koopmans and de Vreese 2002).
These programs have been successfully being employed in acidic, neutral, and
alkaline conditions and in the manufacture of all types of paper, paperboard, tissue,
and toweling (Van Haute 1999, 2000). Neoteric programs consist of dispersants,
enzymes, and potentiators added to the wet end of the paper machine. Neoteric
programs are designed to enhance the effectiveness of traditional biocides, reducing
and in some cases eliminating the use of biocides in wet end. Neoteric dispersants
are carefully selected group of chemicals that prevent agglomeration and deposition
on machine surfaces of common deposit causing components in the paper machine
furnish. Neoteric enzymes are biodegradable and nonbiocidal, have relatively low
level of toxicity to test animals, and are FDA allowed. These enzymes include
formulation of amylase enzymes and protease enzymes, which catalyze the attack
on starches and proteins. Potentiators are nonbiocidal products that enhance biocide
performance. These products allow the use of less organic biocide while still
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achieving the same effect as the original dosage of biocide. Simply, potentiators
lower the effective concentration of biocide required for a given application. These
products, when used alone, do not reduce or slow microbial growth or metabolism.
Buckman says that at least 50 paper machines in Europe use Neoterics in their short
circulation loop, with Busperse and Buzyme.

For closed-paper machine systems, Nalco recommends lignosulfonate-based
biodispersants plus thorough machinery and system cleansing; elimination of static
areas and rough surfaces; freshwater and additive contamination controls; good
retention and prevention of anaerobic bacteria in storage tanks through
oxygenization.

Although the name biodispersant suggests the activity on a biological entity,
laboratory testing has shown that many commercially available biodispersants, in
the absence of a microbicide have little or no ability to prevent or remove an
existing biofilm. Indeed, the majority of commercial biodispersant applications
include the use of a microbicide. Properly applied biodispersant technology can
increase the overall efficiency of a given microbicide program.

Buckman Laboratories have developed an enzyme-based product line of
biodispersants for boilouts and other application (Wolfanger 2001). The company’s
patented enzyme stabilization process promotes greater shelf life and reduced
temperature instability concerns. It also has the potential to eliminate significant
safety and health hazards in paper machine operations that are present during the
use of caustic for boilout. In addition, it is now possible to release nontoxic cleaning
solutions without additional treatment before discharge. Enzyme-based boilouts are
successful because they target and remove the specific compounds that hold
deposits together including starch, slime, pitch, adhesives, latex, and other synthetic
binders. The type of enzyme used and need for an additional dispersant will depend
on the type and amount of deposit present in the system. Starch slurry systems
typically contain deposits that are microbiological and/or starch protein-based.
Boilouts using a product containing a stabilized protease enzyme are effective in
these systems. For the cooked starch system, an amylase product is used to remove
deposits comprised mainly of cooked starch. In both cases, a pre-boilout system
flush is desirable. This removes slurry or cooked starch from the system and allows
the enzyme to work specifically on deposits. An ideal starch system boilout would
utilize 0.2–0.5% of the boilout product; and temperature of 120–150 °F with a
minimum recirculation time of 1 h. Starch-based coating systems can be effectively
cleaned via a boilout using the amylase product mentioned above for cooked starch
systems. The parameters for this boilout are similar with the enzyme-based boilout
product being used at a 0.1–0.5% concentration. It is, however, desirable to use a
neutral dispersant/penetrant capable of removing latex, and other binders that may
be present in the coating formulation in addition to the enzyme-based product. In
addition, a tighter temperature range, 130–150 °F, and a longer recirculation time,
up to 2 h, will provide performance benefits for a starch-based coating system
boilout. Enzyme boilouts for coating systems that do not contain starch are not
recommended. Enzyme boilouts have been successfully applied, however, in sys-
tems that regularly process both starch-based and non-starch-based coatings.
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Enzyme-based chemistries are proven successful for all types of mills: from acid to
alkaline papermaking, recycled to virgin, board to fine paper to tissue, including all
variety of additives (and deposits associated with these additives) linked with these
various furnishes. Given the specific mode of action of enzymes, how is this
possible? If the majority of the machine system deposits are microbiological slime,
this makes sense. A protease will break down these deposits. But in a system that
has deposits containing various fillers, fiber and hydrolyzed additives, how will the
protease have an impact? The answer is that most deposits in the paper machine
system, regardless of whether or not they are microbiological slime based, will have
microbiological growth in, on, and around the deposit. When the enzyme breaks
down this microbiological matrix, the deposit sloughs off, and is carried away in the
boilout solution. This phenomenon is based on the unique ability of bioengineered
enzymatics to target and attack specific deposits by consuming the organisms that
compose them, making them simple and easy to rinse away. If necessary, there are
pH neutral additives that can be added to aid in penetrating, breaking down, and
removing deposits that are non-microbiological in nature. These additives help the
protease-based enzyme product to penetrate into and behind a deposit where
microbiological growth is helping to anchor and hold a deposit together. The result
is a cleaning effect that is equal to or better than caustic boilouts with none of the
problems. As with starch and coating boilouts, the operational parameters associ-
ated with an enzyme boilout for the paper machine are very similar to traditional
caustic boilouts. Temperature between 120 and 150 °F, recirculation time of 1–2 h
and the proper additive selection and concentration will assure for optimum results.
The similarities, however, end here. It is with the paper machine boilout that the
biggest difference can be found when comparing traditional to enzyme boilouts.
Enzymatic boilouts are pH neutral. This means that the boilout can be dumped
directly to the sewer, without taking the time to neutralize the solution, and without
the potential for upsets at the waste treatment facility. A neutral boilout also
removes the safety concerns associated with working with and around the caustic
solution. Maintenance crews can access areas sooner, or work in areas considered
unsafe during a caustic boilout. The neutral boilout eliminates the need for
excessive rinsing to purge caustic from the system. Each of these factors contributes
to a reduction in the downtime necessary for a boilout and maintenance outage, and
this means cost savings.

Paper companies strive toward worker health and safety, environmental stew-
ardship, and manufacturing a product of the highest quality. Neutral boilouts
demonstrate a major step forward in application technology to aid the papermaker
in meeting these demanding goals. Through the further development of stabilized
enzyme products, the future is sure to bring new and varied used of enzyme
technology to further benefit the paper industry.
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17.7.5 Use of Competing Microorganisms

During a last decade, some nonconventional approaches have been adopted in
solving slime problems (Lindvall 1998a). The inoculation of non-slime-forming
organisms to outcompete the slime formers has been advocated. Oberkofler (1993)
has patented a slime control process, which is based on the introduction of a
consortium of bacteria commercially available in freeze-dried or liquid form. The
bacteria are pregrown prior to inoculation of the circuit water, and the amount
added is calculated on the basis of TOC present. It is also suggested that additives
may be introduced together with the bacteria, thus favoring their proliferation.
These additives include tensides to prevent the adhesion of bacteria, lignosulfonate
to increase the nutrients, and enzymes to catalyze the breakdown of organic sub-
stances. Aeration of the circulating water with O2 or air or the addition of oxygen
releasing compounds such as hydrogen peroxide are also suggested. The invention
is not restricted to bacteria. Fungi alone or the blend of fungi and bacteria can be
used. The patent outlines an indiscriminated use of bacteria and fungi, of which the
mixed culture of freeze-dried bacteria used contains many of the genera associated
not only with slime formation in pulp and paper mills but also such genera unde-
sirable for paper and board intended to come into contact with foodstuffs. Plant
scale trials run continuously for more than 9 months have nevertheless shown that
the addition of the selected microorganisms, e.g., bacteria to the circulating water
reduced the buildup of slime on solid surfaces and in the liquid phase.

17.7.6 Biofilm Inhibitors

Biofilm inhibitors are an effective environment-friendly alternative treatment for
short loops. A family of molecules discovered to be very efficacious at inhibitory
deposit formation is the sulfosuccinates (Davis et al. 1999; Scharpf 1998; Schenker
et al. 1998). A specifically designed sulfosuccinate molecule has been found to act
at an earlier stage than biodispersants and enzymes in the inhibition of biofilm
deposit formation. The mechanism of biofilm inhibitors differs from that of
biodispersants and enzymes in that bacterial attachment and biofilm formation is
prevented by hindering the creation of a concentrated extracellular EPS layer
around a bacterial cell (Table 17.8). Therefore, biofilm inhibitors prevent biofilm
formation at an earlier stage than biodispersants and enzymes.

Furthermore, in all the technical validation trials that have been run todate, no
adverse effects were observed on the sheet properties or operating parameters.
A conventional microbicide strategy is still recommended for incoming furnish to
maintain a consistent microbiological population level and as treatment for mill
freshwater.
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17.7.7 Use of Bacteriophages

Bacteriophages are viruses that inject and destroy bacteria and are completely
harmless to humans or the lower animals including birds and fish. The term
“Bacteriophage” means literally “bacteria eater”. These useful microorganisms are
noted for their highly selective lytic action and high activity in the presence of host
cells. However, the development of industrial application has been slow. Viruses
lack an independent metabolism. They multiply only inside living cells, using the
metabolic machinery of the host cells. A bacteriophage can proliferate only by
coming into contact with its specific host bacterium. When this occurs, the phage
lyses the bacterium completely. Some of the bacteriophages that attack E. coli (w, k
and T-4 phage) are well known for their extensive contribution to development in
molecular biology. In general, the bacteriophage has an icosahedral head of 50–
100 nm in diameter, a long tail of about 100 nm in length (with or without a sheath
around it) and six tail fibers at the end of its tail. The bacteriophage comprises only
protein with nucleic acid as gene. The bacteriophage selectively attacks its partic-
ular host bacterium. The gene of the bacteriophage is inserted into the host bac-
terium, where it is multiplied. The host cells also begin to biosynthesize the specific
protein that constitutes the bacteriophage. A large number of bacteriophages are
formed in the host cell, when the phages are released from the host, the cycle begins
once again. The bacteriophage formed in the host cell has the same properties and
morphology as the original. The reproduced phages thus can repeatedly lyse the
same host bacteria. The number of bacteriophages formed after one lytic cycle is
called “burst size” and the time required for the cycle is called latent period. These
values are reported for evaluating the activity of bacteriophage.

The use of bacteriophages in paper mill white water systems was reported by
Vaatanen and Harju-Jeanty in 1986. Their concept was based on the idea of iso-
lating harmful bacterial streams of process waters and thereafter searching for
virulent, lytic bacteriophage for these bacteria. They studied bacteriophages lytic
for the bacteria Enterobacter and Klebsiella in model systems and found that phage
activity against E. agglomerans prevented its growth for more than 19 h. When
K. pneumoniae was dosed with phage at 3 h intervals, bacterial growth was no
more curtailed than when the culture was injected only at the beginning of the test.
They concluded that further studies to determine the efficacy of bacterial control in

Table 17.8 Modes of action of microbicides, biodispersants, enzymes, and biofilm inhibitors

Microbiocides
Reduce/control microbial populations

Biodispersants
Loosen wet-end deposits and support the effect of microbiocides

Enzymes
Cleave specific bonds in the EPS

Biofilm inhibitors
Prevent the formation of a concentrated EPS layer around cells thus preventing biofilm growth
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process waters must take into consideration the expected development of bacterial
resistance to phage attack and the variation in bacterial strains among paper mills.
The main advantage of using phages in combating bacteria is their bactericidal
(killing) nature, selectivity, and nontoxicity to man and the environment. The main
drawback is that the phages have to be isolated for each harmful bacterium, the type
of which may vary between paper mills. Japanese researchers have reported similar
investigations using Pseudomonads sp. (S-1) and its corresponding bacteriophage
(pS-1) (Araki and Hosomi 1990). In vitro experiments showed that growth of
slime-forming bacteria was greatly retarded in the presence of its corresponding
bacteriophage. Results with bacteriophage and conventional biocides are presented
in Table 17.9. After addition of 10 ppm of methylenebisthiocynate (MBT) to the
test solution, the colony count of the slime-forming bacteria increased from
87 � 105 CFU/ml to 110 � 105 CFU/ml after 24 h at 28 °C indicating that MBT
was effective in keeping the activity of the slime-forming bacteria to a low level.
However, the simultaneous addition of MBT and bacteriophage PS-1 reduced the
colony count of the slime-forming bacteria from 100 � 105 CFU/ml to
2.4 � 105 CFU/ml.

Results showed that addition of bacteriophage to mill white water was an
effective technique for slime control. Simultaneous addition of bacteriophage with
conventional biocides also was found to be effective. Practical application of this
technique on a commercial scale awaits completion of fundamental studies in
several key areas. Unlike conventional biocides, bacteriophages will not impair the
activity of the sludge used in waste treatment systems.
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Chapter 18
Stickies Control

Abstract Stickie contaminants are a costly problem for both recyclers of market
pulp and the papermakers using it. Increased use of pressure-sensitive adhesives
(PSAs) has compounded this problem in recycled furnishes. Stickies have a variety
of compositions and vary in the type and amount that are found in the different
grades of recycled fiber. Stickies can cause runnability and quality problems, and
their variable nature makes them difficult to control. Several methods have been
proposed for controlling stickies. Chemical methods involve dispersants, polymers
and absorbents. Mechanical methods use screens, cleaners, dissolved air flotation,
and washing stages. A new approach to stickies control has been developed that
uses esterase-type enzymes to break down the stickies into smaller, less tacky
particles. The esterase products provide major improvements in the control of
troublesome stickies. Enzyme treatment dramatically reduces the size of the sticky
particles and modifies their surfaces so they are less tacky and produce less
deposition. These enzymes have been proven to reduce downtime, decrease
cleaning chemical costs, and increase machine-clothing life better than historical
stickies control technologies. A number of case studies explain the effect of using
“Optimyze” in mill situations, producing results such as a 90% reduction in stickies
and an increase in brightness across the deinking facility, production performance
improvements, and a reduction in the use of cleaning solvents and significant
reduction in downtime caused by stickies. The Optimyze product line from
Buckman is successfully being used in many mills around the world.

Keywords Stickies � Stickies control � Contaminants � Enzymes
Esterases � Lipases � Pressure sensitive adhesives � Runnability
Quality problems � Screens � Cleaners � Dissolved air flotation
Recycled fiber � Primary stickies � Secondary stickies � Macrostickies
Microstickies
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18.1 Introduction

Recovery and use of secondary fiber for paper production is increasing all over the
world. About 40% of the total paper production in the world was based on the
secondary fiber in 2006 (Sixta 2006). Paper recycling offers several advantages
(Bajpai 2006, 2013). Substitution of virgin pulp with recycled fibers saves on wood
for making pulp, which reduces the exploitation of old forests, important for their
biodiversity. Every ton of recycled fiber saves an average of 17 trees plus related
pulping energy. By using wastepaper to produce new paper, disposal problems are
reduced. Use of lower quality recycled paper is increasing each year, as mills strive
to save money on their fiber furnish. Lower quality furnish will be heavily con-
taminated with sticky contaminants, or stickies, and it is essential to find the best
way to control them. A variety of stickies are encountered in wastepapers. Stickies
are tacky, hydrophobic, pliable organic materials primarily found in recycled paper
systems (Doshi and Dyer 2002; Doshi 1999; Delagoutte 2005). They have a broad
range of melting points and different degrees of tackiness depending on their
composition.

Stickies found in recycled fiber can be adhesives, styrene–butadiene rubber
(SBR), rubber, vinyl acrylates, polyisoprene, polybutadiene, and hot melts, to name
a few. Stickies live up to their name—they stick—and that is why they present a
problem to the paper industry. They stick very well to each other and to piping,
wires, felts, and dryers. After the particles break down in the pulper, there are only
two places where materials can exit the system: with the sludge or with the sheet.
Stickies will become a growing process problem in the months and years to come
with the increased use of recycled fibers and the closing of the mill water loops
(Patrick 2006). Many significant operational and quality problems are caused by
stickies in pulp and papermaking systems. Cleaning up fouled sections of the paper
machine causes valuable machine downtime, which diminishes paper quality and
reduces output, all costing millions of dollars per year.

Stickies may be classified in different ways. The simplest and most common
classification is based on the size of the sticky particles encountered in the recycled
pulp. The stickies are classified as macrostickies, microstickies, and colloidal
stickies (Hamann and Strauss 2003). Macrostickies are solid and tacky contami-
nants rejected by a 100 mm slotted laboratory screen. These macrostickies are
therefore considered to be larger than 100 mm in diameter. The levels of macro-
stickies vary with different wastepaper grades, ranging from zero in newsprint to
45,000 mm 2/kg in corrugated board. Microstickies are tacky particles of size
100 mm down to 1–5 mm. Macrostickies are retained on a laboratory screen, but
the microstickies pass through the screen and are difficult to isolate. Microstickies
are predominant in recycled pulp (Johansson et al. 2003; Delagoutte et al. 2003).
Up to 70–80% of the total stickies content comes from microstickies. Colloidal
stickies are smaller than 1–5 mm and belong to the dissolved and colloidal fraction.
In this category, the stickies may be considered more as potential stickies. Indeed,
due to their size, these stickies do not have a real detrimental impact until they

420 18 Stickies Control



remain in colloidal form. Nevertheless, it is reported that destabilization, especially
by cationic polymers, may induce their precipitation and sometimes the formation
of tacky precipitates called secondary stickies.

Stickies may be divided into primary and secondary stickies. Primary stickies are
identical with macro- and microstickies; they are intact tacky particles of adhesive
such as hot melts or pressure-sensitive adhesives, inks, binders, waxes, plastics, and
wet-strength resins. Shock-type, chemico-physical alterations of a pulp suspension
may form secondary stickies. This includes changes in temperature, pH, or charge
that destabilize a colloid and cause agglomeration of dissolved or colloidal sub-
stances. Secondary stickies can then lead to deposits on the paper machine or its
clothing. Primary or secondary stickies may be responsible for stickies problems at
a paper mill. And stickies problems are often easier to solve if it can be identified
whether the stickies are primary or secondary. If no recovered paper is used, the
stickies problems are usually caused by secondary stickies. This can be counter-
acted by changing the wet-end chemistry or the coating binder system. A survey for
the International Association of the Deinking Industry (INGEDE) shows that
macrostickies in undeinked pulp have increased by a factor of 2.5 since 1996
(Hamann and Strauss 2003). The stickies problem has also been aggravated by the
increase in closed-loop water systems that contain more finely dispersed and col-
loidal contaminants, as well as by higher machine speeds and the trend to lower
grammage papers.

18.2 Problems Caused by Stickies

Stickies can cause problems with paper machine operation and product quality
(Doshi and Dyer 2002; Doshi 1999; Delagoutte 2005; Putz 2000; McKinney 1995).
They deposit on wires, felts, press rolls, and drying cylinders. They prevent good
fiber-to-fiber bonding and increase the risk of web breaks on paper machines,
particularly with newsprint and tissue grades and also in the printing press. Even if
breaks do not occur, holes or spots in the paper cause loss of quality that means the
product has to be used as second-quality material or processed as broke. All
problems caused by stickies in the paper machine become more serious with lower
basis weight or caliper, lower strength of the paper web, higher paper machine
speed, and higher dynamic stress on the paper web. Even more costly are the
stickies problems that occur after finishing the paper or board sheet. Due to certain
processing conditions of temperature or pressure, stickies bound into the inside of
board or thicker paper can reach the outsides of paper or board sheets by melting.
This creates an unacceptable appearance after printing, varnishing, or laminating.
The same applies to stickies on the surface of a paper or board web that has passed
through the papermaking process, including subsequent finishing, without any
problem; these stickies cause problems during converting by adhering to paper or
board blanks. Layers sometimes stick together when a reel unwinds, causing breaks
or surface blemishes. In corrugated board production, a particular problem is wax
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introduced by recovered paper. If this is insufficiently removed or not neutralized in
recovered paper processing, it can lower the coefficient of friction of the liner, then
reels or rolls may telescope during transport. The finished corrugated board blanks
could also slip. This would cause imperfect stacking and affect further processing.
Stickies also cause problems in high-speed printing and converting.

The cost of problems associated with stickies is estimated at more than
$500 million annually, in the USA alone. Some of these costs break down as
follows:

Furnish downgrade—$150 million;
Downtime—$527 million;
Landfill cost of unusable rejects—$14 million; and
Average chemical treatment cost—$5 per ton.

18.3 Control of Stickies

Several methods have been proposed for controlling stickies (Doshi and Dyer 2002;
Doshi 1999; Delagoutte 2005; Putz 2000; McKinney 1995; Lamot 2004). Stickies
control methods fall into two main categories, mechanical and chemical.
Mechanical methods, screens, cleaners, DAFs, and washing stages can all remove
stickies. Each equipment type is effective in removing stickies in a given size range.
In most cases, stickies removal has to be balanced against yield loss. With all of the
mechanical methods, only a certain percentage of the stickies will be removed. This
is true even with the best equipment and process conditions. Chemical control
programs take two main approaches. There are stock additions, trying to tie up the
stickies and to stop them from depositing and “point of problem” type applications.
Traditional chemical programs have been effective but do not really attack the
stickie itself. A new approach has been taken to control stickies by looking at
enzymes that would break down and change the nature of the stickie.

18.3.1 Enzyme Approach

Use of enzymes is gaining wider acceptance in the pulp and paper industry for a
variety of applications such as pulp mill and paper machine boilouts, deposit
control by dispersion of accumulated slime, pitch control, and drainage assistance,
etc. Enzymes are specific, so they can be selected and used to do a particular task
without adverse side effects. They also create high reaction rates even in small
amounts and are easy to control, which makes them very efficient. And because
they are derived from natural sources, they are a much more sustainable option than
most conventional chemicals. With thousands of different enzymes to choose from,
each with its own specific action, there are an equal number of opportunities to
apply them in innovative ways to improve products and manufacturing processes.

422 18 Stickies Control



The cost of a typical enzymatic product is comparable to the cost of products that
utilize conventional chemistries. The economic impact, however, can be quite
different. In fact, enzymatic technologies have been proven to dramatically improve
return on investment (ROI) and return on environment (ROE).

Enzymes are being used to control stickies (Jones 2005; Fitzhenry et al. 2000a,
b; Van Haute 2003; Anon 2003a, b; Toland 2003; Jones and Fitzhenry 2003).
Buckman has developed the enzymes that control stickies.

A study of the chemical composition of stickies reveals that most contain a
number of ester-type chemical bonds that link the basic building blocks of the
stickies together. A number of esterase-type enzyme mixtures have been studied to
find the one that had the ability to break down the stickies. Breaking the ester bonds
reduces the size of the sticky by breaking it into smaller components. A key
advantage of this approach is that once broken down, the chance of the particles
re-agglomerating further along the process is greatly reduced. Another important
effect on the stickies is the enzymatic modification of the surface of the stickies. This
change results in less tacky stickies (Jones 2005). These enzymes have been proven
to reduce downtime, decrease cleaning chemical costs, and increase machine-
clothing life better than historical stickies control technologies (Eng and Covarrubias
2005; Covarrubias and Eng 2006; Kimura 2006; Sokol and Huszar 2005; Bajpai,
1997, 1999, 2010). More mills now have single-stream recycling. The increased use
of single-stream recycling processes has resulted in more stickies. Buckman
Laboratories, Canada, manufactures Optimyze, which contains an esterase, which
breaks up the ester bonds in PVA stickies. This is particularly effective in pH range
6.5–10 and temperature range of 25–60 °C (Covarrubias and Jones 2005).
Buckman’s Optimyze Plus range also includes an enzyme, which acts on wood
pitch. Buckman is developing an enzyme product combined with a dispersant that
would disperse and stabilize the stickies. The enzyme is then more likely to penetrate
the stickies rather than just acting on the surface (Jones 2008). In all the early work,
esterase was added to the stock, but Jones (2005) has shown that applying the
enzyme directly onto paper machine clothing also reduces stickies deposition.
Positive results were obtained by applying enzyme to forming fabric and press felts.
The enzyme is applied through a shower bar and full coverage is important. The
enzyme detackifies the stickies, so the cleaning showers can remove them more
effectively. In 2004, the US-EPA gave Optimyze a Presidential Green Chemistry
Challenge Award. Optimyze is now used in many mills around the world.

Figure 18.1 shows the effects of Optimyze treatment of stickies. On the left,
polyvinyl acetate particles have agglomerated to form large globules that can cause
not only breaks and downtime on the paper machine but create operating system
breaks and problems on converting equipment as well. The globular particles can
also cause paper to double feed through printers, etc. On the right in this figure,
Optimyze enzyme treatment keeps the particles small, dispersed, and nontacky.
Figure 18.2 is a scanning electron microscope photo of the surface of a stickies
particle showing the effects before and after enzyme treatment. As can be seen on
the right, the surface is very smooth after treatment compared with that before
treatment on the left.
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The mills currently using Optimyze enzyme to control stickies all report sig-
nificant gains over traditional chemical approaches they were using. On treatment
of old newsprints (ONP) and OMG with esterase-type enzyme in a mill trial, a
dramatic reduction in the size of the sticky particles was observed (Jones and
Fitzhenry 2003). The stickies content of all the sizes and the total stickies were
much less on enzyme treatment as compared to those without enzyme (pretrial
results). The bigger size stickies are totally absent in the recycled fiber treated with
enzyme. When the recycled fiber from mixed office waste (MOW) was treated with
esterase enzyme in a mill trial, the total stickies content was reduced appreciably
(Jones and Fitzhenry 2003). Without enzyme treatment of MOW, it was not pos-
sible to increase the recycled fiber content in the final furnish beyond 50%. Even

Fig. 18.1 Results of enzyme treatment on stickies (no treatment on the left and after Optimyze
treatment on the right) (Patrick 2004); reproduced with permission

Fig. 18.2 Electron photomicrograph of the surfaces of a stickies particle before enzyme treatment
(left) and after treatment (right) (Patrick 2004); reproduced with permission
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then, the total stickies were more than 250 ppm. However, on treating the recycled
fiber from MOW with enzyme, total stickies content could be reduced to around
100 ppm, and that was with a higher content (60%) of recycled fiber. In another
MOW mill, the recovered fiber was treated with enzyme to reduce the percentage of
high brightness virgin pulp in the final furnish without compromising on brightness
of the finished stock. With addition of 35% high-bright pulp, the normal brightness
gain from coarse screen to finish stock was only 12–14 points when no enzyme
treatment was given to the recovered fiber (Jones and Fitzhenry 2003). However,
after esterase enzyme (Optimyze of Buckman) treatment of MOW recovered fiber,
it became possible to get a brightness gain of more than 15 points, even when the
high-bright pulp content was only 15–20%. In one US mill producing coated
paperboard from 100% OCC for conversion to food boxes, stickies problems were
causing significant deposition problems on this mill’s paper machine and related
runnability and off-quality problems in the sheet. The high level of paper machine
breaks was causing significant operating downtime. Kerosene and other harsh
chemical solvents were being used to remove the deposits. After launching an
Optimyze enzyme program, paper machine deposition was reduced 75% and
machine breaks/downtime were reduced accordingly. Off-quality product tonnage
dropped and the mill’s use of cleaning chemicals was practically eliminated. With
holes and other stickies related quality problems rectified, customer complaints fell
to almost none. This coated paperboard mill experienced a $1.33 million annual
return by eliminating stickies (Table 18.1). Forming fabric changes were cut by
four per year and paper machine breaks were reduced to the tune of 45 annually,
together representing a million dollar savings (Patrick 2004). A mill in Brazil
producing 270 tpd of linerboard using 100% OCC was having significant downtime
problems due to stickies. Stickies in the sheet were also causing breaks at the mill’s
customer converting operations. The mill had to use a higher quality, more costly
OCC in an attempt to minimize these problems. When the mill switched to
Optimyze technology, product quality improved immediately. Production breaks
were almost totally eliminated (reduced by 30/month), giving a much more efficient
operation. In fact, the mill achieved record production after the switch. In addition,
it was able to use a poorer quality OCC, cutting production costs even further. The
stickies were eliminated after the Optimyze program was started. Continuing with a

Table 18.1 Savings realized by switching to enzymatic stickies control at a 400 tpd coated
paperboard mill

Problems caused by stickies Benefits of control Annual savings

Reduced life of forming fabrics Reduce four fabrics/yr $100,000

Downtime for cleaning fabrics Increase production $170,000

Chemicals used for cleaning Replace chemicals $160,000

Paper machine downtime Eliminate 45 breaks/yr @ 2 h each $900,000

Total possible annual return from eliminating stickies: $1,330,000

Based on Patrick (2004)
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few other sample cases, use of Optimyze technology allowed one US mill to
produce tissue and toweling products that easily met a fast food chain’s stringent
quality and fiber content requirements (at least 65% postconsumer fiber). In fact,
this mill was able to boost recycle fiber content to 100% and still meet the
requirements, while other mills supplying the restaurant chain had to use much high
percentages of virgin fiber (Patrick 2004). Another US mill that produces more than
1,000 tpd of various grades of tissue from 100% recycle fiber was experiencing
severe stickies deposits in its press felts. When the deposition approached a critical
level, which was happening much too frequently, production had to be stopped and
solvents used for cleaning. The mill was using several hundred gallons of kerosene
and other solvents per day during these cleaning cycles. Also, press section showers
were used continuously in an attempt to keep this machine’s press felts clean. The
water used in these showers is recycled within the paper mill system, which meant
that this source too was building up high levels of stickies and redepositing them in
the cleaned felts and on other paper machine components. Clearly, another solution
was needed. The mill now adds Optimyze to the water used in the felt cleaning
showers. As a result, downtime for solvent cleaning has been reduced from 1.81 h
per week before the treatment to an average of 0.73 h per week. This represents a
60% reduction in downtime and the amount of solvent used for cleaning the
machine is reduced by a corresponding amount. Similar problems were occurring
on another paper machine in this mill and the same strategy was used to solve them.
With this machine, the average downtime for solvent cleaning dropped from an
average of 1.6–0.46 h per week, representing a 70% reduction in downtime and
solvent usage. This 70% gain would have been closer to 80% if, during 3 weeks of
the recent period, a cleaning shower had not been inadvertently turned off (Patrick
2004).

In many other case studies involving almost every grade sector, from multi-ply
coated boxboard to packaging grades, stickies have been reduced dramatically with
the enzymatic control program, resulting not only in higher quality products and
fewer converting customer complaints, but significant reductions in culled pro-
duction and increased use of lower quality and much less costly recovered fiber.
Finally, but certainly not least important, using enzymes to control stickies prob-
lems has many safety and health related benefits. Not only are most solvents and
mineral oils costly, they also can create potential safety and environmental issues.
As shown by extensive paper machine air sampling studies, “ecotox” toxicity
evaluations, and skin patch testing programs, enzymes represent absolutely no
threat to the health and well-being of humans as well as other terrestrial and aquatic
life. Enzymes themselves are not living things. They are just proteins that catalyze
specific reactions. One of the nice things about enzymes being focused on just one
specific chemical reaction is the fact that they will not interfere with other chemistry
in the sheet, such as sizing or strength additives (Patrick 2004).

Several mill-scale studies related to the production of tissues, newsprint, writing,
and packaging papers from recovered or recycled paper have been reported (Sokol
and Huszar 2005). The use of enzyme has been found to enhance the screening
efficiency, reducing the amount of rejects. It resulted in the reduction of stickies by
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70–90%, generating clean cellulose fiber and big contaminant particles that were
easily removable from the system. Other mill studies with enzymes produced results
such as 90% reduction in stickies and increased brightness across the deinking
facility, production performance improvements, reduction in the use of cleaning
solvents, and a 95% reduction in downtime caused by stickies (Covarrubias and Eng
2006). Buckman is developing an enzyme product combined with a dispersant that
would disperse and stabilize the stickies (Jones 2008). The enzyme is then more
likely to penetrate the stickies rather than just acting on the surface.

Zeng et al. (2009) used lipase type enzyme and the esterase-type enzyme for
degradation of stickies in deinked pulp (DIP) and chemithermomechanical pulp
(CTMP). These enzymes removed stickies by over 30% in DIP and 75% in
CTMP. There was a remarkable change in the molecular weight of the stickies in
DIP. Enzyme application had no negative effect on the properties of either pulp.

EDT is using several approaches to detackify and enhance removal of stickies.
EDT starts the process with an upfront analysis of the nature of stickies in a mill and
the problems they cause. Development also centers on the mill equipment and water
loops in order to develop the best application. Stickies count reductions of over
50% are found to be common. Several EDT customers leverage this improvement
to shift to more problematic but less costly furnishes that had previously been
unacceptable due to stickies contamination. Still other mills enjoy an increase in
machine uptime and tonnage output.

Pei et al. (2013) used StickAway enzyme for treating the old newspaper(ONP)
pulps. The effect of enzymatic treatment on the macro- and microstickies, the
drainage property, and the formation of paper products were examined. After
treatment of samples with 3 LU/g (o.d pulp) doses of enzyme for 1.5 h, it was
found that 14.6% of the micro-stickies could be removed. The cationic demand,
turbidity value, and particle size were reduced by 7.23, 14.4, and 6.02%, respec-
tively compared to the control sample. Enzymatic treatment also improved the
drainage properties of pulp slurry and the formation of paper products. Results
confirmed that under the optimal conditions, the StickAway enzyme shows the
excellent performance in the treatment of the stickies of recovered pulps.

Zhang et al. (2017) obtained three thermophilic esterase genes from Thermus
thermophilus, Pyrobaculum calidifontis, and the metagenomic library and produced
in Escherichia coli. The performance of these esterases and three commercial
lipases for eliminating stickies in wastepaper recycling was examined. Esterase
from T. thermophilus (TTEST) showed high stickies removal efficiency under
various conditions in comparison to other enzymes tested. TTEST also showed
excellent thermal stability, and its combination with amylase, pectinase and xy-
lanase had an additive effect on stickies removal. By an orthogonal experiment, the
optimal ratio of TTEST, amylase, pectinase, and xylanase in an enzyme mixture
was determined as 0.8:0.6:0.2:0.5 (U/g, relative to bone dry pulp), resulting in
enzyme degradation of 76.5% of stickies. Under the extreme conditions of 80 °C
with pH 6.0 and 50 °C with pH 9.0 for a 1 h reaction, the stickies removal effi-
ciency was kept at 59.5 and 68.9% by using the optimal enzyme mixture,
respectively. The physical properties of pulp after treatment by an optimal enzyme
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mixture were also improved. This work showed great significance in controlling
sticky deposits without damage to the pulp in practical production in the paper-
making industry.

Li et al. (2013) used a pressure-sensitive adhesive (PSA) as the model substance
for secondary stickies. The dissolved and colloidal substances (DCS) prepared from
bleached chemithermomechanical pulp (BCTMP) and the effects of pectinase
treatment on the stickies deposition were evaluated. The addition of DCS reduced
the efficiency of cationic polymers and aggravated the deposition of stickies. As a
major component of anionic DCS, polygalacturonic acids can be effectively
degraded during pectinase treatment. Therefore, the efficiency of cationic polymers
improved, and subsequently they were able to fix the destabilized sticky particles on
the fibers, which led to the decrease of stickies deposition. However, the pectinase
treatment of DCS insignificantly affected stickies deposition in absence of cationic
polymers when the stickies deposition was caused by calcium ions. Therefore, the
pectinase treatment could be used as a potential approach for stickies control of a
mixture of high-yield pulp and DIP and also for white water treatment. However,
the pectinase treatment of DCS was not effective for the reduction of stickies
deposition caused by calcium ions in absence of cationic polymers.

EP1402109 (Kim et al. 2004) reports the use of certain lipolytic enzymes such as
cutinases and lipases in the manufacture of paper and paper products from recycled
paper. Examples of such enzymes are derived from strains of Humicola, Candida,
Fusarium, and Pseudomonas. By use of these enzymes, the problems relating to the
so-called “stickies” derived from waste paper are reduced.

18.4 Conclusion

The use of recycled fiber continues to grow. As the demand increases, the quality of
the recycled fiber will decrease. The result is more stickies. More stickies, more
stickie headaches. Mechanical and traditional chemical control approaches have
worked but they are not the complete answer. Enzymes are a new approach in the
battle against stickies and have proven very effective. Enzymes will continue to
play a major role in stickies control. The challenge is to develop new enzymes that
work in different temperature and pH ranges and on all types of stickies chemistry.
The Optimyze product line from Buckman is successfully helping to minimize or
eliminate the problems caused by stickies in many mills around the world.
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Chapter 19
Enzymatic Modification of Starch
for Surface Sizing

Abstract The oldest use of enzymes in the pulp and paper industry is in the
modification of starches for surface sizing and coating. This practice dates back to
the early 1970s and is now carried out more frequently within the paper mills.
Starch imparts many beneficial properties to paper, including strength, stiffness, and
erasability. Properly controlled enzymatic modification of starch provides the
papermaker ample opportunities to get uniform quality of starch paste, to produce
starch paste as per requirement and to produce quality surface sized papers with the
minimum cost of the starch component. Starch modified with alpha-amylase en-
zyme meets almost all the properties required for surface sizing of writing and
printing grades of paper. It does not require much capital investment to switch over
from oxidized starch to in situ modification of native starch with enzyme. The
process of enzyme modification is applicable to different types of starches although
the operating conditions in terms of enzyme dose and reaction time may vary.
Enzyme-modified starch is available from starch producers or can be produced on
site at the paper mill using a batch or continuous process.

Keywords Starch � Surface sizing � Coating � Paper mill � Enzymatic
modification � Enzymes � Alpha amylase Batch process � Continuous process
Viscosity

19.1 Introduction

In the pulp and paper industry, modified starches are used in the preparation of
starch pastes for the coating and surface sizing of paper. Surface size and coating
colors require a target viscosity at the water content specified for the formulation.
Unmodified starches produce an adhesive that are too viscous to meet the water
balance requirements for high-solids coating colors. Enzymatic conversion is an
important process to modify the native starch to meet the viscosity requirements for
surface sizing or paper coating. Various alpha-amylase enzymes offer the paper mill
a cost-effective, in-house process for modifying starch, thereby eliminating the need
to buy modified starch from third parties. The viscosity of the starch paste can be
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reduced and controlled with enzyme so that both the water balance and final coating
color viscosity requirements are met even for high-solids formulations. Alpha-
amylase enzymes are not expensive, and the quantity required is small. The eco-
nomic advantage is the major reason for the use of enzymatic starch for coating and
surface sizing. However, preparation of enzymatic starch requires more careful and
closer supervision than does the preparation of adhesives from modified or
derivatized starches.

Surface sizing is the application of hydrophobic materials to the surface of paper
to improve certain physical properties of sheet and to reduce the porosity. Surface
sizing differs from internal sizing in that the sizing agent is applied to the surface of
the paper where it cements the fibers to the body of the paper and deposits a more or
less continuous film on the paper surface. Surface sizing is primarily concerned with
surface films, and hence it is usually desirable to keep the size on the surface of the
paper as much as possible. This is particularly true when using expensive sizing
agents such as polyvinyl alcohol, carboxymethyl cellulose, and even animal glue.
On the other hand, it is desirable on some grades of paper, when starch is the sizing
agent, to obtain considerable penetration of starch into the paper in order to build up
the burst, internal sizing, and other internal properties of the sheet. The main
objective of surface sizing is to improve paper printability. Surface sizing increases
the liquid wetting resistance (water, oil, and grease), the surface strength, the sheet
strength, and the dimensional stability. It can also control the coefficient of friction
(Tompkins 1992). Therefore, the use of surface sizing agents has increased due to its
advantages (Tsai et al. 1995). Surface sizing has more specific action compared to
internal sizing and is less sensitive to changes in wet-end operation (Maurer 2001a;
Smook 1982). There is 100% retention of solids while only the volatile material is
lost during the drying. The wet-end deposits are reduced which results in increased
press clothing life. The size press chemicals generally do not interfere with fiber to
fiber bonding as takes place in many wet-end chemicals since the bonds have already
been formed when the size press formulations are applied. Size press application
minimizes the contamination of the environment. Almost all the materials get
retained at the surface, so wastage of surface sizing chemicals is low. Surface sizing
is used to achieve special effects such as those obtained by the polyurethane foam
polymers, which make the strong hydrophobes needed for carbonless copy paper.

19.2 Enzymes Used for Starch Conversion

Enzymes used for starch conversion are amylases which are among the most
important enzymes and are of great significance for biotechnology, constituting a
class of industrial enzymes having approximately 25% of the world enzyme market
(Danilienko 1993; Gorinstein 1993; de Souza and de Oliveira e Magalhães 2010;
Kirk et al. 2002; Rajagopalan and Krishnan 2008; Reddy et al. 2003). They can be
obtained from several sources, such as plants, animals, and microorganisms. Today,
a large number of microbial amylases are available commercially and they have
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almost completely replaced chemical hydrolysis of starch in starch processing
industry. The amylases of microorganisms have a broad spectrum of industrial
applications as they are more stable than when prepared with plant and animal
alpha-amylases (Tanyildizi et al. 2005). Many amylases require the dispersed state
of starch for enzymatic action, while others may already digest starch granules.
Pancreas-amylase effectively hydrolyses granular and retrograded starch.
Alpha-amylase from Aspergillus oryzae is less capable to act likewise. However, A.
oryzae enzyme is useful to evaluate the extent of starch dispersion and the degree of
retrogradation (Tsuge 1992). The most commonly used alpha-amylase is obtained
from Bacillus subtilis. Alpha-amylase for use in starch conversion needs to be free
of beta-amylase and glucoamylase. Commercial amylases are distinguished by their
potency, which can be determined by simple laboratory tests (Marciniak and Kuba
1982). New alpha-amylases with optimized properties, such as enhanced thermal
stability, acid tolerance, and ability to function without the addition of calcium,
have been developed (Bisgaard-Frantzen et al. 1999; Shaw et al. 1999; Declerck
et al. 2000) offering obvious benefits to the industry.

Alpha-amylase hydrolyzes the starch molecule by breaking a-D-(l,4) glucosidic
bonds at random, generating a-D-(l,4) (l,6) glucosyl oligosaccharides and, ulti-
mately, maltose as depolymerization products. The enzyme cannot hydrolyze a-D-
(1,6) bonds in amylopectin, thus leaving starch fragments (limiting dextrins) in the
product. Beta-amylase attacks the starch molecule at the nonreducing ends of the
outer chains and proceeds by stepwise removal of maltose units. Since it also
cannot break a-D-(1,6) bonds, a bimodal product of a-(1,4) (1,6) glucan fragments
and reducing sugar is obtained. Glucoamylase hydrolyzes starch to a-D glucose, its
ultimate building block. Alpha-amylase is most active at its pH optimum of 6.3–
6.8. It is inactive at pH levels below 4 and above 9. As a protein, it is heat sensitive.
Enzymatic starch conversion is terminated by raising the temperature until enzyme
denaturation occurs, or by the addition of enzyme poisons such as the ions of
copper, mercury, zinc, or oxidizing agents. A quantity of 0.1–0.2% inactivating
agent, based on starch, is usually required. Inactivation can also be achieved by
moving the pH outside the enzyme’s active limits.

Alpha-amylase enzyme for the enzymatic conversion of starch is produced by
various manufacturers and sold to the paper mill under a variety of trade names. Each
manufacturer produces enzyme at specific levels of potency or strength of enzymatic
activity per unit weight or, in the case of liquid enzymes, per unit volume.

19.3 Starches Used for Surface Sizing

Starch is the most frequently used binder in surface sizing (Lipponen et al. 2004).
Worldwide, 65% of the total starch volume in the paper industry is applied in
surface sizing. Besides surface strength, starch addition reduces dimensional
changes, imparts stiffness, and improves other properties of the sheet. It is much
cheaper than animal glue and other chemicals. Starch contains two major chemical
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entities, amylose (a straight-chain polymer of glucose), and amylopectin (a bran-
ched chain polymer of glucose). Certain waxy starches contain only amylopectin.
All starches contain minor amount of fatty acids and other lipids, proteins, and
inorganic salts. Starch is a natural polymer with high molecular weight that can be
depolymerized with a great degree of control. It is a hydrophilic polymer that
disperses in water and attaches to cellulose fibers and pigments through hydrogen
bonding. Starch has hydroxyl groups that allow a wide range of substitution or
oxidation reactions to adjust the rheological characteristics and to eliminate ret-
rogradation. Cationic, anionic, or amphoteric groups can be added to induce
specific charges. Starch may be grafted to produce new materials with properties
that combine the advantages of natural and synthetic polymers. Important factors
favoring starch are the relatively low cost of the raw material and the fact that it is
derived from a renewable resource, and it is biodegradable.

In addition to these advantages, there are several weaknesses that need to be
considered. The hydrophilic character of starch makes it sensitive to water and
water vapor. Previously used insolubilizers, based on urea- or melamine
formaldehyde, are being replaced, and there is a continuing research for effective
and environmentally acceptable insolubilizers. Starch is a less-efficient binder on a
weight basis than polyvinyl alcohol or latex dispersions. Drying conditions for
starch binder must be carefully controlled to avoid nonuniform porosity and print
mottle. But, most important, starch can retrograde irreversibly, change its rheo-
logical characteristics and binding power, and be a ready nutrient for microbio-
logical systems.

Before use, starch is heated in water to a temperature of about 88–98 °C and
kept at constant temperature for approximately 10–20 min. During heating, the
granules take on water and swell, part of the granule dissolves, and the granule
starts to disintegrate. The degree of granule disintegration and the viscosity of the
starch solution depend on the type of starch, degree of modification, time and
temperature of heating, and amount of agitation. Starch solutions are reasonably
stable but there is some retrogradation on aging, thus causing the solution to cloud
up, increase in viscosity, and even set back or gel if the concentration is high
enough. Retrogradation is increased by low pH, low temperature, presence of
certain cations like calcium or aluminum, and slow cooling. The leaching of alum
from the paper as it passes through the size is a factor in this connection. Solutions
of native or unmodified starch have too high viscosity for ordinary surface sizing,
and hence modified starches of reduced viscosity are generally used.

The type of starch used strongly affects the surface sizing. The selection of starch
or modified starch is mainly governed by the dispersion viscosity, film formation,
and resistant to retrogradation (Tehomaa et al. 1992). Different types of starch—
unmodified starch, oxidized starch, acid depolymerized starch, substituted starch,
cationic and anionic starch, grafted starch, and hydrophobic starch are being used
for surface sizing.

For low-cost applications, native cornstarch is depolymerized by thermal/
chemical or enzymatic conversion. In oxidative starch conversion at low pH, the
product has to be neutralized immediately after discharge. Acid depolymerized
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cornstarch is also available with wide range of viscosity from thick boiling to thin
boiling. This type of starch is suitable for use at both the size press and the water
box for improving surface sizing.

For production of high-value, surface sized papers, these wide variations in
intrinsic quality of oxidized starch have adverse effect on the properties of paper.
Moreover, starch pick-up depends upon its viscosity and solid concentration and
optimum starch pick-up is essential for good-quality surface sized papers. In case of
starch having such a low viscosity, starch pick-up is more which not only increases
the starch consumption but also adversely affects the printability of paper and
reduces the opacity of the paper.

Besides its higher price, there is huge variation in quality of oxidized starch. Its
viscosity may vary from 45 to 500 cp (measured at 50 °C and 5% solids). In spite
of serious quality limitations, most of the papermakers still use the oxidized starch
because of nonavailability of a better quality starch. About 15–20% loss in yield
takes place during oxidative breakdown of native starch while preparing the
chemically oxidized starch. This factor is primarily responsible for the higher price
of oxidized starch. Enzymatic modification of starch is cost-effective for surface
sizing of paper. Enzymatically modified starch is the major starch used in the
developed countries for surface sizing (Bajpai 2005). It provides better control on
quality of starch by replacing the oxidized starch with enzymatically modified
starch.

19.4 Process for Enzymatic Modification of Starch

Alpha-amylase enzyme used in the process is measured either by weight or by
volume. Equal weights or volumes of different potency enzymes will introduce
different amounts of enzymatic activity into the system. Therefore, potency must be
carefully considered in order to calculate the dose level of enzyme when changing
from one source of enzyme to another. If potency is not taken into account, erratic
viscosity will result when changing the source of enzyme, even if the same starch is
used in the conversion process. The actual enzyme dosage level used is dependent
upon individual mill requirements. This dosage may range from 0.01 to 0.1%
enzyme, calculated on the dry basis starch content of the system. As a general rule,
most paper mills are operating around a 0.05% enzyme dose level. Another method
for calculating enzyme dose is based on the conversion of potency to liquefons per
pound of dry basis starch (Johnston and Jozsa 1935). A liquefon is defined as the
quantity of enzyme that will dextrinize 0.35 mg of a standard starch substrate in one
minute under a specified experimental condition. If the liquefon value of an enzyme
is known, the operator can calculate the weight or volume of enzyme needed in the
conversion system to produce the desired starch paste viscosity. In general, the
enzyme dose level on a liquefon basis will vary from 2,000 to 20,000 liquefons/kg
of dry basis starch. Most paper mills are operating in the area of 9,000 liquefons/kg
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of dry basis starch. A comparison of the liquefon values of enzymes from two
different sources will also allow conversion to potency when changing from one
source to another.

Enzyme dose levels can be adversely affected by system variables or compo-
nents. Equipment size is dependent on individual requirements. Ordinarily, the
conversion tank is sized to supply sufficient adhesive for several batches. Stainless
steel is the preferred material for tanks, pumps, agitators, and other equipment.
Some metals tend to inhibit enzyme activity to some degree; heavy metals such as
copper should be avoided. Steam is the usual heat carrier to the system. Heat
transfer occurs from a jacket on the conversion tank or by direct injection. In the
latter case, condensate will be formed in the paste, and the solids content of the
starch dispersion is reduced accordingly. Agitation in the conversion tank must be
sufficient to achieve uniformity in adhesive viscosity from conversion to conver-
sion. Viscosity change during high-solids enzyme conversion ranges from less than
100 centipoise (cp) in the slurry to approximately 500,000 cp during its peak, and
then to several hundred cp as the enzyme reduces the viscosity to the target level for
the adhesive. The driving motors require high horsepower and are gear reduced to
control agitation speed. It is better to be slightly “overpowered” rather than
“under-powered”; this allows some latitude in changing conversion conditions to
accommodate changes in coating formulations. All equipment should be kept in the
best possible operating and repair condition to minimize improper enzyme con-
version due to equipment malfunction. Time and temperature recorders and con-
trollers are especially sensitive in this regard, and a partial or complete malfunction
of them inevitably will result in improper final adhesive viscosity. A high level of
sanitation of the equipment is also necessary, and good housekeeping practices
should be maintained at all times. Contaminated or dirty equipment will result in
nonuniform viscosity. The total starch solids applied to the production of surface
size or coating adhesive by enzymatic conversion range from 25 to 38%; the
majority of the mills are working with around 35% solids. Lower starch solids
concentrations can be used for the preparation of surface size but preferably a
concentrated, converted paste is diluted to application concentration. A time–tem-
perature process cycle is basic to successful enzyme conversion operations; how-
ever, this relationship is flexible in either time or temperature. Its sequence governs
the enzymatic breakdown of starch molecules and produces the paste viscosity for
use as coating adhesive or surface size (Maurer 2001b). Once a specific sequence is
established, it should be followed without deviation from conversion to conversion
in order to achieve uniform and consistent results. The importance of careful and
precise control of the cycle cannot be over-emphasized.

In many cases, storage tanks for converted starch are simply insulated vessels
with no temperature control. Such units are generally satisfactory when the starch is
consumed within six to eight hours after conversion. However, in instances when it
is necessary to hold converted starch for a period of 12–16 h, a jacketed storage
tank with a temperature controller to maintain storage temperature at about 71 °C
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should be used. In some instances, an elevated storage temperature of 88 °C is used,
which aids in inhibiting starch retrogradation (Maurer 2001b).

Enzymatic reaction of gelatinized starch is dependent on enzyme dose and
reaction time when the pH of starch slurry and temperature of reaction are within a
specified range. Most of the enzymes are active in hydrolyzing starch in the pH
range of 6–7 and at temperature range of 70–80 °C for batch cooking. For the
application of enzymatic starch for surface sizing of paper, cessation of hydrolysis
at a certain stage is essential by deactivating the residual enzyme. At a specific set
of pH and temperature, enzyme dose, reaction time, and deactivation of enzyme are
the three major operating variables on which the enzymatic hydrolysis of starch
depends. Starch amylase reaction starts when the starch gets gelatinized at 70–71 °
C. Optimum temperature of reaction is 75–78 °C. In the lower range of temperature
(70–75 °C), the reaction is marginally slower and results in a little higher viscosity.
Starch is generally cooked at 20% solids with enzyme at the specific dose. The
slurry is diluted to desired level of solids say 10% and applied to paper at size press.
Enzymatically modified starch is completely miscible with all the ingredients
normally used in the size press formulation.

Two types of reactor systems used for enzymatic starch hydrolysis in paper mills
are batch and continuous (Figs. 19.1 and 19.2) (Tolan 2002). Native starch is
dispersed in water in a batch starch cooker with agitator on. Enzyme at the specific
dose per ton of starch is added and direct (and indirect) heating of the slurry is

Fig. 19.1 Batch starch conversion system. Based on Tolan (2002)
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started with the low-pressure steam maintaining constant stirring. At 70–71 °C,
starch gets gelled. After allowing a predetermined time (10–15 min) for the reaction
to occur at the temperature of 70–80 °C, more steam is released to raise the tem-
perature to about 95 °C to deactivate the enzyme. This thermal condition is
maintained for about 5–7 min followed by the addition of residual dilution water to
maintain specific solid concentration level. All the operations are carried out under
constant and thorough mixing. The slurry is then cooled to 60 °C, and the volume is
made up to the desired solid level. After the dilution, all the other sizing ingredients
are mixed. Slurry is then discharged into the storage tank and from there it is
pumped to the service tank through vibratory screen. The slurry at a temperature of
45–50 °C is applied on paper in the size press. Properties of surface sized paper can
be compared with those of using oxidized starch. The viscosity of the slurry at
7–8% solids is checked by Brookfield Viscometer (it normally lies in the range
of 10–15 (cp). The viscosity of starch is checked again after keeping it for 4 h at
60 °C to make sure that the modified starch has not retrograded. Batch systems
offer the advantages of simplicity of control and the ability to run at solids levels of
up to 40%. In continuous systems (Fig. 19.2), the starch and water are mixed in a
slurry tank and pumped through a steam-heated tube. Enzyme is injected at the
mouth of the tube. The running temperature is 125 °C for 2 min at pH 6. At this
point, the target viscosity is reached, and the enzyme, which is added to a con-
centration of 0.5 g/L, is fully denatured. This system offers advantages of easy
automation and high volumetric productivity. The continuous systems are generally
for the larger starch users. Since the amount of enzyme required for conversion is
very small, careful measuring is required to prevent excessive or insufficient thin-
ning of the starch paste. The enzyme must be effectively killed after completion of
the conversion reaction. Not inactivated enzyme will continue to attack starch

Fig. 19.2 Continuous starch conversion system. Based on Tolan (2002)
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during paste storage, lower the viscosity, decrease the bonding power of the binder,
and increase water sensitivity of the coating. For continuous enzymatic conversion,
an enzyme with more temperature stability, than sufficient for batch conversion, is
required. The operators must be well trained in controlling the time and temperature
cycles and able to respond to upsets due to variations in starch slurry concentration
and enzyme activity.

Stora Enso Nymölla Mill, an integrated pulp and paper mill in Sweden with a
production capacity of 325,000 ton pulp and 450,000 tons uncoated fine paper per
year, was using a thermochemical process to degrade the starch paste to surface
size. This conversion process gave a corrosive surface size because of the hydrogen
peroxide. The thermochemical process was rebuilt to an enzymatic process (Gunilla
Svensson 2006). The chemical costs are reduced by the enzymatic process, and the
corrosion is also reduced.

Glittenberg and Becker (1998) present results in surface sizing at solids content
of even up to 40%. They report excellent starch stability and runnability of the MSP
unit using starches degraded down to short molecular lengths. But, if a starch
molecule is broken down into too short chains, it can turn into sugars with limited
film-forming capacity and ability to enhance the desired paper properties. Then, its
functionality as a binder is considerably reduced.

Yujuan et al. (2013) hydrolyzed native starch by a-amylase in order to reduce
the starch molecular weight. Enzymatic starch was oxidized by 2,2,6,6-tetramethyl-
piperidine-1-oxygen free radical (TEMPO). The results showed that the modified
starch obtained by enzymatic hydrolysis and TEMPO oxidation showed better
paper tensile strength and higher surface strength compared to commercial oxidized
starch. However, the folding endurance of paper decreased. With the usage of
sizing agent at the weight of 4 g/m2, the tensile and modified starch surface sizing
sheet which contained 5.1% carboxyl at the dosage of oxidant NaClO2 mmol/
g rose about 51.6% compared with the sizing-free sheets.

Two procedures have proved valuable for starch degradation in the paper mill:
enzymatic and thermo-oxidative degradation. Brenner et al. (2016) determined
achievable efficiencies of cavitation in preparing degraded starch for surface
application on paper. They found that ultrasonic-assisted starch degradation can
provide a starch solution that is suitable for surface sizing. The molecular com-
position of starch solutions prepared by ultrasonic treatment differed from that of
starch solutions degraded by enzymes or by thermo-oxidation. Compared to
commercial degradation processes, this resulted in intensified film formation and in
greater penetration during surface sizing and ultimately in a higher starch content of
the paper. Paper sized with ultrasonically treated starch solutions show the same
strength properties compared to commercially sized paper.

Li et al. (2014) explored the effect of AKD to surface sizing. The optimal
conditions were enzyme reaction temperature of 65 °C and the enzyme reaction
time of 20 min, substrate concentration of 20%, the dosage of enzyme of 0.02%,
the dosage of calcium chloride of 0.04%, pH 6, gelatinization temperature of 95 °C,
and gelatinization concentration of 10%. Under this condition, the viscosity of
starch paste was 11 m Pa s. Compared with original paper, sizing increased by
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16.20%, burst index increased by 10.50%, and tensile index increased by 12.60%.
The AKD can significantly improve the degree of sizing, compared with the
original paper, the degree of sizing increased by 26.5%.

Chen and Zhiqiang (2009) applied static contact angle, air permeability, and
Cobb value to evaluate the film-forming ability and water resistance of starch and
synthetic surface sizing agent. These researchers discussed the synergistic effect of
surface sizing starch and synthesized surface sizing agent to improve the waterproof
ability of paper and then applied these agents to several different base papers. The
results showed that the film-forming ability of oxidized starch B and synthesized
surface sizing agent d were the best, and their mixture can improve water resistance
of paper and control production cost at the same time. When applied this sizing
agent to several base papers, it was found that the waterproof ability was improved
obviously for white kraft base paper but not obviously for BCTMP base paper. In
particular, when applied the surface sizing agent to corrugated medium without
internal sizing, the Cobb value was decreased by 85%, while burst index and ring
crush index were increased by 177 and 91%, respectively.

19.5 Benefits and Limitations of Enzymatically
Modified Starches

Oxidized starch may contain AOX products, which are formed by the reaction of
sodium hypochlorite with residual lipids in native starch. The presence of AOX
products in starch can affect its use in consumer products. Modification (partial
hydrolysis) of starch with enzyme does not involve any chemicals; it is totally free
from AOX products. Oxidation of native starch with sodium hypochlorite though
takes place at relatively lower temperature; it requires longer reaction time. As the
reaction is not so selective, it results in appreciable loss of starch (30–40%) in the
form of water-soluble material, which goes into the wastewater requiring elaborate
treatment. It results in increased cost of oxidized starch. On the other hand,
enzymatic reaction is highly selective and hydrolysis can be controlled precisely to
avoid generation of any soluble material but reduce the viscosity to a desired value.
Oxidized starch is produced by chemical modification at the site of starch manu-
facturers. Therefore, papermaker has no control over its quality in terms of vis-
cosity. The cooking of oxidized starch is done at the papermaker’s site for its
dispersion and gelation only. The enzymatic modification is done by the paper-
makers at their site where the final viscosity is controlled by the paper mill. The cost
of surface sizing using enzymatically modified starch is much lower as compared to
that using oxidized starch. As the native starch contains some residual protein, the
brightness of enzymatically modified starch is slightly lower than the oxidized
starch. It can be compensated with the use of optical brightening agents.
Sometimes, there is a coloration problem due to the presence of metals in the native
starch. Therefore, the native starch used for enzymatic modification should have
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negligible protein and ash contents. Process conditions in terms of pH of the starch
slurry, temperature–time profile, enzyme dose, and reaction times are very sensitive
to control the quality of enzymatically modified starch. The paper mills can realize
substantial saving by switching over from oxidized starch to the enzymatically
modified starch as there is an appreciable difference in the cost of oxidized starch
and enzymatically modified starch.
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Chapter 20
Pectinases in Papermaking

Abstract Pectinases are a group of enzymes which hydrolyze pectin, one of the
main polysaccharides in plant cell wall. These are distributed in many higher plants
and microorganisms. Pectinases play a very important role in plants since they help
in cell-wall extension and softening of some plant tissues. Industrial use of pecti-
nase is common in the food and textile industries. In papermaking, cationic demand
can be reduced in peroxide-brightened mechanical pulp furnishes by adding
pectinase enzyme. Alkaline peroxide solubilizes pectins that create a significant part
of the cationic demand. Once hydrolyzed by pectinase, the demand is lowered.
Pectinase treatment improves the effectiveness of several cationic polymers to
increase retention of fines and filler particles. This chapter presents application of
pectinases in papermaking.

Keywords Pectinase � Pectin � Papermaking � Cationic demand
Retention � Polygalacturonic acid

20.1 Introduction

Pectinases are among the most important industrial enzymes. The biotechnological
potential of pectinolytic enzymes from microorganisms has drawn a great deal of
attention from various researchers worldwide as likely biological catalysts in a
variety of industrial processes. “Pectinase” is a generic name for a family of
enzymes that catalyze hydrolysis of the glycosidic bonds in pectic polymers (Ward
1985). Pectin is structurally and functionally the most complex polysaccharide in
plant cell wall (Mohnen 2008). The primary chain of pectin is composed of a-1,
4-linked residues of D-galacturonic acid (Jayani et al. 2005). Chemically, pectic
substances are complex colloidal acid polysaccharides, with a backbone of galac-
turonic acid residues linked by (1–4) linkages. The side chains of the pectin
molecule consist of L-rhamnose, arabinose, galactose, and xylose. The carboxyl
groups of galacturonic acid are partially esterified by methyl groups and partially or
completely neutralized by sodium, potassium, or ammonium ions. Based on the
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type of modifications of the backbone chain, pectic substances are classified into
protopectin, pectic acid, pectinic acid, and pectin (Be Miller 1986).

The enzymes depolymerising pectin can be divided into hydrolases and lyases
(Sakai et al. 1993). Pectinases are distributed in many higher plants and microor-
ganisms. They play a very important role in plants since they help in cell-wall
extension and softening of some plant tissues (Jayani et al. 2005). Pectinases are
produced by a large number of organisms such as bacteria (Magro et al. 1994),
fungi (Servili et al. 1992) and yeasts (Fontana and da Silveira 2012). Pectinases can
often be produced at high concentrations by strains of filamentous fungi belonging
to the Aspergillus genus. Certain Aspergillus species can be characterized by the
types of pectinolytic enzymes they are able to produce (Alimardani-Theuil et al.
2011; Maciel et al. 2011; Fontana and da Silveira; 2012). The most widely
occurring enzymes are polygalacturonase (PGs), pectin methylesterase (PMEs), and
pectate lyase (PLs) produced during the infection process and during culturing (Jia
et al. 2009). The fixed-bed reactor with orange peel support and using Aspergillus
niger URM5162 is a promising process for polygalacturonase production at the
industrial level (Maciel et al. 2013).

Alkaline pectinases are predominately produced by alkalophilic bacteria like
Bacillus sp. (Kashyap et al. 2001; Chauhan et al. 2013), whereas acidic pectinases
are excreted by fungal sources, mainly Aspergillus sp. (Tuttobello and Mill 1961).
The physicochemical properties show that the majority of fungal PGs (polygalac-
turonases) have pH optimum between pH 3.0 and pH 6.0 (Kester and Visser 1990;
De Lourdes et al. 1991; Waksman et al. 1991; Devi and AppuRao 1996; Rao et al.
1996; Gainvors et al. 2000).

Industrial use of pectinase is common in the food and textile industries. In the
food industry, it is used to decrease the cloudiness and bitterness of fruit juices. In
the textile industry, it helps to ret and degum fiber crops used in various textiles
such as flax, hemp, and ramie. In papermaking, cationic demand can be reduced in
peroxide-brightened mechanical pulp furnishes by adding pectinase enzyme
(Thornton et al. 1992). Alkaline peroxide solubilizes pectins that create a significant
part of the cationic demand. Once hydrolyzed by pectinase, the demand is lowered.
This was reported by Thornton et al. at Turku University, Finland. Dynamic
drainage jar experiments show that the pectinase treatment improves the effec-
tiveness of several cationic polymers to increase retention of fines and filler parti-
cles. It does not increase retention in the absence of retention aids or with nonionic
polymers, and does not damage the strength properties of the pulp. Pectinase could
be easily incorporated into paper machine stock preparation systems to lower the
charges of cationic retention aids needed in furnishes containing peroxide-bleached
mechanical pulp.
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20.2 Application in Papermaking

Papermaking is essentially a continuous filtration process in which a dilute sus-
pension of fibers, fiber fragments (fines), and inorganic filler particles, such as clay
or calcium carbonate are formed into a sheet. The need for rapid water drainage
leads to use of a filter fabric with holes large enough to allow passage of the fines
and filler particles. In modern papermaking, retention aids are added to the pulp to
keep fines and filler particles in the paper sheet and to speed the drainage of water.
Cationic polymers of various structures are commonly used as retention aids (Horn
and Linhart 1996). They form bridges between the negatively charged surfaces of
the fines and filler particles and the fibers. Dissolved anionic materials, known as
interfering substances or anionic trash, can combine with and reduce the effec-
tiveness of these cationic retention aids (Linhart et al. 1987; Webb 1997). Alkaline
peroxide bleaching of mechanical pulps solubilizes acidic polysaccharides which
are troublesome interfering substances (Holmbom et al. 1991). Prominent among
these acidic polysaccharides are pectins, or polygalacturonic acids (Sundberg et al.
1998). The ability of polygalacturonic acids to complex cationic polymers (cationic
demand) depends strongly on their degree of polymerization (DP); monomers,
dimers, and trimers of galacturonic acid did not cause measurable cationic demand,
but hexamers and longer chains had high cationic demand (Thornton 1994). The
enzyme pectinase can depolymerize polymers of galacturonic acid, and conse-
quently lower the cationic demand of pectin solutions and the filtrates from per-
oxide bleaching of TMP (Thornton 1994; Thornton et al. 1996).

Different pectinases have different preferences for methylated and unmethylated
forms of pectin, and cleave either at the end (exo-) or in the interior (endo-) of the
pectin chain. The pectins dissolved by alkaline treatment of mechanical pulps are
unmethylated (Sundberg et al. 1998) and endo-cleavage is more efficient at low-
ering DP than is exo-attack. Consequently, the enzyme activity of most interest for
pulp treatments is endo-polygalacturonase (EC 3.2.1.15, poly-[1,4-a-D-galactur-
onide]-glycanohydrolase).

Pectins or polygalacturonic acids (PGA) originate from alkaline peroxide
bleaching of mechanical pulps and are considered as the dominant troublesome
substance, which seriously decreases the runnability of the paper machine in process
water closure. Different types of pectinases have different preferences for methylated
and unmethylated forms of pectin, and cleave either at the end (exo-) or in the interior
(endo-) of the pectin chain. The pectins dissolved by alkaline treatment of mechanical
pulps are unmethylated (Sundberg et al. 1998) and endo-cleavage is more efficient at
reducing degree of polymerization (DP) than is exo-attack. As a result, the enzyme
activity of most interest for pulp treatments is endo-polygalacturonase (EC 3.2.1.15,
poly-(1,4-a-D-galacturonide)-glycanohydrolase).

Cationic demand can be reduced in peroxide brightened mechanical pulp fur-
nishes by adding pectinase enzyme (Thornton et al. 1992). Alkaline peroxide sol-
ubilizes pectins that create a significant part of the cationic demand. Once
hydrolyzed by pectinase, the demand is lowered. This was reported by Thornton
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et al. at Turku University, Finland. Dynamic drainage jar experiments show that the
pectinase treatment improves the effectiveness of several cationic polymers to
increase retention of fines and filler particles. It does not increase retention in the
absence of retention aids or with nonionic polymers, and does not damage the
strength properties of the pulp. Pectinase could be easily incorporated into paper
machine stock preparation systems to lower the charges of cationic retention aids
needed in furnishes containing peroxide-bleached mechanical pulp. Study by
Paprican’s researchers with Novozyme’s pectinase (Reid and Ricard 2000) has
resulted in application of this technology in North America. Savings in retention
aids and white water sewering can be achieved. Thornton et al. (1996) and
Thornton (1994) reported that pectinase application may be effective in lowering
levels of anionic trash in mills using peroxide-bleached pulps. The enzyme pecti-
nase reduces the cationic demand of the dissolved fraction of peroxide-bleached
thermomechanical pulp by up to 60% and improves the effectiveness of cationic
retention aids (Ricard et al. 2002, 2005; Thornton 1994; Thornton et al. 1996; Reid
and Ricard 2000, 2002).

Laboratory treatment of two BTMP filtrates with pectinase at 5 mg/L reduced
cationic demand by 52 and 61%, respectively (Table 20.1). The enzyme did not
significantly affect the conductivity, turbidity or extractives content of the pooled
filtrate used at the start of the papermaking trial.

In a Paprican pilot trial, it was shown that pectinase added to paper machine
white waters operating at 50 °C and pH 5 reduced the cationic demand of the white
water filtrate by 49%. Furthermore, the enzyme was more cost-effective at
decreasing cationic demand of paper machine white water than the two commercial
cationic coagulants also tested. Reducing cationic demand in pulp filtrates to values

Table 20.1 Effects of
alkaline peroxide bleaching
and pectinase treatment
(laboratory scale)

Pulp properties TMP BTMP

Freeness, mL 67 47 ± 3a

Fines content (Bauer-McNett, P200), % 34.1 41.2 ± 4.0a

Optical properties

Brightness, ISO, % 55.5 65.6 ± 0.2a

Initialb filtrate properties Control Pectinasec

Cationic demand, meq/L 2.29 2.29

DCM extractives, mg/L 83 82

Conductivity, lS 5,070 4,840

Turbidity, NTU 305 325

Pooledd filtrate properties

Cationic demand, meq/L 59 0.76
aValues are means and standard errors of four control samples
taken during pilot trial
bEarly batch of BTMP filtrate
c5 mg Pectinase/L, 15 min, 50 °C, pH 5
dPooled BTMP filtrate at start of paper machine trial
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below 0.5 meq/L improved the efficacy of the cationic flocculent irrespective of
whether pectinase or coagulant was used. The cellulase and hemicellulase present in
the commercial pectinase preparation neither affected the strength and optical
properties of the paper nor increased freeness or number of fines in the pulp. Ricard
et al. (2005) reported the first industrial use of pectinase in the pulp and paper
industry. They ran several trials in two North American paper mills that use
between 10 and 20% of either peroxide-bleached thermomechanical pulp or
peroxide-bleached pressurized groundwood in their furnish. Pectinase could be
easily added to paper machine waters operating at 50 °C, pH 5 and reduce cationic
demand of the white water filtrate by 49% and that of the total white water by 35%.
Enzyme dosages as low as 1 mg/L reduced cationic demand and the enzyme was
more effective at decreasing cationic demand of paper machine white water than the
two commercial coagulants tested. To reduce cationic demand to the same level, the
dosage of pectinase would be nearly one order of magnitude lower than that of a
PolyDADMAC coagulant. Reducing cationic demand in pulp filtrates to values
below 0.5 meq/L improved the efficacy of the cationic flocculant irrespective of
whether pectinase or coagulant was used. Pectinase, however, only eliminates
cationic demand arising from dissolution of polygalacturonic acid from
pulp. Coagulants would still be useful in controlling other dissolved and colloidal
materials in the white water.

At these low dosages, cellulase and hemicellulase present in the commercial
enzyme preparation showed no effect on freeness, dry paper bulk and strength
properties, formation, or optical properties and did not increase the amount of fines.
Wetweb strength properties were not damaged by the addition of pectinase.
Figures 20.1, 20.2, 20.3, and 20.4 show the results of pilot-machine trial and
Table 20.2 summarizes the benefits of using pectinase (Ricard et al. 2005).

Fig. 20.1 Pilot paper machine Trial 1. Effect of pectinase and Coagulant A on cationic demand on
BTMP white water. Pectinase (0.1, 0.19, 0.48, 0.93 and 3.7 mg Novozym 863/L) and Coagulant A
(17.7 mg/L) were added to the lean white water of a pilot paper machine (50 °C, pH 5.1). Cationic
demand values have been corrected for dilution effects. White water filtrate values are means of 3
replicates; reproduced with permission, Ricard et al. (2005)
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Fig. 20.2 Pilot paper machine Trial 2: Effect of Coagulant B and pectinase on cationic demand of
BTMP white water. Coagulant B (10.9, 21.2, 41.7 and 61.1 mg/L) and pectinase (4.3 mg
Novozym 863/L) were added to the lean white water of a pilot paper machine (50 °C, pH 5.1).
Between Coagulant B and pectinase additions, paper was removed from the paper machine (paper
removal mode). Cationic demand values have been corrected for dilution effects. White water
filtrate values are means of 3 replicates; reproduced with permission, Ricard et al. (2005)

Fig. 20.3 Effect of Coagulant B and pectinase on cationic of dynamic drainage jar (DDJ) filtrates.
Control and pectinase-treated samples pulp samples (500 mL; 50 °C; 0, 0.1, 0.19, 0.48, 0.93, and
3.7 mg Novozym 863/L) from Trial 1 were added to the DDJ. Cationic demand was measured on
pulp filtrates after pectinase treatment (•) or on DDJ filtrates of pectinase-treated (•) or control
samples (_) to which various dosages of Coagulant B (0, 20, 40, 60, 80, 100, 120, 160, 200,
240 mg/L) were added, and then 50 mg/L of Flocculant B. For the DDJ filtrate of pectinase treated
pulps (•), enzyme dosages are 3.7 (for Coagulant B, dosages are 20–80 mg/L), 0.19 (100 mg
Coagulant B/L) and 0.1 (for 120 mg Coagulant B/L) mg Novozym 863/L. Cationic demand values
are means of 1–3 samples; reproduced with permission, Ricard et al. (2005)
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Table 20.2 Benefits of using
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Pectinase successfully reduced cationic demand on the paper
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Pectinase did not harm paper properties

A longer study in a full paper machine (mill trial) is needed to:
Determine optimum levels of white water purge reduction and
accompanying savings in fiber and energy and water
consumption

Measure effects on retention of fines and fillers and retention aid
consumption

Measure effects on drainage and machine operation
(runnability)

Verify product paper quality
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Chapter 21
Biofiltration of Odorous Gases

Abstract Biofiltration is an emerging and attractive air pollution control technol-
ogy for controlling odors, VOCs, and air toxics. It has numerous advantages over
conventional air pollution control methods. Biofiltration units are microbial systems
incorporating microorganisms grown on a porous solid media like compost, peat,
soil, or mixture of these materials. The filter media and the microbial culture are
surrounded by a thin film of water called biofilm. Waste gases containing
biodegradable VOCs and inorganic air toxics are vented through this material,
where soluble contaminants partition into the liquid film and are biodegraded by the
microorganisms in the biofilm. The technology has been applied to a wide range of
industrial and public sector sources for the abatement of odors, VOCs, and air
toxics, with removal efficiency of more than 90%. Because of its economic benefit
over the traditional air pollution control alternatives coupled with environmental
advantages, biofiltration is becoming more popular in meeting the statutory emis-
sion regulations. Biofiltration harness the natural degrading abilities of microor-
ganisms to biochemically oxidize waste gas contaminants into environmentally
benign end products like carbon dioxide, water, and mineral salts. Conventional air
pollution control technologies like carbon adsorption, incineration, etc. can treat a
wide variety of pollutants at higher concentrations; however, for treating waste air
with low pollutant concentrations, these approaches become economically pro-
hibitive. In comparison, biofiltration is more cost-effective particularly for treatment
of large volumes of waste air with low concentrations of biodegradable contami-
nants. The low cost of biofiltration is associated with its use of natural sorbents and
microbial oxidation. However, one must accept the trade-off in terms of longer
residence time that is partially compensated by lower operating cost. The accep-
tance of biofiltration has followed from advances in biotechnology that provide
thorough knowledge about the system and how the process can be optimized, not
only to achieve high removal efficiencies with low energy consumption but to
achieve these elimination efficiencies over long periods with minimal maintenance.
Further research is needed to develop good understanding of the metabolic

Excerpted from Bajpai et al. (1999). “Biotechnology for Environmental Protection in the Pulp
and Paper”, Chap. 11, Biofiltration of exhaust gases, with kind permission from Springer
Science+Business Media.

© Springer Nature Singapore Pte Ltd. 2018
P. Bajpai, Biotechnology for Pulp and Paper Processing,
https://doi.org/10.1007/978-981-10-7853-8_21
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degradation pathways for single and multiple contaminant waste gas streams,
effective mass transfer from gas to liquid phase, and improved modeling techniques
incorporating better kinetic data.

Keywords Biofiltration � Air pollution � Odors � VOCs � Biofiltration
Microorganisms � Filter media � Biofilm � Odorous emissions � Biofilter
Reduced sulfur compounds � Bioremediation

21.1 Introduction

Malodorous gas streams from pulping processes are frequent targets of public
complaints (Chan 2006; Burgess et al. 2001). Due to public health concerns and the
personal comfort of neighboring residential communities, the industry is put under
increasingly stringent regulations. Odors can also seriously lower real estate property
values and there are indications that odor-causing stress-induced illnesses can result
in lower working productivity and lost workdays. People living in or near a kraft
pulp mill complain of the bad smell associated with the mill’s operations. These
complaints are directly related to the production of odorous compounds during the
cooking of wood chips with white liquor and subsequent points of gaseous release to
the atmosphere. Even when pure sodium hydroxide is used to treat wood and straw,
odors are produced. The cause of these odors is to be found in the residual
sulfur-containing protoplasm which reacts with the alkali to form mercaptans and
organic sulfides during the digestion phase. It was found that the mercaptans are
formed by the saponification of lignin methoxyl groups by sulfide ions.

21.2 Emissions from Pulping

21.2.1 Kraft Pulping

The foul-smelling gases released from the kraft process include

• H2S,
• Methyl mercaptan (CH3SH), and
• Organic sulfides (such as dimethyl sulfide (CH3–S–CH3) and dimethyl disulfide

(CH3–S–S–CH3)), collectively referred to as total reduced sulfur (TRS). They
are formed during kraft pulping by reaction of sulfides with methoxy groups of
lignin via nucleophilic substitution reactions.

The major source of TRS emissions includes

• Digester blow and relief gases,
• Multiple-effect evaporator vent and condensates,
• Recovery furnace with direct-contact evaporators,

454 21 Biofiltration of Odorous Gases



• Smelt dissolving tank and slacker vents,
• Brown stock washers,
• Seal tank vents, and
• Lime kiln exit vents.

Table 21.1 shows the typical characteristics of the gaseous emissions from kraft
pulp mill. It is apparent that the source of largest volume of potential emissions is
the recovery furnace, followed closely by the digester blow gases and the washer
hood vents. However, the most concentrated emissions come from the digester
blow and relief gases. Overall, the three most important sources of odor production
are black liquor combustion, weak black liquor concentration, and the digestion
process. About 0.1–0.4 kg of TRS is emitted per ton of pulp at 5 ppm in the
recovery boiler flue gases. The principal difficulty with TRS emission is their
nauseous odor, which is detected by the human nose at very low concentrations.
Table 21.2 presents the odor threshold (odor detectable by 50% of the subjects)
concentrations of the principal TRS compounds emitted by kraft mills which are
only a few parts per billion by volume (Springer and Courtney 1993). At low
concentrations, TRS is more of a nuisance than a serious health hazard. Thus, odor
control is one of the main air pollution problems in a kraft mill.

Table 21.1 Typical off gas characteristics of kraft pulp mill

Emission source Off gas flow rate
(m3/ton pulp)

Concentration (ppm by volume)

H2S CH3SH CH3SCH3 CH3SSCH3

Batch digester

Blow gases 3–6,000 0–1,000 0–10,000 100–45,000 10–10,000

Relief gases 0.3–100 0–2,000 10–5,000 100–60,000 100–60,000

Continuous
digester

0.6–6 10–300 500–10,000 1,500–7,500 500–3,000

Washer hood vent 1,500–6,000 0–5 0–5 0–15 0–3

Washer seal tank 300–1,000 0–2 10–50 10–700 1–150

Evaporator
hotwell

0.3–12 600–9,000 300–3,000 500–5,000 500–6,000

BLO tower
exhaust

500–1,500 0–10 0–25 10–500 2–95

Recovery furnace 6,000–12,000 (After direct-contact evaporator)

0–1,500 0–200 0–100 2–95

Smelt dissolving
tank

500–1,000 0–75 0–2 0–4 0–3

Lime kiln exhaust 1,000–1,600 0–250 0–100 0–50 0–20

Lime slacker vent 12–30 0–20 0–1 0–1 0–1

Based on data from Andersson et al. (1973), Environmental Pollution Control Pulp and Paper
Industry (1976)
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Oxides of both sulfur and nitrogen are also emitted in varying quantities from
few points in the kraft system. The main source of SO2 emission is the recovery
furnace due to the presence of sulfur in the spent liquor used as a fuel. SO3 is
sometimes emitted when fuel oil is used as an auxiliary fuel. The lime kiln and
smelt dissolving tank also emit some SO2. The emission of nitrogen oxides is more
general because nitric oxide is formed whenever oxygen and nitrogen, which are
both present in air, are exposed to high temperatures. A small part of the nitric oxide
formed may further oxidize to nitrogen dioxide. These two compounds, nitric oxide
and nitrogen dioxide, are termed as total oxide of nitrogen. Under normal operating
conditions, the temperature in the recovery furnace is not high enough to form large
quantities of oxides of nitrogen (NOx). The main source of NOx emissions is the
lime kiln. Table 21.3 presents SOx and NOx emission rates from various kraft mill
sources. Large variations in the emission rates are due to the variations in operating
conditions at different mills. Large amount of NOx are produced if the flame
temperature is above 1,300 °C and oxygen concentration greater than 2%. Modern
recovery boilers should have Sox emissions below 100 ppm when properly oper-
ated. Sulfur emissions from power boilers are controlled using fuels of low sulfur
content.

Another type of odorous emissions of nonsulfur compounds is produced by the
hydrocarbons associated with the extractive components of wood, such as terpenes
and fatty and resin acids, as well as those from materials used in processing and

Table 21.2 Odor threshold concentration of TRS pollutants

Reduced sulfur compound Odor threshold concentration (ppb)

Hydrogen sulfide (H2S) 8–20

Methyl mercaptan (CH3–SH) 2.4

Dimethyl sulfide (CH3–S–CH3) 1.2

Dimethyl disulfide (CH3–S–S–CH3) 15.5

Based on data from Springer and Courtney (1993)

Table 21.3 Typical emissions of SOx and NOx from kraft pulp mill combustion sources

Emission source Concentration (ppm by volume) Emission rate (kg/tona)

SO2 SO3 NOx (as NO2) SO2 SO3 NOx (as NO2)

Recovery furnace

No auxiliary fuel 0–1,200 0–100 10–70 0–40 0–4 0.7–5

Auxiliary fuel added 0–1,500 0–150 50–400 0–50 0–6 1.2–10

Lime kiln exhaust 0–200 100–260 0–1.4 10–25

Smelt-dissolving tank 0–100 – – 0–0.2

Power boiler – – 161–232 – – 5–10b

Based on data from Environmental Pollution Control Pulp and Paper Industry (1976), Someshwar
(1989)
akg/ton of air-dried pulp
bkg/ton of oil
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converting operations, such as defoamers, pitch control agents, bleach plant
chemicals, etc. These hydrocarbon emissions are small compared to TRS emissions
but they may be odorous, or act as liquid aerosol carriers contaminated with TRS,
or undergo photochemical reactions.

21.2.2 Emissions from Neutral Sulfite Semichemical
(NSSC) Pulping

In general, the emissions from NSSC are much less than those from the kraft
process. Because no Na2S is present in the pulping liquor, both methyl mercaptan
and dimethyl sulfide are absent from the gaseous emissions, a very low amount of
reduced sulfur is emitted (Dallons 1979). The sulfur emissions from the Na2CO3

(sulfur free) process have been traced to sulfur in the fuel oil and process water
streams used. The emissions of SO2 and NOx are similar to those of a kraft mill.

21.2.3 Emissions from Sulfite Pulping

The sulfite process mainly operates with acidic SO2 solutions and as a consequence
SO2 is the principal emission. Organic reduced sulfur (RS) compounds are not
produced if proper conditions are maintained in the process. Because the odor
threshold is about 1,000 times higher for SO2 than for RS compounds, sulfite mills
generally do not experience the odor problem of a kraft mill. The method of attack
on lignin by sulfite liquor is quite different than that by kraft liquor. The sulfite
process involves sulfonation, acid hydrolysis, and acid condensation reactions
(Rydholm 1965). Volatile compounds such as methyl mercaptan and dimethyl
sulfide are not produced in sulfite pulping.

Typical emissions in the sulfite process are SO2 with special oxides of nitrogen
(problems arising in the ammonium-based process). SO2 is also emitted during
sulfite liquor preparation and recovery. Very little SO2 emission occurs with con-
tinuous digesters. However, batch digesters have the potential for releasing large
quantities of SO2, depending on how the digester is emptied. Digester and blow-pit
emissions in the sulfite process vary depending on the type of system in operation.
These areas have the potential for being a major source of SO2 emission. Pulp
washer and multiple-effect evaporator also emit SO2.
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21.3 Methods for the Elimination of Odorous Compounds

Following methods are available to remove odors components from gaseous
emissions (Ottengraf 1986):

• Gas-phase methods,
• Liquid phase methods,
• Solid phase methods,
• Combustion, and
• Biological methods.

The most important one is biological methods. These methods generally have
the specific advantage that the pollutants are converted to harmless or much less
harmful oxidation products (e.g., CO2, H2O, etc.). These processes do not generally
give rise to new environmental problems, or if they do these problems are minimal.
An exhaust air problem should preferably not become a solid waste or wastewater
problem. Another advantage of biological treatment is the possibility of carrying
out the process at normal temperature and pressure. Moreover, the process is
reliable and relatively cheap, while the process equipment is simple and generally
easy to operate. The elimination of volatile compounds present in waste gases by
microbial activity is due to the fact that these compounds can serve as an energy
source and/or a carbon source for microbial metabolism. Hence, a broad range of
compounds of organic as well as of inorganic origin can be eliminated by micro-
biological processes.

As microorganisms need a relatively high water activity, these reactions gen-
erally take place in the aqueous phase and as a consequence the compounds to be
degraded as well as the oxygen required for their oxidation first have to be trans-
ferred from the gas phase to the liquid phase. Therefore, mass transfer processes
play an important role in this methodology. The microbial population can either be
freely dispersed in the water phase or is immobilized on a packing or carrier
material. The first-mentioned operation is carried out in bioscrubbers, the second
one in trickling filters and biofilters. Bioscrubbers and tricking filters are more
energy-intensive than biofilters as water circulation in these two systems requires
relatively much more energy than gas transport through a biofilter. Also, the reli-
ability of operation of bioscrubbers is relatively low due to possible washing away
of active microorganisms, whereas the presence of a large amount of packing
material with a buffering capacity diminishes the sensitivity of biofilters to different
kinds of fluctuations. Therefore, biofiltration technology is receiving a significant
attention (Singhal et al. 1996).
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21.3.1 Biofiltration Technology

Biofiltration technology is a promising method of odor, VOC, and air toxic removal
from waste gas streams because of low capital and operating costs, low energy
requirements, and an absence of residual products requiring further treatment or
disposal (Bajpai et al. 1999; Cáceres et al. 2010; McNevin and Barford 2000;
Burgess et al. 2001; Wani et al. 1997; Govind and Bishop 1996; Swanson and
Loehr 1997; Kosteltz et al. 1996; Yudelson 1996). Biofiltration utilizes microor-
ganisms that are capable of oxidizing many compounds and thus having potential
for being used for the abatement of odors, volatile organic compounds (VOCs), and
air toxics (Kennes et al. 2007; Ottengraf 1987). The concept of biofiltration is
actually not new, and it is an adaptation of the process by which the atmosphere is
cleaned naturally (Bohn 1992).

Biofiltration is similar to the biological treatment of wastewater or in situ
bioremediation of contaminated soils and hazardous sludge (Rozich 1995). It is
becoming more popular as stringent emission regulations are implemented. The
acceptance of biofiltration has followed from biotechnological advances that pro-
vide an increasingly thorough knowledge of the system and how the process can be
optimized not only to achieve high removal efficiencies with low energy con-
sumption but importantly, to achieve these elimination efficiencies over long
periods of time with minimal operator intervention and/or need for maintenance
(Marsh 1994). VOC emissions have become a substantive issue for industrial
operators as a result of the implementation of the US 1990 Clean Air Act
Amendments and similar regulations in Europe, and thus a major driving force for
the exploration of cost-effective control options. Biofiltration is a promising control
technology for processes that emit large off-gas volumes with relatively low con-
centrations of contaminants. With respect to the purification of polluted air,
biofiltration is a commonly applied technique to odor abatement, where it is an
established control method. It has also demonstrated limited success in
controllingVOCs.

Biofiltration uses naturally occurring microorganisms immobilized in the form
of a biofilm on a porous substrate such as soil, compost, peat, bark, synthetic
substances, or their combination. The substrate provides the microorganisms with
both a hospitable environment in terms of oxygen, temperature, moisture, nutrients,
pH, and a carbon source of energy for their growth and development. As the
contaminated air stream passes through the filter bed, contaminants are transferred
from the vapor phase to a thin water layer (biofilm) covering the microorganisms
held over the surface of the packing particles. The microorganisms utilize these
favorable conditions to metabolize carbon-based compounds to their primary
components—carbon dioxide and water, plus additional biomass and innocuous
metabolic products (Ottengraf 1987; Rozich 1995; Marsh 1994). The absorption
and/or adsorption capacity of the filter media is thus continuously renewed by the
biological oxidation of the sorbed contaminants (Bohn and Bohn 1988; Hodge et al.
1991).
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Biofiltration has the advantage that the pollutants are not transferred to another
phase, and therefore new environmental problems are not created or are only
minimal (Ottengraf 1986, 1987; Bohn 1992, 1993). Moreover, the process is said to
be cheap and reliable, and does not usually require complex process facilities
(Ottengraf 1987).

Biofilters do extremely well in two main domains: in the removal of odoriferous
compounds and in the elimination of volatile organic chemicals (Ottengraf 1986;
Hirai et al. 1990; Deshusses and Hammer 1993; Leson and Wikener 1991), pri-
marily solvents, from air. Under optimum conditions, the pollutants are fully
biodegraded without the formation of aqueous effluents. As gases pass through a
biofilter, odorous compounds are removed by processes thought to include sorption
(absorption/adsorption) and bio-oxidation (Williams and Miller 1992). The odorous
gases adsorb onto the surface of the biofilter medium and/or are absorbed into the
moisture film on the biofilter particles. Given a sufficient rate of biological activity
in the filter, the sorbed compounds are then oxidized (degraded) by microorgan-
isms. End products from the complete bio-oxidation of the air contaminants are
CO2, water, mineral salts, and microbial biomass. The elimination of a gaseous
pollutant in a biofilter is the result of a complex combination of different physic-
ochemical and biological phenomena.

Biofilters are commonly constructed in a vessel packed with loose beds of solid
material, soil, or compressed cakes with microbes attached to their surface. Waste
gases are passed through these units via induced or forced draft. Biofilters
are capable of handling rapid air flow rates and volatile organic carbon (VOC)
concentrations in excess of 1,000 ppm. These units are gaining importance in
bioremediation also and are timely in that they are a cost-effective means by which
to deal with the more stringent regulations on VOC emission levels.

There are essentially two types of biofilters. The first and simplest is the soil
filter. Contaminated air from a small waste stream or other treatment process is
passed through a soil–compost type design, so-called open system (Ottengraf
1986). Sometimes, nutrients are preblended into the compost pile to provide con-
ditions for microbial growth and biodegradation of the waste by indigenous
microorganisms. Being usually installed in the open air and partly underground,
these systems are exposed to many weather conditions: rain, frost, temperature
fluctuations, etc. These filters are usually over designed; they require a very large
area. To increase the reliability of these filters, a number of another type (closed
type) of systems have been developed which house the treatment beds or disks of
different packing materials/media. In the treatment bed, the waste air stream and the
filter are humidified as the waste is passed through one, two, or more beds. In this
approach, a series of humidified disks or beds are placed inside a reactor shell
(Shareefdeen et al. 1993). These layered disks contain packing material/media,
nutrients, microbial cultures, and/or compost material. The waste air stream
organics undergo biodegradation as they pass through the system. Any collected
water condensate from the process is returned to the humidification system for
reuse. Biofilters have reportedly been built to handle up to 3,000 m3/min of air flow
using filters up to 6,500 m in wetted area (Anon 1991). The filters can be
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customized with specific carriers, nutrients blends, or microbial cultures. Some
biofilters can endure up to 5 years before replacement is necessary (Holusha 1991).
Spent filters can be utilized as fertilizer since they present no hazard.

21.3.2 Microorganisms in Biofilter

Several microorganisms are involved in the degradation of air pollutants in
biofilters including bacteria, actinomycetes, and fungi (Ottengraf 1987). The
microbial population is generally made up of autotrophic microorganisms (feed
directly from inorganic compounds) and heterotrophic microorganisms (utilize
organic compounds as source of energy and carbon) (Marsh 1994). The compo-
sition and survival of microorganisms on the filter bed are the main process
parameters. Their growth and activity depends on the physical and chemical con-
ditions in the packing material. The diversity of the active microorganisms is a
function of the inlet gas stream composition. Some packing materials of natural
origin, like compost, contain a sufficient number of different microorganisms to
initiate the reactions for the elimination of simple contaminants. The efficiency of
the purification process is generally increased following the growth of active strains
during the adaptation time after the start-up of the biofilter. For easily biodegradable
organic compounds, acclimatization can typically take about 10 days (Ottengraf
1986), and for less biodegradable and those contaminants for which the microor-
ganisms are less likely to be initially present in the biofilter material, the period can
be longer (Leson and Winer 1991).

Different types of representative microorganisms/cultures used by various
investigators have been given in Table 21.4.

Soil and compost contain a large variety of indigenous microorganisms which
degrade the odorous compounds in air. The common soil bacteria, Bacillus cereus
var. mycoides, and strains of Streptomyces are most frequently identified in the soil
samples. Autotrophic bacteria like Thiobacillus are also present in the soil which
grow on thiosulfate medium. But the counts of heterotrophic bacteria are much
higher. They have been demonstrated to reduce the sewage odors, especially by
eliminating the hydrogen sulfide present in the waste air stream (Carlson and Leiser
1966; van Lith et al. 1997; Bohn and Bohn 1988). Following bacteria and micro-
fungi, Actinomyces globisporus, Penicillium sp., Cephalosporium sp., Mucor sp.,
Micromonospora albus, micrococcus albus, Ovularia sp., etc. are the most fre-
quently occurring microorganisms in the compost cultures. Compost has been a
common choice of microbial source in biofiltration (Leson and Wikener 1991; van
Lith et al. 1997; Bohn 1975; Pomeroy 1982). In addition to the source of
microorganisms, the soil and compost provide a physical support for the
microorganisms, and these materials also provide water holding capacity and some
amount of minor and trace nutrients. Aerobically digested sludge of night soil has
also been used as a source of microbial cultures in the biofilters for the removal of
H2S, DMS, and methanethiol (Hirai et al. 1990; Lee and Shoda 1989). The digested
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sludge of night soil is supposed to contain several types of microorganisms, useful
in bio-oxidation of air pollutants. The indigenous microorganisms in the peat have
been tried for bio-oxidation of H2S in a biofilter (Furusawa et al. 1984). In few
cases, sludge from sewage treatment works is used as the source of microorganisms
(Ottengraph and Van Denoever 1983). Classical microbiological techniques have
revealed the presence of mixed populations of bacteria, yeast, fungi, and higher
organisms in the biofilters. Bacterial species of Thiobacillus and Hyphomicrobium
degrade many sulfur compounds like H2S, methyl sulfide, DMS, DMDS, DMSO,
methanethiol, etc. (Sivela and Sundman 1975; Kanagawa and Kelly 1986;
Kanagawa and Mikami 1989; Smith and Kelly 1988a, b; DeBont et al. 1981;
Suylen et al. 1986, 1987). For methanol bio-oxidation, Pseudomonas fluorescens
(Kirchner et al. 1987) and a bacterial consortium (Shareefdeen et al. 1993) con-
sisting of Methylomonas, Aeromonas, Achromobacter, Flavobacterium,
Alcaligenes, and Pseudomonas have been used.

Table 21.4 Microbial cultures used for degradation of pollutants

Culture Pollutant(s)

Soil (indigenous microbes) Sewage odors—H2S

Compost (indigenous microbes) Various VOCs

Aerobically digested sludge of night soil Sulfur compounds (H2S, DMS,
methanethiol)

Peat (indigenous microbes) H2S

Sludge from sewage treatment H2S, C2H5SH, (C2H5)2NH, C4H9CHO

Thiobacillus sp. strain MS1 Methyl sulfides (DMS, DMDS)

Thiobacillus thioparus TK-m H2S, DMS, DMDS, methanethiol

Thiobacillus thioparus strain E6 DMDS

Hyphomicrobium sp. strain S DMS, DMSO

Hyphomicrobium sp. strain EG Methylated sulfur compounds

Pseudomonas fluorescens Methanol, isopropanol, butanol, etc.

Bacterial consortium consisting of
Pseudomonas, Methylomonas, Aeromonas,
Achromobacter, Flavobacterium, Alcaligenes

Methanol

Based on data from Leson and Wikener (1991), van Lith et al. (1997), Bohn (1975), Pomeroy
(1982), Hirai et al. (1990), Lee and Shoda (1989), Furusawa et al. (1984), Ottengraph and Van
Denoever (1983), Sivela and Sundman (1975), Kanagawa and Kelly (1986), Kanagawa and
Mikami (1989), Smith and Kelly (1988a, b), DeBont et al. (1981), Suylen et al. (1986, 1987),
Kirchner et al. (1987), Shareefdeen et al. (1993)
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21.3.3 Packing Materials for Biofilters

The conventional packing materials for biofilter have been soil, compost, peat
moss, bark, or other material that contain a large variety of indigenous microor-
ganisms (Carlson and Leiser 1966; van Lith et al. 1997; Bohn and Bohn 1988;
Bohn 1975; Furusawa et al. 1984; Ottengraph and Van Denoever 1983; Sivela and
Sundman 1975; Van Langenhove et al. 1986; Luo and van Oostrom 1997; Qiao
et al. (2008). These materials provide water holding capacity and some amount of
minor and trace nutrients in addition to providing a physical support for the
microorganisms. Soil, peat, and compost materials exhibit low biodegradation rates,
have limited supply of nitrogen and phosphorus, eventually begin to plug due to
growth of microorganisms, and have limited capacity to neutralize acidic products
of degradation. Hence, compost biofilters are capable of treating low concentration
contaminants and are not ideally suited for treating air contaminated with high
concentration organics. Sometimes, the bed material is amended with bulking
agents such as wood chips, sawdust, bark, sand, bagasse, etc. to improve air flow or
with other additives such as limestone for pH control in systems removing
sulfur-based odors (Ottengraf 1986; Deshusses and Hammer 1993; Sivela and
Sundman 1975; Luo and van Oostrom 1997; Chou and Chen 1997; Campbell and
Connor 1997; Deshusses et al. 1995; Ottengraf et al. 1986). Peat has the advantages
over soil or compost of broadness of the maximum permeable value of the moisture
content and a lower pressure drop due to its fibrous structure (Hirai et al. 1990;
Furusawa et al. 1984). The peat has been reported to posses a unique combination
of chemical and physical properties, such as adsorbency, which could be employed
in environmental protection applications (Martin 1992).

Other types of support media used in biofilters are synthetic media, such as
ceramic, plastic, etc., with active bacteria immobilized on the surface in the form of
biofilms. These synthetic media biofilters are known as biotrickling filters.
Synthetic support media are used in trickling filters for wastewater treatment, gas
absorption towers, catalytic reactors, etc. However, the design of support media in
biotrickling filters is different than in any other application, the major difference
being the growth of biomass. In trickling filters, used for wastewater treatment, the
water flows as a liquid film on the biofilm surface, and sufficient distance between
the support media is designed to accommodate biomass growth and air, which
provides oxygen for the biodegradation reaction. The contaminants, present in the
wastewater, diffuse into the biofilm as the water flows over the biofilms and
biodegrades. In a biotrickling filter, the contaminants, present in air, diffuse per-
pendicular to the direction of flow, and biodegrade in the supported biofilms. Since
the process is diffusion controlled, designing a large distance between the supported
biofilms reduces the overall degradation rate in the filter. Further, unlike the sub-
merged biofilms in the case of the wastewater trickling filter, the biofilms in a
biotrckling filter have to be kept moist to maintain bioactivity. Air flowing through
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the biotrickling filter draws moisture away from the biofilms, and a trickling flow of
aqueous nutrients has to be maintained to provide nutrients and water to the active
bacteria in the biofilms.

Synthetic support media can be in the form of high surface area pellets, with
either a porous or nonporous surface. In some cases, the support media may be
coated with activated carbon, to enhance adsorption of contaminant(s). The syn-
thetic support media can be synthesized from plastic, ceramic, metallic, or any other
composite material. The desired features of a good support media are as follows:
High void fraction; High surface area per unit volume of the biofilter bed; Low
gas-phase pressure drop; and Hydrophilic surface, to allow good water wettability
and low cost.

21.3.4 Mechanisms in Biofilter Operation

There are many mechanisms which operate simultaneously or in sequence in a
biotrickling filter. These mechanisms include

• Diffusion of the contaminant(s) from the bulk gas flow to the active biofilm
surface;

• Sorption of the contaminants directly on the biofilm surface;
• Solubilization of the contaminant(s) into the water content of the biofilms;
• Direct adsorption of the contaminant(s) on the surface of the support media;
• Diffusion and biodegradation of the contaminant(s) in the active biofilm;
• Surface diffusion of the contaminant(s) in the support media surface; and
• Back diffusion of the adsorbed contaminant(s) from the support media surface into

the active biofilms. The effect of adsorption of contaminant(s) on support media
surface, surface diffusion, and back diffusion of the adsorbed contaminant(s)
from the support media surface into the active biofilms, predominantly occurs
in activated carbon-coated support media and contaminant(s) which have affinity
for the support media surface.

In the case of compost biofilters, the contaminant(s) diffuse into the porous
compost particles, dissolve into the sorbed water films, adsorb on the organic and
inorganic fraction of the compost, and biodegrade by the attached active compost
bacteria, entrapped within the compost particles.

21.3.5 Development of Biofiltration Technology

Biofiltration has been used to control odors for several years in many countries
(Germany, The Netherlands, UK, Japan, and to a limited extent in the USA) but the
use of biofilter to degrade more complex air emissions from chemical plants has
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occurred within the last two decades. This vapor-phase biological treatment is
rapidly gaining acceptance as an abatement technology for use in the treatment of
VOCs, including odorous chemicals and air toxics because of its technical and
economic advantages (Tonga and Skladany 1994). The process was initially applied
to odor abatement in composting works, wastewater treatment plants, and similar
situations. It is known that in 1953 a soil biofilter system was used for the treatment
of odorous air in Long Beach, California (Pomery 1982). In Europe, the first
attempt with a soil bed was made in Geneva for deodorization at a composting
facility (Ottengraph 1986). Around 1959, a soil bed system was used at municipal
sewage treatment in Nuremberg, Germany (Leson and Winer 1991; Shimko et al.
1988). In early 1960s, Carlson and Leiser (1966) started systematic research on
biofiltration in the USA and used biofilters to treat hydrogen sulfide emissions from
sewage. After that, biological gas cleaning made considerable progress but is still in
its developing stages for application to the control of VOCs and air toxics in
industrial use.

During the last three decades research activities, especially on the soil bed
systems, have intensified in USA with the installation of some full-scale operations
(Bohn 1975; Prokop and Bohn 1985). Excellent reviews of the historical devel-
opment of biofiltration have been presented by Ottengraf (1986), Leson and Winer
(1991), and Shimko et al. (1988). Having proven its success in deodorization,
current research and application of biofiltration have been focused on the removal
of VOCs and air toxics from the chemical and other process industrial exhausts.
Current research activities are aiming at understanding the practical behavior of the
biofiltration process, optimizing its operational parameters, and modeling the sys-
tem on the basis of reaction kinetics for single as well as multiple contaminant gas
streams (Ottengraf 1986; Ottengraf and van den Oever 1983; Deshusses et al.
1995).

Furusawa et al. (1984) used a packed bed of fibrous peat for the removal of
hydrogen sulfide from air. H2S was almost completely removed irrespective of its
inlet concentration when the loading was less than 0.44 g sulfur per day per kg of
dry peat. The removal rate of hydrogen sulfide by the acclimatized peat was fairly
constant under a constant inlet concentration but the reaction rate constant was
proportional to the influent concentration of H2S. In another study, the elimination
of H2S from odorous air using a wood bark filter to improve the low permeability of
soil beds has been reported (Van Langenhove et al. 1986). Lee and Shoda (1989)
reported the biological deodorization of methyl mercaptan using an activated car-
bon fabric as a carrier of microorganisms for the biofilters. The activated carbon
fabric seeded with digested night soil was found to be best packing material among
the five materials evaluated. The critical load of methyl mercaptan, in which the gas
can be completely removed, was determined as 0.48 g S/kg activated carbon fabric/
d. About 80% of methyl marcaptan removed in the biofilter was converted into the
sulfate ion. Effluent gas concentrations of methyl mercaptan and dimethyl disulfide
were not detected below 50 ppm inlet concentration at a space velocity of 50/h.
Fibrous materials which are flexible, light, and less microbially degradable may
become significant as carriers of microorganisms.
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The kinetics of removal of three kinds of odorous sulfur compounds—H2S,
methanethiol (MT), and dimethyl sulfide (DMS)—in acclimatized peat were
compared by Hirai et al. (1990) by supplying single or mixed odorous gases. H2S
and MT were found to be degraded on peat irrespective of the acclimatizing gas,
and their maximum removal rates were unaffected by the presence of DMS,
whereas DMS was degraded only in DMS acclimatized peat. It has been reported
that the peat has the advantages over soil or compost of broadness of the maximum
permeability of the moisture content and a lower pressure drop due to its fibrous
structure. The same laboratory has reported earlier about the characteristics of the
peat as a packing material in deodorization device with the following results:
zero-order kinetics in complete H2S removal by peat biofilters (Furusawa et al.
1984), characteristics of isolated H2S-oxidizing bacteria inhabiting a peat biofilter
(Wada et al. 1986), and biological removal of organosulfur compounds by peat
biofilters (Hirai et al. 1988). Gradual increase of load was better for obtaining a high
removal rate than the high load at the start of the experiment. Acclimation periods
for H2S, MT, and DMS were 19, 17, and 24 days, respectively. During this period,
the pH of the peat gradually decreased due to accumulation of sulfate ions.

The maximum removal rate of H2S in its acclimatized peat was one order larger
than those in MT and DMS acclimatized peat. The removability of DMS was
affected by the mixed gasses. Although the removal of DMS decreased when
present with MT, the existence of H2S will weaken the effect of MT on DMS
removal to a certain extent. Thus, it would be better to maintain the space velocity
(SV) value lower in order to guarantee DMS removal (Hirai et al. 1990). At a high
SV, two-stage columns in series are recommended. In the first column, most of the
H2S and MT can be removed, while the second column will be exclusively for
DMS removal. This method is also appropriate for the maintenance of operation
including the washing of accumulated ions and the exchange of packing material.

Shareefdeen et al. (1993) used an eight-membered bacterial consortium,
obtained from methanol-exposed soil, and a peat–perlite column for the biofiltration
of methanol vapors. The biofilter was found to be effective in removing methanol at
rates up to 112.8 g/h/m3 packing. They also derived a mathematical model and
validated it. Both experimental data and model predictions suggested that the
methanol biofiltration process was limited by oxygen diffusion and methanol
degradation kinetics. Bench-scale experiments and a numerical model were used by
Hodge and Devinny (1994) to test the effectiveness of biofiltration in treating air
contaminated with ethanol vapors. Out of the three different packing materials used
viz., GAC, compost, and a mixture of compost and diatomaceous earth, the GAC
supported the highest elimination rates, ranging from 53 to 219 g/m2/h for a range
of loading rates. Partitioning coefficients for the contaminant on the biofilter
packing material had a strong effect on the efficiency of the biofilters. Several
studies on removal of volatile solvents like ketone mixtures, toluene, and ethyl
acetate by biofiltration have also been reported (Kirchner et al. 1987; Campbell and
Connor 1997; Bibeau et al. 1997 Deshusses et al. 1997).

The performance of biofiltration to remove odors (about 40 compounds) from
animal rendering plant’s gaseous emissions was investigated by Luo and Oostrom
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(1997) using pilot-scale biofilters containing different media (sand, sawdust, bark,
and bark/soil mixture). Biofilter odor removal efficiencies of 75–99% were obtained
at various air loading rates (0.074–0.057 m3/m3 medium/min) and medium mois-
ture contents. Bio-Reaction Industries Inc., Tualatin, OR, USA has reported to
develop a modular vapor-phase biofilter which is capable of treating extremely high
concentrations of VOC in low air volumes (Stewart and Thom 1997). These sys-
tems are more suitable for point source industrial process air streams, storage tanks,
and other vent emissions.

Biofiltration of NOx is reported to be enhanced by the addition of an exogenous
carbon and energy source (Apel et al. 1995). pH control is found to be an important
operating parameter due to acidic nature of the gas. Addition of calcite to the
biofilter bed provided an effective internal buffer and the optimum temperature was
found to be 50–60 °C. The biofilter using activated carbon or anthracite as the
packing material was reported to be most acceptable process for the removal of
malodorous compounds containing nitrogen or sulfur (Hwang et al. 1995), because
it produced no oxidized organics noticed with ozonation, and it had an equally high
removal efficiency of both sulfur- and nitrogen-containing odorous compounds.

Biofiltration has been successfully applied to remove a-pinene, a very hy-
drophobic VOC discharged in pulp and paper and wood products emissions, from a
contaminated air stream (Mohseni and Grant 1997). Two identical bench-scale
biofilters were utilized for more than 4 months of experiment. The biofilter medium
consisted of a mixture of wood chips and spent mushroom compost that was
amended with higher perlite, for the first filter, and with granulated activated carbon
(GAC), for the second biofilter; the experiment was conducted at loading rates
between 5 and 40 g a-pinene/m3 bed medium/h. Under steady-state operating
conditions, both biofilters, amended with perlite and GAC, performed similarly and
provided removal rates of up to 30–35 g a-pinene/m3 bed medium/h with gas
retention times as low as 30 s. The adsorption characteristics of GAC were sig-
nificant only during the start-up period where the GAC biofilter had a significantly
better performance than perlite biofilter. When the biofilters were subjected to a
sudden increase in the loading rate, the performance of the biofilters decreased
significantly. The re-acclimation period, however, was not long and biofilters
reached more than 99% removal within less than 48 h of the spike load.

Studies on the transient behavior of a laboratory-scale compost-based biofilters
have been reported (Deshusses 1997). This included start-up, carbon balances, and
interactions between pollutants in the aerobic biodegradation of VOC mixtures
from effluent air streams. The study of transient behavior offers a genuine basis for
the development of a conceptual explanation of the complex phenomena that occur
in biofilters during pollutant elimination, thereby providing an opportunity for
further progress in establishing fundamental understanding of such reactors
(Shareefdeen and Baltzis 1994; Tang et al. 1995; Deshusses et al. 1995). During
long-term operation of a biofilter, the mandatory absence of net cell growth forces
the cells into maintenance metabolism, which is of relatively low rate compared to
substrate consumption during the active growth of the acclimation phase.
Post-acclimation nutrient addition increases activity primarily by allowing a return
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to the high substrate consumption rate of active growth, and only secondarily helps
raise bed activity because of the ultimately higher amount of biomass in the bed
(Cherry and Thompson 1997). The biomass content of a biofilter during the
acclimation phase can be estimated using two approximate methods. The first
follows the cumulative amount of substrate converted and uses the yield of cells
from substrate during active growth to estimate the total biomass created. The
second method follows a rate constant for conversion of substrate in the bed. This
number is proportional to the amount of biomass as long as the conditions in the
bed (e.g., temperature, pH, substrate concentration) are relatively constant (Cherry
and Thompson 1997).

Generally, the empirical knowledge dictates the design and scale-up of biofil-
tration plants, even though substantial performance improvement could be expected
from a more comprehensive knowledge of the individual processes involved in
pollutant elimination. For improved design and performance, an appropriate model
for the whole process is required. Deshusses (1997) and Deshusses et al. (1995)
have developed a novel diffusion-reaction model for the determination of both the
steady-state and transient-state behaviors of biofilters for waste air treatment, and
experimentally evaluated/verified the same. Although this model deals with the
aerobic biodegradation of methyl ethyl ketone (MEK) and methyl isobutyl ketone
(MIBK) vapors from air, similar mathematical treatment can be given to other
biofilters degrading H2S, organosulfur compounds, and other volatile organics.
Most of the mathematical models have been developed mainly to correlate a par-
ticular set of experimental data, to explain the influence of selected parameters on
the efficiency of the process, and sometimes to seek a better fundamental under-
standing of the phenomena occurring in a biofilter (Shareefdeen et al. 1993; Hodge
and Devinny 1994; Deshusses et al. 1995). A more promising quantitative struc-
ture–activity relationships for biofiltration have been presented by Choi et al (1996).

Qiao et al. (2008) studied the removal characteristics of hydrogen sulfide
experimentally in the biofilters with fibrous peat and resin as the packed materials.
The biofilter with 100% of the peat showed higher removal capacity than the resin
biofilter but the gas flow resistance was lower in the latter. The mixture of the peat
and resin as the packed material of the biofilter was proved to be an advisable
method to keep the high removal capacity and reduce the gas flow resistance for a
long-term operation. The flow resistance can decrease by 50% when 50% of the
resin mixed with the peat but the removal capacity was still considered high.

Goncalves and Govind (2010) treated H2S-polluted airstreams in two biotrick-
ling filter columns packed with polyurethane (PU) foam cubes, one with cubes
coated with a solution of 25 mg/L of polyethyleneimine (PEI, coated reactor) and
the another containing just plain PU cubes (uncoated reactor) at empty bed resi-
dence times (EBRT) ranging from 6 to 60 s, and inlet H2S concentrations ranging
from 30 to 235 ppmv (overall loads of up to 44 gH2S/m

3bed/h), with overall
removal efficiencies (RE) in the range of 90−100% over 125 days. The acclima-
tization characteristics of the coated reactor outperformed those of the uncoated
one, and both the observed elimination capacity (EC) of 77 gH2S/m

3bed/h and
retention of volatile solids (VS) of 42 mgVS/cube were maxima in the coated
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reactor. Insights into the controlling removal mechanisms were also provided by
means of dimensionless analysis of the experimental data. Denaturing gradient gel
electrophoresis (DGGE) showed that the dominant surviving species in both units
belonged to the genus Acidithiobacillus.

Wani et al. (2001) studied biofiltration using compost and hog and a mixture of
two to remove reduced sulfur (RS) gases emitted from pulp mills. The hog fuel
showed more resistance to microbially induced bed degradation than compost or
mixtures of both and was found to be effective at RS gas removal as compost, with
the advantage of costing less.

Yang and Allen (1994a, b) observed almost equal hydrogen sulfide removal
efficiencies at pH values between 3.2 and 8.8. Only at pH—1.6, the removal
efficiency decreased to 15%. The high hydrogen sulfide removal efficiency at pH—
3.2 was ascribed to the abundance of acidophilic sulfur-oxidizing bacteria. Also,
other studies by Wada et al. (1986), Cook et al. (1999), and Yang and Allen (1994a)
did not report decreased hydrogen sulfide removal efficiencies at pH values as low
as 3 or even 1.2. Cook et al. (1999) reported that during biofiltration, the pH will
first decrease at the inlet side of the biofilter, where most of the hydrogen sulfide is
oxidized and the low pH front will therefore move to the deeper parts of the
biofilter. In general, it should be sufficient to maintain a pH value higher than 3 for
the efficient removal of hydrogen sulfide. However, it could be useful to maintain
neutral pH values to avoid inhibition of the removal of other compounds present in
the waste gas, corrosion, and increased filter medium degradation.

Yang and Allen (1994b) suggested that in order to increase the pH of the
biofilter material, washing can be applied although only small pH increases are
usually obtained.

Smet et al. (1996) reported that regeneration of an acidified biofilter (pH—4.7)
was not possible by trickling tap water or buffer solution over the bioreactor, as
most of the sulfate was leached as the corresponding sulfate salts and not as sulfuric
acid. In addition, leaching caused washout of essential microbial elements.
Alternatively, the use of more concentrated buffer solutions in combination with a
complete mineral medium or mixing with limestone powder was suggested.

Ruokojarvi et al. (2001) developed a two-stage biotrickling filter for sequential
removal of hydrogen sulfide, methyl mercaptan, and dimethyl sulfide. Two biore-
actors connected in series were inoculated with enriched activated sludge, the first
operating at low pH for removal of hydrogen sulfide and the second at neutral pH
for removal of dimethyl sulfide. Methyl mercaptan was removed in both reactors.
Hydrogen sulfide, dimethyl sulfide, and methyl mercaptan elimination capacities (as
S) as high as 47.9 g m−3 h−1, 36.6 g m−3 h−1, and 2.8 g m−3 h−1, respectively,
were obtained for the entire two-stage biotrickling filter at more than 99% removal
efficiencies and the reactor showed a good long-term stability.

Two Hyphomicrobium versus inoculation protocols were compared for start-up
of a biotrickling filter removing dimethyl sulfide (Sercu et al. 2005a, b). A dynamic
model was developed that described the removal of dimethyl sulfide in the presence
of methyl alcohol in inorganic biofilters under both steady and transient conditions
(Zhang et al. 2007a, b). Biological treatment of dimethyl sulfide was investigated in
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a bench-scale biofilter, packed with compost along with wood chips, and enriched
with dimethyl sulfide degrading microorganism Bacillus sphaericus (Giri et al.
2010). Dimethyl sulfide was removed in a thermophilic biotrickling filter operated
at 52 °C, using an enriched sludge inoculum (Luvsanjamba et al. 2008). The
membrane bioreactor contained a polydimethylsiloxane/Zirfon composite mem-
brane and inoculated with Hyphomicrobium versus; a methylotrophic microor-
ganism was used to remove dimethyl sulfide from waste air (Bo et al. 2002). The
biofilter process and bacterial community composition are key elements for
biodegrading of dimethyl sulfide. Hydrogen sulfide, methanethiol, dimethyl sulfide,
and dimethyl disulfide were degraded by HyphomicrobiumDW44 isolated
from peat biofilter (Cho et al. 1991). Dimethyl sulfide was conversed by
Methylophagasulfidovoran in a microbial mat (Zwart and Kuenen 1997). A PCR-
DGGE approach and a dendrogram had been used to illustrate the diversity of the
bacterial community in a biofilter at different operating conditions. The diversity of
the bacterial community in the biofilter is dynamic and varies with inlet dimethyl
sulfide loads, the addition of glucose, and fluctuating temperature (Chung et al.
2010). Wei et al. (2013) conducted experimental investigations to remove the odor
containing dimethyl sulfide in biofilter filled with the ceramsite as a medium. The
biotrickling filter packed with ceramsite was set up to study the removal of dimethyl
sulfide. The removal efficiency in the biotrickling filter was up to 99% based on
experimental results. The optimal spray density, empty bed residence time, and pH
were 100 mL min−1, 38 s, and 6.0, separately. The microbial community compo-
sition taken from packing material samples in the biotrickling filter for removal of
dimethyl sulfide developed, which were assessed by polymerase chain reaction-
denaturing gradient gel electrophoresis of eubacterial 16S rDNA followed by clone
library analysis, revealed four distinct bands. Phylogenetic analysis showed that the
sequences of these bands were closest to sequences of species of the Bacillus sp.,
Rhodobacteraceae bacterium, proteobacterium, and delta proteobacterium.

The biofiltration of dimethyl sulfide in simulated waste gas has been reported in
the literature showing variation in the performance of the system (Giri et al. 2010;
Chan 2006; Delhomenie and Heitz 2005; Shareefdeen et al. 2005). Reduced sul-
furous compounds biofiltration generates acid, which reduces the pH of the packing
medium thereby affecting the biodegradation (Shareefdeen et al. 2005; Christen et al.
2002; Maestre et al. 2007). In traditional biofilters without water recirculation,
by-products of degradation of reduced sulfur compounds drop the pH of the
biofilters. Some of the researchers have reported dimethyl sulfide degradation using
methanol for co-metabolism with improved biodegradation of dimethyl sulfide
(Zhang et al. 2006, 2007a, b, 2008; Darracq et al. 2010). Giri and Pandey (2013)
treated the ambient air and live vent gas from a pulp and paper industry containing
dimethyl sulfide along with other traces of reduced sulfurous compounds in a
biofilter packed with wood chips and compost, and seeded with microorganism B.
sphaericus. It was observed that a bench-scale biofilter packed with compost and
wood chips seeded with potential dimethyl sulfide degrading culture (B. sphaericus)
could efficiently remove dimethyl sulfide from ambient air with removal efficiency
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of 71 ± 11 at an effective bed contact time of 360 ± 20 s with loading rate in the
range of 4–28 g dimethyl sulfide/m3/h. Further, the same biofilter operated for the
treatment of vent gas generated from a pulp and paper industry indicated dimethyl
sulfide removal of 61 ± 18% at optimal effective bed contact time of 360 ± 25 s
with a loading rate in the range of 3–128 g dimethyl sulfide/m3/h.

Biological Filtration Oxygenated Reactor (Biofor) is a new generation of modern
apparatus, an aerobic biological reactor from Degremont, with fixed biomass on a
support material (Brenna 2000). The principal advantages of biofiltration are a high
concentration of biomass that brings the reactor to operate without the problems of
bulking with the elimination of pollutants difficult to degrade biologically. Biofor
gives these results as a result of an ideal support material; efficient aeration system;
a process of ascending equal currents of air and water; and optimized washing
processes. The support material, Biolite, presents optimal qualities of density,
hardness friction, and porosity. As well as working without odors and noise, Biofor
is adapted for plants to limit environmental impact.

Domtar’s kraft mill, Cornwall, Ontario, Canada carried out research to find a
way of reducing the odors from the plant (Lau et al. 2006). Three types of biofil-
tration technology were researched: biofilters, bioscrubbers, and biotrickling reac-
tors. This last option seemed the most favorable for treating the gas leaving the
brown stock reactor. With biotrickling reactor conditions such as temperature, pH,
and growth of the biomass can be controlled. Four types of packing material were
tried. The packing material should have a high void fraction; high specific surface
area; been made from an acid-resistant material; a low bulk density; and the
microorganisms should stick to the packing. Lantec’s HD Q-PAC gave the opti-
mum results.

21.3.6 Present Status

Biofiltration is now a well-established air pollution control technology. In Europe,
several chemical process industries are using biofilters for deodorization and
treatment of VOCs from the waste gas. In Netherlands and Germany, biofiltration
has developed since the early 1960s into a widely used APC technology which is
now considered “best available control technology” in a variety of VOC and odor
control applications. Successful biofilter applications in Europe include the fol-
lowing: chemical manufacture, chemical storage, adhesive production, coating
operations, iron foundries, waste oil recycling, flavors and fragrances, tobacco
processing, industrial waste treatment plants, composting facilities, other food
processing industries, oil mills, beer yeast drying, etc. (Singhal et al. 1996) with
odor control efficiency of 91–99% and organic removal efficiency of 71–95%.
Compounds that are typically well degraded include alcohols, ethers, aldehydes,
ketones, amines, sulfides, and inorganic compounds like ammonia and hydrogen
sulfide. Higher chlorinated organics show relatively lower ratio of biodegradation.
More than 40% of New Zealand animal rendering plants now use biofilters which
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are usually effective (Luo and Oostrom 1997). Commercial use of biofilters has
been less extensive in the United States, although the need for cost-effective air
emission technology is clearly acute (Shareefdeen et al. 1993). But lately, biofil-
tration technology has started picking up in the US also. Although very little
information is available in the literature about the application of biofilters, in pulp
and paper industry for odor removal, substantial information is available for the
removal of various compounds similar to those generated in pulp and paper
industry. This information could be very useful in installing biofiltration systems in
pulp and paper mills.

21.3.7 Parameters Affecting the Performance of Biofilter

In addition to the microbial culture and packing materials, several other parameters
are also important which affect the performance of a biofilter. In order to avoid
deposits in the filter layer, dusts and aerosols are to be removed to a great extent from
the waste gas by means of appropriate separators. Before it enters the filter, the waste
gas should be humidified to saturation. The raw gas is humidified in a spray
humidifier or by adding steam to it. The dust separation and humidification can be
combined in wet scrubbers wherein scrubbing is done by water. Sometimes, the
biofilters can be poisoned by the presence of off-gas constituents that are toxic to the
microorganisms. Elimination of these substances or changing the vent system can
make the off-gas suitable for biofiltration. High particulate loads in the raw gas can
adversely affect the operation of a filter in different ways. Clogging of the air
distribution system and the filter material itself by grease and resin can also occur.
The deposition of dust in the humidifier will generate sludge and can result in the
improper humidification. In such cases, the installation of particulate filter is required
(Leson and Wikener 1991). Pollutant concentration and pollutant loading rates affect
the performance. For example, in cases of H2S removal by compost biofilter, the
efficiency does not change as long as the H2S loading rate is less than the maximum
acceptable value for the compost. The concentration of H2S as high as 4,000–
4,500 ppm can be treated with an efficiency of 99% but if the concentration increases
drastically, say more than 100,000 ppm, then fresh air can be introduced to reduce
the H2S concentration and increase the oxygen concentration (Yang and Allen
1994a). The maximum elimination capacity is a function of the biofilter material and
the operating conditions. The pollutant loading should be applied accordingly.

To ensure the maximum pollutant elimination capacity of the biofilter system, the
gas should stay on the bed for sufficient time. It is 30–40 s for H2S elimination in
compost bed (Yang and Allen 1994a). There is no significant increase in the effi-
ciency if the time is greater than 25 s but when it is decreased to say 10 s, the
efficiency decreases by about 80%. The reduction of H2S removal efficiency at
shorter residence time is not necessarily due to the insufficient reaction time between
the H2S molecule and the biomass but may be due to the slow step involved in the
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overall process. This slow step comprises H2S diffusion from the gas phase into the
liquid phase where the microorganisms exist (Yang and Allen 1994a).

The moisture content and pH of the packing bed are other important parameters.
For the compost, moisture level should be held between 40 and 60%. If the
moisture content is reduced below 30%, the H2S removal efficiency decreases
proportionately. Proper moistening equipment like sprinklers should be installed
and operated in such a way that moisture content stays in the prescribed limits.
Since the dominant active species present in this biofilter are primarily acidophiles
which prefer an optimum pH value near 3, maximum H2S removal occurs at a
compost pH of 3.2. Sulfur-oxidizing bacteria can live in environments having a
wide range of pH (1–8). At the pH below 3, the efficiency decreases drastically. At
the higher pH range, chemical reaction between H2S and the compost material or
reaction products can significantly enhance its removal, in addition to biological
oxidation (Yang and Allen 1994a).

For high pollutant removal efficiency, the temperature of the filter bed should be
in the optimum range. The optimum range is 35–50 °C for H2S removal. The
efficiency drops rapidly with decreases in temperature. For example, if the tem-
perature reduces to, say, 7 °C, the H2S removal efficiency decreases by about 80%.
The decrease in H2S removal at the higher temperature is less significant than that at
lower temperature. The removal of H2S at higher temperatures is probably due to
increased chemical oxidation reactions in addition to biological oxidation.
Normally, the temperature of biofilter is 10–15 °C higher than the ambient tem-
perature. This is due to the biological respiration of the microbes and the
exothermic reactions in the filter. Thus, the biofilter can function properly even if
the ambient temperature is low.

Since sulfate is the final product of the biofiltration, involving sulfur compounds,
it may accumulate in the filter bed if not removed. Accumulation of sulfate can
easily reach a level that can significantly reduce the biological function of the
biofilter. Therefore, sulfate should be washed off periodically before it reaches the
toxic level. A sulfate content of 25 mg/g is a critical level for the microbial
environment.

The pressure drop increases approximately linearly with packing height. It
increases in significantly larger increments with packing height for smaller particles
than that for larger ones. It also depends on the water content of the packing. If the
water content is increased, the coagulation of small viscous particles is enhanced
and the pressure drop increases sharply. However, the rapid buildup of pressure can
be suddenly released by channeling, i.e., a breakdown of filter bulk with much less
resistance caused by a separation of packing materials. This situation is undesirable
because it allows pollutants to exit the system without treatment. To prevent the
high back pressure buildup, the surface load of up to 300 m3 off-gases/h/m2 of filter
should be maintained for proper functioning of the compost filter. Mineralization
and compaction of the compost packing during extended operation may eventually
increase the bed pressure drop. Practically, the bed needs to be repacked or the
compost replaced when the overall pressure drop is greater than 25 kPa (Yang and
Allen 1994a).
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21.3.8 Advantages, Limitations, and Future Prospects

Since biofilters compete with incineration and carbon adsorption in many situations,
they are attractive in terms of not having to deal with landfilling costs or regen-
eration headaches. This has already been recognized in Europe, and some biofilter
technology has found its way to the US (Anon 1991). Also, the thought of not
simply transferring contaminants from one medium to another is particularly
appealing. The biofilter creates a truly destructive process.

The use of microbial filter techniques in the treatment of air effluents containing
organic pollutants can offer a number of advantages. They are inexpensive, work
efficiently at ambient temperature, self-generating, maintenance free with low
running cost, long life, kind to the environment, and oxidize most common volatile
organic compounds to carbon dioxide and water producing virtually no
by-products. The microbial flora survives a fairly long period during which the filter
bed is not loaded (periods of a fortnight are easily spanned with hardly any loss of
microbial activity). This is important in view of the dynamic behavior of filter bed at
discontinuous operation and means a very short starting time after longer periods of
not operating the filter bed (Ottengraph and Van Denoever 1983). Moreover, the
presence of a large amount of packing material with a buffering capacity diminishes
the sensitivity of biofilters to different kinds of fluctuations.

Although such methods have long been known to be cost-effective, they have
not found general acceptance in practice, even when the exhaust gas components to
be removed are biodegradable. Long adaptation periods of the biomass (in partic-
ular with large exhaust gas flow discontinuities) or low space velocities, i.e., low
specific purification capacities, are the reasons often cited. Bed compaction prob-
lems, especially with soil and compost biofilters, have also been noticed. This
results in high-pressure drop across the filter. However, with the help of granulated
activated carbon and other synthetic packing materials, individually or in combi-
nation with soil–peat–compost materials, have solved these problems to a great
extent.

While bio-oxidizing H2S and organic sulfur compounds in a filter, accumulation
of sulfate can easily reach a level that can significantly reduce the biological activity
of the biofilter. Therefore, sulfate should be periodically washed off before it
reaches the toxic level. The removal of DMS decreases considerably if metha-
nethiol (MT) is also present in the exhaust gas (Hirai et al. 1990). However, the
existence of H2S weakens the effect of MT on DMS removal rate to a certain extent.
In this case, it would be desirable to maintain a low space velocity to ensure DMS
removal. At high space velocity, two-stage columns in series are recommended. So
that, in the first column, most of the H2S and MT can be removed, while the second
column will be exclusively for DMS removal. This method may also be appropriate
for the maintenance of operation, including the washing of accumulated ions and
the replacement of packing material. Multistage operation of biofilters may also be
necessary when the waste gases contain components, which require different con-
ditions for their microbial degradation. This way, optimal growth conditions for the
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different microbial population can be provided in separate stages. Also, more stages
may be necessary when the waste gases include one component in a concentration
so high that the capacity of one stage is inadequate for a sufficient degradation.
Depending on the nature of the organic compounds present in the waste, the filter
sometimes needs inoculation with appropriate microorganisms to start biological
activity.

In recent years, there has been significant maturation of biological waste air
treatment research. This has resulted in a large number of studies concerning the
performance and operation of the biofilters. Biofilter technology has a high potential
for exhaust gas clean up but as with many biological processes, the design
requirements have not been fully appreciated. Interestingly, the fundamental pro-
cesses involved during the elimination of a pollutant in a gas-phase bioreactor are
still very poorly understood.

Biofilter technology was utilized in the field well before there was a basic
understanding of its fundamental principles. This has resulted in several cases of
unsuccessful or sub-optimum operation of large-scale bioreactors. Today, with
recent advances in the understanding of the fundamental principles underlying
biofiltration, promise exists for better reactor design with optimal operating con-
ditions. However, a number of fundamental questions remain unanswered or require
further clarification, e.g., the quantification of biomass turnover, biodegradation
kinetic relationships and factors influencing these relationships ecology of biofilter
microflora, the determination of the availability and cycles of pollutant, oxygen, and
essential nutrients. The above factors have been found to significantly influence the
performance and long-term stability of biofilters, and thus require further investi-
gation in quantitative term. The expanding use of modern tools of biotechnology
should be able to make it easier. The largest problem to overcome will be the
translation of recent and future basic advances into real process improvements for
biofiltration technology to mature from the mysterious black box reactor to a
well-engineered process based on solid science rather than on trial and error.

Biofiltration technology for purification of exhaust gases from pulp and paper
industry has a great potential. Very little information directly related to the industry
is available although reasonably good information is available on the biofiltration of
organic compounds similar to those found in the exhaust gases of pulp and paper
industry. More studies are needed to obtain a better understanding of the heat
transfer, mass transfer, and reaction processes occurring within the biofilter beds.
Comprehensive long-term studies of full-scale biofilter systems would also be
valuable in improving our understanding of biofilters used to remove VOCs from
off-gases generated in the paper industry. Extended studies of transient behavior of
biofilters are also needed to provide the basic empirical knowledge necessary for
plant design, scale-up, and performance evaluation under real conditions.

Research continues on biological systems in the private and public sectors. New
medias and concepts are being developed and investigated in order to produce
higher loading rates in order to reduce the cost and increase the removal efficien-
cies. One interesting development introduced in the United States is the Bord Na
Mona Monashell™ biotrickling filters (Thorsvold 2011). This system utilizes
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ordinary clam shells as the media for bacteria growth in a biotrickling filters con-
figuration. This technology was patented in 1996 and has more than 600 installa-
tions worldwide but it has only been used and tested in the United States. Studies
have shown that these clam shells have high porosity, low differential pressure, and
an affinity for sulfur compounds, these properties making the shells a good choice
as a biotrickling filters medium (Naples 2010). The naturally occurring calcium
carbonate in the shells serves as a buffer to maintain a neutral pH in the biotrickling
filters which allows the media bed to contain both autotrophic and heterotrophic
bacteria throughout the biotrickling filters. The heterotrophic bacteria require a
neutral pH to thrive. The autotrophic bacteria do just as well in a neutral pH as they
do in an acidic environment. Studies have shown that the clam shell-based
biotrickling filters can remove high levels of hydrogen sulfide and organic reduced
sulfur compounds, making this a potentially complete solution for a plant in a
sensitive area and a desire to treat odors biologically without a carbon polishing
stage. Results showed hydrogen sulfide removal efficiencies exceeded 99%, even
during spikes of almost 400 ppm hydrogen sulfide (Naples 2010), while also
providing high removal efficiencies of organic reduced sulfur compounds. The
problem with this media is that the calcium carbonate is consumed and the clam-
shell media must be replaced when it breaks down and collapses to the point where
the media shows excessive head loss. In this way, the unit functions similarly to an
organic media biofilter, though at much higher loading rates and with slower
degradation of the media. Like the organic biofilters, the higher the hydrogen
sulfide concentrations, the media will need replacement more frequently.
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Chapter 22
Management/Utilization of Wastewater
Treatment Sludges

Abstract Pulp and paper mill industries are always associated with disposal
problem of highly contaminated sludge or biosolids. In countries with large-scale
pulp and paper production, the huge amount of waste generated has prompted the
government and industries to find new use of these biosolids. Paper mill sludges
have a net environmental advantage over sewage sludges in that they are nearly
pathogen free; handling and use pose lower health risks. Landfilling, land appli-
cation, composting, land spreading to improve soil fertility, production of ethanol
and animal feed, pelletization of sludge, manufacture of building and ceramic
materials and lightweight aggregate, and landfill cover barrier are among the waste
management options studied. The challenge to find efficient methods for firing
sludge still exists today and is becoming increasingly important as pulp and paper
mill strive to be competitive. So far, incineration has been the primary alternative to
landfill. However, incineration is associated with environmental pollution prob-
lems. The emission of gaseous NOx and SO2 are the major precursors of acid rain.
The residue ash contains various toxic metals which need to be landfilled and hence
result in groundwater contamination. The plastics and glue found in the sludge are
the sources of chlorinated compounds such as HCl, dioxins and furans which are
major threat to the environment. Landfilling is becoming less of a viable option as
environmental problems and restrictive legislation are making landfills a buried
liability. Also, landfill operating cost has increased. Sites and permits for new
landfills have become more difficult to obtain in many countries. Incineration and
the production of steam and power with sludge will continue to be an option for the
foreseeable future. Improvements in sludge drying techniques and boiler configu-
ration are making sludge more of an asset than a liability for heat production.
Incineration in beehive burners will soon be eliminated as these burners are being
phased out. Land application is gaining momentum in the pulp and paper industry
as well as with municipal waste treatment systems. Trials are quickly developing
into permanent land spreading programs for forestry application, land reclamation,
and agricultural application but research is demonstrating that the hurdles of

Excerpted from Bajpai et al. (1999). Management of Wastewater Treatment Sludges, with kind
permission from Springer Science+Business Media.

© Springer Nature Singapore Pte Ltd. 2018
P. Bajpai, Biotechnology for Pulp and Paper Processing,
https://doi.org/10.1007/978-981-10-7853-8_22
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environmental legislation and disposal costs could be overcome. There has been
interest in the use of sludge for production of lightweight aggregate and granules to
carry agricultural chemicals, in pelletization of sludge for use as a fuel, production
of ethanol and single-cell protein, use in cement kiln feedstock, and as hydraulic
barrier material in landfill-capping systems. The interest in these particular waste
management opportunities probably relates mostly to their potential for using sig-
nificant amounts of sludge. With the exception of ethanol and lightweight aggregate
production from sludge, full-scale operations have successfully demonstrated each
of these alternatives.

Keywords Waste management � Wastewater treatment sludges
Solid waste � Landfilling � Land application � Composting � Vermicomposting
Incineration � Ethanol � Lactic acid � Animal feed � Anaerobic digestion
Wood adhesive

22.1 Introduction

Sludge is the largest by-product of the pulp and paper industry and disposal of
sludge is a major solid waste problem for the industry (Battaglia et al. 2003; Geng
et al. 2006; Suriyanarayanan et al. 2010; Krigstin and Sain 2005; Mladenov and
Pelovski 2010). The nature of sludge generated from paper industries mainly
depends on the raw materials used in different unit processes. The quantity of
sludge generation varies with the type of pulping and papermaking or both
(Springer 1993). Sludge generated from the industrial sludge contains a large
number of ingredients, some of which are toxic. Solid waste is generated from the
both large and small categories of paper mills. Solid waste from paper industries is
generated usually in various stages of paper production. The production of chemical
pulp generates various fractions of solid waste:

• inorganic sludge (i.e., dregs and lime mud) from the chemical recovery
• bark and wood residues from woodhandling
• sludge from the biological wastewater treatment plant (i.e., inorganic material,

fibers, and biological sludge)
• dust from boilers and furnaces
• rejects containing mainly sand from woodhandling
• fly and bottom ashes from the fluidized bed boiler.

Dregs and lime mud are separated from the chemical recovery cycle in order to
keep the amount of inert material and non-process chemicals in the cycle at an
acceptable level and thus secure high reaction rates in the chemical recovery system.

Solid waste disposal is usually to landfill, although incineration is becoming
increasingly widespread. Prior to any land application of solid residues, the levels
of chemicals of concern need to be routinely demonstrated to fall below realistic
regulatory levels. Kenny et al. (1997) have reported that Canadian pulp and paper
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mills with activated sludge wastewater treatment system produce primary sludge of
31 kg(od)/ton of pulp while the secondary (biological) sludge generation is
16 kg/ton. A typical floatation deinking plant produces 80–150 kg of dry sludge
per ton of recycled pulp (Latva-Somppi et al. 1994). The amount of sludge gen-
erated by a recycled fiber mill depends very much on the type of furnish being used
and the end product being manufactured. For example, a recycled tissue mill and a
recycled newsprint mill may use the same old newspaper as furnish, but the higher
brightness and lower dirt requirements of the tissue will result in a lower yield and
higher sludge generation.

The composition of sludge depends on the raw material, manufacturing process,
chemicals used, final products, and the wastewater treatment technique. In case of
recycled papers, it also depends on the type of paper used and the number and types
of cleaning stages used in the recycling operation. For example, sludge from mixed
office wastepaper (MOW) may contain high levels of clay and other types of fillers,
printing inks, stickies from envelope adhesives, as well as fibers and paper fines. In
fact, sludges from MOW recycling operations may contain as much as 2% ash from
fillers in the wastepaper. Sludge solids produced by pulp and paper mills typically
include a majority fraction of fiber. Depending on the mill ink, sand, rock, bio-
logical solids, clay/fillers, boiler ash, grits from recausticizing, etc., may make up
the other fractions. Because of the constituents that may exist, along with the water
fraction, typical sludge analysis can vary widely. So, it is very important to char-
acterize the sludge carefully for determining the best method for sludge disposal.

22.2 Dewatering of Sludge

Sludge is usually disposed of through landfilling, incineration, land spreading or
through alternate uses. All these approaches have one feature in common: the
sludge must be as dry as possible. Hence, dewatering the sludge to as high a solids
level as possible is important for both economical and environmental reasons.

The primary sludges can be dewatered easily as these are high in fiber and low in
ash. The most difficult are the solids from the high-rate biological treatment sys-
tems. The primary sludge most difficult to dewater is that containing groundwood
fines. Primary sludges are normally tertiary or quaternary pulp and paper mill
rejects, but often consist of quality fibers having a high monetary value. As the
percentage of secondary sludge increases, the dewatering characteristics deterio-
rates, resulting in decreased cake solid contents. Tissue mills, NSSC plants, and
recycle paperboard plants have problems with dewaterability of combined sludges.

Sometimes, it may be desirable to dewater the primary sludge separately from
the secondary sludge. One example is a situation in which the secondary sludge can
be disposed of through land application. Blended sludges are not usually suitable
for such disposal. Another example is a situation in which the primary sludge can
be used to produce a by-product or can be reused within the production process, but
the blended sludge cannot be used. If the combined consistency is less than 4–5%,
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sludges must be pre-dewatered. It actually helps the dewatering process by reducing
solution volume while increasing solid content for further dewatering, absorbing
fluctuations of inlet solids consistency while stabilizing the output consistency,
increasing outlet solids content and solids capture efficiency, and reducing overall
polymer consumption.

Pre-dewatering technologies which are commonly used include rotary sludge
thickeners (RSTs) and gravity thickeners. Other technologies in use include gravity
table thickeners, dissolved air floatation (DAF) clarifiers, and belt presses.
Centrifuges, V-presses, coil vacuum filters, and fabric vacuum filters are also used
but these are not very common. The floatation thickener used on secondary sludge
can achieve approximately 4% solids, giving it an advantage over the gravity
thickener, which can achieve only about 2%. The advantages of gravity thickeners
include: simplicity, low operating costs, low operator attention, and a degree of
sludge storage. Conditioning chemicals are not normally required and there is
minimal power consumption. However, these advantages are often offset by
potential septicity/odour, less dewatering capability (as compared to other tech-
nologies), and large space requirements. These disadvantages have limited the use
of gravity thickeners in recent installations. An RST is a rotary screen where water
is removed by gravity and tumbling action. RTSs have been installed in many mills
as pre-dewatering units before the screw presses. This type of pre-dewatering
device is capable of increasing consistency to between 4 and 10% depending upon
the proportion of secondary sludge and the percentage of solids from the secondary
and primary clarifiers. In a gravity table filter, sludge is drained on a rotary wire.
Drainage is assisted by moving paddles. The paddles are required to prevent wire
pluggage. Gravity tables and RSTs produce sludges of similar consistency. Gravity
tables are normally placed over screw presses to allow feeding by gravity. As with
RSTs, polymers are applied before the table filter.

With DAF clarifiers, secondary sludge is floated with dissolved air, usually with
the aid of some dewatering chemicals. Sludge is skimmed from the surface of the
clarifier and the underflow re-treated in the aeration pond or the primary clarifier. In
the DAF process, solids can be increased to 3–6% for secondary sludges. The actual
performance is frequently dependent upon the type of chemical applied and the
dosage rate. DAF units also have the potential to eliminate odour problems. Few
mills rely solely on DAF units for sludge pre-dewatering (Kenny et al. 1997). Few
activated sludge treatment plants use DAF units in combination with rotary sludge
thickeners. One mill in Canada uses coil filters and V-presses to dewater primary
sludge (Kenny et al. 1997). After pre-dewatering of the primary sludge, the sec-
ondary clarifier sludge and pre-dewatered primary sludge are mixed in a paddle
mixer and then discharged for final dewatering on screw presses. No dewatering
chemicals are required. Vacuum filter dewatering of biological sludges has been
phased out of service in North America. Problems with poor capture rates, blinding
and landfilling difficulties have eliminated this option.

In order to obtain good dewatering efficiency, sludge from wastewater treatment
plants is frequently conditioned, using chemical or physical means to alter the floc
structures of the sludge, i.e., imparting sufficient stiffness and incompressibility to
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the structures so that water entrained in the sludge can rapidly be drained through
filtering or other means (Benitez et al. 1993; Wu et al. 1998). The functions of
conditioners are to improve the sludge-dewatering properties, to reduce specific
filtration resistance, and to enhance the dewatering efficiency. These increase the
solids content after dewatering. There are four mechanisms through which chemical
conditioners added to sludge at wastewater treatment plants act: compression of the
electrical double-layer, neutralization of charges, retention of precipitates, and the
bridging effect. These actions destroy the stability of the existing flocs, causing
them to reaggregate and precipitate into a tighter sludge filtration cake, thus
enhancing dewatering (Huang and Chang 1997). In general, following chemicals
are used for conditioning, regardless of the type of equipment: lime, ferric chloride,
and polymers. The three can be used separately or in combination. Ferric chloride
has the disadvantage of being highly corrosive but is a very effective conditioning
agent. The sludges that are difficult to dewater require high polymer addition rates.
Wet air oxidation has also been used as a conditioning process to aid sludge
dewatering and has been commercially applied in the paper industry (Mertz and
Jayne 1984) where filler recovery was a side benefit. However, the brightness of the
filler recovered was lower than that of the filler grade clay and the installation
experienced considerable downtime and high maintenance costs.

Polymers are typically added to flocculate sludge during wastewater treatment.
Banerjee (2009) has reported that cyclodextrins (CDs) boost the performance of
these polymers by increasing the cake solids and drainage rates of belt- or
screw-pressed biological or primary sludge. These benefits are obtained at very low
CD dosage. CDs also decrease the specific resistance to filtration and increase the
capture rate of solids during belt pressing. In three different full-scale trials, a
combination of higher cake solids, better drainage, better filtrate clarity, and lower
polymer use was obtained. The CD application for sludge dewatering has been
implemented at the Mississippi mill and has provided stable benefits of a 30%
reduction in polymer costs for several months. Several successful trials at other
facilities in the US have been run successfully and additional implementations are
anticipated. From a cost standpoint, the CD is approximately twice the cost of the
polymer. It displaces a much higher proportion of the polymer, so the cost:benefits
are attractive. Finally, CDs are biologically derived products in that they are pre-
pared from starch. Sludge-conditioning polymers are derived from hydrocarbons,
so that the displacement of polymers by CD carries both economic and
socio-political benefit. The cost of a-CD is about three times higher than that of a
typical sludge conditioning polymer, but it is applied at very low doses so the
increase in overall chemical cost is relatively small. This cost is more than offset by
the savings realized from the reduced polymer dosage. The benefits of the CD are
incremental; the CD essentially boosts the performance of the polymer(s) applied
with regard to cake solids, drying rate, and capture efficiency. The cost:benefits are
site-specific, but they are especially attractive at locations where sludge disposal
costs are high. Finally, the CDs are biologically derived products. Sludge-
conditioning polymers are derived from hydrocarbons, so their partial replacement
with CDs carries both economic and environmental benefit.
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Taiwan researchers (Perng et al. 2006) have studied the application of nanosilica
for paper mill dewatering. The study was conducted in a paper mill in Taiwan which
produces cultural and industrial paper products and which applies sedimentation and
a single-stage activated sludge (AC) process to treat its mill effluent. The primary
sludge from sedimentation and the waste bio-sludge from the AC stage were col-
lected for the experiment. A conventional cationic polymer and a nanosilica
preparation were, respectively, used as a dewatering agent and co-agent to see
whether the dewatering efficiency could be enhanced. Sludge-dewatering efficien-
cies were quantified using the specific resistance to filtration (SRF) and capillary
suction time (CST). A 23 factorial experimental design was used to delineate the
effects and interactions of the sequence of polymer addition and the dosages.
Analyses of the factorial design on the CST and SRF tests showed that both the
primary sludge and bio-sludge had similar treatment behaviors. All three variables
under investigation were significant, but none showed interactions with each other.
The bio-sludge had a poorer dewatering efficiency than did the primary sludge on the
CST and SRF tests. They found that the cationic polymer should be added first,
followed by the anionic nanosilica. The reverse sequence of addition was largely
deleterious to the dewatering of the primary sludge. Both the cationic polymer and
nanosilica showed close weighting factors on the dewatering efficiency.

The commonly used dewatering devices used in the paper industry are rotary
vacuum filters, centrifuges, V presses, twin-wire presses, and screw presses. In
some situations, the primary dewatering device is followed by a press to further
increase the solids content. The vacuum filter had been the most popular device.
Solids capture in vacuum filter is 90–95%, and the cake produced is about 20%
solids. In order for the filter cake to discharge properly from the filter, 10–20% long
fiber (>100 mesh) must be present in the sludge (Miner and Marshall 1976).
Vacuum filter cakes containing combined sludge solids can be further dewatered on
V-presses to approximately 35–40% consistency. A V press is just two disks
providing a converging nip that applies pressure to the sludge to squeeze out the
water. Vacuum filters can be equipped with either fabric media or steel coils. Fabric
media are often used in situations when fiber content is low, the ash content is high,
or the solids are otherwise difficult to dewater on a coil filter. The power costs for
operating the large vacuum pump required by a vacuum filter are quite high.
Vacuum filters are being replaced by belt presses, which seem to perform as well if
not better, at lower operating cost.

Voith Paper has developed Thune, a new design of screw press for dewatering
pulp and paper mill sludge (Norli and Smedsrud 2006). The trial was taken at the
new Adolf Jass Schwarza mill at Rudolstadt Germany in 2005. The new screw
press achieves high torque distributed evenly along the axis by integrating the inlet
and discharge housings and the screen supports into the machine frame. The cen-
treline of the press is kept low in order to minimize deflection at high loadings, the
height above mountings being only 270 mm. The operating cost is kept low and
the machine has been designed to facilitate maintenance and servicing. Above all,
the new press achieves a higher dewatering per screen area than comparable sludge
presses. The Thune SPS70 screw press at Schwarza handles all fine and sludge for
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dewatering, fed by a Meri BlueDrain gravity table. A Meri Sediphant is used to
pre-dewater cleaner reject and prescreened sewer matter. Dynamic torque control
ensures a uniform consistency of the discharge. Voith Paper dewatering center at
Tranby Norway have also installed a smaller system at Orbro Kartong in Sweden,
with a Meri Elephant filter and a Thune screw press.

Disk centrifuges have found little application in the paper industry. They have
been tried as thickening devices but experience has been unsatisfactory. Basket
centrifuges have been used to a limited extent for sludges that are very difficult to
dewater, but they operate in a batch mode rather than continuously. Usually, it is
desirable to use the continuous decanter scroll centrifuge. Special scroll units have
been developed for secondary sludge, and they are usually preferred over the basket
centrifuge. Scroll centrifuges dewatering combined paper industry sludges gener-
ally produce cakes of 20–40% consistency at solids capture efficiencies of 85–98%
from sludges conditioned with polymer. As the centrifuges operate on the basis of
density difference separation, the sludges which are much denser than water, such
as high-ash sludges, provide the best application of centrifuges. Specially designed
scroll centrifuges can dewater secondary sludge from 2 to 11% solids with 99.9%
capture efficiency (Reilly and Krepps 1982). However, it required 6–8 kg polymer
per ton of sludge for conditioning. Centrifuges have a relatively low capital cost but
can be expensive to operate due to requirement of chemical conditioning agents,
their high power requirements, and their maintenance costs. Dissatisfaction with
centrifugation has been attributed to the following:

(a) generation of poor quality supernatant that could cause a buildup of fines in the
treatment system;

(b) susceptibility of centrifuges to plugging with pieces of bark,
(c) the severe screw conveyor abrasion experienced at many mills.

V presses have been applied successfully to the dewatering centrifuge and
vacuum filter cakes containing as much as 30% biological solids. However, the
combined sludges normally encountered require sufficient conditioning for vacuum
filtration or centrifugation to render them amenable to V pressing (Miner and
Marshall 1976). V pressing can be performed to raise the solids content of the
sludge high enough for incineration (Stovall and Berry 1969). V presses generally
produce primary sludge cake consistencies of 30–45%. Either a V press or a screw
press would precede most bark boilers burning bark and sludge. The sludge would
enter the press at 15–25% solids and be subjected to a pressure of 690 kPa to raise
the solids to the 30–45% suitable for incineration (McKeown 1979).

Pressure filters are the most powerful dewatering devices available. For combined
sludge, cake of 30–35% consistency can be produced with solids capture efficiency
of 95–100% (Miner and Marshall 1976). However, it is necessary to precoat the filter
cloth to facilitate cake discharge and minimize the frequency of media cleaning.
Diatomaceous earth, fly ash, cement dust, etc., can be used for precoating. Media
cleanliness has been indicated as a crucial parameter in determining the pressure
filter cycle time. Pressure filtration also requires conditioning of the sludge before
filtration. On pure secondary sludge, 35–40% cake solids can be achieved with a
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conditioning agent and a pressure of 200–250 psi. The main drawback of the
pressure filter is that it is a batch operation and requires a lot of operator attention.
Continuously operating automatic units have also been developed, but they are
mechanically complex and therefore subject to many maintenance problems.

Moving-belt press (Twin-wire press) has received intensive industry interest in
the past. Many paper mills have installed moving-belt presses. On primary or
combined sludges, moving-belt presses have generated cakes of a consistency
comparable to that of two-stage dewatering with V presses, and with similar or
somewhat higher conditioning costs and generally lower power consumption.
Polymers are commonly used for the sludge conditioning, and some processes use
dual-polymer systems. The cake solids are 20–50% for the primary sludge whereas
they are 10–20% solids for the secondary sludge. Capture efficiency is very high for
belt presses, about 95–99% of the solids fed. Requirement of operator attention is
low. These presses require power only to drive the belt, thus they are energy
efficient. Another advantage is their ability to operate on secondary biological
sludge. However, the major operating problem is belt life, which is only few
months. The usual cause of failure is puncture of the belt by incompressible objects
in the sludge. The press is also subjected to corrosion due to hydrogen sulfide gas
that is sometimes generated if there is any sulfur content in the sludge.

The latest development in sludge dewatering is screw press of new design. These
presses produce cake solids of 50–55% when operated as the only sludge-
dewatering device, solids capture ranges from 70 to 88% with no polymer addition
on primary sludge (Toole and Kirkland 1984). Biological solids adversely affect
solids recovery. Polymer can be used to improve efficiency but it has little or no
effect on final sludge consistency; therefore is often not used on primary sludge.
With secondary sludge, polymer is used. These presses appear to be energy effi-
cient. Screw presses are replacing twin-wire presses as the dewatering technology
of choice for the pulp and paper industry.

22.3 Methods of Disposal

The pulp and paper industry disposes of its dewatered solids by landfilling,
incineration, land spreading, or through alternate uses (Monte et al. 2009):

22.3.1 Landfill Application

Landfill has been the most common method till recent past for disposal of sludge,
etc. (Gavrilescu 2004; Monte et al. 2009). However, the major factors to be con-
sidered when planning for landfill site include:

• Environmental suitability of area for landfill;
• Geology of the area;
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• Environmental impact of runoff water from the site;
• Impact on groundwater;
• Composition and volume of the sludge; and
• Transportation cost.

Mills favour landfilling whenever disposal sites are readily available and han-
dling costs are low (Russel and Odendahl 1996). Landfilling is preferred because of
the relatively low capital investment and the availability of mill owned land. In
recent years, however, regulatory agencies have recognized the potential for
far-reaching adverse environmental effects from landfilling activities. This has
resulted in the tightening of regulations and requirements for more monitoring,
environmental impact assessments, closure plans, and public consideration.

Normal sanitary landfill practices should be observed in constructing an
industrial landfill. Some of the requirements that must be met are as follows
(McKeown 1979):

• the disposal site should be a minimum distance above groundwater;
• all subsurface conduits such as culverts, gas, and water lines should be removed;
• the site should be above the flood plain and be protected from flooding;
• the site should be a minimum distance from a public well, highways, and

watercourse; and
• the nearest property line should be a certain distance away. After a site is

chosen, according to the listed criteria, it should be used in accordance with
good operating procedures for sanitary landfills.

Studies of the specific requirements for the design of paper mill landfills are
described by several researchers (Wardwell et al. 1978; Holt 1983; Ledbitter 1976).
Modern landfill will require a liner design. A leachate collection system is required
plus FML liners and a clay liner. In daily use, intermediate cover is usually not
required, but a final cover will be, and it must be impermeable, properly sloped,
vented, and have the ability to support vegetation.

Most of the environmental effects from landfills arise from the runoff of liquid
leached from the waste, that is, the leachate. Leachate is generated at solid waste
landfills as a result of physical, chemical, and biological activity within the landfill.
Leachate characteristics are effected by

(1) precipitation;
(2) runoff from and run-on into the landfill;
(3) groundwater flow into the landfill;
(4) evapotranspiration; and
(5) consolidation and water generated during the decomposition of the waste.

These factors depend on local conditions such as climate, topography, soils,
hydrogeology, the type of cover on the filled sections, and the type of waste.
Leachates from pulp and paper industry landfills are known to contain conventional
pollutants as well as metals, volatile organic compounds, phenolic compounds,
volatile fatty acids, and some base neutral compounds (NCASI 1992). A NCASI
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study (1992) found that metals were usually present at fairly low concentrations.
Volatile organic compounds were detected; toluene being the most common with a
median concentration of 35 µg/l which is well below the Canadian Council of
Resource and Environment Minister’s goal of 300 µg/l for protection of aquatic
life. The only base/neutral compounds found in detectable quantities, more than
once were bis-(2 ethyl-hexyl)-pthalate and di-n-octyl pthalate. Pthalates are used in
plasticizers, defoamers, and lubricating oils. Several kinds of phenolic compounds
may be found in pulp mill landfill leachates including cresol isomers, phenols, and
chlorinated phenols. Volatile fatty acids are produced from the decomposition of
organic matter under anaerobic conditions and are common to leachates from many
types of landfills. Acetic acid and propionic acid were found in the highest con-
centrations in pulp and paper mill landfills. A comparison of the average TOC and
COD concentrations and the total UFA concentrations showed that UFAs con-
tributed from 7 to 100% of the organic material in kraft mill landfill leachetes
(NCASI 1992). These leachates if not properly collected and treated may con-
taminate groundwater or surface water bodies. When landfills are on relatively
permeable soils such as sand or gravel, leachate migration may cause contamination
over areas many times longer than the area of the landfill. This can also occur over
impermeable surfaces such as bedrock where the leachate can flow quickly toward a
receptor. Groundwater contamination is a concern if the groundwater is a drinking
water source or if it flows to a surface water body. If groundwater contamination
directly affects the drinking water supply, the liability implications for the landfill
owner/operator may be enormous. In addition to impairment of drinking water
quality, leachate contamination of ground or surface water may result in the
impairment of biological communities, aesthetics, and recreational uses.
Recognition of these potential effects, together with public awareness of landfilling
issues dictates the necessity for a thorough EIA of new landfill sites.

In Canada, while the regulatory framework does not typically require an EIA for
pulp and paper landfill proposals, many of the components of an EIA are funda-
mental to a successful permitting process. The key components include establishing
a site development and approval plan, conducting effective public consultation
throughout the process and undertaking solid technical studies and impact assess-
ment analysis in support of the project (Russel and Odendah 1996). The mill will
need to decide on the specific scope of work based on the environmental conditions
of the site, the community needs, and the input from local regulatory agencies.
Regardless of scope or approach, the mill, as a proponent of a new landfill
development, must recognize the long-term commitment associated with landfill
effects and adopt a management approach which incorporates public involvement
with solid technical design and assessment.

A cost-effective approach has been developed and applied to a landfill in Ontario
(Russel and Odendah 1996). Essentially, a control chart method is used where
warning and control limits are established for selected leachate indicators. Leachate
indicators are selected based on the ratios between background and leachate con-
centrations, with the highest ratios indicating the most appropriate indicators. The
leachate indicators selected should also represent different chemical groups such as
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metals, nutrients, ions, and organic compounds. Before landfill operation, the
selected leachate indicators (three to five chemical constituents) are monitored
monthly and the concentration differential is used to establish the warning and
control limits. The landfill is monitored monthly during the operation and the
concentration differential is plotted on a graph for each leachate indicator with the
warning and control limits. If the value is within the warning limit, no action is
required, however if the value is above warning or control limits, an established
response is implemented to determine the cause and if necessary, initiate mitigative
measures. The use of control charts for tracking water quality is beneficial as it is
easily interpretable by the public and the mill’s environmental managers.

The main disadvantages linked with the landfill are the possible risk of con-
tamination of land and groundwater due to which most of the developed countries
are banning landfill in near future.

22.3.2 Incineration

The solid wastes rich in organics are incinerated mainly to reduce its volume and
ultimate disposal in a feasible way which is easier and cheaper to landfill. Sludge is
mainly burnt in fluidized bed and grate boilers. Burning of sludge is also associated
with several limitations such as high capital investment, need of auxiliary fuel due
to high moisture content, emissions of dioxin, NOx, heavy metals, etc., in addition
to other problems like:

• Storage;
• Handling;
• Low combustion efficiency;
• Opaque stack gas; and
• Sticky ash formation.

The following three types of incineration are in practice in the industry:

(i) Burning in an incinerator specifically designed for the sludge;
(ii) Burning in the bark boiler; and
(iii) Burning in a power boiler that also burns fossil fuel.

Burning the sludge in the bark boiler, which is a hogged fuel (combination fuel)
boiler, seems to cause few problems except for reduced steam generation and
reduced boiler efficiency (Miner 1981). Incineration in the bark boiler appears to be
acceptable for sludge incineration if such a boiler is available on the mill site and if
it can take the increased water load. Dewatering to higher levels, 45–50% solids,
will make bark boiler incineration an even more attractive and will minimize the
effect on boiler operation.

Combustion properties of a sludge are generally related to the amount of fiber
present. Energy available is usually inversely related to the ash content. High ash
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values (up to 50% on dry basis) correlate with relatively low heating values. Sulfur
values are important as related to emissions. Dewatering of the sludge stream will
be required to increase solids up to some minimum level before combustion will be
beneficial or even breakeven. Self-sustained combustion is available with some
sludges generated depending on the moisture and organic levels. Cost and benefit
evaluations can be made that will indicate the moisture level for optimum perfor-
mance. Removal of additional water to increase solids above 50% requires a dif-
ferent method similar to paper passing from the press section to the dryer section on
a paper machine (Busbin 1995). Thermal drying with hot gases or air can be done in
a conveyor dryer, cascade system, or a stand-alone drying unit. Reduced water
content obviously helps improve efficiency and also can improve long-term storage
options through reduced microbial growth.

The sludge product may be available in several forms depending on the method
of combustion and the boiler used. Dewatered sludge straight off a screw press will
be lumpy and after moving through several conveying operations begin to break up
into a fuel that is fine, uniform, and fibrous in nature. Sludge may also be processed
further into briquettes or pellets (David 1995; Nichols and Flanders 1995; Sell and
McIntosh 1988) to improve handling, storage, or combustion characteristics.
Blending dewatered sludge with other fuel (chip fines or sawdust) can help improve
conveying characteristics. Pelletizing has come to the forefront as a method to
convert combustible solid waste into a usable fuel. Waste to energy via pellet fuels
needs to be examined more closely and regarded more highly as a successful
solution to landfill crisis. They are quickly becoming a very viable and profitable
alternative (Bezigian 1995).

Various types of combustion methods are available which include traveling grate
boilers, vibrating grate boilers, other hog fuel boilers, bubbling bed combustors,
circulating fluidized boilers, stage combustors, rotary kilns, and pyrolysis/pulse
combustors (Kraft and Orender 1993; King et al. 1994; Fitzpatrick and Seiler 1995).
The practicality of the above would be based on the sludge characteristics (con-
taminant contents, fuel size, volatility, ash characteristics, heat content, etc.) and to
a great degree the volume to be fired (Busbin 1995). Operating experiences with
stoker firing of TMP clarifier sludge with wood waste and combustion of the
wastewater clarifier underflow solids in a hog fuel boiler with a new high energy air
system have also been reported (King et al. 1994; La Fond et al. 1995). Combined
cycle fluidized bed combustion of sludges and other pulp and paper mill wastes to
useful energy has been suggested (Davis et al. 1995). Pulp and paper companies can
improve the cost of operation by using proven, readily available power plant and
combustion equipment and systems to efficiently convert the energy available in
mill wastes to useful thermal energy and electrical power. By using the combined
cycle concept, either as the combustion turbine combine cycle or the diesel com-
bined cycle, the firing of wood waste and sludge provides net energy gain for the
operation of facility rather than merely a means of disposal.

Other alternatives of recovering energy from the sludge have also been tried.
A sludge gasification plant has been tested to generate the clean fuel
(AghaMohammadi et al. 1995a). Steam reforming as an alternative method for
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disposal of waste sludge has been suggested (AghaMohammadi et al. 1995b).
A novel method of thermal treatment of contaminated deinking sludge has been
proposed which is based on the application of the low-high-low temperature
(LHL) regions during the combustion (Kozinski et al. 1997). The LHL approach
allows for the simultaneous encapsulation of heavy metals within solid particles,
removal of submicron particulate, and destruction of polycyclic aromatic hydro-
carbons before they are emitted into the atmosphere. The encapsulation of the heavy
metal layers surrounding the heavy metal rich cores of the ash particles may prevent
the metals from leaching under acidic conditions.

Sludge can be easy to burn with the right combustion technology. Knowing that
the right technology is very fuel specific and having the technology characterization
customized for site-specific conditions is essential to make proper combustion
technology choices. Incineration is not practical for high-ash sludges. Stringent air
pollution emissions requirements for combination boilers have diminished the
amount of incineration practiced. One of the Finnish mills incinerate sludge if the
solids content is over 32%, and landfills the sludge if it is less than 32% (Kenny
et al. 1995). Operation of the boiler must also be considered when the sludge is not
available as a fuel. Several points of consideration include the combustion tem-
perature, fuel feed systems, and boiler rating. Older boilers burning sludge as an
alternative fuel should be able to simply return to earlier operating states.

Some of the chlorinated organics not eliminated through process modifications
could be trapped on the sludge from the external treatment process(es). The disposal
of pulp and paper mill sludges, which may contain chlorinated organic compounds,
represents an increasing problem. However, if those sludges could be dried to 90%
dry content, in an energy-efficient manner, they could provide high enough flame
temperature upon combustion in order to destroy the organic chlorides entrapped in
the sludges. In addition, this approach could improve mills’ fuel self-sufficiency.

22.3.3 Land Application (Composting)

Two factors, viz., continued decrease in availability of landfill space and increase in
energy cost in incineration, have forced the pulp and paper mills internationally to
look for the land application of the same as a low-cost disposal method. In com-
posting process, microorganism break down the organic matter of the sludge under
aerobic conditions. It is suitable both for bio-sludge and sludge from primary
clarifier.

Much work has been done with land application of pulp and paper mill sludge in
the last two decades. In Canada, several mills are routinely doing land application
and several have conducted serious field trials. QUNO Inc. Thorold, Ontario,
Canada has experience with land application of primary, secondary, and deinking
sludges (Pridham and Cline 1988). Primary and deinking sludges have been found
to have similar characteristics—low nitrogen and high fiber content. Conversely,
secondary sludges (biosolids) have relatively high nitrogen and phosphorus content
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and low fiber content making them more suitable for land application. Tests at
QUNO found that the heavy metal content of the combined paper mill sludge was
equivalent to that of the cattle manure, and about one-tenth that of municipal
sludge. The sludge has been successfully used as a replacement for manure in
agricultural applications, as well as for land reclamation projects of old sand pits,
coal/clinker sites, and a former foundry site. Work has been completed with Alberta
pulp and paper mills in conjunction with the Alberta Research Council on land
application (Macyk 1993). Land spreading trials have been completed on both
agricultural and forest cut-block sites. Research is also being conducted by the
Alberta Newsprint Corporation and Alberta Research Council to evaluate the
environmental effect of land spreading conventional and deinking sludge (Pickell
and Wunderlich 1995). Preliminary research indicated that the procedure should not
present any problems in regard to soil quality or plant growth. Trials with land
spreading around the mill site have been successfully completed by applying the
sludge on top of a gravel base. Alberta Research Council has also completed
research on ash and sludge land spreading in conjunction with the Slave Lake Pulp
Corporation (SLPC) (Pickell and Wunderlich 1995). Grass yield on the test plot site
at SLPC indicated as much as five times the yield of control plots. SLPC has had
favorable results with sludge application on the surrounding agricultural area.
Previously, landfilled sludge has been reclaimed and distributed to the farming
community and applied using manure spreaders.

There has been considerable interest in use of paper mill biosolids and ink waste
in agricultural land for many years (Pridham and Cline 1988). Sludges function
only as amendments and not as fertilizers because they do not contain the elemental
analysis required of a fertilizer (Atwell 1981). For a soil amendment, the carbon–
nitrogen ratio should be 20:1 to 30:1. An average composition of seven different
paper mill combined sludges from 10 different mill types was 26:1, so this criterion
is being met. The calcium/magnesium ratio should be above 6:1; many combined
sludges fail to meet this criteria but the addition of lime to the sludge fulfills it.
Sludges are good soil amendments for sandy soils. Detailed analysis of the seven
combined sludges did not indicate a heavy metal problem (McGovern et al. 1983).
Trials have been conducted in which fly ash and either primary sludge or secondary
sludge were applied to cropland. The fly ash sludge blends were as effective as
commercial fertilizer. In these same trials, lime mud applied to agricultural land
performed better than dolomite limestone used for the same purpose (Simpson et al.
1983). Australian Newsprint mills Ltd. (ANM) used small quantities of biosolids on
vegetable and horticultural gardens with good results and no observed detrimental
effects (Hoffman et al. 1995). Several farmers have also used the material on small
pasture areas and on orchards, but no objective evaluations have been carried out.
Because of the high level of farmer interest, ANM carried land spreading trials on
crops and pastures (Hoffman et al. 1995). The biosolids were utilized on a farmland
close to mill. For this, a desk study and a survey of local farmers was conducted. It
was found that biosolids would be readily used by farmers, if it could be demon-
strated that it was a viable fertilizer, that it was safe to apply to the environment and
the cost was competitive with existing practices. This study also confirmed that
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about 2000 ha per year of land would be required to dispose of the material. It
identified the area of interest of land for economic disposal as areas of crops and
pasture land within 20 km of the mill and luceme flats where disposal could take
place in winter. In 1992, a field experimental program started with a large area
experiment on oats at a location known as Waitara. Biosolids were found to be slow
to release their nutrients and produced an effect similar to fertilizer without pro-
ducing adverse environmental effects. Rates of 16–64 t/ha were required to sub-
stitute for normal rates of conventional fertilizer. ANM also conducted trials to
spread the biosolids on forest land (Hoffman et al. 1995). Trials started in the
Carabost and Green hills State Forests, near Tumbarumba. The major disadvantage
with forest spreading over agricultural land spreading is the higher cost of transport
to the disposal site. So, the cost of transport would normally make forest spreading
unattractive. However, if the solid could be back loaded on log trucks then the
economic disadvantage decreases. In Canada, Greater Vancouver Regional District
(GVRD) and the University of British Columbia’s Forest Sciences department
embarked on a 3-year research program at UBC’s Malcolm Knapp Research Forest
in Maple Ridge to determine the environmental and silvicultural application of
recycling pulp and paper sludge and treated sewage sludge as an organic forest
fertilizer called Nutrifor (Pickell and Wunderlich 1995). The second phase of the
program introduced Nutrifor as a viable fertilizer for forestry and other users.

Scott Paper Ltd. in New Westminster conducted a full-scale land application
project with GVRD in which paper mill sludge is combined with municipal sludge
and then applied to a tree farm in the Fraser Valley (Pickell and Wunderlich 1995).
In 1990, the GVRD, Western Forest Products Ltd. and the IBEC Aquaculture
participated in a fertilization project in which various mixtures of pulp mill wastes,
sewage sludge, and fish mort silage were applied to forest sites in Southern British
Columbia near Port McNeil on Vancouver Island (Taylor et al. 1992). Initial results
indicate a rapid response by young conifers to organic fertilization. In 1992, a
project cosponsored by Nutrifor was completed at Malaspina College where 600
dry tons (2,500 wet tons) of sludge were applied over an area of 26 ha in the
Malaspina College Research Forest on Central Vancouver Island (Braman 1993).
Full-scale projections were made using data obtained from the trials to determine
cost per ton of sludge for each of three application methods (Braman 1993). The
lowest cost method of spreading the sludge was found to be dry application.
Projected cost could be reduced to $56/wet ton to apply approximately 36,000 wet
tons onto 400 ha.

Seattle, Washington has a sludge management plan which calls for the devel-
opment of a number of alternative methods (Pridham and Cline 1988). Since halting
ocean disposal in 1972, the system has made compost, undertaken strip mine
reclamation and is said to have been one of the first to use biosolids in forestry. An
innovative application is the growing of hops for the beer industry. Seattle is
making use of about 101,000 dry ton/year at 20% moisture. The effects of lands
spreading wastewater sludges from pulp and paper mills were investigated by
examining (a) the fate of chlorinated organic materials in landspread sludge and
(b) the impact of sludge on plant growth and wildlife (Sherman 1995). The results

22.3 Methods of Disposal 495



indicated that high molecular weight chlorolignins were rapidly absorbed by soil
or humic matter and organic chlorine was slowly released as inorganic chloride.
There was no detectable release of new monomeric chlorolignin-related chloro-
compounds. Even under severe extraction conditions, the extractability of low
molecular weight chloroaromatic compounds decreased rapidly (half-lives of
6–70 days), apparently the result of biodegradation and biologically mediated
chemical binding into the soil humic structure. No persistent biotransformation
products were detected. Sludge applications produced an increase in plant growth
(grass, hay, corn, trees). Studies of wildlife on sludge-amended soils did not detect
any adverse effects on the health of individuals or on reproductive parameters.
Criteria have also been proposed for the land spreading of solid waste (Springer
1993). Briefly, the proposed criteria are

(1) the soil sludge mixture must not have a high content of heavy metal that can be
taken up by growing plants;

(2) the soil-waste pH should be 6.5 or higher;
(3) excess nitrogen should not be applied beyond that normally taken up by the

crop in one season;
(4) the sludge applied should be free of living pathogenic organisms; and
(5) solids must be applied in such a manner that they are not available for direct

ingestion by domestic animals or humans.

Land application is not a trouble free technology however (Springer 1993). The
most commonly noted problems are odours, groundwater contamination, heavy
metals, and specific organic toxics. Other problems are noise, surface water con-
tamination, pathogens and excessive nitrogen application. The process of applying
sludge is dirty and noisy, so if there are houses in the vicinity, potential difficulties
will arise. Actually, public and user acceptance has been very good because sludge
is applied mostly to rural areas close to the mill and in some cases on mill owned
land.

Pulp and paper mill sludges are usually amenable to well-controlled composting
techniques. Markets for compost include land application for agriculture, horti-
culture, land reclamation, landscaping, and individual consumer use. One mill has
had considerable success with marketing its composted sludge. This mill presently
composts about 50% of its sludge. The mill sells the compost to a limited number of
distributors who market the material in an area within a 250-mill radius from the
mill. Initiation of new composting operations within the industry has slowed
considerably since the mid-1980s. Lack of sufficiently large, locally available
markets for compost and regulatory concerns about the possible presence of
chlorinated dioxins and furans in industry sludges are two common reasons for the
limited utilization of this management alternative. Recent industry initiatives to
reduce the presence of dioxin in sludges are likely to relieve some regulatory
concerns about land application of sludges.

A mill in the northeastern United States began working with a third-party
company to produce synthetic topsoil using sludge (Weigand and Unwin 1994).
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The process involves the homogenization of sludge with varying proportions of
sand, gravel, and fertilizer to produce a synthetic soil. More than a dozen landfills
have used the soil as part of the final cover. It also has use in other applications
requiring vegetative cover. The pulp fiber content of the synthetic soil probably
allows for an increased resistance to erosion before the establishment of vegetative
cover.

22.3.4 Recovery of Raw Materials

Paper industry sludges usually contain significant percentages of both cellulose
fiber and papermaking fillers such as clay and titanium dioxide. Attempts have been
made to reduce sludge volume by reclaiming the fiber or filler or both for reuse
(Weigand and Unwin 1994). There are several methods to recover raw materials
from sludge. One of the most common is to recycle primary sludge back into the
mills fiber processing system. Recycled paperboard mills commonly use this
technique. Some manufacturers of unbleached and bleached pulp and paper have
also practiced recycling primary sludge back to the mill with limited success
(Rosenqvist 1978). Segregated effluents from paper machines, bleach plants, and
various cleaning and screening operations can be good targets for fiber reclamation
because they usually lack contaminants such as bark or causticizing waste solids.
Using some fractionation scheme for the sludge may also provide recovery of fiber
alone. The complexity of fiber recovery systems varies widely and depends on the
nature of the constituents in the sludge. Mills producing bleached pulp sometimes
add recovered fiber to the unbleached pulp entering the bleach plant. This strategy
allows for both the reclamation of unbleached fiber and the brightening of previ-
ously bleached fiber which may have dirtied by exposure to contaminants in the
wastewater. Some mills have associated the reuse of fiber recovered from sludge
with increased deposits of pitch on equipment. Use of fractionation system helps to
recover filler. Most systems for which pilot- or full-scale data are available have
employed a thermal oxidation technique for destroying the organic fraction of the
sludge to yield filler in the form of ash (Weigand and Unwin 1994). Experiments
with calcination systems have revealed that controlling the kiln temperature 816
and 843 °C helps to avoid formation of fused agglomerates which can cause the
recovered filler to be excessively abrasive. Wet air oxidation can be also used to
recover filler materials from sludge. One US mill is practicing this process on a full
scale (Weigand and Unwin 1994). Wet air oxidation is an oxidation reaction carried
out in a liquid environment under high temperature and pressure. This process is
capable of reducing sludge volume through oxidation of the organic fraction to
yield an ash composed of inert materials, e.g., filler clay, titanium dioxide, and
calcium carbonate for reuse in the papermaking process. Initial experience with the
operation of WAO unit for filler recovery revealed problems with Ca-sulfate and
Ca-oxalate scale deposition. Both pilot- and full-scale systems have demonstrated
some problems with low brightness of the recovered filler. In Turkey, primary
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sludge has been successfully used in the manufacture of hardboard (Ozturk et al.
1992). Full-scale studies using sludge at a 1:4 ratio indicate that the use of 28 bdt/
day of waste primary sludge mill save $455,000/year on wood costs and $130,000/
year on electricity costs.

22.3.5 Production of Ethanol and Animal Feed

Ethanol is a common additive in automobile gasoline. Traditionally, it is produced
by fermentation of starches and syrups. Interest has been shown to produce ethanol
from agricultural waste, municipal solid waste and pulp, and paper mill sludge in
order to reduce production cost and to make ethanol more widely available.
Laboratory- and pilot-scale studies to produce ethanol from wood-based feedstocks
have used acid and enzymatic hydrolysis followed by fermentation of the resulting
sugars into ethanol (Goldstein and Easter 1992; Alterthum and Ingram 1989; Lee
and McCaskey 1983). Primary sludges can be used as feedstock for ethanol pro-
duction because they are widely available in sufficient quantity and that they have
little economic value. In University of Florida, Dr. Ingram’s group has conducted
research on conversion of cellulose and hemicellulose fractions of wood-based
feedstocks into hexose and pentose sugars followed by fermentation to ethanol
using a genetically engineered strain of Escherichia coli (Ingram and Conway
1988). The advantage of this process is that it can ferment both the pentose and
hexose sugars into ethanol thereby increasing the overall yield.

Sludge has been also used for production of animal feed. There are two methods
for using sludge in animal feed. One method involves production of single cell
protein. Cell protein is present in secondary sludge and derives from the fermen-
tation of fibrous sludge. It is possible to dry these proteins and incorporate them into
feed mixtures. In USA, one mill used a process to convert secondary sludge into
saleable protein product for use in animal feed. Mechanically, dewatering sec-
ondary sludge to 12% solids with further dewatering by feeding a mixture of sludge
and oil to specially designed multiple-effect falling-film evaporators produced a
45% protein material. Centrifugation of the evaporator discharge gave 83% dry
solids, 1% water, and 16% oil. Targeted markets for the finished product included
feed for cattle and poultry and use in agricultural composting. However, acceptance
of this product in the market was not sufficient to support continued production.

The second method incorporates sludge directly into animal feed mixtures
(Weigand and Unwin 1994). This method exploits the presence of carbohydrates
which are primarily in the form of cellulose and other nutrients present in primary
or combined sludges. Research in the early 1970s included experiments on the
palatability and digestibility of sludge-augmented feed mixture on goats, sheep, and
cattle. It was found that the digestibility of sludge relates directly to the carbohy-
drate content and inversely to the ash and lignin content. Hardwood pulp residues
were found to be more digestible than softwood residues (Millet et al. 1973).
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Pamment et al. (1979) investigated the upgrading of some typical pulp and paper
mill solid wastes into protein-enriched animal feed using the cellulolytic
fungus Chaetomium cellulolyticum. The waste residues used were six different
primary clarifier sludges and a sample of tertiary centricleaner rejects. These were
obtained from mills whose modes of operation spanned the range typically in
present-day usage: groundwood, sulfite, semichemical, Kraft, and thermomechan-
ical pulping, with and without bleaching. Crude protein production from the solid
waste residues is compared to that obtainable from fermentation of untreated or
caustic-pretreated sawdusts. Some of these waste residues, especially the Kraft pulp
mill rejects, appear to be promising sources of substrate for single-cell protein
production. In these preliminary findings, up to 28% dry weight crude protein
content of the product has been obtained at specific growth rates of up to
0.12 h−1 on direct utilization of the wastes.

Amberg (1984) has reported that Pacific Northwest mill produces more than
18 t/day (20 ton/day) animal feed supplement with a protein content of 45%. The
waste sludge (2% solids content) is pumped to five belt filter presses for dewatering
to a solids content of 12%. High polymer doses are required for effective dewa-
tering and high solids capture efficiency. The partially dewatered activated sludge is
mixed with rendered tallow and pumped to a three-effect falling-film evaporator
train for water removal. The patented Carver–Greenfield process is designed to
maintain fluidization of solids throughout the evaporation process and fluidization
is maintained by mixing six parts of tallow to each part of sludge solids. After water
removal, the mixture of oil and biological solids is pumped to a centrifuge and a
screw press for oil extraction. The final product is sold as an animal feed and
contains about 16% tallow and 1% moisture. Although the system successfully
dewaters a very difficult sludge, capital and operating costs are substantial and
unless a market can be found for the product, the process seems to have limited
application in the pulp and paper industry.

ITT Rayonier implemented studies to determine the feasibility of using sec-
ondary mill sludge rich in organic matter, nutrients, and protein, as a commercial
feed product. The results were favorable and resulted in commercial operations.
However, the NCASI (1993) reported that this operation was abandoned due to the
lack of market acceptance, and poor palatability.

22.3.6 Pelletization of Sludge

The reasons for producing sludge pellets are

(1) volume reduction;
(2) odour control;
(3) recovery of fuel value; and
(4) by-product applications.
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The most common reason for production of pellets is for use as an alternative
fuel. One mill transports dewatered sludge to an off-site pellet mill for drying and
formation into pellets. The mill purchases the finished pellets as a fuel supplement.
The finished pellets contain 15–20% moisture and 10% ash. They have a heating
value of 14.7 � 106 J/kg (Weigand and Unwin 1994).

Two companies are now manufacturing pellets by using mixtures of sludge and
nonrecyclable paper (Bajpai et al. 1999). These pellets are being marketed as an
alternative fuel compatible for use in most stoker and some pulverized coal boilers.
The amount of sludge in these pellets can range between 10 and 66%. It is possible
to control the fuel value of the pellets by manipulating both the sludge content and
the grade of nonrecyclable paper used. The fuel values of the finished pellets are in
the range of 14–23 � 106 J/kg. The regulatory agencies require evaluation of
alternative fuels for by-products of combustion before widespread use of the fuel.
Companies involved in both production and use of sludge and NRP fuel pellets
have indicated that regulatory reaction to trial run data has generally been positive.
NCASI has developed a proprietary process to convert combined sludge from a
recovered paper deinking mill into a granular product. The product has been used as
a carrier material for agricultural as well as home and garden pesticides and can
compete with other common pesticide carrier materials composed of clay, vermi-
culite, diatomaceous and cob products. Claims for the product indicate that it is
superior to some of these conventional carriers because it is dust free and attrition
resistant (Weigand and Unwin 1994). The company’s production facility has a
capacity of 180 tons/day of the granular product.

Kitty litter, poultry litter, and large animal bedding have all used pelletized
sludge. One U.S. mill processes all of its primary sludge into several varieties of
animal litter sold to a distributor for marketing. The litter production process is
proprietary. It involves sanitizing and deodorizing primary sludge followed by
drying and pelletization. Kitty litter is the primary product manufactured, but other
products include large animal bedding, pet bedding, and bedding for laboratory
animals. Grocery stores market kitty litter and feed stores market bedding products.
Bedding sells in 25- and 50-lb bags and 1,000-lb totebins (Weigand and Unwin
1994). Several other companies have studied the feasibility of using sludge to
produce kitty or poultry litter. In these cases, they have usually demonstrated
production of a quality litter product from primary sludge. Initial capital costs,
distribution and marketing issues and incompatibility with company business
strategies have inhibited some companies from pursuing this by-product alternative.

22.3.7 Manufacture of Building and Ceramic Materials
and Lightweight Aggregate

Sludge use in building products has followed three general techniques. One method
is the use of sludge as a feedstock to a cement kiln. Raw materials used to produce
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cement can include calcium carbonate, clay, silica, and smaller amounts of alu-
minum and iron. Some sludges contain significant quantities of these materials.
Two companies have extensively investigated this alternative and one mill currently
practices this on full scale (Bajpai et al. 1999). The mill sends all its primary sludge
and all its coal boiler ash to the cement manufacturer. This is a combined total of
approximately 100 tons/day. For the kiln involved, this amount of material repre-
sents only about 2% of the total feedstock.

Another alternative is the use of sludge in cementitious products. Lot of work
has been done on the use of organic fibers including wood pulp in cementitious
composites. The advantages include increased durability and pumpability as well as
reduced shrinkage-related cracking (Thomas et al. 1987). Two studies undertaken
to assess the performance characteristics of composites which included paper
industry sludge concluded that a composite material potentially useful in building
blocks, wallboards, panels, shingles, fire retardants, and filler materials for fireproof
doors could result from combining Portland cement with sludge from deinking mill
(Thomas et al. 1987). It was found that mixtures including Portland cement, ash,
sand, and sludge yielded a compressive strength comparable to conventional con-
crete and superior flexural strength (Thomas et al. 1987).

Sludge has been also used in the production of lightweight aggregates
(LWA) (Weigand and Unwin 1994). Aggregate is a term describing a collection of
materials used as a filler in construction materials. Aggregates find use in cemen-
titious products such as concrete, masonary, building blocks, and asphalt. Sand and
gravel or both are typical aggregate materials mixed with cement to produce con-
crete. Lightweight aggregate refers to a select group of materials which allow for
reductions in final density while maintaining acceptable strength properties.
Products which sometimes incorporate LWA include concrete block, architectural
panels, and decorative stone.

22.3.8 Landfill Cover Barrier

Paper industry sludges have been found to show low hydraulic conductivity (per-
meability). This finding has led to research by many groups on the potential uti-
lization of sludge as hydraulic barrier layer in landfill cover systems. In 1987,
NCASI completed construction of four pilot-scale field test cells designed to allow
investigation and comparison of the performance of hydraulic barrier layers made
from sludge and made from clay (Weigand and Unwin 1994). Results obtained
from these cells during the first 5 years of operation indicate that the sludge barriers
perform as well or better than the clay barriers. Experience with the use of paper
industry sludge as daily, interim, and final cover for paper industry and municipal
landfills is available. Worthy of special mention is the experience of one organi-
zation. To demonstrate the utility of paper mill sludge as landfill-capping material,
this recovered fiber processing mill constructed six test cells to compare the per-
formance of primary sludge combined sludge and clay as hydraulic barriers
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(Weigand and Unwin 1994). Data from these test cells sufficiently supported a
petition to the Massachusetts Department of Environmental Protection for a
full-scale demonstration project. The project involved capping a 2 ha municipal
landfill with combined mill sludge. To date, monitoring of cap performance indi-
cates that the demonstration has been successful.

22.3.9 Lactic Acid

Use of the cellulosic feedstock for production of useful chemicals would allow for
additional revenues and will also have a positive effect on waste management.
Paper sludge is more promising for such bioconversion processes as compared to
other lignocellulosic biomass because it already undergoes processing and thus no
pretreatment is required (Yonghong et al. 2008; Fan et al. 2006). Many studies have
focused on production of different types of value-added chemicals from paper
sludge. It has been studied as a substrate for production of carboxy methyl cellulose
(Barkalow et al. 1985), activated carbon (Khalili et al. 2000) and for cellulase
(Maheshwari et al. 1994). Industrial biosludges are a good source of nutrients
(Domke et al. 2004). It has been widely studied for suitability of conversion to
ethanol (Lark et al. 1997; Ballesteros et al. 2002; Kadar et al. 2004; Yamashita et al.
2008, Marques et al. 2008a, b; Cheung and Anderson 1996) and lactic acid
(Nakasaki et al. 1999; Lee et al. 2005). A potential use could be as raw material for
lactic acid production. In comparison with alternative feedstocks, paper mill sludge
shows several advantages, including:

– High enzymatic digestibility due to its low lignin content and low particle size;
– High protein content;
– Negative cost; and
– Environmental benefit due to the reduction of waste volume.

Lactic acid was discovered in 1780 by Carl Wilhelm Scheele, a Swedish chemist
who isolated the acid from sour milk as an impure brown syrup. The French
scientist Frémy produced lactic acid by fermentation and this gave rise to industrial
production in 1881. Pure and anhydrous racemic lactic acid is a white crystalline
solid with a low melting point. It exists in two optically isomeric forms, L(+) lactic
acid and D(−) lactic acid. L(+) lactic acid is the biological isomer and is ubiquitous
in the living kingdom as an important metabolite involved in several biochemical
pathways. Lactic acid is an important organic chemical used in several industries.

Besides these uses, lactic acid is also an important platform chemical and serves
as the precursor of various other useful organic chemicals. For example, by
dehydration it yields acrylic acid, oxidation produces malonic acid, while it is
hydrogenated to produce 1-3 propanediol. However, over recent years, the biggest
surge in demand has been for the polymerization product, polylactic acid which is a
biodegradable plastic which has multiple applications in the packaging industry.
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Two molecules of lactic acid can be dehydrated to lactide, a cyclic lactone, which as
biodegradable polyesters is currently used to manufacture tissue engineering
materials such as resorbable screws and sutures. It is also increasingly being used as
an intermediate in the synthesis of high-volume oxygenated chemicals such as
propylene glycol, and the esters of lactic acid with low molecular weight alcohols
are being used to produce environmental friendly solvents (Dutta and Henry 2006).

Industrially, lactic acid is manufactured either using a chemical or a biochemical
route. The chemical route involves the hydrolysis of lactonitrile using strong acids
that yields a racemic mixture. The biochemical process involves fermentation of
sugars such as glucose and lactose (Vadlani et al. 2008) using appropriate
microorganisms.

The enzymatic hydrolysis and fermentation steps for lactic acid production can
be performed as SHF or SSF. The SSF process offers various advantages over SHF
such as the use of a single-reaction vessel for both steps (allowing process inte-
gration with the consequent reduction on capital cost), rapid processing time,
reduced end-product inhibition of hydrolysis, and increased productivity, (Sreenath
et al. 2001).

Mukhopadhyay (2006) used cellulase enzymes and efficient microbial cultures
and made a comparison of lactic acid production from paper pulp and paper sludge
and devised an efficient bioprocess for the conversion of paper sludge into lactic
acid. The enzyme requirement for hydrolysis of the cellulose in paper sludge was
benchmarked against paper pulp. Enzymatic requirements for complete conversion
of cellulose in paper pulp were found to be 12 FPU cellulase, supplemented with 5
EGU of beta-glucosidase per gram of cellulose. However, in the case of paper
sludge, beta-glucosidase supplementation had to be increased to 38 EGU to obtain a
similar level of hydrolysis indicating a decrease in enzyme activity due to sludge
components. Response surface methodology (RSM) was used to study the lactic
acid yield from paper sludge using enzyme dosage and temperature as parameters
and operating in simultaneous saccharification and fermentation (SSF) mode.
Maximum lactic acid yield of 0.75 g/g glucose was obtained within 36 h using 10
FPU cellulase supplemented with 32 EGU beta-glucosidase at a temperature of
39 °C. The optimal operational conditions for paper sludge hydrolysis were found
to be 9 FPU cellulase, 12.5 EGU beta-glucosidase at 40 °C which resulted in a
lactic acid yield of 0.58 g/g glucose using the optimization function of the software.
Two lactic acid producing microbial cultures—Lactobacillus plantarum and
Rhizopus oryzae were examined for fermentation of the pulp and sludge hydro-
lyzate at 125-ml shake flask and 2-l fermenter levels. In paper pulp media, the
yields obtained by bacterial and fungal fermentations were 0.89 and 0.36 g/g
glucose, respectively. In the case of paper sludge, the yield remained same.
However, inhibition of bacterial growth occurred which resulted in lower substrate
uptake and productivity in comparison to those obtained in paper pulp. On the other
hand, fungal growth rate was increased due to the high solids content of paper
sludge. The yield of lactic acid from paper sludge using L. plantarum and R. oryzae
was 0.88 and 0.72 g/g glucose, respectively.

22.3 Methods of Disposal 503



Marques et al. (2008a) studied the utilization of recycled paper sludge as an
alternative substrate for lactic acid production. They used Lactobacillus rhamnosus
ATCC 7469, which is reported to provide high productivities and yields. It was
found that cellulosic and hemicellulosic fractions of RPS can be completely con-
verted by enzymatic hydrolysis (using Celluclast®1.5 l with Novozym®188) into
the constitutive glucose and xylose. These monosaccharides can be used on fer-
mentation media to obtain a variety of products, such as lactic acid, which has an
expanding market as precursor of biodegradable polylactides. Maximum production
of lactic acid from recycled paper sludge was obtained by performing the hydrolysis
and fermentation steps simultaneously on medium supplemented with MRS com-
ponents and calcium carbonate. L. rhamnosus produced 73 g l−1 of lactic acid,
corresponding to a maximum productivity of 2.9 g l−1 h−1, with 0.97 g LA pro-
duced per g of carbohydrates on initial substrate. A process simplification was also
implemented by minimizing recycled paper sludge supplementation and sup-
pressing the addition of Novozym cellobiase.

22.3.10 Other Uses

Pyrolysis, gasification and supercritical water oxidation have been studied as a way
of reducing sludge volume. During pyrolysis, oil-like liquids and gases are formed
which have fuel value. Study has been conducted on pyrolysis of cellulose-based
waste materials but there is not much published information on experience with
pyrolysis of pulp and paper industry wastes (Weigand and Unwin 1994). Pilot
studies have been conducted on the application of this technology to wood chips,
recycle mill sludge, and bleached kraft mill sludge. There is no report on a full-scale
experience with the pyrolysis of sludge. Supercritical water oxidation has under-
gone research as a waste management technology for approximately 10 years. The
process involves the decomposition of organic and some inorganic material in the
aqueous phase above the critical point of water (374 °C and a pressure of
22 � 103 kPa). In this state, organic materials become much more soluble in water
and oxidize readily. The principal of supercritical water oxidation except that wet
air oxidation maintains subcritical conditions. No full-scale supercritical water
oxidation units are currently in operation. Laboratory-scale research has been
conducted on supercritical water oxidation of pulp and paper mill sludge. This work
used an 80 cm3/min benchtop system. Operating limits for the reactor were 600 °C
and 25.5 � 108 kPa. Residence time in the reactor ranged from 10 s to 10 min. In
the experiments, a 99% reduction of total organic carbon was possible. The
problems anticipated with large-scale and or full-scale systems involve (1) corro-
sion of equipment particularly for low pH and high chloride concentration wastes
and (2) deposition of salts or pyrolytic chars which could lead to plugging or
increased cleaning requirements.

In Canada, Ensyn Technologies has developed a Rapid Thermal Processing
(RTP) reactor which heats biomass to an extremely high temperature (400–900 °C)
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for 0.5 s at atmospheric pressure with no oxygen (Rodden 1993). RTP is also called
fast cracking and is similar to the catalytic cracking process used by the oil industry.
The rapid heating of the biomass cracks the chemical bonds and produces a liquid
bio-oil. Rapid cooling prevents the completion of chemical reactions. The feedstock
can vary: pulp sludge, wood waste, rice husks, and agricultural residue. The bio-oil
created from the process has been used as a fuel oil substitute. Destructive distil-
lation as a resource recovery process for solid waste was evaluated during 1982–84
at Marcel Paper Mills, Elmwood Park, New Jersey (USA) (FioRito 1995). The
results indicate that the process is environmentally friendly and has the ability to
provide substantial energy savings utilizing organic solid waste as its sole source of
fuel. The technology is able to fractionate the biomass content of municipal and
industrial wastewater sludge to a combustible gas and inert char in an environ-
mentally safe manner. Full-scale operation of the process was carried out on sewage
and deinked paper mill sludge at installations in California and New Jersey.

The expense of solids disposal could be eliminated by destroying the microor-
ganisms in the excess secondary sludge and recycling the material through the
treatment process. Springer et al. (1996) used a simple mechanical device—a Kady
mill to break down the microorganisms in the excess sludge allowing all of the
material to be recycled to the treatment process. The Kady mill combines the effects
of high shear and temperatures, both of which are required for efficient cell
destruction. Based on 60 days of operating data, it was found feasible to operate an
activated sludge plant in extended aeration mode by recycling sludge that has been
lysed in a Kady mill. This process could be an alternative wastewater treatment
system for use in the pulp and paper industry. The system would be most suitable
for use in mills operating well within EPA permit discharge limits for BOD. This
system operated with an average COD-removal efficiency of 80%, compared with
87% removal for the conventional system. Both systems operated with an influent
COD of 260 mg/l. The sludge-lysis-and-recycle process operated free of bulking
problems. This process appears to be an economically attractive alternative to
conventional treatment if higher BOD values can be accommodated.

The biosolids generated by activated sludge process can also be anaerobically
digested to reduce its volatile solids and generate energy in the form of methane gas
(Krogmann et al. 1997).

Hammond and Empie (2007) have reported that secondary wastewater sludge
can be added to the black liquor gasification process at a paper mill to produce a
combustible fuel gas. The gas is fed to a combined cycle boiler plant and
turbo-generator system to generate electricity.

Anaerobic digestion is found to be an effective alternative for sludge manage-
ment in pulp and paper treatment plants (Guiot and Frigon 2006). Waste charac-
teristics, organic loading rate, hydraulic retention time (HRT), temperature, pH,
mixing, and the presence of inhibitory matters are shown to affect the rate of
anaerobic digestion. An increase in temperature increases the digestion rate and
lowers the HRT and digester volume, resulting in higher amounts of treated waste
loads. Biogas recovery in anaerobic digestion avoids odour release and lowers
greenhouse gas (GHG) emissions from landfill diffusion and from burning fossil
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fuels. The solution is believed to provide 100% digestion of the sludge generated,
thus offering an improved means of disposal, green energy, and lowered GHG
discharges. Methane and carbon dioxide are also generated during the process.
Purified methane from sludge digestion can be used as natural gas, which can
replace fossil fuel and reduce GHG emission. Anaerobic digestion is believed to be
a cost-effective approach in the valorization of waste sludge, especially when the
cost of natural gas is high.

A method of treating paper mill sludge treatment as raw material for the man-
ufacture of animal bedding won a National Recycling Award for EnviroSystems,
Cheshire, UK (Anon 2005). The sludge is dried down to 90% dry material and
broken in small pieces, and then is heat treated. The finished product is called
EnviroBed and is being used as bedding for 50,000 dairy cows in the UK. Sludge
from Bridgewater Paper and Shotton Paper is being processed at EnviroSystems
plant in Cheshire. A second plant at Brent Pelham, Hertfordshire, is being supplied
by material from Aylesford. EnviroSystems is looking for additional supplies of
suitable paper crumble, with 40–45% organic matter or above and without a high
moisture content.

The wastewater sludge of Neenah Paper, Neenah, WI, USA, is recycled into
useful forms, including electrical power and glass aggregate (Anon 2004).
5,000 tpy of paper sludge are recycled using a system installed by Minergy Corp,
also located in Neenah. Solids are melted in a glass furnace, destroying organic
compounds. The inorganic mineral waste exits the furnace as liquid glass which is
used in the manufacture of floor tiles, abrasives, roofing shingles, asphalt, and
decorative landscaping materials. With a steam generator furnace heat produces
electricity which dries the wastewater solids. The recycling process provides many
environmental benefits, in Neenah Paper’s case preserving green space and
reducing landfill use. The company has developed an online tool for individuals and
businesses to calculate the environmental benefits of using recycled paper.

Oxycair is an innovative treatment technology developed to treat various types
of wastewaters, which has been shown to generate substantial savings over con-
ventional treatment costs (Gagnon and Haney 2005). The technology uses patented
processes, is based on concurrent physical mechanisms taking place within multiple
reactor vessels, and uses no chemicals. The destructive mechanisms include
physical destruction, thermic stabilization, air supersaturation, oxidation, explosive
decompression, cavitation, and microbubble oxidation. The technology has been
tested at both laboratory and industrial scale, transforming excess sludge stream
into a nearly sterile stream rich in dissolved oxygen and the nutrients and
micronutrients contained in bacterial cells. This stream can be returned directly to
the bioreactor as a nutrient supplement. Oxycair is a service provided by WR3
Technologies Inc, Canada.
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Chapter 23
Integrated Forest Biorefinery

Abstract The development of an integrated forest biorefinery (IFBR) would
enable the industry to increase its revenue by producing bio-energy and new bio-
materials in addition to traditional wood, pulp, and paper products. The IFBR
concept also addresses the societal need to use renewable resources rather than
fossil fuels to produce commodity products, liquid fuels, and electricity. The initial
visualized IFBR would be based on sulfur-free, alkaline pulping of hardwood with
an alkaline hemicellulose extraction step prior to pulping and spent pulping liquor
gasification and lignin precipitation after pulping. New products from an IFBR
based on alkaline pulping include electric power, new wood composites, liquid fuel,
ethanol, chemicals, and polymers. Pre-extraction generates a feed stream for new
bioproducts, while decreasing alkali consumption, increasing delignification rate,
and reducing black liquor load. Black liquor gasification and/or lignin precipitation
are an integral part of the IFBR with the synthesis gas and precipitated lignin being
the feed for liquid fuel and carbon fibers, respectively. The additional energy
requirements of the IFBR would be met by gasification/combustion of waste bio-
mass. The key to the successful implementation of the forest biorefinery is to
identify possible products that can be economically produced by a pulp and paper
mill. Process integration tools can be used to identify these products. A roadmap
can be developed once the products have been identified. The successful imple-
mentation of the forest biorefinery will likely be mill specific, and will in many
cases require strategic collaborations with experts.

Keywords Forest biorefinery � Biomaterials � Integrated forest biorefinery
Gasification � Hemicellulose extraction � Lignin precipitation � Black liquor
gasification � Combustion � Biomass � Synthesis gas � Liquid fuel
Carbon fiber � Polymers
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23.1 Introduction

The pulp and paper industry is facing an economic stalemate due to new market
constraints, which include lower selling prices as well as increased competition and
fuel costs. This new environment weakens the economic health of all paper mills.
The pulp and paper industry must, therefore, identify new opportunities in order to
define a business plan that is better adapted to current market conditions while
preserving its main activity—production of pulp and paper products.

Forest biorefinery (FBR) has been defined as the “full integration of the
incoming biomass and other raw materials, including energy, for simultaneous
production of fibers for paper products, chemicals and energy” (Axegard 2005;
Axegard et al. 2007; Chambost and Staurt 2007; Christopher 2013). By integrating
FBR activities at an existing plant, pulp and paper mills have the opportunity to
produce significant amounts of bio-energy and bioproducts and to drastically
increase their revenues while continuing to produce wood, pulp, and paper prod-
ucts. Manufacturing new value-added by-products (e.g., biofuels, bulk, and spe-
cialty chemicals, pharmaceuticals, etc.) from biomass represents for some forestry
companies an unprecedented opportunity for revenue diversification.

Biorefining is an exciting concept for the pulp and paper industry, however in
many ways, the industry has been considering its implementation for decades
(Wising and Staurt 2006). There have been many examples where mills have
produced organic chemicals in addition to pulp and paper. The biorefinery builds on
the same principles as the petrochemical refinery. In a petrochemical refinery, the
raw material is normally crude oil, whereas in the forest biorefinery the raw material
is wood/biomass. The raw material stream is fractionated into several product
streams. The products can be a final product or a raw material for another process.
New technology is being developed that could be integrated into an existing pulp
and paper mill, transforming it into a forest biorefinery. There are still significant
challenges associated with these new technologies, but several of them look
promising. Research is initiating focusing on biorefinery technology development
in North America and around the world (Closset 2004; Mabee et al. 2005).
However, these process technology development activities alone do not address
most of the significant risks associated with implementing the forest biorefinery.

Biorefinery technology development will typically be implemented in retrofit,
and must be accompanied by a careful process systems analysis in order to
understand the impact on existing processes, e.g., pulp yield reductions since car-
bon is used to make alternative products, and the potential for changed black liquor
scaling characteristics in evaporators. The objective of this process systems analysis
would be to preserve the value of the existing pulp- and paper-producing asset.

In addition to process technology development, product development will be
essential for identifying successful new markets for biorefinery products, and their
supply chain management strategies. These are again system-oriented issues whose
evaluation will be critical to the success of the forest biorefinery.
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The current pulp and paper mill (Fig. 23.1) uses logs and fiber, chemicals and
energy to produce commodity pulp and paper products (Connor 2007; Thorp et al.
2008). Future mills (Fig. 23.2), Integrated Forest Biorefineries, will import regional
biomass instead of purchased energy. They will expand the industry’s mission from
simply manufacturing low margin paper products to creating new revenue streams
by producing “green” power and creating new, high-value products such as biofuels
and biochemicals, all while improving the efficiency and profitability of their core
papermaking operations. Figure 23.3 shows possible products from a pulp mill
biorefinery.

Fig. 23.1 Current pulp mill (Thorp et al. 2008); reproduced with permission

Fig. 23.2 Future mill (Thorp et al. 2008); reproduced with permission
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23.2 Forest Biorefinery Options

Several process alternatives should be considered for implementation of a biore-
finery in a pulp and paper mill. These are recovering more of the biomass left in the
forest, removing lignin from the black liquor in the digester, pyrolysis of bark, etc.
In one of the biorefinery workshops (Montréal Workshop 2005), one important
consensus reached was that before mills can implement the forest biorefinery, they
need to increase its energy efficiency, eliminate fossil fuels from their operations,
and maximize carbon availability for the forest biorefinery. This appears to be a
valid point since many of the activities today regarding the forest biorefinery are
motivated by the Kyoto Protocol.

The biorefinery technologies currently under development are typically char-
acterized as biochemical and thermochemical processes (Fig. 23.4). Biochemical
processes use steam, dilute acid, concentrated acid, and/or enzyme hydrolysis to
convert the hemicellulose and cellulose of biomass into simpler pentoses and
glucose. The Thermochemical processes use slow or medium temperature gasifi-
cation or higher temperature pyrolysis to create a high hydrogen content synthetic
gas (syngas) that can be used for electricity generation or catalytically converted
into liquid biofuels. In Table 23.1, the different technologies discussed here are
presented.

The technologies—Hemicellulose pre-extraction, lignin precipitation, Tall oil
extraction are biochemical and black liquor gasification is thermochemical. The
choice of biorefinery technology will depend first on the choice of appropriate
products as they relate to markets and the supply chain. Depending on the choice of

Fig. 23.3 Possible products from a pulp mill biorefinery (Axegard 2005); reproduced with
permission
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technologies implemented, the yield, the impact on the pulp and paper process, and
the capital cost will vary. Since the processes in a pulp and paper mill are strongly
linked, it is difficult to foresee the impact implementing these different technologies
might have on the entire mill. Plus, adding two or more technologies to one mill
bring process issues that are even complex to anticipate.

One of the key criteria for forest biorefinery options is that the processes are
adaptable (Farmer 2005). For many of the products that could be produced in a
forest biorefinery follows different value cycles. If these products could be changed
the most profitable product could be produced at a time where the value of the said
product is the highest. By developing a concept of adaptable forest biorefinery, the
mill would be less economically vulnerable, since the product produced could
change over time.

Table 23.1 Emerging
biorefining technologies

Technology Yield Capital cost

Hemicellulose pre-extraction Low Medium

Black liquor gasification High High

Removal of lignin from black
liquor

Low/High Low/High

Tall oil extraction Low Low

Based on Wising and Staurt (2006)

Fig. 23.4 Biorefinery concept; reproduced from the National Renewable Energy Laboratory
Biomass Research website: http://www.nrel.gov/biomass/biorefinery.html with permission.
Accessed April 20, 2011. This figure was prepared by the National Renewable Energy Laboratory
for the U.S. Department of Energy
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23.2.1 Hemicellulose Extraction Prior to Pulping

This is the most extensively investigated concept of the biorefinery platform.
During kraft pulping, hemicelluloses are degraded into low molecular weight
isosaccharinic acids and end up in the black liquor, with degraded lignin. To
prevent an environmental impact and recover energy, black liquors are concentrated
and burned. As the heating value of hemicelluloses is considerably lower than that
of lignin, extracting the hemicelluloses before the pulping stage for a generation of
high-value products has the potential to improve overall economics. Hemicelluloses
can be used directly in polymeric form for novel industrial applications such as:

• Biopolymers (Ebringerova et al. 1994),
• Hydrogels (Gabrielii et al. 2000), or
• Thermoplastic xylan derivatives (Jain et al. 2000) or,
• Source of sugars for fermentation to fuels such as ethanol, or chemicals such as

1,2,4-butanetriol, a less hazardous alternative to nitroglycerine (Niu et al. 2003).

The cosmetics industry uses hemicelluloses as emulsifiers to prepare water and
oil emulsions. Research has also been carried out in hemicelluloses as
immunomodulators or those properties that fight infections. The building blocks of
hemicelluloses also include sugars with interesting physiological effects. One
example of such a sugar is mannose, which has been shown to help combat certain
stomach infections. These monosaccharides are currently being studied for example
converting xylose into xylitol and mannose into mannitol. These sugars are packed
with potential. If hemicelluloses are broken down into smaller pieces or so-called
oligomers, there is evidence that these pieces are highly bioactive. There is also data
that they promote tree growth or function as growth hormones. Hemicellulose can
also be used as a dietary fiber. Their sugars are so-called slow carbohydrates, which
help balance blood sugar levels and promote weight loss.

Little work has been done on extracting and utilizing hemicelluloses prior to the
pulping process. Removal of hemicelluloses from wood as a pretreatment step is
presently being practiced commercially in the production of dissolving pulps. The
hemicelluloses are removed to allow the production of pure cellulose. Dissolving
pulps are processed into products such as cellulose nitrate, cellulose xanthate (rayon
fibers), and cellulose acetate. Pre-extraction of hemicellulose can provide a totally
new feedstock for biofuel/bioethanol production, thus increasing the total revenue
stream for the pulp and paper industry (Ragauskas et al. 2006; van Heiningen
2006). It is, therefore, desirable to develop a pretreatment process that can solu-
bilize hemicellulose sugars with minimal formation of fermentation inhibitors,
while preserving the fiber integrity.

It is expected that pre-extraction of these “waste” hemicelluloses prior to kraft
pulping could substantially improve pulp mill operations (Thorp and Raymond
2005; Ragauskas et al. 2006) (Table 23.2).

These process benefits and biofuels possibilities are strong drivers for the
development of wood hemicellulose pre-extraction technologies for kraft pulp
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mills. An important consideration that must be taken into account with any
pre-extraction of wood chips prior to kraft pulping is the need to develop a system
that is readily integrated with modern pulping operations and will not deteriorate
the quality of kraft pulps. A key physical parameter in the production of many
grades of paper is the strength of the final paper sheet. It has been well documented
that if the DP of cellulose is decreased beyond its normal *1600 post pulping to
*700 after bleaching (Yanagisawa et al. 2005), the strength properties of the sheet
are degraded. This relationship is due to the fact that cellulose is the primary
load-bearing element in a lignocellulosic fiber and has a direct relationship to the
fiber strength, which contributes to paper strength. Hence, any hemicellulose
pre-extraction technology employed prior to kraft pulping needs to minimize the
hydrolysis of cellulose. Furthermore, it has been reported that hemicellulose content
is related to paper bond strength, which has been attributed to the adhesive prop-
erties of hemicellulose. Studies suggest that for kraft pulps with an a-cellulose
content higher than *80%, a decrease in paper sheet strength properties occurs
(Page and Seth 1985; Molin and Teder 2002; Schönberg et al. 2001). This product
specification defines a limit for hemicellulose pre-extraction technologies.

In an ideal scenario, if one could extract 15–20% hemicellulose before pulping
and get the same pulp yield as obtained before—it will be possible to keep the same
pulp mill production level without increasing the wood demand and would also
reduce black liquor solids going to the recovery boiler. Removing the recovery
boiler bottleneck may allow the manufacturing of more tonnage, which will further
improve the profitability of the kraft mill.

The most common commercial procedures for extracting hemicellulose are
pre-steaming to release natural wood acids (autohydrolysis) followed by water
extraction or acid hydrolysis with small amounts of mineral acids (sulfuric acid or
hydrochloric acid). The use of water as prehydrolysis stage relies on the in situ
hydrolysis of acetate groups on the hemicellulose chains yielding acetic acid. The
liberated acid lowers the solution pH to a range of 3–4. This results in the
hydrolysis and solubilization of hemicelluloses. Control of the prehydrolysis
parameters is an important consideration, as more vigorous conditions will degrade
the fiber resource. Pretreatments of lignocellulosic materials by water or steam are
referred to in the literature as autohydrolysis (Lora and Wayman 1978),
hydrothermolysis or hydrothermal pretreatment (Kubikova et al. 1996), aqueous
liquefaction or extraction (Heitz et al. 1986). Microwave heat-fractionation of wood
has been recently used to extract hemicelluloses (Lundqvist et al. 2002; Palm
and Zacchi 2003). This method requires a treatment temperature of 180–200 °C

Table 23.2 Benefits of
hemicellulose pre-extraction

Reduction in kraft cooking times

Enhancing kraft cooking liquor impregnation

Yielding improved pulp properties

Improving pulp production capacity for kraft pulp mills that are
recovery furnace limited
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for 2–5 min. Other methods for hemicellulose extraction include mild alkaline
solutions with and without addition of cations such as Na, K, Li, and borate at low
temperatures, organosolv fractionation, supercritical carbon dioxide, ionic liquids
(new class of solvents with nonmolecular, ionic character that are liquids at room
temperature) (Hashimoto and Hashimoto 1975; Cunningham et al. 1986; Scott
1989; Bozell et al. 1995; Lu et al. 2004; Wai et al. 2003; Eckert et al. 2000, 2004;
Lazzaroni et al. 2005; Wyatt et al. 2005; Lesutis et al. 2001; Nolen et al. 2003;
Fitzpatrick 1997; Moens and Khan 2003; Swatloski et al. 2002; Li et al. 2004).
Organosolv fractionation technology developed by National Renewable Energy
Laboratory utilizes a ternary mixture of methyl isobutyl ketone, ethanol, and water
in the presence of low concentrations of sulfuric acid to effect a separation of
cellulose, hemicellulose, and lignin. The method typically requires a treatment
temperature of 140 °C for 1 h. This approach has worked well to fractionate
hardwoods, yielding high purity cellulose and selectively dissolving lignin and
hemicellulose (Bozell et al. 1995). However, the method proves difficult with
softwoods, requiring more acid, higher temperatures, and longer retention times,
resulting in poor cellulose pulps. For integration into a kraft biorefinery, the
organosolv extraction method would need to be studied further.

Water prehydrolysis is found to be more effective at removing hemicelluloses
than steam prehydrolysis, especially for softwoods. All prehydrolysis treatments
also extract low levels of lignin and extractives. A key consideration for extracting
hemicelluloses prior to kraft pulping for non-dissolving grades of paper is the need
to yield a wood furnish that still yields excellent physical strength pulp properties.
This will undoubtedly require an optimization of hemicellulose pre-extraction
technologies providing optimal removal of hemicelluloses for biofuel production
and sufficient retention of select hemicelluloses for the production of high-quality
kraft pulps.

23.2.1.1 Production of Ethanol from Pre-extracted Hemicelluloses

After extraction, the hemicelluloses must be converted to monomeric sugars. Two
techniques are available for the conversion of wood hemicelluloses into a fer-
mentable sugar solution. These are acid hydrolysis and enzymatic hydrolysis pro-
cesses. In these processes, monosaccharides are produced which are converted to
ethanol via fermentation (Nguyen et al. 2000; Kim 2005; Wright and Power 1987;
Wyman and Goodman 1993). Depending on what technologies are optimized for
the pre-extraction of hemicelluloses from wood chips, an acid hydrolysis of
polysaccharides to hexoses and pentoses may be preferred.

The enzymatic hydrolysis of pretreated cellulosic biomass has been commer-
cialized for the processing of wheat straw to bioethanol and is being actively
pursued for other agricultural waste resources (Tolan 2003). An important con-
sideration for hemicellulose pre-extraction and depolymerization treatment protocol
is to reduce by-products that are inhibitors of the fermentation of sugars to ethanol,
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such as furans, carboxylic acids, and phenolic compounds (Palmqvist and
Hahn-Hägerdal 2000). Some inhibitors are present in the raw material, but others
can be formed during the hydrolysis process (Klinke et al. 2004). The nature,
composition, and concentration of these compounds are dependent on the hydrol-
ysis conditions and may have a profound influence on the fermentation production
rate of biofuels from the hydrolysate (Taherzadeh et al. 2000a, b). There are several
strategies for dealing with the inhibitors in hydrolysates. First, the hydrolysis
conditions may be optimized not only with respect to maximal sugar yields but also
to generating reduced amounts of inhibitor compounds (Larsson et al. 1999).
Detoxification prior to fermentation is another option, including alkali, sulfite,
evaporation, anion exchange, or enzymatic treatments (Alriksson et al. 2005;
Horváth et al. 2005; Persson et al. 2002). The hydrolyzed hemicellulose sugar
solution will finally need to undergo fermentation for the production of ethanol. The
microorganisms that are able to ferment sugars to ethanol can be either yeasts or
bacteria (Kuyper et al. 2005a, b; Senthil Kumar and Gunasekaran 2005). Recent
advances in genetic engineering, forced evolution, and mutation and selection
strategies have enhanced the biological utilization of hexoses and pentoses for the
biological production of ethanol. The well-documented fermentation of wood
hydrolysates to ethanol provides a strong technical basis from which practical
fermentation technologies can be designed for the conversion of pre-extracted wood
hemicelluloses to ethanol. The fermentation of dilute acid hydrolysates from aspen,
birch, willow, pine, and spruce using Saccharomyces cerevisiae has been reported
(Taherzadeh et al. 1997). These wood hydrolysates contained varying amounts of
xylose, glucose, and mannose, and the efficiency of fermentation varied substan-
tially, depending upon wood species employed. The use of other yeast and fungi for
the production of ethanol from wood hydrolysates has also been reported, and their
efficiencies and cost-performance properties continue to be enhanced (Sreenath and
Jeffries 1999; Millati et al. 2005; Zaldivar et al. 2001; Brandberg et al. 2004).

The concept of hemicellulose pre-extraction prior to pulping has been funded by
a consortium of large pulp and paper manufacturers and is being operated under the
auspices of Agenda 2020. In the US, wood chip pre-extraction technologies could
make available to the biofuels industry about 14 million tons of hemicelluloses
annually, while at the same time enhancing the production of kraft pulps
(Ragauskas 2006). These extractable hemicelluloses could provide a valuable,
high-volume resource of sugars for bioethanol production generating *20 to 40
million gallons ethanol/year/mill (Amidon et al. 2007). Thorp (2005a, b) has
reported that the potential annual production of ethanol from pre-extraction of
hemicellulose could approach 2 billion gallons of ethanol/year. Extracting the
hemicellulose from the wood chips prior to pulping and depositing the oligomer
portion onto the pulp stream after the digester could increase pulp yield by 2%,
resulting in approximately $600 million a year in extra pulp production (http://
www1.eere.energy.gov/industry/forest/pdfs/hemicellulose_extraction.pdf).

Research studies have already established the viability of extracting hemicel-
luloses from wood chips prior to kraft pulping for dissolving pulps. The challenge
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for the biofuels and forest products industries is to develop optimized pre-extraction
technologies that provide a hemicellulose stream for biofuels production and a
lignocellulosics stream for pulp production. This vision will, undoubtedly, require a
cooperative research program with multipartner stakeholders. These efforts have
already begun and will accelerate in the near future, given the significant benefits to
all interested parties.

23.2.1.2 Production of Chemicals, Materials, and Polymers

The number of chemicals, materials, and polymers which may potentially be pro-
duced in an integrated forest product biorefinery is very large similar to a petro-
chemical refinery. However, this number may be reduced significantly when guided
by a DOE study (Werpy and Petersen 2004) which identifies the top 12 building
blocks that may be produced from sugars. Itaconic acid is one of the 12 building
block chemicals identified by DOE. Itaconic acid can be produced by fermentation
from C5 and C6 monomers. Subsequently, itaconic acid can be converted into
polymers through two major routes:

– First route involves the radical homopolymerization of itaconic acid to polyi-
taconic acid (Yang and Lu 2000). Polyitaconic acid is a highly water soluble and
highly hydroscopic material and may be used in paper coating to allow optimal
dispersion of the pigment for paper leveling.

– Second route involves the formation by step polymerization of an unsaturated
polyester from itaconic acid and a sugar-derived polyol such as propane diol,
butane diol, or methyl butane diol (Werpy and Petersen 2004). Such polymers
are essentially hydrophobic and can react with vinylic monomers such as
styrene and methylmethacrylate to produce tough thermosets for usage in
structural material such as wood composites and sheet molding compounds.

Conversion of hemicelluloses into polymers of itaconic acid presents a great
economic opportunity for an IFBR.

Another example is the production of carbon fibers using lignin precipitated
from alkaline hardwood black liquor. Carbon fibers can be made from hardwood
kraft lignin when mixed with commercial polymers such as polyesters, polyolefins,
and polyethylene oxide (PEO) (Kadla et al. 2002). The main requirement for
processing the lignin is that it contains a minimum of volatile compounds, sugars,
and ash. Since the actual spinning of the fibers occurs at a temperature of about
220 °C, a minimal amount of gaseous components should release at this temper-
ature to avoid bubbles in the fibers and thus lower physical properties and avoid
spinning problems. Thus filtration to remove particulates, carbohydrate stripping,
and washing of (almost) sulfur-free lignin will be needed to obtain a suitable
feedstock for carbon fiber production (Griffith et al. 2003).
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23.2.2 Black Liquor Gasification

Black liquor gasification (BLG) has excited particular interest in recent years
(Bajpai 2008). It offers a way to generate electricity and to reclaim pulping
chemicals from black liquor. This is accomplished by converting the fixed carbon to
a combustible gas mixture using oxygen-containing gases such as oxygen, carbon
dioxide, and water vapor. The combustible gas is then burned to generate electrical
power. BLG has been a popular topic in several conferences on biorefining,
engineering, pulping, and environmental matters.

This technology has been under development for many years now, and today
there are a small number of installations and some additional ones being planned.
Black liquor gasification would replace the Tomlinson recovery boiler for the
recovery of spent chemicals and energy. Gasification may become part of integrated
gasification and combined cycle (IGCC) operation, or lead to pulp mills becoming
biorefineries (Larsen et al. 2003). Figure 23.5 shows a simplified schematic for the
black liquor IGCC.

The organic matter in black liquor is partially oxidized with an oxidizing agent
to form syngas in the gasifier, while leaving behind a condensed phase. The syngas
is cleaned to remove particulates and tars and to absorb inorganic species (i.e.,
alkali vapor species, SO2, and H2S), and this is done to prevent damage to the gas
turbine and to reduce pollutant emissions. The clean syngas is burned in gas

Fig. 23.5 Integrated gasification and combined cycle (IGCC). Based on Sricharoenchaikul (2001)
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turbines coupled with generators to produce electricity, and gas turbines are
inherently more efficient than the steam turbines of recovery boilers due to their
high overall air fuel ratios (Nilsson et al. 1995). The hot exhaust gas is then passed
through a heat exchanger (typically a waste-heat boiler) to produce high-pressure
steam for a steam turbine and/or process steam. The condensed phase (smelt)
continuously leaves the bottom of the gasifier and must be processed further in the
lime cycle to recover pulping chemicals.

Essentially all of the alkali species and sulfur species leave in the smelt (mostly
as Na2S and Na2CO3) in the recovery boilers, but in gasifiers, there is a natural
partitioning of sulfur to the gas phase (primarily H2S) and alkali species to the
condensed phase after the black liquor is gasified. Because of this inherent sepa-
ration, it is possible to implement alternative pulping chemistries that would yield
higher amounts of pulp per unit of wood consumed (Larsen et al. 1998, 2003).
Gasification at low temperatures thermodynamically favors a higher sodium/sulfur
split than gasification at high temperatures, which results in higher amounts of
sulfur gases at low temperatures. Because a large amount of the black liquor sulfur
species leaves the low-temperature process as H2S, H2S may be recovered via
absorption to facilitate alternative pulping chemistries. The industry has numerous
patented processes for accomplishing the absorption, including using green or white
liquor as an absorbing solvent (Larsen et al. 1998, 2003; Martin et al. 2000).

The partitioning of sodium and sulfur in black liquor gasification requires a
higher capacity for the life cycle compared to the current technology. The sodium/
sulfur split results in a higher amount of Na2CO3 in the green liquor because less
sulfur is available in the smelt to form Na2S. For each mole of sulfur that goes into
the gas phase, one more mole of Na2CO3 is formed in the condensed phase (Larsen
et al. 2003). The increase in Na2CO3 results in higher causticization loads, increases
in lime kiln capacity, and increases in fossil fuel consumption to run the lime kiln.
This leads to higher raw material and operating costs, which must be reduced in
order to make the gasification process economically favorable.

Black liquor gasification may be performed either at low temperatures or at high
temperatures, based on whether the process is conducted above or below the
melting temperature range (650–800 °C) of the spent pulping chemicals
(Sricharoenchaikul 2001). In low-temperature gasification, the alkali salts in the
condensed phase remain as solid products while molten salts are produced in
high-temperature gasification. Low-temperature gasification is advantageous over
high-temperature gasification because gasification at low temperatures yields
improved sodium and sulfur separation. Additionally, low-temperature gasification
requires fewer constraints for materials of construction because of the solid product.
However, the syngas of low-temperature gasification may contain larger amounts of
tars, which can contaminate gas cleanup operations in addition to contaminating gas
turbines upstream of the gasifier. These contamination problems can result in a loss
of fuel product from the gasifier (Sricharoenchaikul 2001).
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23.2.2.1 Gasification Processes

The different gasification processes can roughly be categorized into:

• Low-temperature processes—Low-temperature processes work below 715 °C
and the inorganic salts are removed as dry solids.

• High-temperature processes—High-temperature processes operate above 900 °C
and an inorganic salt smelt is obtained.

Several companies have performed trials to develop a commercially feasible
process for black liquor gasification. History of black liquor gasification develop-
ment is well described by Whitty and Baxter (2001) and Whitty and Verrill (2004).
Only two technologies are currently being commercially pursued; the MTCI (low
temperature) and Chemrec (high temperature) technologies. Weyerhaeuser, New
Bern, uses a Chemrec booster for BLG but it operates at atmospheric pressure,
which does not give maximum energy efficiency. Energy efficiency is enhanced by
going to higher pressures. Trials have been conducted at Kappa Kraftliner, Sweden,
in which the black liquor is gasified at high temperature and pressure in a reactor
then the gas is cooled and separated from droplets of smelt. The condensate is
dissolved to form low-sulfidity green liquor. The raw gas containing carbon
monoxide and carbon dioxide is saturated with steam at high pressure then cooled
and stripped of particles. The gas can be used as a feedstock in a combined cycle
(CC) technology or for chemical synthesis (Larson et al. 2000).

MTCI Gasification

MTCI technology—also known as TRI (ThermoChem Recovery International,
Inc.) uses a low-temperature gasification with a bubbling fluidized bed steam
reformer (Durai-Swamy et al. 1991; Mansour et al. 1992, 1993, 1997; Rockvam
2001; Whitty and Verrill 2004) operating at 580–620 °C. The bed is indirectly
heated by several bundles of pulsed combustion tubes, which burn some of the
produced gas. Black liquor is sprayed into the fluidized bed and coats the solids,
where it is quickly dried and pyrolyzed. The remaining char reacts with steam to
produce a hydrogen-rich fuel gas (Rockvam 2001). Part of the bed material is
continuously removed, dissolved in water, and cleaned from unburned carbon to
obtain green liquor. The produced gas is passed through a cyclone to separate solids
and then to a heat recovery steam generator. Part of the generated steam is used in
the gasifier as both reactant and fluidizing medium. The gas continues through a
Venturi, a gas cooler and is finally cleaned from H2S in a scrubber with some of the
green liquor. The cleaned gas contains about 73% H2, 14% CO2, 5% CH4, and 5%
CO (Rockvam 2001). The heating value of the gas is high (*13 MJ/Nm3). It can
be burned in an auxiliary boiler, used in a fuel cell to generate electricity and
pressurized it can be fired in a gas turbine.
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MTCI has two projects running today, both in mills with a Na2CO3

semi-chemical cooking process. The first project is for Georgia Pacific
Corporation’s Big Island mill in Virginia. This system is a full-scale gasifier,
designed to process 200-ton dry solids per day and is fully integrated with the mill
(DeCarrera 2006). The second project is for the Norampac Trenton mill, Ontario,
Canada (Middleton 2006; Newport et al. 2004; Vakkilainen et al. 2008). Prior to the
start-up of the gasifier, the mill had no chemical recovery system. For over 40 years
the mill’s spent liquor was sold to local counties for use as a binder and dust
suppressant on gravel roads. The discontinuance of the spreading of spent liquor
required Norampac to select, purchase and install a technology to process spent
liquor. The TRI black liquor gasification system was selected. The capacity of the
TRI spent liquor gasification system is 125 tons per day of black liquor solids
(BLS). TRI’s scope of supply included the steam reformer, pulse combustors and
fuel train, detailed engineering and start-up support, materials handling equipment,
and instrumentation. The project, which started operations in 2003, is operating day
in and day out meeting all of the needs of the mill’s chemical recovery require-
ments. Process optimization is continuing in the area of energy recovery. TRI’s
gasification process is ideal for use in a forest products biorefinery as it is uniquely
configured for high-performance integration with pulp and paper facilities and is
capable of handling a wide variety of cellulosic feedstocks, including woodchips,
forest residuals, agricultural wastes, and energy crops, as well as mill by-products
(spent liquor). Compared to other biomass gasification technologies that are based
on partial oxidation, TRI’s steam reformer converts biomass to syngas more effi-
ciently, producing more syngas per ton of biomass with a higher Btu content. This
medium-Btu syngas can be used as a substitute for natural gas and fuel oil, and as a
feedstock for the production of value-added products such as biodiesel, ethanol,
methanol, acetic acid and other biochemicals. TRI’s technology can be integrated
with a wide variety of catalytic and fermentation technologies to convert the syngas
to high-value bio-based fuels and chemicals. For example, syngas generated by
TRI’s technology can be conditioned and sent to a commercially proven
gas-to-liquids (“GTL”) facility (i.e., Fischer–Tropsch or other catalytic technolo-
gies) inside the biorefinery. The GTL process produces a range of products
(naphtha, gasoline, diesel/kerosene, wax, methanol, DME, etc.) that are stabilized
for storage and transported offsite to a downstream refinery for conversion to
marketable products. The unreacted syngas and light non-condensable gases (tail
gas) are utilized in the process to replace fossil fuels. Additionally, the GTL con-
version, which is exothermic, provides another source of process heat that is
recovered and used. A fully integrated forest products biorefinery utilizing TRI’s
technology will achieve thermal efficiencies from 70 to 80% depending upon
process configuration and biomass feedstock. Figure 23.6 shows MTCI steam
reformer.

A TRI system was also experimented at Georgia Pacific, Big Island. Technical
issues have included excessive tar formation (over 30% of the organic content of
the processed liquor was lost to the sewer as tar), lower than expected carbon

524 23 Integrated Forest Biorefinery



conversion (approximately 80% versus the expected 99%) and concerns about the
design of the fluidization system.

Chemrec Gasification

Chemrec is working on both an atmospheric version and a pressurized version of a
high-temperature downflow entrained flow reactor (Brown and Landälv 2001;
Kignell 1989; Stigsson 1998; Whitty and Nilsson 2001; Whitty and Verrill 2004).
The atmospheric versions are mainly considered as a booster to give additional
black liquor processing capacity. The pressurized version is more advanced and
would replace a recovery boiler or function as a booster.

In the atmospheric system, black liquor is fed as droplets through a burner at
the top of the reactor. The droplets are partially combusted with air or oxygen at
950–1000 °C and atmospheric pressure. The heat generated sustains the gasifica-
tion reactions. The salt smelt is separated from the gas, falls into a sump, and
dissolves to form green liquor. The produced gas passes a cooling and scrubbing
system to condense water vapor and remove H2S. The gas has low heating value
(*2.8 MJ/Nm3) and is suitable for firing in an auxiliary boiler. It consists of
15–17% CO2, 10–15% H2, 8–12% CO, 0.2–1% CH4, and 55–65% N2 (Lindblom
2003). The thermal efficiency is quite low. An atmospheric Chemrec Booster
system with a firing rate of 270 ton DS/day is in use at Weyerhaeuser’s New Bern
mill since 1997. However, it was shut down in 2001 due to extensive cracking in
the reactor shell and it was started again in 2003. The gasifier had then been rebuilt
with a new reactor vessel as well as a modified refractory lining design and it has
operated well since then (Brown et al. 2004).

Product gas 

Black liquor 

Product 
gas + air 

Bed solids Fluidizing steam

Pulsed 
combustors 

Flue gas

Fig. 23.6 MTCI steam
reformer. Based on Whitty
and Baxter (2001)
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The pressurized system is similar but operates at a pressure of 30 atm. The salt
smelt is separated from the gas in a quench device. The gas cleanup system is more
advanced, cleaning the gas of fine particles and condensed hydrocarbons. The
sulfur-rich gas stream separated in an absorber/stripper system can be used to
prepare advanced pulping solutions. The gas produced has a higher heating value
(*7.5 MJ/Nm3) and can be, e.g., fired in a gas turbine to produce electricity or
used to produce biofuels such as methanol or dimethyl ether (DME). The exhaust
from the turbine is passed through a heat recovery steam generator. The thermal
efficiency is above 80%.

A pressurized system has been built within the Swedish national BLG program
(2004–2006) in Piteå, Sweden. It is a development plant built for 20 ton DS/day.
The system includes the processes of gasification and quenching, gas cooling, and
gas cleaning. The produced gas has been determined to contain about 41% H2, 31%
CO2, 25% CO, 2% CH4, and 1.4% H2S (Lindblom 2006). The aim of the program
is a verified process that will be ready for scale-up (15 times) as well as an opti-
mized integration of the process with the pulping cycle. Figure 23.7 shows the
CHEMREC DP-1 plant.

The CHEMREC BLGCC system has several advantages over recovery boilers;
the most significant being dramatically improved electricity yield. The CHEMREC
BLGMF system combines black liquor gasification with a chemical synthesis plant
for production of green automotive fuels such as Methanol or DME (dimethyl
ether). The new combined pulp and chemicals production facility require additional
energy to compensate the pulp mill for the withdrawal of the new green automotive
fuels. The efficiency of the CHEMREC BLGMF system for generating the new
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Fig. 23.7 The CHEMREC DP-1 plant. Source www.chemrec.se/admin/UploadFile.aspx?path=/
UserUploadFiles/2005%20DP-1%20brochure.pdf; reproduced with permission
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green automotive fuels is very high and the cost of these fuels from a full-scale unit
is competitive with petroleum-based alternatives. The CHEMREC BLGH2 system
utilizes the syngas from the black liquor gasifier as feedstock for novel green
hydrogen production. Table 23.3 shows the list of possible chemicals that can be
produced from the syngas.

The investment cost for a full-scaled PBLG unit is estimated to be slightly higher
than for a new conventional recovery boiler (Warnqvist et al. 2000). However,
pressurized black liquor gasification with an integrated combined cycle (BLGCC)
has the potential to double the amount of net electrical energy for a kraft pulp mill
compared to a modern recovery boiler with a steam turbine (Axegard 1999). For
more closed systems with less need of steam, this increase in electrical energy will
be even higher. Another advantage of the PBLG process is the increased control of
the fate of sulfur and sodium in the process that can be used to improve the pulp
yield and the quality of the mill. This control is very important for the green liquor
quality and is quite limited with a conventional recovery boiler. A disadvantage
with gasification is that it will increase the causticizing load. However, BLG has a
lower requirement for make-up salt cake compared to the recovery boiler. Even
though the PBLG process might have a lot of advantages compared to the recovery
boiler there are still a number of uncertainties in this technology.

Black liquor gasification is still a developing technology. Only small (100–
350 tds/d) commercial atmospheric units have been built. Similar size pressurized
demonstration units do not yet exist. It will take some time before reliable large
units are available. Black liquor gasification can produce more electricity
(Vakkilainen et al. 2008). Current commercial atmospheric processes are not as
energy efficient as the kraft recovery boiler process (Grace and Timmer 1995;
Mckeough 2003). The black liquor gasifier needs to operate under pressure to have
an electricity advantage.

Even though there are significant gains to be made, there still remain many
unresolved issues (Tucker 2002; Katofsky et al. 2003): finding materials that sur-
vive in a gasifier, mitigating increased causticizing load, how to startup and shut-
down, tar destruction, alkali removal, and achieving high reliability. The full impact
of the black liquor gasification on recovery cycle chemistry needs to be carefully
studied with commercial units. The first large demonstration units will cost 2–3
times more than a conventional recovery boiler. Although this will improve with
time, the price will hinder the progress of black liquor gasification. A small BLG
with a commercial gas turbine size of 70 MWe requires a mill size of over

Table 23.3 Possible
products from syngas

Hydrogen

Methanol

DME

Fischer–Tropsch fuels

Ethanol

MTBE

Based on Tampier et al. (2004)
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500,000 ADt/a. Commercial gasifiers probably need to be over 250 MWe in size. It
is, therefore, expected that full-size black liquor gasifiers will be built in new
greenfield mills, and not as replacement units of old recovery boilers.

Black liquor gasification whether conducted at high or low temperatures is still
superior to the current recovery boiler combustion technology. The thermal effi-
ciency of gasifiers is estimated to be 74% compared to 64% in modern recovery
boilers, and the IGCC power plant could potentially generate twice the electricity
output of recovery boiler power plants given the same amount of fuel (Farmer and
Sinquefield 2003). While the electrical production ratio of conventional recovery
boiler power plants is 0.025–0.10 MWe/MWt, the IGCC power plant can produce
an estimated 0.20–0.22 MWe/MWt (Farmer and Sinquefield 2003;
Sricharoenchaikul 2001). This increase in electrical efficiency is significant enough
to make pulp and paper mills potential exporters of renewable electric power.
Alternatively, pulp mills could become manufacturers of bio-based products by
becoming biorefineries. Additionally, the new technology could potentially save
more than 100 trillion BTU’s of energy consumption annually, and within 25 years
of implementation, it could save up to 360 trillion BTU/year of fossil fuel energy
(Larsen et al. 2003). The new technology also offers the benefits of improved pulp
yields if alternative pulping chemistries are included, and reductions in solid waste
discharges. Also, the process is inherently safer because the gasifier does not
contain a bed of char smelt unlike in recovery boilers, which reduces the risk of
deadly smelt-water explosions (Sricharoenchaikul 2001).

IGCC power plants will reduce wastewater discharges at pulp and paper mills,
even though they most likely will not significantly impact water quality (Larsen
et al. 2003). Also, IGCC power plants will reduce cooling water and make-up water
discharges locally at the mill, and because the efficient gasifiers will cause grid
power reductions, substantial reductions in cooling water requirements at central
station power plants will also occur (Larsen et al. 2003). Central station power
plants have large water requirements for cooling towers in order to provide grid
power to customers. Overall, the implementation of IGCC power plants will cause
net savings in cooling water requirements and net reductions in wastewater
discharges.

The most significant environmental impact caused by black liquor gasification
will occur in air emissions. Compared to the current recovery technology, the IGCC
system could cause low emissions of many pollutants, such as SO2, nitrogen oxides
(NOx), CO, VOC’s, particulates and TRS gases, and overall reductions in CO2

emissions. Even with improved add-on pollution control features, the recovery
boiler system still causes higher overall emissions than the IGCC system (Larsen
et al. 1998, 2003). Table 23.4 shows a list of different emissions and their quali-
tative environmental impact, along with relative emissions rates for both recovery
boilers and gasifiers.

Because the biomass sources at pulp and paper mills are sustainably grown, a
black liquor gasification-based IGCC plant or biorefinery would transfer smaller
amounts of CO2 to the atmosphere as compared to using fossil fuels. The vast
majority of the CO2 emitted would be captured from the atmosphere for
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photosynthesis and used for replacement biomass growth, producing O2 (Larsen
et al. 2003). According to Larsen, if the pulp and paper industry converts the 1.6
quads of total biomass energy to electricity, 130 billion kWh/year of electricity
could be generated. This electricity generation in a black liquor gasification-based
IGCC plant could displace net CO2 emissions by 35 million tons of carbon per year
within 25 years of implementation. Within 25 years of implementation, the IGCC
could displace 160,000 net tons of SO2, since most of the SO2 produced in the
process would be absorbed during H2S recovery. Moreover, the overall reduction of
TRS gases (i.e., H2S) using gasification technology will also reduce odor, which
will improve public acceptance of pulp and paper mills, particularly in populated
areas.

Clearly, black liquor gasification technology offers tremendous potential to make
an impact on society. However, before it can totally replace the current recovery
boiler technology, some work must be done to make it more economically attrac-
tive. One major area that requires attention is the causticization process.
Gasification technology can cause significant increases in capacity for the lime
cycle, requiring significant increases in fossil fuel consumption, and to improve
economic viability, alternative causticization technologies must be considered.

Gasification is a well-established technique, but its application to black liquor is
new and creates specific research needs. Perhaps the highest priority is to deal with
the materials for constructing the gasifier. The process can operate at very high
temperatures (up to 1,000 °C) and involves very aggressive molten salts (Na2S,
Na2CO3, NaCl) that tend to react strongly with ceramics and other materials. There
is a very aggressive gas atmosphere (HCl, CO). This was an issue with the gasi-
fication system at Weyerhaeuser, New Bern. The problem has now been solved by
using new materials and making some design changes (Brown et al. 2004). There
are issues concerning the formation of tar and condensable organic matter.
Approximately 1–5% of the carbon in black liquor is converted to methanol,

Table 23.4 Relative emissions rates of different emissions

Pollutant Relative
environmental
impact

Relative emissions rates with
controls on recovery boilers

Relative emissions rates
with gasification
technology

SO2 High Low Very low

NOX High Medium Very low

CO Low Medium Very low

VOC’s High Low Very low

Particulates High Low–medium Very low

CH4 Low–medium Low Very low

HAP’s Medium–high Low Very low

TRS Low Low Very low

Wastewater Medium–high Low Very low–low

Solids Very low Low Low

Based on Larsen et al. (2003)
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ethanol, cresol, xylene, and a variety of other tar and condensable organic com-
ponents. Several other questions need to be addressed. For example, can sodium
and sulfur separation be controlled by process design or operation? How much H2S
is produced, rather than other sulfur-containing gases? And can H2S be recovered
efficiently from the product gases? Researchers around the world are trying to find
answers.

23.2.3 Removal of Lignin from Black Liquor

STFI-Packforsk has developed a new and cost-effective process for extracting
high-quality lignin from kraft black liquor. This process is named LignoBoost
(Axegard 2006a, 2007a, b; Frisell 2008; Wallmo and Theliander 2007). Carbon
dioxide is used to precipitate lignin. It is then dewatered in the first stage and
dewatered/washed in a second washing stage (Fig. 23.8). Washing is done
counter-currently. This reduces the risk for lignin dissolution which is a main
disadvantage in the conventional one-stage process. Compared to the one-stage
process the water use is lower, lignin is cleaner with respect to ash and sodium and
the capacity is significantly higher. The Lignin has very good properties including
65–70% dry solids content, ash content of 0.1–0.5%, sodium 0.01–0.4%, and
heating value of 26 GJ/t. It can be used as biofuel, replacing coal and oil, i.e., in
pulp mill’s power generation or in lime kilns. LignoBoost gives customers the
possibility to increase the capacity of a pulp mill and turn pulp mills into significant
energy suppliers. At the same, the extracted lignin is also of interest for other
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Fig. 23.8 The two-stage washing/dewatering process, LignoBoost, for washing lignin precipi-
tated from black liquor (Axegard 2007b); reproduced with permission
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process industries as a raw material for plastics, coal fibers, and chemicals (Axegard
2007a, b; Axegard et al. 2007; Neuman 2008; Gellersted et al. 2013; Gullichsen and
Lindeberg 1999: Bertaud et al. 2012). There are four key operations in the
LignoBoost process. These are as follows:

• Precipitation—In precipitation, the black liquor is acidified by absorption of
black liquor and solid lignin precipitates.

• Dewatering—During the dewatering operation, the solid lignin is filtered off and
dewatered by gas displacement.

• Re-suspension—The resuspending phase involves the resuspension of the solid
lignin and the reduction of the pH.

• Final washing—In final washing, the solid lignin is filtered off, washed by
means of displacement washing, and finally dewatered by gas displacement.

The LignoBoost process enables the fast production of high-quality lignin at a
low cost. Low filtration resistances can be maintained throughout the process and
an even lignin filter cake that is easy to wash and finally dewater is formed in the
second filtration/washing stage. Using the novel process, the specific filtration
resistance is one to two orders of magnitude lower compared with the separation
and washing made in a single filtration step. The separation of the pH, and the ion
strength reduction in two different steps results in the lignin becoming much more
stable in all process stages with only a small amount of lignin dissolved during the
final displacement washing.

The LignoBoost technology has proven its technical maturity over several years
of research and laboratory testing as well as during operation in an industrial-size
demonstration plant integrated into the pulping process of Nordic Paper–
Bäckhammar, Kristinehamn, Sweden (Anon 2007; Lennholm 2007). The demon-
stration plant will remain in the possession of STFI-Packforsk. For production of
lignin, acid precipitation was selected as the most potentially promising route. For
production of xylan, membrane fractionation was selected as the most promising
route. These two methods can be successfully combined.

Lignins are used as binders, dispersants, emulsifiers, and sequestrants. It has
been proposed to isolate phenols from lignin and to produce carbon fibers. The
LignoBoost technology is currently being tested in a demonstration plant which is
located at the Bäckhammar unbleached kraft pulp mill and is operated as a sub-
sidiary of STFI-Packforsk, LignoBoost Demo AB. The demonstration plant is
expected to achieve an annual lignin production of about 4,000 t. Nearly all lignin
produced will be used in different incinerators such as lime kilns, bark boilers and
Fortum’s heat and power plant in Stockholm. The process also offers new oppor-
tunities for further use of a kraft pulp mill as a biorefinery such as in xylan removal
from black liquor, biomass gasification, and ethanol fermentation (Axegard 2007a,
b; Rodden 2007).

On May 27, 2008, Metso and STFI-Packforsk AB have signed a purchase
agreement regarding the shares of Lignoboost AB, a Swedish research company.
The transaction includes all the intellectual property rights as well as the
LignoBoost brand and its related know-how. In addition, Metso and STFI-
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Packforsk have signed a research and development agreement related to
LignoBoost technology. Both agreements come into force with immediate effect.
The acquired company will become part of Metso Power, a part of Metso Paper
business area. The acquisition supports Metso’s profitable growth strategy and
opens an interesting biofuel business opportunity within pulping processes. Metso
Power sees great value in getting a process with such high future expectations.
Recently, Södra and STFI-Packforsk have demonstrated the use of lignin for up to
100% replacement of fossil fuel in the lime kiln of the pulp mill. Metso has patented
the LignoBoost technology and has supplied the world’s first commercial instal-
lation of LignoBoost technology to Domtar in North America (Christiansen 2015).
The equipment has been integrated with the Plymouth North Carolina pulp mill.
The LignoBoost process separates and collects lignin from the pulping liquor. This
is an important breakthrough for Metso’s LignoBoost technology and provides
several benefits to Plymouth North Carolina mill. Separation of a portion of the
mill’s total lignin production off-loads the recovery boiler and permits an increase
in pulp production capacity. The recovered lignin will be used for several internal
and external applications. This project is a potential game changer for the Pulp and
Paper industry. It will allow pulp mills to have a new more profitable value stream
from a product that was traditionally burned in the recovery boiler. Domtar
Corporation is the largest integrated producer of uncoated freesheet paper in North
America and the second largest in the world based on production capacity. It also
produces paper-grade, fluff, and specialty pulp. The Company manufactures,
markets, and distributes a wide range of, commercial printing and publishing,
business and also converting and specialty papers. Domtar also produces a com-
plete line of incontinence care products and distributes washcloths marketed under
the Attends® brand name. Domtar owns and operates ArivaTM, an extensive net-
work of strategically located paper distribution facilities.

Domtar’s production of lignin started in February 2013 with a targeted rate of
75 tons a day (www.valmet.com). A wide range of applications and markets for
BioChoice lignin are being developed. These include fuels, resins, and thermo-
plastics. Having lignin available in large quantities and high quality from the
Domtar plant will help develop the future lignin market for the industry. The annual
capacity of this mill is 466,000 ADMT of softwood kraft pulp and Southern Pine is
the main raw material. The annual capacity of the lignin plant is 25,000 MT. This
actually allowed the mill to de-bottleneck the recovery boiler and sell the incre-
mental pulp. Originally lignin was intended to be burned in a power boiler, with the
potential to sell. Removal of lignin provided an immediate advantage to the host
mill and created a platform and indirect funding source for development projects
and products. It took about 17 days before the first washed lignin cake was pro-
duced on February 15, 2013. Domtar is marketing the lignin as BioChoice™ lignin.

Another LignoBoost™ plant started up in 2015 at Stora Enso’s Sunila mill in
Finland (www.valmet.com). This mill produces 370,000 ADMT of bleached soft-
wood kraft pulp. The raw materials used are pine and spruce. The annual capacity
of the lignin plant is 50,000 MT. The objective was to sell pure high-quality lignin
to external customers. The first lignin cake was produced on December 7, 2014.
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After one and a half weeks, the black liquor was fed to the process for the first time.
The project duration was 18 months. This installation also included storage for
moist lignin, a dryer, lignin dust burners in the lime kilns and a packaging line.
Moist lignin having a dry solids content of about 65% is dried in a ring dryer using
the off-gases from the lime kilns as drying media. Lignin particles during drying
break down into a fine powder having dry solids content above 95%. After that
dried lignin is pneumatically conveyed using nitrogen to the lime kilns and/or the
packaging plant. Safety has been a major issue in the project considering both
management of gases produced during lignin precipitation and the risk of dust
explosions connected to the handling of the fine, dry lignin powder. The existing
kraft lignin market has grown significantly with the start-up of lignin production
sites at Domtar’s Plymouth North Carolina mill in the United States and Stora
Enso’s Sunila mill in Finland. This technology is a door opener in transforming the
pulp and paper industry toward the biorefinery concept. Refined lignin can be
utilized for producing adhesives, bioplastics, and chemicals such as phenol or BTX
or replacing fossil-based fuel. Other interesting areas where it could be used are in
carbon fiber production and as a precursor to “green carbon” products such as
activated carbon or reinforcement filler. Valmet’s innovative technology has taken a
low-value stream which was burned in a recovery boiler and converting it into
potential value-added revenue streams by separating the lignin from the black
liquor. Several other projects are being developed.

A mill trial was carried out in FRAM (the Future Resource-Adapted Pulp Mill)
using a ceramic membrane in the black liquor in continuous two-vessel digester
system (Ohman 2006). The lignin separation was performed between 145 and 155 °
C at full digester pressure without adjustment of the pH. Ceramic membranes with
cut-off between 5 and 15 kDa were used. The retentate is a mixture of lignin and
xylan and further fractionation is needed. Another option is to apply membrane
separation immediately before or after the LignoBoost process. In the former case,
the performance of LingoBoost will be improved and the lignin will be purer. In the
latter case, the retentate will be relatively pure xylan as the high molecular weight
lignin is precipitated in LignoBoost.

Precipitation of lignin requires carbon dioxide. The bulk of the variable cost is
due to carbon dioxide if commercial product is used. It may be possible to use
carbon dioxide from the lime kiln—but gas cleaning is a challenge. Carbon dioxide
from ethanol fermentation yields about one tonne of pure carbon dioxide per tonne
of ethanol produced. Currently sized ethanol plants are too small to justify recovery
of the produce carbon dioxide. By combining lignin production with ethanol pro-
duction the carbon dioxide can efficiently be utilized and the economical perfor-
mance significantly improved.

The amount of lignin (and xylan) that can be removed from black liquor is
depending mainly on the status of the recovery boiler. At a certain amount of heat
value in the fired black liquor, the performance is deteriorated. In many mills, this
critical level is between 10 and 30% of lignin removed. One interesting way to
handle this is to add fuel gas from gasified biomass and thus compensate for lost
heat value (Fig. 23.9). Produced carbon dioxide can also be used for lignin
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precipitation (Axegard 2006b). The ultimate development would be the removal of
all valuable organic components from the black liquor such as lignin, xylan, and
sugar acids and instead obtain all the fuel need from gasified biomass such as
forestry residuals. Such an approach would make a complete removal of organic
components in black liquor possible. The traditional recovery boiler may also be
replaced with less capital demanding and less complicated techniques. STFI-
Packforsk and VTT are currently, together with selected partners, are applying for a
large collaborative EU-financed project based on these ideas in the framework of
EU 7th research program.

The industry segment in North America and Europe has been quite active in
promoting the usage of lignin and in supporting its development (Agrawal et al.
2014).

LignoTech, USA is marketing the binding and dispersing agents, derived from
lignin and lignosulfonate. The applications include animal nutrition (pellet binders,
bypass proteins), additives for ceramics, concrete, and gypsum board, dispersing
agents for agrochemicals, battery expanders, carbon black, dye baths, dyestuffs and
water treatment, dust control for roads and industrial dusts, binders for carbon
black, fertilizers, limestone and mud dispersants, plant nutrition, etc.

Tembec with their plants in Europe and North America produces 570,000 MT/
year of lignosulfonates with application in dispersants, binders, chelators, etc.
Northway Lignin Chemical, Ontario, manufactures specialty binders which include
sulfur-free kraft lignin, stabilizers, emulsifiers, organic binders, dispersants, and
liquid/powder agglomeration.
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Fig. 23.9 Integration opportunities between LignoBoost and gasification of forestry residues
proposed by STFI-Packforsk and VTT (Axegard 2007b); reproduced with permission
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MeadWestvaco, USA is manufacturing non-sulfonated kraft lignin, aromatic
ring sulfonated and hydroxyl methylated lignin. They have the capacity to produce
other specialty products like propoxylated lignin polyols, which find application as
dispersants for cements and animal feeds, particle board, wax emulsions, dyes and
pigments, lead–acid batteries, ceramics, concrete, refractories, etc.

KMT Lignin Chemicals, U.K., manufactures lignosulfonates for binding and
dispersing applications in concrete admixtures, oil well drilling muds, dust abate-
ment, dyestuffs, leather tanning, ceramics, insecticide sprays, etc.

Lignosulfonates manufactured using pinewood by Melbar, Brazil, find appli-
cation as agglomerants, dispersants, emulsifiers and wetting agents, chelating
agents, and animal hide treatments Lennox Polymers Ltd., USA, have developed
technology related to formaldehyde-free resins and adhesives based on lignin from
black liquor (Holladay et al. 2007).

There is an increasing demand for lignin in countries (like China, India, etc.) due
to their expanding industrial base (Lignin Market—Global Industry Analysis, Size,
Share, Growth, Trends and Forecast, 2013–2019, March 2014). Globally,
*40 MMT of lignin is produced annually out of which *1 MMT of lignin is sold
each year for low volume and niche applications. The market for lignosulfonates is
growing at a slow rate due to limited development in this area (NNFCC Report,
October 2009).

Green Value, a Swiss company, has been producing and marketing high purity
sulfur-free lignin and its derivatives. The products find applications as plywood
adhesives, high-pressure laminates, foundry core binders, brake pad binders,
molding compounds, dispersants, antioxidants, etc. (Lora et al. 2009).

Alberta-Pacific, Ontario, a large forestry products company in collaboration with
the Lignoworks Network (Ilderton, Ontario) aim to explore technology develop-
ment for lignin-based novel materials and chemicals to substitute fossil fuel derived
chemicals and products. Alpac is specially interested in developing value-added
products from lignin to diversify their product base from bleached kraft pulp
process.

Tembec with their plants in Europe and North America produces 570,000 MT/
year of lignosulfonates with application in dispersants, binders, chelators, etc.

Specialty binders manufactured by Northway Lignin Chemical, Ontario, include
sulfur-free kraft lignin, stabilizers, emulsifiers, organic binders, dispersants, and
liquid/powder agglomeration.

23.2.4 Other Products (Tall Oil, Methanol, etc.)

Extractives such as rosin and fatty acids are sometimes removed from the spent
pulping liquor and processed into crude tall oil (CTO). In Canada, most crude tall
oil is currently incinerated as fuel in the lime kilns of pulp mills to displace fossil
fuel. In the Southeastern United States, where the extractive content of the wood is
much higher, tall oil plants fractionate the crude tall oil into value-added
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components. Processes have also been proposed to convert both the fatty and rosin
acid components of the crude tall oil into green diesel fuel. Thorp (2005c) has
reported production-rate potential of 530 million L diesel per year in US. The
processing of tall oil into a high-quality diesel additive has been researched in the
laboratory and pilot scale. The later studies included promising road tests by
Canada Post Corporation (Ragauskas 2006). Given that many kraft pulp mills
already collect these extractives, their future utilization for fuels will be based on
competing economic considerations. Fatty acids can be directly esterified by
alcohols into diesel fuel, while the rosin acids can be converted by the “Super
Cetane” hydrogenation process developed in Canada. Turpentine recovered from
process condensates in Canadian mills is generally incinerated as fuel in one of the
onsite boilers. Processing it into consumer-grade products is possible but, in many
cases, it is more valuable as a fuel.

The average thousand-tonnes-per-day softwood kraft mill has approximately
seven tonnes per day of methanol in its foul condensate streams. Most mills use
steam strippers to concentrate the methanol to about half its volume before incin-
eration. Some mills use air strippers, which do not remove methanol effectively or
simply send foul condensates to effluent treatment where the methanol is consumed
by the biological activity. It is possible to purify this methanol for alternative uses,
either onsite or for sale. One pilot project has used the catalytic conversion process
for converting the methanol to formaldehyde. Waste organics sent to effluent
treatment at pulp and paper mills are unique compared with municipal organic
wastes, which have a very high carbon-to-nitrogen ratio. Certain bacteria in acti-
vated sludge treatment systems under such conditions accumulate 3-hydroxybutyric
acid (PHB), a potential building block for biopolymers. Extraction of PHB remains
the significant hurdle to this process. Pulp and paper waste treatment sludge is
typically buried in landfills, incinerated or spread on land as a nutrient enhancer.
Research is underway to improve the performance of microbes in the conversion of
nutrients in effluents to PHB and other fermentation products.

US pulp and paper industry processes 108 million tons pulpwood per annum. At
least 14 million tons of hemicellulose (2 billion gallons ethanol; 600 million gallons
acetic acid; $3.3 billion net cash flow), 5 million tons of paper mill sludge (feed-
stock for ethanol; no pretreatment), and 700 million L of turpentine and tall oil
(feedstock for biodiesel) per annum is available.

In an optimized forest biorefinery, part of the hemicellulose that is now burned
would be used to create new, more valuable products. A portion of hemicellulose
can be extracted from wood chips prior to pulping using hot water extraction in
low-pressure digesters. Some acetic acid is formed during the extraction process
and this must be separated from the sugar solution. The sugars can then be fer-
mented to ethanol or other high-value chemicals, creating an additional product
stream. Removing part of the hemicellulose prior to the digester will increase the
throughput potential of the pulping process. However, utilizing some of the
hemicellulose as a sugar feedstock reduces the energy content of the pulping
byproduct black liquor, which is an important renewable energy source for kraft
pulp mills. In the future, to fully optimize the forest biorefinery, the economic and
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energy implications of diverting a portion of hemicellulose to other products will
need to be balanced. The loss of this energy source can be offset by improved
energy efficiency in the pulp and paper manufacturing process. Ultimately, forest
biorefineries would potentially use a combination of new technologies that result in
more complete energy efficient, and cost-effective use of the wood feedstock.

23.3 Environmental Impacts of Forest Biorefineries

Forest biorefineries could produce fewer emissions and support sustainable forestry.
The overall environmental implications and life cycle of the forest biorefinery are
still being studied. However, there could be a number of positive environmental
impacts. For example, a forest biorefinery utilizing gasification (in a black liquor
gasification combined cycle configuration) rather than a Tomlinson boiler is pre-
dicted to produce significantly fewer pollutant emissions due to the intrinsic
characteristics of the BLGCC technology. Syngas cleanup conditioning removes a
considerable amount of contaminants and gas turbine combustion is more efficient
and complete than boiler combustion. There could also be reductions in pollutant
emissions and hazardous wastes resulting from the cleaner production of chemicals
and fuels that are now manufactured using fossil energy resources. In addition, it is
generally accepted that production of power, fuels, chemicals, and other products
from biomass resources creates a net zero generation of carbon dioxide (a green-
house gas), as plants are renewable carbon sinks. A key component of the forest
biorefinery concept is sustainable forestry. The forest biorefinery concept utilizes
advanced technologies to convert sustainable woody biomass to electricity and
other valuable products, and would support the sustainable management of forest
lands. In addition, the forest biorefinery offers a productive value-added use of
renewable resources such as wood thinnings and forestry residues as well as urban
wood waste.

23.4 Concluding Remarks

“Biorefineries” is a concept that represents a broad class of processes that refine
different forms of biomass into one or many products or services. The additional
meaning attached to the concept could be production of “novel products” in “novel
ways”, “more efficient”, “more environmental friendly”, “sustain-able” or “more
integrated with other systems. The biorefinery concept can be filled with real-world
examples of processes that make use of biomass to produce useful products and
services. The challenge of identifying the right products to manufacture via the
biorefinery will be central to success in defining strategy. Commodity industries
such as pulp and paper are characterized by a low R&D intensity, and have
transformed from process innovation research to enterprise efficiency. Investments
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in enterprise efficiency naturally “align” to existing products, and thus commodity
industries, and especially those that are capital intensive, create inertia against a
model of “punctuated equilibrium”. Identifying the biorefinery pathway should
begin by identifying a strategic product mix. Mills can implement novel processes,
make high-quality product on the first day of production—and still not make any
money if the marketplace does not cooperate (Staurt 2006). Having a secure supply
chain and secure customers is quite crucial. Increasingly in the chemical and
petrochemical sectors, product design is the initial focus for identifying research
and development priorities. Pulp and paper mills must seek to produce economi-
cally viable, environmentally friendly products for which the market and supply
chain are reasonably defined and secure, followed afterward by process
engineering.
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Chapter 24
Bioconversion of Hemicelluloses

Abstract Hemicellulose comprises about 25–30% of the lignocellulosic biomass
and is the second most abundant polysaccharide after cellulose. These are hetero-
geneous polymer of pentoses hexoses and sugar acids. Xylans is the major com-
ponent of hemicellulose and are heteropolysaccharides with homopolymeric
backbone chains of 1,4 linked b-D-xylopyranose units. In recent years, biocon-
version of hemicelluloses has received much attention because of its practical
applications in various agro-industrial processes. This chapter presents bioconver-
sion of hemicelluloses to value-added products.

Keywords Hemicellulose � Cellulose � Biomass � Bioconversion
Biorefinery � Biofuels � Pretreatment � Saccharification � Fermentation
Ethanol, Furfural, Xylitol � 2,3-butanediol � Organic acids � Butanol
Biohydrogen � Chitosan � Xylooligosaccharides � Ferulic acid � Vanillin
Fermentation substrate � Enzymes � Value-added product

24.1 Introduction

Wood hemicelluloses are composed of five main sugars (mannose, galactose,
glucose, xylose, arabinose), partially acetylated and with some lateral groups like 4-
O-methyl glucuronic acid. The major hemicelluloses found in softwoods are
galactoglucomannans, whereas in hardwoods arabinoxylans dominate. Most of the
hemicelluloses usually end up with lignin in the effluent of the pulping process,
which is burnt, ensuring the energy autonomy of the mill (Bajpai 2016). The
energetic value of hemicelluloses is much lower than that of lignin; therefore,
higher added-value products should be produced from hemicelluloses to generate
additional revenues for the industry and this involves to extract hemicelluloses from
wood before the kraft process (Bajpai 2013).

Hemicellulose are heterogeneous polysaccharides which are formed through
biosynthetic routes different from that of cellulose (Menon et al. 2010). Most
hemicellulose function as supporting material in the cell wall like cellulose. Most
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hemicellulose have a degree of polymerization of only 200. The amount of
hemicellulose in the wood is usually between 20 and 30% (Bajpai 1997, 2009).

Hemicelluloses are located between the lignin and cellulose fibers and constitute
about 20–30% of the naturally occurring lignocellulosic plant biomass depending on
wood species (Saha 2003). They are composed of both linear and branched
heteropolymers of D-xylose, L-arabinose, D-mannose, D-glucose, D-galactose,
L-rhamnose, L-fucose, and D-glucuronic acid, which may be acetylated or methy-
lated. Most hemicelluloses contain two to six of these sugars (Gilbert and
Hazlewood 1993). They are usually classified according to the main sugar residues
in the backbone. Homopolymers of xylose (homoxylans) only occur in seaweeds
(red and green algae). The two major hemicelluloses in wood are xylans and glu-
comannans both of which are present in softwood, whereas in hardwood, xylan is the
major component. Xylan is the second most abundant polysaccharide, comprising
up to 30% of the cell wall material of annual plants, 15–30% of hardwoods and
7–10% of softwoods (Biely 1993). Xylan occurs as a heteropolysaccharide with a
homopolymeric backbone chain of 1,4-linked b-D-xylopyranose units, which con-
sists of O-acetyl, a-L-arabinofuranosyl, a-1, 2-linked glucuronic or 4-O-methyl-
glucuronic acid substituents. In hardwoods, xylan exists as O-acetyl-4-O-
methylglucuronoxylan with a higher degree of polymerization (150–200) than
softwoods (70–130), which occurs, as arabino-4-O-methylglucuronoxylan.
Approximately, one in ten of the b-D-xylopyranose backbone units of hardwood
xylan are substituted at C-2 position with 1,2-linked 4-O-methyl-a-D-glucuronic acid
residue, whereas 70% are acetylated at C-2 or C-3 positions or both (Saha 2003).
Softwood xylans are not acetylated but the 4-O-methylglucuronic acid and the
b-arabinofuranose residues are attached to the C-2 and C-3 positions, respectively,
of the relevant xylopyranose backbone.

Various pretreatment processes are available to fractionate, solubilize, hydrolyse
and separate cellulose, hemicellulose, and lignin (Bajpai 2016). These include
treatment with concentrated acid; dilute acid; alkali; SO2, organic solvents; ionic
liquids; supercritical fluids; hydrogen peroxide; steam explosion (autohydrolysis);
ammonia fiber explosion; wet-oxidation; and CO2 explosion.

The main processes for the selective separation of hemicelluloses from biomass
include the use of acids, water (liquid or steam), organic solvents and alkaline
agents. The latter two methods also remove lignin, which in turn can hinder the
valorisation process, e.g., fermentation or bioconversion, as the lignin-derived
compounds are usually microbial growth inhibitors. Therefore, pretreatments with
acid/water/steam are the most commonly used techniques yielding a selective
solubilisation of hemicelluloses and producing hemicellulose-rich liquids totally or
partially hydrolysed to oligomeric and monomeric sugars and cellulose-enriched
solids for further bioprocessing (Bajpai 2016; Girio et al. 2010). Depending on the
operational conditions, degradation products are also produced, both from sugars
(furan and its derivates and weak acids) and, to a lesser extent, from lignin (phe-
nolics) (Olsson and Hahn-Hagerdal 1996). These compounds may also inhibit the
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fermentation processes, leading to lower ethanol yields and productivities; however,
a prior detoxification step is essential (Menon et al. 2010).

24.2 Production of Value-Added Products
from Hemicellulosic Hydrolysates

The high hemicellulose content of biomass offers significant potential for new
wood-based products and presents biorefineries of the future with interesting
opportunities. The hemicellulose content of wood is between 15 and 30%. It is
possible to extract hemicellulose from wood using a variety of techniques.

Hemicellulose presents a great potential to be used as substrate for value-added
product production (Menon et al. 2010; Saha 2003; Marchal et al. 1984; Qureshi
et al. 2013; Saha and Bothast 1999). Hemicellulases are generally produced from
fungi and have application in several industries, but the high cost of enzymes is the
main bottleneck in enzymatic conversion processes. Xylitol can be obtained by
chemical or microbial synthesis from xylose. Currently, commercial xylitol has
been obtained by chemical processes which generate pollutant degradation prod-
ucts. In the last years, biotechnological processes have received much interest in
order to become more competitive and replace chemical synthesis. Moreover,
furan-derived compounds are arising as alternative components of renewable fuel
due to interesting features (higher heating values than gasoline) and as building
blocks for chemical production (e.g., resins, polymers). This chapter will primarily
cover the current scenario regarding hemicellulose-derived products.

24.2.1 Ethanol

For conversion to ethanol, hemicelluloses are first converted to sugars. This is done
by using acid hydrolysis or enzymatic hydrolysis. Monosaccharides are produced in
these processes which are converted to ethanol using a fermentation (Menon et al.
2010; Bajpai 2013). Usually, an acid hydrolysis of polysaccharides to hexoses and
pentoses is preferred. Xylose is the main carbohydrate component of hemicellulose
in a wide variety of lignocellulosic biomass. Therefore, the ability to ferment
xylose is an important characteristic of microorganisms and is being considered for
hemicellulose conversion processes (Wright and Power 1987; Wyman and
Goodman 1993; Nguyen et al. 2000; Kim 2005).

Saccharomyces cerevisiae is not able to use D-xylose for the production of
ethanol by microorganisms. Yeast, mold, and bacteria differ in their mechanism of
conversion of D-xylose to xylulose which is the initial step in xylose fermentation.
Few yeasts are able to use the enzymes xylose reductase to reduce xylose to xylitol
which is afterward oxidized to D-xylulose by xylitol dehydrogenase. Few yeasts
such as Pichia, Klyveromyces, and Pachysolen are reported to ferment xylose to
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ethanol under microaerophilic condition. The organism used in ethanol production
should be able to give a high ethanol yield along with high productivity and be able
to tolerate high ethanol concentrations for reducing the distillation costs. Also,
inhibitor tolerance, temperature tolerance, and the ability to utilize multiple sugars
are important.

The enzymatic hydrolysis of pretreated wheat straw to bioethanol has been
commercialized. Other agricultural waste resources are also being examined (Tolan
2003). An important point for hemicellulose pre-extraction and depolymerization
treatment is to reduce the fermentation inhibitors. The inhibitors are furans, car-
boxylic acids, and phenolic compounds (Palmqvist and Hahn-Hägerdal 2000).
Some inhibitors are present in the raw material, but others can be produced during
the hydrolysis (Klinke et al. 2004). The composition and concentration of these
compounds are dependent on the hydrolysis conditions and may have a significant
influence on the fermentation rate of biofuels from the hydrolysate (Taherzadeh
et al. 2000a, b). Several methods—chemical, physical, or biological are used for
removing the inhibitors in hydrolysates (Larsson et al. 1999; Alriksson et al. 2005;
Horváth et al. 2005; Persson et al. 2002). Methods commonly used for detoxifi-
cation of hydrolyzates before fermentation are summarized in table (Bajpai 2016).

The hydrolyzed hemicellulose finally undergoes fermentation for the production
of ethanol. Recent advances in genetic engineering, forced evolution, and mutation
and selection strategies have increased the biological utilization of hexoses and
pentoses for the biological production of ethanol. The fermentation of wood
hydrolysates to ethanol provides a technical basis from which technologies can be
designed for the conversion of pre-extracted wood hemicelluloses to ethanol. The
fermentation of dilute acid hydrolysates from birch, aspen, willow, spruce, and pine
using Saccharomyces cerevisiae has been reported by Taherzadeh et al. (1997).
These wood hydrolysates contained varying amounts of xylose, glucose, and
mannose, and the efficiency of fermentation varied substantially, depending upon
wood species used. The use of other yeast and fungi for ethanol production
from wood hydrolysates has also been reported, and their efficiencies and
cost-performance properties continue to be improved (Millati et al. 2005; Zaldivar
et al. 2001).

Under the auspices of Agenda 2020, consortium of large pulp and paper man-
ufacturers has funded the concept of hemicellulose pre-extraction prior to pulping.
Ragauskas et al. (2006) reported that in the US, wood chip pre-extraction tech-
nologies could make available to the biofuels industry about 14 million tons of
hemicelluloses annually and enhance the production of kraft pulps at the same time.
These extractable hemicelluloses could provide a valuable, high-volume resource of
sugars for bioethanol production generating *20–40 million gallons ethanol/year/
mill (Amidon et al. 2007). It has been reported that the potential annual production
of ethanol from pre-extraction of hemicellulose could approach 2 billion gallons of
ethanol/year (Thorp 2005; Thorp and Raymond 2005). Extraction of the hemicel-
lulose from the wood chips before pulping and depositing the oligomer fraction on
the pulp after the digester could increase pulp yield by 2%. This would result in
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approximately $600 million a year in extra pulp production (http://www1.eere.
energy.gov/industry/forest/pdfs/hemicellulose_extraction.pdf).

24.2.2 Xylitol

The conversion of xylose to xylitol will have a significant role in the economic
viability of hemicellulose bioconversion process. Xylitol is a five-carbon sugar
alcohol. It occurs naturally in fruits, in low amounts. It has attracted much attention
because of its applications in foods and confectionery, in the production of oral
hygiene products (mouthwash and tooth paste), pharmaceuticals, dietetic products,
and cosmetic (Saha and Bothast 1997). The pretreatment of hemicellulose pre-
dominantly liberates xylose and arabinose and hydrogenation products are xylitol
and arabinitol. Xylitol has important applications in pharmaceuticals and food
industries due to high sweetening properties, non- and anticariogenicity property,
and microbial growth inhibition capacity. Xylitol is used as sugar substitute for
diabetics, as it does not require insulin for its metabolism. Xylitol can also prevent
acute otitis media (AOM) in children. xylitol has applications in mouthwashes,
toothpastes and chewing gums, as well as in foods for special dietary uses.
Currently, the major product of xylan which is of significant importance is xylitol
derived mainly from agricultural and wood residues, respectively. Xylitol is
produced from xylan-rich biomass by both chemical and biological methods.
The microbial production of xylitol has been reviewed by Saha (2003). The
microbial conversion uses naturally fermenting yeasts (Candida) such as Candida
tropicalis and Candida guilliermondii, Candida boidinii, Candida parapsilosis, and
Debaryomyces hansenii (Saha and Bothast 1997; Silva et al. 1998). The yield is
65–90% from xylan. Many yeasts and mycelial fungi possess NADPH-dependent
xylose reductase, which catalyzes the reduction of xylose to xylitol as a first step in
xylose metabolism (Chiang and Knight 1960).

24.2.3 Furfural

Furan-based chemicals and solvents such as dihydropyran, tetrahydrofuran,
methyltetrahydrofuran, methylfuranfurfuryl alcohol, tetrahydrofurfuryl alcohol, and
furoic acid can be produced from furfural (Christopher 2012; Mamman et al. 2008).
Its production is very flexible. It is one of the top value-added chemicals that can be
produced from biomass. Furfural and its derivatives have been used in plastics,
pharmaceutical, and agrochemical industries. Furfural and its derivatives have been
mostly used as fungicides and nematicides, transportation fuels, gasoline additives,
lubricants, resins, decolorizing agents, drugs, insecticides, bioplastics, flavor
enhancers for food and drinks, etc.
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Furfural is commercially produced from lignocellulosic biomass. The process
involves hydrolysis of xylans (present in the hemicelluloses of some agriculture
residues and hardwoods) using acid, into pentoses or xylose and successive
cyclodehydration of the latter to form furfural. The second step of dehydration is
comparatively slower than that of mineral acid hydrolysis. There is no synthetic
route available for the production of furfural. The potential furfural yield is
expressed in terms of kg of furfural per metric ton of dry biomass. It is reported to
be 150–170 for hardwoods, 170 for bagasse, 220 for corncobs 160 for cornstalks,
and 160 for sunflower hulls (Menon et al. 2010). Furfural, derived from renewable
biomass, is used for the production of a wide spectrum of important nonpetroleum
derived chemicals. China is the biggest supplier of furfural, and accounts for around
half of the global capacity.

24.2.4 Organic acids

Organic acids are used in the food industry and also as raw materials for manu-
facture of biodegradable polymers (Dibner and Butin 2002; Magnuson and Lasure
2004). Organic acids find use in food preservation because of their effects on
bacteria. Production of D-lactic acid and L-lactic acid is of great importance for the
practical application of polylactic acid, which is an important raw material for
bioplastics (Okano et al. 2009). Sugarcane bagasse, steam exploded wood, soybean
stalk, corncob molasses, and wheat straw hydrolysate are used for lactic acid
production. The production of lactic acid from agro residues using Lactobacillus
delbrueckii in solid state and simultaneous saccharification and fermentation has
been reported (John et al. 2006). Walton et al. (2003) reported production of lactic
acid from hemicellulose extracts by Bacillus coagulans MXL-9. Hemicellulose
extract formed during autohydrolysis of mixed hardwoods contained mainly xylose
and was converted into lactic acid with a 94% yield. Green liquor-extracted
hardwood hemicellulose containing 10 g/l acetic acid and 6 g/l sodium was also
completely converted into lactic acid at a 72% yield. The B. coagulans MXL-9
strain was found to be suitable for the production of lactic acid from lignocellulosic
biomass due to its compatibility with conditions favorable to industrial enzymes
and its ability to tolerate inhibitors while rapidly consuming all pentose and hexose
sugars of interest at high product yields.

Optically pure lactic acid is currently produced by the fermentation of glucose
derived from corn starch using various lactic acid bacteria (Carr et al. 2002;
Hofvendahl and Hahn-Hagerdal 2000). However, the fastidious lactic acid bacteria
have complex nutritional requirements (Chopin 1993) and the use of corn is not
favored as the feedstock competes directly with the food and feed uses. The use of
lignocellulose biomass will significantly increase the competitiveness of lactic
acid-based polymers compared to conventional petroleum-based plastics. Lactic
acid and its potassium and sodium salts are widely used as antimicrobials in food
products, particularly, meat and poultry such as ham and sausages.
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Succinic acid is a four-carbon diacid. It is a platform chemical, from which a
variety of products may be obtained. Potential uses include surfactants/detergents,
green solvents, runway deicer, and a range of other potential food and pharma-
ceutical uses (Paster et al. 2003). Succinic acid fermentation processes also consume
CO2, thereby potentially contributing to reductions in CO2 emissions. Succinic acid
could also be used as an intermediate in the chemical synthesis and manufacture of
synthetic resins and biodegradable polymers. In the recent past, microorganisms
have been used to produce succinic acid as an alternative to chemical synthesis.
The US Department of Energy (DOE) has listed succinic acid as one of the top 12
chemical building blocks from biomass (US DOE 2004). Research has been
conducted on both fungal and bacterial fermentation. The raw material is the six
carbon sugar glucose, but some strains will use xylose, too. Succinic acid has been
produced by a specially engineered organism, Anaerobiospirillum succinicipro-
ducens. Overexpression of succinate in Escherichia coli has been researched. This
strain of E. coli was developed by DOE laboratories and subsequently licensed to
Bioamber. There is little published information about the price of succinic acid.
According to one estimate, there is a potential 250,000 ton per year market at a price
of about $1.25 per pound.

24.2.5 Butanol

Butanol (butyl alcohol) is an advanced biofuel. It is a 4-carbon alcohol. It can help
accelerate biofuel adoption in countries around the world. Butanol can be produced
from corn and sugar beets, fast-growing grasses, and agricultural waste products.
Production of butanol from hydrolysates of pine, aspen, and corn stover has been
studied. Primarily, biobutanol is used as an industrial solvent in products such as
lacquers and enamels and can improve the blending of ethanol with gasoline. Using
fermentation to replace chemical processes in the production of butanol depends
mainly on the availability of inexpensive and abundant raw materials and efficient
conversion of these materials to solvents. Solventogenic acetone butanol ethanol
(ABE)-producing Clostridia have an added advantage over many other cultures as
they can use both hexose and pentose sugars (Singh 1995); which are released from
wood and agricultural residues upon hydrolysis, to produce ABE. Parekh et al.
(1988) produced ABE from hydrolysates of pine, aspen, and corn stover using
Clostridium acetobutylicum P262. Marchal et al. (1983) used wheat straw hydro-
lysate and C. acetobutylicum. Soni et al. (1982) used bagasse and rice straw
hydrolysates and Clostridium saccharoperbutylacetonicum for production of ABE.
Sun and Liu (2010) have reported the production of butanol from sugar maple
hemicellulose hydrolysate using C. acetobutylicum ATCC824. Qureshi et al. (2008)
have studied the production of butanol from corn fiber hydrolysate using
Clostridium beijerinckii BA101.

Lignocellulosic substrates are abundantly available and the prices are econom-
ical. Lignocellulosic substrates require separate hydrolysis prior to fermentation.
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Recently, hydrolysis and fermentation (and simultaneous recovery) have been
integrated or combined to reduce the cost of butanol production from cellulosic
substrates. Using this approach, up to 192 g/L ABE was obtained from 430 g/L
cellulosic biomass/sugars.

24.2.6 Biohydrogen

Biohydrogen is hydrogen produced biologically. Interest is high in this technology
because hydrogen is a clean fuel and can be readily produced from certain kinds of
biomass. Concerns about climate change and dwindling petroleum reserves are
fuelling resurgence in the search for alternative, renewable fuels. Among the possible
candidates is hydrogen, and there is ongoing research for its production, storage, and
utilization. The major requirement for a sustainable hydrogen economy is a renew-
able source of hydrogen fuel. Several processes are potentially available, one of them
is microbiological hydrogen production (biohydrogen). Compared with the con-
ventional hydrogen generation process (thermochemical and electrochemical),
biohydrogen production processes are more environment-friendly and less-energy
intensive. Hydrogen is considered to be an ideal energy alternative for the future.
Hydrogen could be produced from renewable materials, such as wastewater, organic
wastes, corn straws and wastewater sludge, etc. Various hemicellulosic hydrolysates
from wheat straw, corn stover; sugarcane bagasse; sweet sorghum and corn straw
have been examined for production of biohydrogen (Kaparaju et al. 2009; Kongjan
and Angelidaki 2010; Cao et al. 2009; Pattra et al. 2008; Ivanova et al. 2009; Xu et al.
2007). Biohydrogen has the potential to significantly reduce costs and environmental
impact as it can be produced with sunlight and minimal nutrients or organic waste
effluents. Hydrogen-producing microorganisms can be grown in fermenters with
relatively small energy and environmental footprints, making biohydrogen a
renewable and low impact technology. Biohydrogen production may provide a
renewable, more sustainable alternative but has yet to reach a scale large enough for
consideration in replacing a significant portion of the hydrogen supply (Brentner
et al. 2010).

24.2.7 Chitosan

Chitosan is one of the most abundant natural amino polysaccharides extracted from
the exoskeleton of crustaceans and insect, from fungal cell walls, etc. Chitosan is a
partially deacetylated polymer of N-acetyl glucosamine that can be obtained
through alkaline deacetylation of chitin. It consists of a b-(1,4)-linked-D-glucosa-
mine residue with the amine groups randomly acetylated (Sevda and McClureb
2004). The amine and –OH groups endow chitosan with many special properties,
making it applicable in many areas and easily available for chemical reactions.

552 24 Bioconversion of Hemicelluloses



Chitosan is nontoxic, safe and can interact with polyanions to produce complexes
and gels (Sunil et al. 2004; Se and Niranjan 2005).

Chitosan has a variety of applications. It has been used extensively in the
medical field. It is either partially or fully deacetylated chitin. Chitin occurs in
crustacean shells and fungal cell walls. It is a fully biodegradable and biocompatible
natural polymer, and can be used as an adhesive and as an antibacterial and anti-
fungal agent.

Chitosan has found several applications in food, cosmetics, and pharmaceutical
industries because of their unique properties such as biodegradability, nontoxicity,
biocompatibility, film-forming and chelating properties, and antimicrobial activity
(Rabea et al. 2003; Synowiecki and Al-Khateeb 2003; Silva et al. 2006). Tai et al.
(2010) have studied the production of chitosan from hemicellulose hydrolysate
of corn straw by Rhizopus oryzae. In its free polymer form, chitosan exhibits
antifungal activity against Alternaria alternata, R. oryzae, Aspergillus niger,
Phomopsis asparagi, and Rhizopus stolonifer. The antifungal activity of chitosan
depends on several factors—molecular weight, concentration, degree of substitu-
tion, and the type of functional groups added to the chitosan and also the type of
fungus.

24.2.8 Ferulic acid

As a building block of lignocelluloses, such as pectin and lignin, ferulic acid [(E)-3-
(4-hydroxy-3-methoxyphenyl) prop-2-enoic acid] is ubiquitous in the plant king-
dom. Ferulic acid is a hydroxycinnamic acid. It is an abundant phenolic
phytochemical found in plant cell walls and is covalently bonded as side chains to
molecules such as arabinoxylans. Ferulic acid is a precursor in the manufacture of
aromatic compounds. The name is derived from the genus Ferula, referring to the
giant fennel (Ferula communis).

Ferulic acid is found naturally in a number of foods, including oats, brown rice,
whole wheat, pineapples, and peanuts. Ferulic acid possesses antioxidant proper-
ties. It enhances health and fights certain diseases when ingested. Ferulic acid is
also used as a topical ingredient in skin-care products, particularly those touted as
antiaging remedies.

Ferulic acid was first isolated from Ferula foetida in 1866 (Fazary and Ju 2007)
being more abundant in tissues such as epidermis, xylem, and sclerenchyma.
Ferulic acid has also been reported to show a range of important biological and
therapeutic properties (Paiva et al. 2013; dos Santos et al. 2008a, b). These include
antibacterial, antidiabetic, anti-inflammatory, antiaging, anticarcinogenic, and
neuroprotective effects which can be attributed to its antioxidant characteristic.
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Ferulic acid is highly abundant in the cell walls of all commelinoid orders:
Arecales, Commenlinales, Poales, and Zingiberales. It is present in much smaller
quantities in cell walls of most dicots. In the Chenopodioideae and other dicots,
Ferulic acid is found to be ester-linked to pectin (dos Santos et al. 2008b).

24.2.9 Vanillin

Vanillin is 4-hydroxy-3-methoxybenzaldehyde. It is used as flavor in food, drink,
perfume, and pharmaceutical industry. There are two types of commercially
available vanillin. The first one is a natural vanillin extracted from the vanillin pods.
The second type is a pure vanillin chemically synthesized from various chemical
substrates. Compared to chemical vanillin, natural vanillin is 250 times more
expensive. Vanillin is used as fragrance in food preparations, intermediate in the
productions of herbicides, antifoaming agents or drugs, ingredient of household
products such as air fresheners and floor polishes, also as food preservative
(Serra et al. 2005). The biotechnological process to produce vanillin from various
agro by-products has been studied using different microorganisms as biocatalysts.
A. niger I-1472 and Pycnoporus cinnabarinus MUCL39533 were used in a two-
step bioconversion using sugar beet pulp (Lesage-Meessen et al. 1999; Bonnina
et al. 2001), maize bran (Lesage-Meessen et al. 2002), rice bran oil (Zheng et al.
2007) and wheat bran (Thibault et al. 1998). Wheat bran and corn cob have been
reported as a good substrate for biovanillin production by E. coli JM 109/pBB1 (Di
Gioia et al. 2007; Torres et al. 2009).

Pseudomonas fluorescens was shown to produce vanillic acid from ferulic acid
with formation of vanillin as an intermediate. Promising vanillin concentrations
were obtained from ferulic acid by Amycolatopsis sp. and Streptomyces setonii. But
the process development is difficult due to the slow growth of actinomycetes and
high viscosity of broths fermented by them; therefore, the construction of new
recombinants strains of quickly growing bacteria able to overproduce vanillin is
attractive.

24.2.10 Substrate for Enzyme Production

Xylose and xylan-containing substrates can act as inducers for production of
xylan-degrading enzymes such as xylanase, xylosidase. xylose isomerise can also
be produced which is used to convert glucose to fructose in the manufacture of
high-fructose corn syrups, HFCS (Bhosale et al. 1996). HFCS-55 (mostly used in
soft drinks) and HFCS-42 (used in many foods and baked goods) are the most
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widely used varieties of high-fructose corn syrup are. In the US, HFCS is among
the sweeteners that have primarily replaced sucrose. Of all naturally occurring
carbohydrates, pure fructose is the sweetest and is 1.73 times as sweet as sucrose
(Hyvonen and Koivistoinen 1982). Fructose has the lowest glycemic index
(GI = 19) of all the natural sugars and may be used in moderation by diabetics. In
comparison, ordinary table sugar (sucrose) has a GI of 65 and honey has a GI of 55.
Per relative sweetness, HFCS-55 is found to be comparable to sucrose. Currently,
HFCS dominate industrial sugar market in the US.

24.2.11 Other Value-Added Products

Werpy and Petersen (2004) identified the top 12 building blocks that may be
produced from sugars. The Department of Energy (DOE) has identified itaconic
acid as among the top 12 candidates for chemical production from biomass.
Itaconic acid can be used in the manufacture of acrylic fibers, detergents, adhesives,
thickeners, and binders, and a range of other products. In particular, itaconic acid
can be incorporated into polymers. It can be used as a substitute for acrylic or
methyl methacrylate, both of which are derived from petrochemicals. Itaconic acid
is produced using fermentation and used as a specialty monomer (US DOE 2004).
Itaconic acid (methyl succinic acid).is a five-carbon sugar with the formula
C5O4H4 and is one of the 12 building block chemicals identified by Werpy and
Petersen (2004). It is an unsaturated dicarboxylic organic acid (Willke and Vorlop
2001). Itaconic acid can be produced by fermentation using C5 and C6 monomers
as substrate. Biosynthesis of itaconic acid by fungi has been reported as far back as
1932 (Willke and Vorlop 2001). The fungus used is Aspergillus terreus. With
glucose, yields are in the range of 40–60% whereas yields from five-carbon sugars
are in the range of 15–30%. Costs associated with current fermentation processes
are a major barrier to the production of itaconic acid. Current processes need to be
improved in terms of increased fermentation rate and yield. Increased yield will
improve the economics of separation and concentration (US DOE 2004). Major
suppliers in the United States include Cargill, which produces itaconic acid using a
corn-based feedstock.

Subsequently, itaconic acid can be converted into polymers. Conversion of
hemicelluloses into polymers of itaconic acid presents a great economic opportunity
for an IFBR.

Industry Canada (2007) predicted North American markets for a number of
high-growth chemical intermediates. These are Propylene glycol, Polylactic acid,
Citric acid, Sorbitol Formaldehyde and 1,4-butanediol (Table 24.1).
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Chapter 25
Value-Added Products from Lignin

Abstract Lignin can be converted into value-added products that could signifi-
cantly improve the economics of a biorefinery. The polymeric lignin can be con-
verted into low molecular weight and monomeric aromatic forms that serve as the
building block for chemical syntheses of high-value products. This chapter presents
the utilization of lignin to derive value-added products and their applications.

Keywords Lignin � Lignosulfonates � Ligninlignin isolation � Enzymatic
hydrolysis � Guaiacol � Phenol � Carbon fiber � Vanillin � Bioplastics
Activated carbon � Binder � Dispersant � Food additive � Cement
Asphalt

25.1 Introduction

After cellulose, lignin is the most abundant renewable carbon source on Earth.
Between 40 and 50 million tons per annum are produced worldwide as a mostly
non-commercialized waste product. Lignin is a complex organic polymer that forms
important structural materials in the support tissues of vascular plants. It is highly
polymerized and is particularly common in woody plants. The term Lignin is
derived from the Latin term lignum meaning wood. It is an integral part of the
secondary cell walls of plants and was first mentioned by Augustin Pyramus de
Candolle, a Swiss botanist in 1819 (Candolle and Sprengel 1821). With its
cross-linked macromolecules (molecular masses >10,000 u), lignin fills the gap in
the cell walls among cellulose, hemicelluloses, and pectin components imparting
mechanical strength to the cell wall. Wood containing high amount of lignin greatly
increases the strength and hardness of the cell and imparts required rigidity to the
tree and can be used as an excellent raw material with good durability. This is very
important for woody plants in order that they stand erect (Rouhi and Washington
2001). Natural lignin is a three-dimensional polymer and has a complex structure
containing both aromatic and aliphatic entities. It occurs in many plants at levels
from 15 to 32 wt% (Nordström 2012). Since the early 1900s, the importance of
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lignin has been widely recognized (Glasser et al. 1993). Lignin has been described
as a random, three-dimensional network polymer comprised of variously linked
phenylpropane units. Lignin comprises 15–25% of the dry weight of woody plants.
It plays a vital role in providing mechanical support to bind plant fibers together.
Lignin also decreases the permeation of water through the cell walls of the xylem,
and thus play an intricate role in the transport of water and nutrients. Lignin appears
to play an important role in a plant’s natural defense against degradation by pre-
venting penetration of destructive enzymes through the cell wall (Sarkanen and
Ludwig1971; Sjöström 1993). Although lignin is important for trees, it is unde-
sirable in most chemical papermaking fibers and is removed by pulping and
bleaching operations.

Wood consists of 20–35% of lignin, and is an important factor making wood an
extraordinary material (Henriksson 2007). Lignin is a hydrophobic material. It
makes the cell wall impermeable to water and ensures an efficient water and
nutrition transport in the cells. Wood lignin is a branched three-dimensional
macromolecule primarily built up from two monolignolic units, sinapyl alcohol and
coniferyl alcohol (Brodin 2009). These units give two different types of phenyl
propanes in the macromolecule: guaiacyl and syringyl, respectively, which are
connected with ether and carbon–carbon bonds (Sjöström 1993). Softwood lignin
only contains guaiacyl units in which one of the ortho positions next to the phenol
is free, whereas hardwood lignin contains syringyl units in addition to guaiacyl,
which contributes to retaining a more linear structure during the delignification and
isolation processes, whereas lignins originating from softwoods are more easily
branched and/or cross-linked.

Lignin has to be isolated from lignocelluloses for using it as raw material.
Lignin can be derived from various sources such as cereal straws, bamboo,

bagasse, and wood. In terms of weight, the lignin content in wood is the highest,
roughly 20–35% while other sources contain only around 3–25% (Smolarski 2012).

From the pulping process, around 50 million tons of lignin are produced
annually; however, only approximately 1 million tons are isolated and sold each
year for industrial applications. In general, these markets are low-volume niche
applications (Lucintel Market Report 2011; Luo 2010; Lignin Market 2014). They
can be divided into three main groups, Biofuel, macromolecules, and aromatics
(NNFCC 2009; Chapple et al. 2007; Smolarski 2012).

Wood containing high amount of lignin can be used as an excellent raw material
with good durability. Lignin, used as fuel, yields more energy when burnt compared
to cellulose. It has been estimated that 50 MMT of lignin is produced annually from
pulp and paper industries worldwide. This is mostly used by the paper mills to
produce waste heat and/or electricity. Lignin has high energy content and has the
combustion heat of 26.6 kJ/g. Lignin results in zero net carbon dioxide release as it
is derived from biomass combustion (Qin 2009).

The price of lignin depends on the type of feedstock and the degradation and
purification process used, as they determine the lignin structure, consistency, and
purity. Typically, kraft and organosolv lignins are used for high-value applications,
and lingosulfonate lignin is used for lower value products. Kraft lignin is
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considered mid-range in terms of price and covers many applications, including the
high-value ones. It is available in sufficient quantity from pulp and paper manu-
facturers to start meeting the industrial requirement and is considered a good
intermediate between lignosulfonates and organosolv lignin.

Different methods are used for extraction of lignin (Agrawal et al. 2014). These
are chemical and mechanical and enzymatic methods. Several intermediate products
such as binders, carbon fibers, dispersants, phenols, and plastic materials can be
produced. Lignin could also be processed to obtain end products like activated
carbon, motor fuel, sorbent, surfactant,vanillin, etc. Lignin is extracted from plants
using high-pressure steam treatment or an organic solvent.

25.2 Isolation of Lignin

Lignin is most commonly obtained as a by-product of Kraft pulping process in paper
mills (Bajpai 2013; 2016a; Brodin 2009). This is mainly used as black liquor for
generating power, process steam, and also chemical recovery in the pulp mill. A few
pulping mills are using lignin for value-added products. Thermochemical techniques
such as gasification of lignin to syngas or its pyrolysis to bio-oils can contribute to
value addition (Bajpai 2016a). Gasification of black liquor results in more efficient
power generation in a mill. As technology barriers are addressed, lignin is transi-
tioned from a mere fuel source into a key biorefinery process stream. This can be
processed further to ethanol, mixed alcohols, green fuels, or other syngas products.
According to TIFAC report (2010), there is a potential of using lignin as a
macromolecule for high-molecular-weight applications (TIFAC report 2010).

Lignosulfonates are obtained as salts of lignosulfonic acid in manufacturing of
pulp by the sulfite method. The composition of lignosulfonates varies based on the
extent of the lignin degradation and number of sulfonic groups present. About
90–95% of lignosulfonate is precipitated as calcium salts by the treatment of lime
with spent process liquid and black liquid from sulfite plants. The production of
lignosulfonates and sulfonated lignin is estimated to be around 800,000 MT and
15,000 MT, respectively. Lignosulfonates are sold as odorless and brown amor-
phous powder. They are not hygroscopic and insoluble in organic solvents but form
colloidal solutions or dispersions with water. Lignosulfonates with complex prop-
erties are used in traces to prevent scaling in hot and cooling waters and also to
dissolve micronutrients in liquid fertilizers (Agrawal et al. 2014).

Enzymatic hydrolysis technique is also used for isolating residual lignin. This
technique was first developed by Yamasaki et al. (1981). The process is based on
selective hydrolysis and dissolution of carbohydrates by cellulolytic enzymes
leaving lignin as an insoluble residue. Biomass is typically subjected to successive
enzymatic treatments to ensure complete dissolution of the carbohydrates and to
increase the amount of recovered insoluble lignin residue. The residual lignin
samples contain 65–80% lignin, 7–8% carbohydrates, and the remaining impurities
from proteins produced during the enzymatic treatment.
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Lignin isolation by enzymatic hydrolysis suffers from several demerits, which
include some carbohydrates that cannot be removed by prolonged and repetitive
enzymatic treatments or by purification methods that are commonly employed for
milled wood lignin.

According to Frost and Sullivan (2012), lignin could become the major
renewable aromatic source for the chemical industry in the future and substitute
phenol in most of its industrial applications such as phenolic resins, epoxy resins,
surfactants, adhesives, polyester, etc.

25.3 Application of Lignin

25.3.1 Phenolic Compounds

Phenolic compounds can be produced from lignin. Two-thirds of global phenol
production is converted as precursors to plastics, and it is an important building
block for bioplastics, phenol-formaldehyde, or epoxy- or polyurethane resins. It is a
precursor to a large array of drugs (mainly aspirin), many herbicides, and phar-
maceuticals. It is also used as an oral anesthetic/analgesic to treat pharyngitis
(Kleinert and Barth 2008). The phenolic products have potential usage for tanning
of animal hides and several other industries, such as chemical, food, pharmaceu-
tical, and perfumery. The phenol derivatives are used in the preparation of cos-
metics including sun screens, hair colorings, and skin lightening preparations.

Phenol is commonly (>95%) produced from petroleum-derived benzene by
cumene process. Phenols are reactive compounds, and they are acidic in nature due
to their hydroxyl group. With metals, they form chelate complexes and are easily
oxidized and form polymers. These substances and their derivatives are interme-
diates of the biosynthesis of lignin. Global production of phenols in 2006 was
8,000,000 tons.

25.3.2 Guaiacol

Guaiacol can be generally derived from guaiacum or wood creosote. It can also be
synthesized by a variety of organisms. It is produced on dissolution of biomass and
lignosulfonates. It is main product due to the cleavage of b-aryl ether linkages
(Varanasi et al. 2013). Guaiacol (C6H4(OH)(OCH3)) is used as precursor to various
flavoring agents like vanillin, eugenol, roasted coffee, etc. Its derivatives are used as
expectorant, antiseptic, local anesthetic, and also as an indicator in chemical
reactions that produce oxygen. An estimated 85% of the worlds supply of vanillin
comes from guaiacol.
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25.3.3 Vanillin

Vanillin (3-methoxy-4-hydroxybenzaldehyde) is the most widely used flavoring
agents in the world. It is extracted naturally from the dried pods of vanilla plant.
There are three major sources of commercial vanillin, namely, natural vanilla
from beans, vanillin produced from chemical/petrochemical sources (over 90%),
and vanillin produced from lignin derived from the wood pulping process.
Lignosulfonate obtained from the sulfite pulping process is used for industrial
vanillin production. The major products obtained are vanillin, vanillic acid, and
acetovanillone along with some other aromatic compounds. Lignin-derived vanil-
lin, which is marketed as a premium product, is priced at $100–200 per kilogram
(Wong 2012). Currently, Borregaard, Norway is the only company, which produces
vanillin from lignin by using sulfite pulping method. Wong (2012) has reported that
approximately 60% of industrial vanillin is used in the food industry; 33% as
fragrances in perfumes and cosmetics; and 7% in pharmaceuticals.

25.3.4 Carbon Fibers

Carbon fiber is strong and light, with several applications, particularly in the
automotive industry (Brodin et al. 2007; Brodin 2009). The world consumption of
carbon fiber has increased mainly due to the advances in technology, and there
appears to be large potential for using carbon fiber in many applications (Tefera
et al. 2007). But the price of carbon fiber is quite high. Even though the production
cost with PAN as a raw material has decreased by about 30% in the recent years, it
is still too expensive for large-scale production of carbon fiber (Tefera et al. 2007).
The mechanical properties of the produced carbon fiber differ depending on the raw
material used and are therefore suitable for different applications. There is a wide
range of possible applications to replace the raw material used today with carbon
fiber, for example, the steel in cars. In United States and Western Europe, the
industrial applications such as electronic shielding and offshore oil drilling plat-
forms are the primary uses, followed by aircraft/aerospace and then sporting goods
(Tefera et al. 2007).

There is currently no commercially produced lignin-based carbon fiber but there
are several reports of carbon fiber with lignin as a precursor (Bajpai 2016b). The
only commercial carbon fiber originating from lignin was the Kayocarbon fiber
produced by Nippon Kayaku Co. starting in 1967 (Otani 1981). It was produced
from lignosulfonates with polyvinylalcohol added as a plasticizer and dry spun.
Different kinds of lignins have been evaluated since then as precursors.

The first produced carbon fiber originating from Kraft lignin was reported by
Kadla et al. (2002). It was a hardwood Kraft lignin (HWKL) stabilized in an air
atmosphere at 145 °C for one hour to enable fiber formation during carbonization.
The thermal treatment increased the molecular weight by about 50% because of the
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condensation reactions between the phenolic groups in the lignin. In the same
study, the HWKL was mixed with PEO at different ratios, which enabled the
formation of better fibers than those originating from the pure lignins, thus resulting
in better mechanical properties. The best lignin/polymer blend was 95% HWKL/5%
PEO. A larger amount of plasticizer made the fibers thermally unstable, and they
fused during carbonization, thus not having proper thermosetting properties. To
date, there is no published literature on carbon fibers produced from SWKL but few
reports show that SWKL (Indulin AT) chars upon heating, meaning that instead of
softening, the lignin begins to degrade (Kubo et al. 1998; Kadla et al. 2002; Kubo
and Kadla 2005). Of the lignin-based carbon fibers, the one originating from
derivatized steam explosion lignin seems to have the best quality. However, none of
the carbon fibers from lignin have achieved the mechanical properties of the
general-performance (GP) carbon fiber from pitch. Almost all lignin-based carbon
fibers have better mechanical properties than the only currently commercialized
carbon fiber produced from lignin; the Kayocarbon fiber.

Carbon fiber is produced by Innventia from lignin in the laboratory for research
purposes. The real breakthrough came when they were successful in producing
filaments from softwood lignin—something that had been earlier thought to be
impossible. Carbon fiber is made in various steps from a carbon-containing fiber
through stabilization, carbonization, and sometimes also graphitization (Bajpai
2016b). Much of their work focuses on opportunities for up-scaling, and also
process technology-related issues linked to the relationship between lignin prop-
erties and carbon fiber properties.

25.3.5 Activated Carbon

Activated carbon, also called activated charcoal, activated coal is a form of carbon
processed to have small, low-volume pores that increase the surface area available
for adsorption or chemical reactions.. Activated carbons are adsorbents that are
industrially used in deodourization and purification for process streams and for the
treatment of liquid and gaseous effluents. Lignin can be converted to activated
carbon by physical or chemical activation. The chemical activation at high tem-
peratures gives higher product yields (Mussattoa et al. 2010).

Activated carbon is used in metal finishing for purification of electroplating
solutions. The other applications include gas and water purification, decaffeination,
gold purification, metal extraction, medicine, sewage treatment, air filters in gas
masks and respirators, filters in compressed air, etc. The pharmaceutical industry
would exploit activated carbon fibers, which can adsorb bacteria. In case of waste
incineration, volatile heavy metals and combustion products such as dioxins and
furans present in the post-combustion areas can also be adsorbed by activated
carbon.
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25.3.6 Bioplastics

The amount of bioplastics produced worldwide is less than 200,000 tons a year,
whereas the production of oil-based plastics is more than 30 million tons.
Bioplastics are environmentally friendly as compared to traditional plastics as their
production results in the emission of less greenhouse gases such as carbon dioxide,
which is one of the prime sources of air pollution and leads to environmental issues
such as global warming, climate change, etc. To synthesize bioplastics, lignin is
mixed with natural fibers like cellulose, flax, hemp, and additives resulting in a
material that can be processed at elevated temperatures. The mechanical properties
of bioplastics such as strength, rigidity, dimensional stability, etc. can be varied by
adjusting their composition. Bioplastics find wide applications in musical instru-
ments, furniture, automotive interiors, garden supplies, etc. (Bogomolova 2013).
Bioplastics industry is expected to grow significantly worldwide and it is estimated
to reach US$7.02 billion by 2018 (Bioplastics News 2014).

25.3.7 Use of Lignin as a Binder

Lignosulfonates are found to be economical and very effective adhesive, acting as a
binding agent or “glue” in pellets or compressed materials. Lignosulfonates when
used on unpaved roads reduce environmental concerns from airborne dust particles
and stabilize the road surface. Due to this binding ability, it is a useful component of
biodegradable plastics, plywood and particle board, coal briquettes, ceramics, car-
bon black, animal feed pellets, fiberglass insulation, fertilizers and herbicides,
linoleum paste, soil stabilizers, etc. Lignin is used as the binder for glass wool
building insulation. It is applied to hot glass as the ammonium salt solid recovered
from the Kraft paper production process and allows the glass fibers to bind when the
fiber pads are formed (Meister 2007). Binder yields low-cost composite materials
having a reasonable wet strength. A lignin-based modifier added to formaldehyde-
based binder systems, namely, urea formaldehyde, phenol formaldehyde, melamine
formaldehyde, resorcinol formaldehyde, and/or tannin formaldehyde resins , is used
for manufacturing panel boards such as plywood, hardboard, medium density
fiberboard, or particle boards.

25.3.8 Lignin as Dispersant

Chemically modified lignin has been used as a dispersing agents, flocculent,
thickener or auxiliary agents for coatings, paints, etc. Lignosulfonate prevents the
clumping and settling of undissolved particles in suspensions. According to TIFAC
report (2010), a lignin‐derived material has been used as a dispersant for soils,
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cleaning and/or laundry detergent compounds, cement mixes, leather tanning, oil
drilling muds, pesticides, and insecticides. A mixture of polycarboxylic acid and
lignin sulfonic acid has been used for cleaning aluminum plates to prevent calcium
scaling. Lignosulfonates are used as biodegradable and nontoxic emulsifiers/
dispersants for emulsion or dispersion polymerization.

25.3.9 Lignin as Food Additives

The food industry is continuously looking for new, natural ingredients that improve
the quality of food products and promote consumers’ health. VTT reported that
xylan, fibrillated cellulose, and lignin show properties that make them stand out
from traditionally used ingredients. The surface-active properties of lignin could be
used to prepare emulsions (mixtures of water and oil) and foams with improved
texture. Lignin could also be used to reduce oxidation in food products. VTT
evaluated lignin in the manufacture of muffins. Lignin gave fluffier texture to
muffins and proved to be a surprisingly efficient substitute for whole eggs and egg
yolks. Lignin supported juiciness in a meat product and was also found to function
as emulsifier in mayonnaise.

Additions of alkali lignins to pet and human food as a roughage or fiber source
are potential uses of lignin. An extensive research in this area has shown that high
dietary fiber correlates with low incidents of colon cancer (Meister 2007).

25.3.10 Use of Lignin in Cement

Low levels of lignin and modified lignin can yield high-performance concrete
strength and grinding and reduces damage to external wall because of moisture and
acid rain. Sulfonated lignin shows higher adsorption properties and zeta potential to
cement particles, and therefore shows better dispersion effect to the cement matrix.
Some selected lignins are found to improve the compressive strength of cement
pastes.

25.3.11 Use of Lignin in Asphalt

Water stability of an asphalt mixture can be improved by adding 0.3% lignin fibers.
Asphalt‐emulsifying agent containing softwood sodium lignin salt with an average
molecular weight of 200–100,000 (sodium lignosulfonate or sodium lignophos-
phate, and the lignin is that broad‐leaf pine or needle‐leaf pine) has the proper HLB
value and frothing ability, slow demulsification speed, and strong foam stability.
Lignin amine additive has been found to provide a warm mix additive that can
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modify the combination state of asphalt and stone material surface; modify the
fluidity; and reduce production cost of the asphalt mixtures.

25.3.12 Lignin for Dust Control

Lignosulfonates show an affinity for binding with other polar and nonpolar com-
pounds. The smaller dust compounds adsorb lignosulfonate and form a larger,
heavier complex which settles the dust (Agrawal et al. 2014). It can be also used for
dust control in ceramic manufacture, synthetic fertilizer production and application,
cement clinker milling, and concrete mixing (Harkin 1969). Dust movement can be
controlled by spraying a road surface with an emulsion of asphalt, lignosulfonic,
and water. Lignin sulfonate treatments are found to be more effective than chlorides
on gravel roads containing higher levels of sand.

25.3.13 Lignin in Battery

Lignin improves the performance of energy storage devices. Lignin forms a thin
layer on the graphite powder surface which prevents the graphite powder from
decreasing H overvoltage and does not affect condition of the graphite powder.
Lignin can suppress generation of 4PbO.PbSO4 during drying, and the drying time
is shortened.

25.3.14 Lignin in Agriculture

Lignin is used either directly or chemically modified, as a binder, dispersant agent
for pesticides/herbicides, emulsifier, and as a heavy metal sequestrate. Lignin
nutrient medium has been used as an additive for restoring vegetation on road slope
and bare mountain. Oxidized and pulverized lignin when blended with other
chemicals has been used as a soil water retention agent in acidic dry land or desert
soil, or as a binder for fertilizer.

25.4 Future Perspectives

Lignin is an attractive raw material for value-added product development. Lignin
works in favor of both environment and economy. It can improve the economics of
lignocellulosic biorefinery.
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Use of genetic engineering to modify the lignin content and its composition in
biomass would improve the use of lignin in many industries including pulp and
paper, bioenergy, biofiber, forage, food processing, etc. These transgenic varieties
produced by expression of antisense RNA, ribozyme, RNA, sense suppression, etc.
should not contaminate the food chain in order to avoid the public health concerns.
Proper understanding of lignin biosynthetic pathway and metabolic pathways
should also be taken into consideration. Focused efforts are needed to develop the
technology for isolation, extraction, and derivation of value-added products from
lignin. This may call for a mission mode program with the deployment of multi-
disciplinary research teams with the primary objective of developing cost com-
petitive derivatives of lignin. The networking among the industry and research
institutes would go a long way in increasing the scope of application and awareness
for lignin-based products in the market.
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