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Preface

In recent years, the three major problems that are continuing to puzzle the development of
the paper industry are the shortage of resources, contamination of environment, and the
level of technical equipment. The most dominating factor is the shortage of raw material
resources, which is largely due to the contradiction between the structure of the raw
material and the structure of the fiber resources. Thereby nonwood fibers possess a rich
variety of excellent properties in physical and optical aspects, which could be used to
improve their products. However, throughout the world, nonwood fiber accounts for only a
small fraction of the raw material of paper and paperboard. But in some developing
countries, about 60% of the cellulose fiber comes from nonwood materials, such as bagasse,
corn straw, bamboo, reed, grass, jute, flax, and sisal. Particularly in China and India, 70%
of the raw materials used in the pulp industry come from nonwood plants including cereal
straw and bagasse, and these two countries own 80% of the total nonwood pulp production.
Around the world, multitudinous nonwood fibers are used in the field of pulp and
papermaking, which include annual agricultural waste and natural growth or artificial
cultivation grass and so on.

This book examines the background to use of nonwood plant fibers for pulp and
papermaking; worldwide pulping capacity of nonwood fibers; categories of nonwoody raw
materials; problems associated with the utilization of nonwood fibers and how they are
approached; pulping, bleaching, chemical recovery, and papermaking of nonwood raw
materials; use of nonwood plant fibers in specific paper and paperboard grades; and
advantages and drawbacks of using nonwood fiber for papermaking and future prospects.
This book will provide professionals in the field with the most up-to-date and
comprehensive information on the state-of-the-art techniques and aspects involved in pulp
and paper making from nonwoods.
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production in the world. Germany and the United States are the leading paper importing
and exporting countries. China�s production of processed paper and cardboard had ranged
at about 10.68 million tons in April 2018. 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 yearly, followed by the
U.S. with a consumption rate of more than 71 million metric tons. North America, how-
ever, has world�s highest per capita consumption of paper of any region, consuming
221 kilograms per capita, which is given context when compared to the world average
per capita consumption of paper of just 57 kilograms per year.

Bajpai (2018a)

Over the past 40 years, the global demand for paper has increased at an average rate of
4.7% annually. Although future growth is expected to reduce to 2%�3%, the existing woody
raw materials may not be sufficient for meeting this growing requirement for paper
particularly in the Eastern Europe and Asia Pacific region. Furthermore logging is coming
under growing pressure from environmental organizations worried about habitat devastation
and other long-term effects of forest harvesting. So, it is important to consider other type of
fiber sources for meeting the possible deficit of wood fibers for producing paper. Appropriate
nonwood fibers are available in abundance in several countries and are the main source of
fiber for producing paper in few developing countries (www.tandfonline.com).

In actual fact, paper producers have been using nonwood fibers since paper was invented in the
1st century AD China. By the end of 19th century, wood became the major raw material for all
but very special papers; and in the 20th century, nonwood fibers were utilized continuously.

Figure 1.1
World paper and paperboard production and consumption (10,000 tons). Source: Food and

Agriculture Organization of the United Nations. From http://en.dagongcrg.com/uploadfile/2018/0211/
20180211113719767.pdf
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Now several papers are available which need certain mechanical properties and attributes:
some dielectric and electrolytic papers, casing papers used by meat processors, liquid filtration
media, and several others which demand a certain appearance and/or organoleptic properties
which use pulps from sisal, abaca, and flax for achieving the sought-after objectives. Moreover,
with the development and growth of wet-laid (and other) nonwovens technologies commencing
in the 1950s and 1960s, fibers such as jute, sisal, abaca, flax, and others such as kenaf and
�true hemp� have been considered and used (paper360.tappi.org).

Generally, nonwood fibers are any type of plant material which is not classified as a tree
and utilized for producing pulp and paper. There is a broad variety in the physical nature of
diverse nonwood fibers delivered to the pulp mill and in the fiber properties of the pulp
produced. The dissimilarity between fibers may have an effect on the mill design, selection
of equipment, and the quality of pulp.

Wheat straw is generally harvested one time in a year after 6�8 weeks, so baled straw
should be stockpiled for the requirement of whole year. Preparation of wood chips differs
considerably. Horizontal tube digesters are typically used for nonwoods, whereas for wood
Kamyr-type digesters are used. Cooking time in case of straw is shorter and the use of
chemicals is lesser. The soda pulping process is generally used. Chemical recovery is quite
difficult because of silica, and the drainage of straw pulp is slow, therefore a long wet end
in paper machine is required. In contrast, the chipping of bamboo and giant reed can be
conducted just like wood and processed in the same mill processing wood. Specialty
nonwood fibers have other problems and requirements that will also vary depending on the
specific fiber (paper360.tappi.org).

In general, fibers for pulp and paper are obtained from trees or agricultural crops. These
include the following:

� Plant materials�wood, straw, and bamboo�obtained directly from the land.
� Plant material by-products or residual from other manufacturing processes. Examples,

wood chips from sawmills, bagasse from sugar mill, and cotton linter.
� Fiber recovered from recycled paper or paperboard (Ince, 2004).

Forest resources have important value in producing a range of different wood resources
for pulp and paper-based industries. Wood resources are divided into two types which
are softwood (such as spruce, pine, fir, larch and hemlock) and hardwood (such as euca-
lyptus and birch). Huge majority of wood resources (more than 90�92% of fibres) are
used for pulp and paper production globally. These wood resources are used in many
kinds of paper grades due to its smooth surface area and strong strength.

Holik (2006), Dick et al. (2006), Jiménez et al. (2009), Sridach (2010a)

Introduction 3
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Table 1.1 shows the comparison of chemical composition between hardwood and softwood

Wood contains largely cellulose, hemicellulose, lignin, extractives, and ash. The chemical
composition varies from species to species (Henricson, 2004). Generally, hardwoods have
higher cellulose lower lignin and extractives contents in comparison to softwoods. In
hardwoods, the cellulose, lignin, and extractives are 43%�47%, 16%�24%, and 3%�8%,
respectively, whereas in softwoods the cellulose, lignin, and extractives are 40%�44%,
25%�31%, and 10%�15%, respectively.

Trees used to meet virgin wood fibre demand of the forest product industry are already
growing except for the new fast growing plantations. Therefore, in global term, there will
not be a long-term fibre shortage. However, fibre supplies within and across particular
regions will tighten. These regional imbalances are already significant and will continue
to grow. Asia is presently the largest fibre deficit region, followed by Western Europe.
At the same time, Asia is the focus of fibre demand growth for pulp and paper. If this
assessment is accurate, pulp and paper industry�s dependence on virgin fibres must be
reduced by expansion in the use of recovered paper and growth in the use of nonwood
plant fibre in Asia.

Chandra (1998), He and Barr (2004)

These days, in paper industry, the environmental issues are bringing forward the
requirement for clean or green technology where the new nonwoody raw materials have
been introduced for replacing conventional resources such as woody raw materials with
nonwoody raw materials. The cleaner technology is used for achieving higher production
with smallest effect particularly on the environment and reduce the dumping expenses,
steadiness hazards, and resource cost resulting in a reduced burden on the natural
environment and also increase the revenues in pulp and paper industries (Sridach, 2010b).
The abundance of nonwood resources in some countries made them responsible for its use
in pulp and paper industry. This is considered the best method and more advantageous for
nonwood fibers to be used as alternative fibers in pulp and paper industry.

Table 1.1: Chemical composition of hardwood and softwood.

Wood types
Hardwood Softwood

Cellulose (w/w %) 43�47 40�44
Hemicellulose (w/w %) 23�35 25�29
Lignin (w/w %) 16�24 25�31
Extractives (w/w %) 3�8 10�25
Ash (w/w %) 0.2�0.8 0.2�0.4

Source: Based on Henricson, K., 2004. Wood structure and fibers. ,https://noppa.lut.fi/noppa/opintojakso/bj60a1400/
materiaali/2-wood-structure-and-fibers.pdf. and Koch, G., 2006. Raw material for pulp. In: Sixta, H. (Ed.), Handbook of
Pulp. Wiley-VCH Verlag GmbH and Co. KGaA, Germany, pp. 21�68.
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Some nonwood fibers are used for papermaking due to their fine paper making properties
but most of nonwood fibers is used for overcoming the shortage of wood fibers. The use
of nonwood fibers is more common in countries with shortage of wood.

Bajpai (2018a,b)

Several studies have been conducted on the ability of nonwood raw materials that are
tobacco stalks, wheat straw, giant reed, canola straw, Tunisian alfa, vine stems, etc. as a
good raw material for replacing the wood in pulp and paper industry (Gominho et al., 2001;
Shakhes et al., 2011; Jime·nez et al., 2002a; Shatalov and Pereira, 2006; Hosseinpour et al.,
2010; Marrakchi et al., 2011; Mansouri et al., 2012; Mossello et al., 2010).

Table 1.2 represents the percentage of types of nonwood pulp used in paper production.

In Asia, the production of nonwood pulp for paper production mainly takes place in the
countries that are lacking wood supply particularly China, where it is producing
approximately more than two-thirds of the nonwood pulp globally for the production of
paper and board (Hammett et al., 2001). Vietnam and Bangladesh are using nonwood
particularly jute and bamboo as other fibers in pulp and paper industry for replacing origin
wood fiber and increasing their paper production (Bay, 2001; Jahan et al., 2009).

Additionally, United States and Europe are also using nonwoody raw materials such as
agricultural residues (hemp and wheat straw) for producing pulp and paper because it
prevents the requirement for dumping, which is presently escalating the cost of farming and
environmental worsening through pollution, fires, and pests (Chandra, 1998). Additionally,
oil palm fibers (WanRosli and Law, 2011), kenaf (Ibrahim et al., 2011; Mossello et al.,
2010), and banana stem fiber (Abd Rahman and Azahari, 2012) are examples of nonwood
raw materials that are being explored for pulp and paper industry in Malaysia due to the
copious sources, for diminishing dumping into landfill and for stopping deforestation
activities. Heavy market demands and also the environmental problems due to the large use
of wood supply in pulp and paper industry have increased the interest to explore nonwood
fiber resources as substitution fiber which is also environment-friendly (Gonza·lez-Garc�·a
et al., 2010; Jime·nez et al., 2002a). Thus the use of nonwood fiber is a superior option for
producing pulp and paper for reducing deforestation of rain forests or primitive forests in
the world including Malaysia. Nonwood plants are also the raw materials for the production

Table 1.2: Percentage of types of nonwood pulp used in paper production.

Straw 44%
Bagasse 18%
Reeds 14%
Bamboo 3%
Others 21%

Source: Based on Sridach, W., 2010b. The environmentally benign pulping process of non-wood fibers. Suranaree J. Sci.
Technol. 17 (2), 105�123.
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of specialty papers of higher quality (Gominho et al., 2001; WanRosli et al., 2004).
Nonwoody plants have shown several advantages (Table 1.3).

Moreover, an additional benefit for these fibre resources is it can give additional income to
the farmers for food crop-waste such as straw, bagasse and grasses. Apart from the above
reasons, some nonwood plant fibres are in demand for pulp and paper-making due to the
special properties that make them better than wood fibre. For example, abaca is an excel-
lent raw material for manufacturing of specialty paper, for its long fibre length and high
strength properties such as tear, burst and tensile indices. In addition, sisal can be made
into strong products whereas cotton linters are used for premium quality letterhead paper,
currency paper, dissolving pulp and other specialty products. Moreover, bagasse and straw
are best at contributing excellent formation to papers and can replace hardwood chemical
pulps for printing and writing paper.

Salmela et al. (2008), Peralta (1996), Chandra (1998), Shi et al. (2010), Sridach (2010b)

Based on the availability, generally, nonwood fibers can be roughly divided into
agricultural residues, natural growing plants (annual plants), and nonwood crops grown
mainly for their fiber (Sridach, 2010b; Navaee-Ardeh et al., 2004; Jime·nez et al., 2002b;
Flandez et al., 2010; Hemmasi et al., 2011; Madakadze et al., 2010; Chandra, 1998).

First, agricultural residues have a lower price and the quality is moderate. These are
available in abundance after harvesting season. Examples are rice and wheat straw, corn
stalk, and sugarcane bagasse.

The naturally growing plants consist of bamboo (Dendrocalamus strictus), reeds
(Phragmites communis Trinius), sabai grass (Euaiopsis binata), papyrus (Cyperus papyrus),
and elephant or napier grass.

Table 1.3: Comparison of nonwood and wood resources for pulp and papermaking.

Wood Nonwood
Growth cycle Long growth cycle Short growth cycle
Cellulose
content

Higher cellulose content Lower cellulose content depends on the types of
nonwood

Lignin content Contain higher lignin content Contain lower lignin content
Chemical uses Use a large volume of chemical

during pulping process
Use a small amount of the chemical in pulping
process

Pulping time Need long time for pulping process Shorten time for pulping process
Operation cost Expensive due to the limitation

resources
Cheaper cost because the abundance resources

Environmental
impact

Increase environmental problem
such as global warming and soil
erosion

Reduce environmental impact which reduces the
deforestation problem and improves sustainable
forestry

Source: Based on Rousu P., Päivi R., Anttila J., 2002. Sustainable pulp production from agricultural waste. Resour. Conserv.
Recycl. 32 (1), 85�103; Kissinger, S., Gerard, G., Victoria, M., Nicole, R., Ford, J., Kelly, S., et al., 2007. Wood and non-
wood pulp production comparative ecological footprinting on the Canadian prairies. Ecol. Econ. 62, 552�558.
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The third class of nonwood fiber are fiber from bast fiber, jute (Corchorus capsularis),
ramie (Boehmeria nivea), leaf fibers, abaca (Musa textiles), seed hair fiber, cotton fiber,
rags and linters, and kenaf (Hibiscus cannabinus). This class of nonwood fiber is the most
important resource in the manufacturing of pulp and paper.

In agricultural residues, cellulose content is high and lignin content is lower in comparison
to annual plants and nonwood crops. These contents in general provide the higher
mechanical properties of handsheet. The chemical and physical properties of nonwood
fibers also have an effect on their mechanical properties. For instance, elephant grass, in
annual plants has lower lignin content and short fiber length which impart high strength
properties.

The unit operations in papermaking from nonwood fibers are the same as used in the case
of wood fibers. Nonwood fibers are harvested, delivered to the pulp and paper mill, stored
for a certain period of time, prepared for pulping, pulped, and then brown stock is subjected
to washing, screening, and cleaning. This is followed by bleaching and then papermaking.
There can be significant differences depending on the type of nonwood fiber.

There are many problems with the use of nonwood fibers in pulp and paper industry.
Right from supply of raw material to the properties of finished paper, the majority of
nonwood raw material has proven to be economically inferior to wood. But during the
last few years, the technological developments in almost all the fields of papermaking
have made nonwood more competitive with wood as a raw material for papermaking.

Bajpai (2018b)

Due to environmental considerations, utilization of nonwood resources for pulp and
papermaking is currently showing an increasing trend in the countries having enough
supply of wood. Earlier it was found in countries having limited wood supply (Table 1.4).
With time, this trend should grow further. The future of nonwood plant fibers as pulping
and papermaking raw material appears promising.

The demand for nonwood plant fibers for papermaking is expected to increase in the
highly industrialized nations of Europe and North America due to the environmental con-
cerns like depleting forest resources and disposal of agricultural residues. Europe has an
additional problem with the shortage of short fibered hardwood pulp, which can be
replaced by some nonwood fibers. This will require knowledge of the processes and
developments already in place in the countries already using these raw materials in the
paper industry. Already, a number of nonwood fibers are commonly used in many coun-
tries for papermaking. Straws are by far the largest source of nonwood fibers followed
by bagasse and bamboo.

scholar.lib.vt.edu

Three sources for nonwood fibers�agroindustrial residue, dedicated fiber crops, and
naturally occurring fibers�are in general recognized.
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Corn stalks and cobs, wheat and cereal straws, sugar cane bagasse, and other fibers remain-
ing from agricultural production have economic value for production of commodity pulps
on a larger scale and also for bio-energy fuels, fiberboard, and other uses. The emergence
of crop residue as a valuable resource has evolved to the point where there are competing
uses for it�this must be understood when considering the medium- to long-term viability
of a given resource for the paper industry. Fiber crops�including abaca, bamboo, sunn
hemp, kenaf, ramie, false yucca, and switchgrass, to name a few�offer the potential to
develop materials to meet specific requirements. Some of these crops, such as bamboo,
may be abundant and naturally occurring; however, due to their growing importance for
industrial applications, they are now being cultivated as alternative agricultural crops. But
there are issues to consider regarding environmental impacts of the introduction of large-
scale monocultures. Naturally occurring fibers that could be used for papermaking have
region-specific availability, and there are many variables depending on local conditions.
The large-scale use of any of the materials obtained from these sources implies the need
for development of an infrastructure, from field or processing facility forward.

paper360.tappi.org

Like wood, the chemical and physical properties are dissimilar within the different groups
depending on the nonwood fiber resources. The existing uses of nonwood pulps include
almost every grade of paper-Printing and writing papers, Linerboard, Corrugating medium,
Newsprint, Tissue and Specialty papers (Hurter, 2001).

Table 1.5 shows the annual yields of different papermaking raw materials.

In general, common nonwood pulps or hardwood substitutes are produced in inte-
grated pulp and paper mills, and softwood kraft or sulfite pulp is added for providing

Table 1.4: Users of nonwood fibers in papermaking.

China
India
Pakistan
Mexico
Peru
Indonesia
Colombia
Thailand
Brazil
Venezuela
United States
Greece
Spain

Source: Based on Atchison, J.E., 1995. Twenty-five years of global progress
in non-wood plant fibre pulping Historical highlights, present status and
future prospects. In: Pulping Conference, 1�5 October 1995, Chicago, IL.
Tappi Proceedings, Book 1. Tappi Press, Atlanta, GA, pp. 91�101 and
FAO, 1997. Provisional Outlook for Global Forest Products Consumption,
Production and Trade to 2010. Forestry Department, Rome.
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the strength to the paper. Specialty nonwood pulp can be also used instead of soft-
wood kraft or sulfite pulp thereby producing a paper having 100% nonwood. And, in
few cases, waste paper pulp may be added in the furnish. The nonwood portion in the
furnish usually varies from 20 to 90% and can reach up to 100% depending on the
paper grade and the desired paper quality. The possible combinations are infinite and
can be adjusted for meeting market needs. Moreover, it is possible to blend small
amounts (up to 20�30%) of common nonwood pulps to mainly wood pulp-based
papers without affecting paper properties or runnability of paper machine. This pro-
vides wood-based mills lacking hardwood but located within a region with available
nonwood fiber resources such as corn stalks or cereal straw with the option of adding
on a nonwood pulping line for adding on their fiber requirements.

Bajpai (2018b)

The specialty nonwoods have physical properties superior to softwoods and can be used
in lower amounts in the furnish when used as a softwood substitute. Specialty papers
such as currency, cigarette papers, tea bags, dielectric paper etc. may be made from a fur-
nish of 100% nonwood specialty pulps. Specialty pulps also may be used in combination
with wood pulp to produce lightweight and ultralight weight printing and writing papers.
Combinations of common and specialty nonwood pulps will allow the production of vir-
tually any grade of paper to meet any quality requirements demanded in the global mar-
ket. Adding possible combinations which include wood pulp, nonwood pulp and recycled
wastepaper pulp increases the possibilities for developing paper with specific sheet prop-
erties designed to meet specific customers requirements.

Bajpai (2018a,b).

Tables 1.6 and 1.7 present the fiber properties of some nonwoody and woody fibers.
Table 1.8 shows the comparison of chemical properties of nonwood fibers with those of
woody raw materials. Table 1.9 shows the chemical composition of cereal straws.

Table 1.5: Average pulp yields of different papermaking raw materials.

Raw material Pulp yield (tons/year/ha)
Wheat straw 1.9
Rice straw 1.2
Bagasse 4.2
Bamboo 1.6
Kenaf 6.5
Hemp 6.7
Elephant grass 5.7
Canary grass 4.0
Scandinavian softwood 0.7
Fast-growing softwood 4.0
Temperate softwood 1.7
Fast-growing hardwood 7.4

Source: Based on Pierce, B., 1991. Recycled how many times? Timber Proaucer 1991 (April), 18�21.
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Table 1.6: Fiber properties of some nonwood fibers.

Fiber source Average length (mm) Average diameter (µm)
Nonwood
Wheat straw 1.5 15
Rice straw 0.5�1.0 8�10
Rye straw 1.5 13
Oat straw 1.5 13
Abaca 6.0 24
Bagasse 1.0�1.5 20
Bamboo 2.7�4 15
Crotalaria 3.7 25
Corn stalks and sorghum 1.0�1.5 20
Cotton fibers 25 20
Cotton stalks 0.6�0.8 20�30
Esparto 1.5 12
Flax straw 30 20
Hemp 20 22
Kenaf bast fiber 2.6 20
Kenaf core material 0.6 30
Jute 2.0�2.5 20
Rags 25 20
Reeds 1.0�1.8 10�20
Elephant grass/miscanthus 1.2 20
Switch grass 1.4 13
Papyrus 1.5 12
Sisal 3.0 20
Sorghum stalk 1.0�1.7 20�47

Source: Based on Atchison, J.E., McGovern, J.N., 1993. History of paper and the importance of non-wood plant fibres. In:
Hamilton, F., Leopold, B. (Eds.), Paper and Paper Manufacture, Vol. 3—Secondary Fibres and Non-Wood Pulping. Tappi
Press, Atlanta, GA, p. 3 and Chandra, M., 1998. Use of nonwood plant fibres for pulp and paper industry in Asia:
potential in China (master’s thesis). Virginia Polytechnic Institute and State University.

Table 1.7: Fiber properties of some woody raw materials.

Raw material Average length (mm) Average diameter (µm)
Coniferous wood 2.7�4.6 32�43
Hardwoods 0.7�1.6 20�40
Mixed tropical hardwoods 0.7�3.0 20�40
Gmelina 0.8�1.3 25�35
Eucalyptus 0.7�1.3 20�30

Source: Based on Atchison, J.E., McGovern, J.N., 1993. History of paper and the importance of non-wood plant fibres. In:
Hamilton, F., Leopold, B. (Eds.), Paper and Paper Manufacture, Vol. 3—Secondary Fibres and Non-Wood Pulping. Tappi
Press, Atlanta, GA, p. 3 and Chandra, M., 1998. Use of nonwood plant fibres for pulp and paper industry in Asia:
potential in China (master’s thesis). Virginia Polytechnic Institute and State University.
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The size of nonwood fibers are between those of hardwoods and softwoods. The cellu-
lose content of most of nonwoods is comparable to that of woods generally used for
papermaking, whereas the lignin content is much lower in comparison to woods. Hence,
the delignification of nonwoods is relatively easy and consumes less chemicals.

Ashori (2006)

International fiber consultants HurterConsult Incorporated have made an analysis of some possible
candidates for Northern Bleached Softwood Kraft (NBSK) replacement (www.hurterconsult.com).
Hurter (2013) has presented these candidates, along with comments about the possible
opportunities and challenges for each.

Some possible nonwood substitutes for Bleached Eucalyptus Kraft pulp (BEKP) are wheat
straw, bagasse, corn stalks, sorghum stalks, bamboo etc. (Byrd and Hurter, 2013). Wheat
straw is available in large volume. Silica content may be a problem. New desilication
processes are available. Sugarcane bagasse requires depithing and competes as a fuel
source. Corn stalks is available in very large volume at a reasonable cost. Sorghum stalks
are available in moderately large volume. Several thousand species of bamboo are available
and can be processed in wood pulp mill. Some species have fiber length similar to BEK.
Giant reed can be processed in wood pulp mill and is considered an invasive species in the

Table 1.8: Chemical propertiesa of nonwood fibers and their comparison with woody raw materials.

Kenaf Straw Bagasse Bamboo Eucalyptus Birch Spruce
Holocellulose (%) 76.5 78.1 77.8 76.6b 74b 81b 71b

Hemicellulose (%) 32.6 24.1 27.9 19.5b 18b 40b 27b

Lignin (%) 16.2 18.4 20.8 23.4b 26b 19b 29b

aExpressed on dry matter.
bExtractive free basis.
Source: Based on Ashori (2006).

Table 1.9: Chemical composition (%) of cereal straws.

Rice Barley Wheat Rye Oat
Alpha-cellulose 36.2 33.8 39.9 37.4 39.4
Pentosans 24.5 24.7 28.2 30.5 27.1
Lignin 11.9 14.5 16.7 19.0 17.5
Ash 16.1 6.4 6.6 4.3 7.2
Nitrogen
Extractives

0.6 1.1 0.4 0.7 0.5

EtOH�benzene 4.6 4.7 3.7 3.2 4.4
Cold water 10.6 16.0 5.8 8.4 13.2
Hot water 13.3 16.1 7.4 9.4 15.3
1% NaOH 49.1 47.0 41.0 37.4 41.8

Source: Based on Aronovsky, S.I., Nelson, G.H., Lathrop, E.G., 1943. Pap. Trade J. 117 (25), 38�48.
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United States. Wheat straw, Corn stalk, and Sorghum stalk are harvested in 6�8 weeks and
should be stored until use (Byrd and Hurter, 2013).

1.2 Taxonomy

All seed plants are members of the phylum Spermaphyta and are divided into two subphyla:

� Gymnospermae (gymnosperms have bare seeds) and
� Angiospermae (angiosperms have seeds and are placed inside the ovary of the flower).

Angiospermae are divided into two groups:

1.3 Monocots (monocotyledons)

Monocots possess one leaf in the seed. A seed leaf is a cotyledon; a peanut contains two
cotyledons having a small embryo in the middle therefore peanuts are dicotyledons and
consist mainly herbaceous plants. These comprise grasses, palms, lilies, and corn. A few
plants having a wood-like, stem-like bamboo which are used to make pulp and paper
belong to this class. Monocotyledons have parallel venation; the veins run straight across
the length of the leaf without converging.

1.4 Dicots (dicotyledons)

Dicotyledoneae possess two leaves in the seed. These include kenaf, hemp, flax, and the
hardwoods. There are further division into subclasses, orders, suborder, families, and few
subfamilies. Branching veins are seen in the leaves of dicotyledons.

1.5 Anatomy

The primary vascular tissue comprising of xylem and phloem is present in small bundles
(Fig. 1.2). The phloem is composed of several specialized cells termed sieve tubes,
companion cells, phloem fibers, and phloem parenchyma cells.

In monocot stems the vascular bundles are scattered, whereas in dicot stems vascular
bundles are arranged in a ring. There is no pith region in monocots. Dicot stems comprise
bundles in a ring surrounding parenchyma cells in a pith region (Fig. 1.3). The scattering of
the xylem remains in those monocots which experience secondary growth.

The outer layer of cells is the epidermis. The layer inside the epidermis is the cortex.
The layer inside the cortex but outside the vascular tissue is the pericycle. A cortex is an
outer layer of a stem or root in a plant, lying below the epidermis but outside the vascu-
lar bundles. The cortex is composed mostly of large thin-walled parenchyma cells of the
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ground tissue system and shows little to no structural differentiation. Epidermal cells
have sinuous or toothed margins and may have projections in cells termed trichomes
which aid in identifying the samples.

archive.org

Figure 1.2
Portions of a typical monocot stem (left) and herbaceous dicot stem (right, 50 3 ). Source:

Reproduced with permission from Bajpai, P., 2018b. Handbook of Pulp and Paper. Vol. 1: Raw Material and
Pulp Making. Elsevier, Amsterdam.

Figure 1.3
Stem cross sections of Cannabis (left, 100 3 ) and Linum (right, 40 3 ). Source: Reproduced with

permission from Bajpai, P., 2018b. Handbook of Pulp and Paper. Vol. 1: Raw Material and Pulp Making.
Elsevier, Amsterdam.
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1.6 Useful fibers

Useful fiber imparts strength to paper produced from the pulp. These are obtained from the
vascular tissue of monocots of barley, Hordeum spp.; rice, Oryza spp.; esparto, Stipa
tenacissima; wheat, Triticum spp.; bamboo, Phyllostachys (Fig. 1.4); sugarcane, Saccharum
officinarum; and others.

Bast, fibers from the phloem of dicotyledons, is obtained from hemp, Cannabis sativa;
kenaf, H. cannabinus; flax, Linum usitatissimum (Fig. 1.4); and others. Fibers are obtained
from the pericycle or cortex of some dicotyledons. Cotton is the seed hair of the cotton
plant (Fig. 1.4). Fiber from the vascular tissue of leafs is obtained from sisal (Agave
sisalina) and manila hemp (M. textilis).

Figure 1.4
Fibers of bamboo (left, with parenchyma, 60 3 ), linen (center, 150 3 ), and cotton seed hairs

(right, 150 3 ). Source: Reproduced with permission from Bajpai, P., 2018b. Handbook of Pulp and Paper.
Vol. 1: Raw Material and Pulp Making. Elsevier, Amsterdam.
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1.7 Nonwood fiber identification

Several nonwood fibers can be identified by using several specialized stains. For instance,
many stains are available for hemp and flax. Acidified potassium dichromate swells flax
quicker in comparison to hemp. Cyanine stains these materials in a different manner. Other
separations exist for cotton, linen, and wood; jute and hemp; animal and plant fibers; etc.
(Standard T 401 and others).

1.8 Straw morphology considerations

The cross section of the straw stem is shown in Fig. 1.5. The usable fibers are the dark
fibers near the edge of the stem containing phloem and other tissues.

In wheat straw parenchyma cells occupy 38% based on the cross-sectional area of the stem,
therefore the mass percentage can be lesser. The size of the cells is small and cells have
thin wall. These cells contribute to reduced freeness of pulp and do not have much impact
on the strength properties of paper. The cooking is slower in comparison with the fiber cells
and the requirement of cooking chemicals is high. The composition of the various cell types
is very similar (Huamin, 1988; Bajpai, 2018b).

The alpha-cellulose content of the internode of straw of four grains is 37%�42%,
whereas the leaves have only 28%�30% alpha-cellulose. The fibers are about 15%�20%
longer in the nodes in comparison with the leaves. Whole straw should not be pulped

Figure 1.5
Stem cross section of wheat (with part of a leaf, 50 3 ). Source: Reproduced with permission from Bajpai,

P., 2018b. Handbook of Pulp and Paper. Vol. 1: Raw Material and Pulp Making. Elsevier, Amsterdam.
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anymore than one would pulp trees with leaves and all. The internode is 35% of orchard
grass (including the inflorescence) and 43%�48% of several other types of grasses
(Petersen, 1991; Bajpai, 2018b).

1.9 Depithing

In bagasse, and few other nonwood fibers, the pith should be removed before use. The pith
consists of small cells (parenchyma) which do not impart strength to the pulp and decreases
the freeness significantly (Bajpai, 2018b).
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Trees needed to meet virgin wood fiber demand of the forest products industry are
already growing except for the new fast growing plantations. Therefore, in global terms,
there will not be a long-term fiber shortage. However, fiber supplies within and across
particular regions will tighten. These regional imbalances are already significant and will
continue to grow. Asia is presently the largest fiber deficit region, followed by Western
Europe. At the same time, Asia is the focus of fiber demand growth for pulp and paper,
housing, and wood for fuel. If this assessment is accurate, pulp and paper industry’s
dependence on virgin fibers must be reduced by expansion in the use of recovered paper
and growth in the use of nonwood plant fibers in Asia.

McNutt and Rennel (1997); Chandra (1998)

Although the environmental impact of wood fiber paper production has very much
improved over the last 40 years, climate change matters and sustainability have stimulated
interest for nonwood pulp products. Some industrial companies visualized a chance about
20 years ago and started importing paper produced from nonwood fiber and molded
products into United States and Canada. Eventually some main companies joined the
campaign for serving what once was a niche market. Nowadays, millennials are driving
the market for nonwood products even greater. The fastest growing market for nonwoods
are represented by molded fiber products such as plates, bowls, cups, and clam shells.
Whereas most is still being imported, some is now being produced in the United States
using nonwood fiber products, and more is expected in the coming future. This is likely
due to smaller mill capacities and reduced capital requirements. Nevertheless, it is just a
matter of time before someone builds a large scale nonwood fiber pulp mill or integrated
mill for satisfying the mounting need. According to Hurter, nonwoods will not replace
trees as the primary material for worldwide production of pulp and paper, but they foresee

Table 2.1: Reasons for use of nonwood fibers.

Shortage of wood fibers
Surplus of nonwood plant fibers
Fast annual growing fiber resource having smaller content of lignin than wood
Nonwood pulp can be produced at low temperatures with lower dosage of chemicals
Nonwood fiber pulping can bring additional economic benefits from the food crops
Special papermaking properties of selected nonwood plant fibers
Nonwood fiber raw materials offer a huge fiber resource globally and in North America
Nonwood fiber raw materials offer both hardwood substitutes and softwood substitutes
Virtually any grade of paper can be produced using combinations of nonwood fiber pulps
Nonwood fiber pulps can be used in combination with virgin wood pulp and recycled post consumer pulp
thus stretching wood resources
Technology exists for producing pulp and paper from nonwood fiber raw materials technology
Opportunities for developing nonwood projects are endless and depend only on the nonwood raw
materials available and end-products

Source: Based on Chandra, M.,1998. Use of Nonwood Plant Fibres for Pulp and Paper Industry in Asia: Potential in China.
State University, Master’s Thesis.
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that they will play an important role in the fiber mix over the next 10 or 20 years
(paper360.tappi.org).

To begin with, the growth in the use of nonwood fibers will be in the fiber molded products
industry. Pulp mills likely will be 100�150 tons/day or less and will need to be creatively
designed to be profitable and environmental friendly. It is already happening in the United
States; for instance, Aloterra in Ohio State is already producing miscanthus pulp and
molded products. Other states are exploring sugarcane bagasse, industrial hemp, wheat
straw, corn stover, and other nonwood fibers (paper360.tappi.org).

Eventually a few nonwood market pulp mills dotted across the United States and Canada
can be seen in sites where the nonwood resources are available in abundance, either crop
residues or intentionally cultivated fiber crops. These mills likely will be in the
300�500 tons/day range, producing high yield unbleached pulp suitable for packaging
paper and board grades, molded products and perhaps some tissue products for instance,
Columbia Pulp’s proposed 400 tons/day wheat straw pulp mill in Washington State
(paper360.tappi.org).

According to Hurter,

woody nonwoods such as bamboo and giant reed offer interesting opportunities for the
United States Southeast since these can be chipped and processed using existing mill infra-
structures. With more than 1200 bamboo species identified worldwide, one can tailor the
farm to provide a range of fiber types—softwood substitutes, hardwood substitutes or
somewhere in between—depending on what you want to accomplish. In addition, it is pos-
sible to cocook bamboo or Arundo with certain species of wood. This is where I believe
the first large scale use of nonwoods in the industry will occur (paper360.tappi.org).

In India, forest-based resources are rapidly diminishing whereas the demand for paper is
increasing. For resolving this situation, the Indian government is providing concessions and
relief for stimulating use of cellulose raw materials based on agriculture. Consequently use
of forest-based raw materials has diminished and use of agricultural residues has increased.
Several mills are using agricultural residues (Chandra, 1998; Gupta, 1994).

Use of nonwood plant fibers for pulp production in China is actually becoming a matter of
necessity. China is not having much wood resources. The forests are limited in size and
area available for future plantation. Its total forest area is about 119 million hectares, which
covers only 12% of the total land area and represents 0.12 hectares per capita in comparison
to the world average of 1.1 hectares per capita. Planted forests account for about one quarter
of all forested area and contribute to the raw material supply. This area under plantation is
further expected to increase as the demand for wood increases. Even after expansion of the
national forest, nonwood plant fibers will constitute a major source of fiber for pulp.

Al-Simaani et al. (1992); Chandra (1998)
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Quality trees, such as spruce, for papermaking are difficult to find. Only 7%�8% of total
harvested wood, is going to the paper industry, while the amount being burned for fuel is
50�60 million m3/year. Adding to the problem is the decades old dispute over what
should be the primary raw material for the Chinese paper industry, straw, or wood.

Xing (1995, 1996)

The abundance of nonwood fibers in some countries is also responsible for its use in
papermaking. Sometimes, the use in papermaking is considered the best way to dispose
of nonwood fibers. Jute has a long historical role in socio-economic development in
Bangladesh. In recent years, jute has faced stiff competition from synthetics. As a result,
demand for jute in local and overseas markets has shrunk. The situation is further aggra-
vated by a comparatively high growth of low quality jute, from 46% to 54%, from 1977
to 1986. About 200,000 metric tons of jute, with an additional 45,000 metric tons of jute
cuttings, remain as surplus in Bangladesh. The Bangladesh government is therefore
exploring other possible uses of jute. Use in papermaking is one option being considered.

Chandra (1998)

In Vietnam, excess of bamboo led to the establishment of a pulp and paper mill. However,
the availability of bamboo over the years has reduced as the percentage of land under
forestation reduced significantly. Therefore, the mill used eucalyptus as additional raw
material (Hamilton, 1989).

In Europe and United States, the use of agricultural residues in pulping has a further benefit
as it prevents the requirement for dumping, which increases the farming cost of farming and
environmental worsening through pollution, fires, and pests (Alcaide et al., 1991, 1993).

Aside from the above reasons, some nonwood plant fibers are in demand for producing
paper because of very special properties which makes them better than wood fibers for
producing specialty papers. Abaca is a very good fiber resource for manufacturing specialty
paper. It has longer fiber length and very good strength properties which make it a better
quality material for the production of thin lightweight papers having higher porosity and
superb tear, burst, and tensile strengths (Peralta, 1996). It is used for making strong
products such as tea bags, cigarette and filter paper, large sausage casings, currency paper,
and specialty products which need higher wet strength along with high porosity.

Kenaf has many natural benefits in comparison to wood pulp. The plant is 14-foot high and grows
rapidly. It allows two harvests in a year in some areas. In comparison to soft and fibrous, kenaf
needs lesser energy for pulping in comparison to wood. Because lignin is absent, kenaf is naturally
bright. It does not require chemical pulping or peroxide bleaching. Kenaf newsprint does not turn
yellow on aging and exposure to light as that produced from wood (Rosenberg Jim, 1996).

Sisal can be converted into stronger products. Cotton linters are utilized for finest quality
letterhead paper, currency paper, dissolving pulp, and other specialty papers. Bagasse and

22 Chapter 2



straw are found to be excellent raw materials providing superb formation to papers and are
able to replace hardwood chemical pulps for writing and printing paper.

Nonwood fibers can deliver special properties to papermakers which are normally not
available from wood-based fiber. For instance, fiber properties of bamboo fibers range from
short, fibers of hardwood type to long, and fibers of softwood type. For tissue producers,
some variety of bamboo in between these two extremes are able to produce greater softness
(usually attained from imported eucalyptus pulp) and strength (usually attained from
Canadian softwoods). This would make simpler the papermaking process and permit the
producer of premium tissue without relying upon a 100% imported supply of fiber.

Fiber length is another important property. Some nonwoods—most particularly hemp and
flax—have incredibly long fiber length, in some cases up to 10 times greater than that of
wood fibers. While such length makes traditional papermaking problematic, these fibers
could act as sustainable, biodegradable reinforcing fibers for paperboard composites and
other structures (paper360.tappi.org).

In several cases, addition of 10% or 20% nonwood pulp to the furnish will not have any
effect on paper machine runnability, but even this apparently small percentage in the
furnish will open new marketing opportunity. With the large variety of nonwoods and the
several tree species, the possible combinations are almost endless. In the end, it will be all
about providing a viable product with the correct specifications and fiber components which
meet consumer needs.
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World production of nonwood pulp for papermaking is expected to decline from
10.4 million tonnes in 2017 to 8.1 million tonnes by 2030. China accounts for 57% of the
world nonwood pulp production. Production in China forecast to decline due to tightening
environmental regulations and closing down of old nonwood pulp mills. Production in Rest
of Asia, North America, other regions forecast to grow.

Nonwood raw materials include a wide range of both long and short fiber raw materials.
Short fibers dominate, with 93% of production. Short fiber include straw (wheat, rice), reed,
bagasse, bamboo, esparto grass, oil palm bunch, coconut husks, etc. Long fiber include
abaca (Manila hemp), cotton linters/combers, flax, hemp, jute, kenaf (bast), and sisal
(Chandra, 1998; Pande and Roy, 1996).

Examples of novel nonwood raw material applications include Bamboo in tissue and
dissolving pulp. Bagasse in nonwovens and food service boards and straw and grass fiber in
tissue, packaging and molded fiber products.

Nonwood pulp is available, especially in Asia, but there is opportunity in other regions.
Availability of nonwood fiber raw material is not a major limitation for expanded use.
Straw might be the most important source of nonwood fiber for the pulp industry. The
availability of straw is estimated at 1.3 billion BDMT/year. The global availability of other
nonwood fibers amounts to another 1.3 billion BDMT (https://www.imfa.org/wp-content/
uploads/2019/03/Kathren-Kneer.pdf).

Closures continue, but new capacity could eventually tip the balance the other way.

Older nonwood fiber mills are often not environmentally friendly, are small and have
inadequate facilities or capital to deal with chemical and energy recovery. High capital
costs required per ton of capacity for building new, medium scale, environmentally friendly
wood pulp mills is making nonwood pulp more popular. New mills using nonwood fibers
are generally less capital intensive and more environmentally friendly.

Nonwood raw materials include a wide range of both long and short fiber raw materials.

Table 3.1: Distribution of nonwood pulp production in the world.

China 57%
Asia 22%
Europe 14%
America 5%
Africa 2%

Source: Based on Lyua, Z., Chengb, Y., Suna, H., Jianga, B., Chena, C., Lyua, Z., 2017. Cleaner
production technology and cleaner production evaluation for nonwood pulping in China. In:
Proceedings of International Workshop on Nonwood Pulping and Papermaking Technology.
ISBN: 978-602-17761-5-5.
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Short fibers dominate, with 93% of production:
• Short fiber: straw (wheat, rice), reed, bagasse, bamboo, esparto grass, oil palm bunch,

coconut husks, etc.
• Long fiber: abaca (Manila hemp), cotton linters/combers, flax, hemp, jute, kenaf (bast) and sisal
• Examples of novel nonwood raw material applications are given below:

Bamboo in tissue and dissolving pulp
Bagasse in nonwovens and food service boards
Straw and grass fiber in tissue, packaging, and molded fiber products

Nonwood pulp is available, especially in Asia, but there is opportunity in other regions.
Availability of nonwood fiber raw material is not a major limitation for expanded use.
Straw might be the most important source of nonwood fiber for the pulp industry. The
availability of straw is estimated at 1.3 billion BDMT/year. The global availability of other
nonwood fibers amounts to another 1.3 billion BDMT.
Estimated Production of Nonwood pulp in different regions is shown in Table 3.2 and
Availability of nonwood fibers in different region is shown in Table 3.3.

Tables 3.4 and 3.5 lists the production/consumption/imports/exports of nonwood pulp.

Table 3.2: Estimated production of nonwood pulp in different parts of the world.

Abaca
0.1 Millions of tonnes/year

Philippine
Bamboo
2.6 Millions of tonnes/year

India, P.R. China
Bagasse
2.7 Millions of tonnes/year

India, P.R. China. Latin America, Africa
Cotton linters and Combers
0.3 Millions of tonnes/year

United States, Canada, Europe, P.R. China
Hemp, Flax
0.1 Millions of tonnes/year

United States, Canada, Europe, India, P.R. China
Reed
0.7 Millions of tonnes/year

P.R. China
Straw
3.6 Millions of tonnes/year

India, P.R. China, Pakistan

Source: Based on Kneer, K., 2019. Nonwood fibers: a global and regional perspective. ,https://www.imfa.org/wp-content/
uploads/2019/03/Kathren-Kneer.pdf..
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Table 3.4: Production/consumption of nonwood pulp.

1000 MT

2010 2011 2012 2013 2014

Production World 18,284 17,718 16,015 13,927 13,189
Asia 15,964 15,416 13,727 11,276 10,521

China 12,970 12,400 10,738 8285 7549
Indonesia 105 105 105 105 105

Consumption World 18,306 17,598 16,072 13,963 13,174
Asia 15,956 15,391 13,775 11,311 10,538

China 12,952 12,405 10,735 8270 7520
Indonesia 122 118 133 116 120

Imports World 516 463 484 437 409
Asia 183 198 222 211 205

China 56 85 68 63 64
Indonesia 17 14 28 12 15

Exports World 494 582 427 401 424
Asia 190 222 175 175 187

China 74 81 71 78 93
Indonesia 0 0 1 1 1

Source: Based on FAO (2014). http://www.fao.org/forestry/44134-01f63334f207ac6e086bfe48fe7c7e986.pdf; Liu, H., An, X., 2017. Current
status and new development of nonwood pulp. In: China Proceedings of International Workshop on Nonwood Pulping and Papermaking
Technology. Published by Center for Pulp and Paper, Ministry of Industry, Indonesia. ISBN: 978-602-17761-5-5.

Table 3.5: Imports/exports of nonwood pulp.

1000 MT

2010 2011 2012 2013 2014

Imports World 516 463 484 437 409
Asia 183 198 222 211 205

China 56 85 68 63 64
Indonesia 17 14 28 12 15

Exports World 494 582 427 401 424
Asia 190 222 175 175 187

China 74 81 71 78 93
Indonesia 0 0 1 1 1

Source: Based on FAO (2014). http://www.fao.org/forestry/44134-01f63334f207ac6e086bfe48fe7c7e986.pdf; Liu, H., An, X., 2017. Current
status and new development of nonwood pulp. In: China Proceedings of International Workshop on Nonwood Pulping and Papermaking
Technology. Published by Center for Pulp and Paper, Ministry of Industry, Indonesia. ISBN: 978-602-17761-5-5.

Table 3.3: Availability of nonwood fibers in different parts of the world.

Asia
Straw, Reed, Bamboo, Bagasse, Cotton Linters, Flax, Hemp, Abaca

Africa
Bagasse

Europe
Flax, Hemp, Grass

Latin America
Bagasse

United States and Canada
Straw, Bagasse, Cotton Linters, Flax, Hemp

Source: Based on Kneer, K., 2019. Nonwood fibers: a global and regional perspective. ,https://www.imfa.org/wp-content/uploads/2019/
03/Kathren-Kneer.pdf..
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(FAO, 2014) and Table 3.6 show the nonwood fibers production in China (Zhan, 2010).

In 1970, the total worldwide capacity for production of nonwood fibers papermaking
pulp was only 7 million metric tons. However, since that time there has been a dramatic
increase in nonwood fibers pulping capacity. From 1970 to 1996, nonwood fiber pulping
capacity on a global basis increased 2�3 faster than the capacity for production papermaking
wood pulp. There is scope for 10%�15% of wood pulp being replaced by nonwood pulp
without significantly affecting strength, optical, and surface properties of most paper grades.
The percentage annual increase in the nonwood plant fiber pulp capacity is more than double
the average annual increase in the wood pulp capacity, that is, 4.7% versus 2.0%.

Ashori et al. (2004); www.tandfonline.com.

Straw was used for the first time as a raw material for paper in 1800, and in 1827 the
first commercial pulp mill began operations in the United States using straw.

Atchison and McGovern (1989)

Plant species currently used for papermaking belong to the botanical division
Spermatophyta (seed plants), which is divided into two divisions, Angiospermae
(seeds enclosed within the fruit) and Gymnospermae (naked seeds), the latter including

the class Coniferae. Angiospermae include two classes, Monocotyledonae and
Dicotyledonae. The most common plant species used for papermaking are coniferous trees
of the Gymnospermae and deciduous trees of the Dicotyledonae. Nonwood papermaking
plants, such as grasses and leaf fiber plants, belong to the class Monocotyledonae and bast
fiber and fruit fiber plants are dicotyledons. Promising new nonwood species for fiber pro-
duction have been identified in earlier research on the plant families Gramineae,
Leguminosae, and Malvaceae. In northern Europe, particular interest has focused on
grasses and other monocotyledons. Of several field crops studied, reed canary grass has
been one of the most promising species for fine paper production in Finland and Sweden.
Other grasses, such as tall fescue (Festuca arundinacea Schr.), switchgrass (Panicum
virgatum L.), and cereal straw can be used for paper production. In central Europe,

Table 3.6: Nonwood fibers production in China (Million tons).

Fiber type 2010 2011 2012 2013 2014 2015

Wheat straw 7.19 6.60 5.92 4.01 3.36 3.03
Bagasse 1.17 1.21 0.90 0.97 1.11 0.96
Bamboo 1.94 1.92 1.75 1.37 1.54 1.43
Reed 1.56 1.58 1.43 1.26 1.13 1.0
Total 11.86 11.31 10.0 7.61 7.14 6.8

Source: Based on FAO (2014). http://www.fao.org/forestry/44134-01f63334f207ac6e086bfe48fe7c7e986.pdf; Liu, H., An, X.,
2017. Current status and new development of nonwood pulp. In: China Proceedings of International Workshop on Nonwood
Pulping and Papermaking Technology. Published by Center for Pulp and Paper, Ministry of Industry, Indonesia. ISBN: 978-602-
17761-5-5.
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elephant grass (Miscanthus sinensis Anderss.) has been studied as a raw material for paper
and energy production.

Berggren (1989); Paavilainen and Torgilsson (1994); Janson et al. (1996); Radiotis
et al. (1996); Atchison (1988); Lönnberg et al. (1996); Olsson (1993); Mela et al. (1994);
Nieschlag et al. (1960); Nelson et al. (1966); Ilvessalo-Pfäffli (1995); Saijonkari-Pahkala

(2001); Walsh (1997); jukuri.mtt.fi.
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Table 4.1: Estimated annual collectable yields of various nonwood raw materials.

Raw material Collectable as raw material* Equivalent in bleached pulp*
Rice straw 1.4�2.0 0.4�0.6
Wheat straw 2.2�3.0 0.7�1.0
Barley straw 1.4�1.5 0.4�0.5
Rye straw 2.5�3.5 0.8�1.0
Oat straw 1.4�1.5 0.4�0.5
Sugar cane bagasse 5.0�12.4 1.7�4.2
Corn stalks 5.5�7.0 1.55�1.95
Sorghum stalks 5.5�7.0 1.55�1.95
Cotton stalks 1.5�2.0 0.6�0.8
Reeds 5.0�9.9 2.0�4.0
Kenaf, total stem 7.4�24.7 3.0�9.9
Kenaf bast fiber 1.5�6.2 0.7�3.2
Natural bamboo 1.5�2.0 0.6�0.8
Cultivated bamboo 2.5�5.0 1.0�2.1
Crotalaria bast fiber 1.5�5.0 0.7�2.5
Papyrus 20.0�24.7 5.9�7.4
Abaca 0.7�1.5 0.4�0.7
Seed flax straw 1.0�1.5 0.18�0.27
Cotton staple fiber 0.3�0.9 9 0.25�0.86
Second cut cotton linters 0.02�0.07 0.015�0.062

Source: Based on Atchison, J.E., 1989. Data on nonwood plant fibers. In: Kocurek, M.J. (Ed.), Pulp and Paper Manufacture Volume
3—Secondary Fibers and Nonwood Pulping. TAPPI press, Atlanta, pp. 5�16.
*BD metric tons per hectare per year.

Table 4.2: Length and width of some common nonwood fibers.

Common name Scientific name Average fiber length (mm) Average fiber width (mm)
Abaca Musa textilis 6 24
Kenaf Hibiscus cannabinus 5 21
Sidal Agave Sisalana 3 20
Bamboo Dendrocalamus arundinacea 2.7 14
Raphia Raphia hookeri 2.4 30
Sabai Eulaliopsis binata 2.1 9
Common reed Phragmites communis 2.0 16
Jute Corchorus caspsularis 2.0 20
Papyrus Cyperus papyrus 1.8 12
Sugar cane Saccharum officinarum 1.7 20
Corn Zea mays 1.5 18
Rice Oryza sativa 1.4 8
Wheat Triticum aestivum 1.4 15
Esparto Stipa tenacissima 1.2 13
Albardine Lygeum spartum 1.1 12
Ramie Boehmeria nivea 120 50
Flax Linum usitatissimum 33 19
Hemp Cannabis sativa 25 25
Ceiba, kapok tree Ceiba pentandra 19 19
Cotton linter Gossypium spp. 18 20
Paper-mulberry Broussonetia papyrifera 10 30
Sunn Crotalaria juncea 8 30

Source: Based on Han (1998); Han and Rowell (1997); Duan et al., 2017. Analysis of structural changes in jute fibers after peracetic acid
treatment. J. Engineered. Fibers Fabr. 12 (1), 33�42. http://www.jeffjournal.org. https://www.fpl.fs.fed.us/documnts/pdf1998/han98a.pdf.

http://www.jeffjournal.org
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presented in Table 4.3. The minimum fiber length required for producing acceptable paper
strength properties depends on several factors, and fiber lengths are not clearly related to
strength properties (Young, 1997). Different fiber lengths are required for different
properties in paper. For instance, long fiber length is required for strength properties.
However, they gather together and consequently do not offer good formation. Conversely
with shorter fibers excellent formation is achieved (Chandra, 1998; Orgill, 1997).

Based on availability, nonwood plant fibers presently used in the paper industry can be largely
divided into three groups (Table 4.4). These are agricultural residues, naturally growing
plants, and nonwood crops grown mainly for their fibers (Subrahmanyam et al., 2004).

Table 4.3: Chemical composition of some common nonwood fibers and comparison with wood
fibers.

Type of nonwood fiber Cellulose (%) Lignin (%) Pentosans (%) Ash (%) Silica (%)
Bamboo 26�43 21�31 15�26 1.7�5 0.7
Sugarcane bagasse 57�66 21�31 15�26 1.7�5 1.5�3.0
Rice 28�48 12�16 23�28 15�20 9�14
Wheat 29�51 16�21 26�32 4.5�9 3�7
Barley 31�45 14�15 24�29 5�7 3�6
Oat 31�48 14�19 27�38 6�8 4�6.5
Rye 33�50 14�19 27�30 2�5 0.5�4
Esparto 33�38 17�19 27�32 6�8 �
Sabai 54�57 17�22 18�24 5�7 3�4
Switch grass 43 34�36 22�24 1.5�2
Reed (Phragmites communis) 44�46 22�24 20 3 2
Arundo donax 21 28�32 4�6 1.1�1.3
Jute sticks (whole jute) 47�57 15�18 � 2�5 �
Seed flax (bast) 43�47 21�23 24�26 5 �
Kenaf (bast) 44�47 15�19 22�23 2�5 �
Jute (bast) 45�63 21�26 18�21 0.5�2 �
Hemp (bast) 57�77 9�13 14�17 0.8 �
Ramie (bast) 87�91 � 5�8 � �
Kenaf (core) 37�49 15�21 18�24 2�4 �
Jute (core) 41�48 21�24 18�22 0.8 �
Abaca 56�63 7�9 15�17 3 �
Sisal 47�62 7�9 21�24 0.6�l �
Seed hull (cotton linter) 85�90 0.7�1.6 3�3.3 0.8�2 1

Type of wood Cellulose (%) Lignin (%) Pentosans (%) Ash (%) Silica (%)
Angiosperm (hardwood) 40�45 26�34 7�14 ,1 �
Gymnosperm (softwood) 38�49 23�30 19�26 ,1 �

Source: Based on Han (1997, 1998). https://www.fpl.fs.fed.us/documnts/pdf1998/han98a.pdf.
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4.2 Agricultural residues

These are produced as byproducts from harvesting and processing of agricultural crops.
Agricultural residues represent an important lignocellulosic biomass category. These contain
mainly cellulose, hemicellulose, and lignin.

These materials may represent both an environmental burden, in areas where field incinera-
tion is a traditional practice, and monetary losses, considering the loss of extra-income for
farmers. Agricultural wastes are of primary interest as raw materials for pulp and paper pro-
duction due to their high production yields per hectare, high availability, low costs and low
lignin content, which allows pulp processing in totally chlorine free bleaching facilities.

www.cellulosechemtechnol.ro

Table 4.4: Categories of nonwood raw materials.

Agricultural residues
Sugarcane bagasse (Saccharum officinarum)
Corn stalks (Zea mays)
Cotton stalks (Goossypium)
Rice straw (Oryza sativa)
Wheat straw (Triticum aestivum)
Cereal straw
Natural growing plants
Bamboo (Dendrocalamus strictus)
Esparto (Stipa tenacissima)
Reeds (Phragmites communis Trinius)
Sabai grass (Eulaliopsis binata)
Papyrus (Cyperus papyrus)

Nonwood crops grown primarily for their fiber contentBast Fibers
Jute (Corchorus capsularis)
Ramie (Boehmeria nivea)
Sunn Hemp (Crotalaria juncea)
Hemp (Cannabis sativa)
Kenaf (Hibiscus cannabinus)
Flax tow (Linum usitatissimum)

Leaf fibers
Abaca (Manila hemp) (Musa textilis)
Sisal (Agave sisalana)

Seed hair fibers
Cotton fibers
Cotton linters
Cotton rags
Textile wastes of various type

Source: Based on Hammett, A.L., Young, R.L., Sun, X., Chandra, M., 2001. Nonwood fiber as an alternative to wood fiber in China’s pulp and
paper industry. Holzforschung 55, 219�224. Subrahmanyam, S.V., Godiyal, R., Janbade, V., Sharma, A., 2004. Preparation of monograph of
different fibrous raw materials used by Indian paper industry. Central Pulp and Paper Research Institute Saharanpur, UP, India. ,www.
dcpulppaper.org/gifs/report24.; Chandra (1998). Chandra, M., 1998. Use of Nonwood Plant Fibres for Pulp and Paper Industry in Asia:
Potential in China. State University: Master’s Thesis.
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These residues include straw, stalks (corn, sorghum, cotton). It is renewable in real time,
while the fastest renewal time for commercial pulpwood is seven years. The cost of such
plant fibre has already been pre-paid by the production of grain and oilseeds. Existing
farm machinery can be used. Crop residues can be used as animal fodder, bedding, soil
amendment and as energy source. Agricultural by-products are characterized by a low
raw material price and moderate quality.

Chandra (1998)

4.2.1 Sugarcane bagasse (Saccharum officinarum)

Among the several agricultural residues used for producing pulp, sugarcane bagasse
shows most promise. Bagasse is the residual fiber which remains after the squeezing of
sugarcanes during the production of sugar. Generally bagasse consist of 40%�60%
cellulose, 20%�30% hemicellulose, and about 20% lignin. It is easily accessible and
available in several countries. Bagasse is mostly found in countries which are producing
large quantities of sugar, for example, Brazil, Vietnam, China, or Thailand. Although
bagasse is a byproduct, several people consider it as a waste product as in the earlier
period, bagasse was mostly utilized as a fuel for the production plants. Even nowadays,
some bagasse is still being used for the ovens in factories ovens. However, as people
started recycling materials, the value of bagasse is also increasing. These days, it is
utilized for producing the packaging materials, disposable tableware and the building
materials, The paper industry is now replacing wood fibers with bagasse for producing,
toilet paper, cardboards, and napkins.

Bagasse, being a by-product of the sugar industry, enjoys a unique position among the
nonwood fibres for pulp manufacture, mainly due to its availability in large quantities at
a central collection point. Its distinct advantage over other nonwood plant fibres is that
the costs of collection, crushing, and cleaning the material are borne by the sugar mill.
Bagasse is generally used as fuel in the sugar mill.

www.khartoumspace.uofk.edu

Major problem in pulping of bagasse is the presence of high pith content of stalks,
which is around 30% by weight of the stalk. The pulp is usually comparable to
hardwood pulps (Casey, 1980). Bagasse has been a very good source for cogeneration in
sugarcane industries and also other sectors. Length of bagasse fiber is 1.0 to 1.5 mm and
diameter is ca20 micron which is comparable to hardwoods such as eucalyptus
(0.7�1.3 mm length and 20�30 micron diameter) (Covey et al., 2006). Therefore
bagasse pulps similar to hardwood pulp quality can be produced with appropriate
production processes. In pulp and paper industry, a mill based on bagasse could be
developed rapidly without the restrictions relatively to the lead times enforced by a
wood based mill (www.pulpandpaper-technology.com).
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Bagasse requires different type of treatment in comparison to general processing of wood
chips. Bagasse when stored for longer time leads it to biological action which may quickly
turn the material to harsh color degradation, deterioration of fiber properties, and yield loss.
Therefore special techniques of storage are required. Presence of pith cells in bagasse are in
the range of 30%�35%. This makes the material fine, thin walled having lower cellulose.
Such fibers are not suitable for producing paper. Pith cells utilize large amount of
chemicals, resulting in poor pulp drainage, and reduced scattering in mechanical pulps. But,
effective depithing is possible. In bagasse silica content is quite low in comparison to
several other nonwood fiber sources. But the amount of silica at 0.5% is 20 times more as
compared to eucalyptus and it must be controlled during depithing for preserving the life of
refining disks. Silica is a main problem in chemical recovery of bagasse. Chemical,
semichemical, and many other types of mechanical pulp in both bleached and unbleached
forms can be produced from bagasse.

Several nonwood fibers are comparable to the short fiber hardwoods and other regular pulps
are so long that they must be shortened for optimizing their papermaking value. There is a
extensive variation in the fiber properties of nonwood fibers in comparison to hardwood
pulp for producing paper. The diameter of the fiber is smaller and has lower coarseness.
The potential usefulness of these fiber properties provides ideas in pulp and papermaking.
Scanning electron micrograph (SEM) images of (A) whole bagasse, (B) fiber, (C) pith are
shown in Fig. 4.1 (Chimenez et al., 2013).

The treated bagasse fiber has lower tensile index and burst index with higher bulk, tear
index, and opacity compared to the untreated bagasse. So, the higher bulk and opacity
improves paper�s printability, while the strength properties were still acceptable when the
mass removal was about 10�15%.

www.pulpandpaper-technology.com

(A) (B) (C)

Figure 4.1
SEM images of bagasse samples: (A) whole bagasse, (B) fiber, and (C) pith (Chimenez et al., 2013).

SEM, Scanning electron micrographs.
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The viscosity of bagasse is superior to regular pulp and the treated bagasse can be easily
pulped to lower kappa number which requires lesser bleaching chemicals. The simplicity of
recovery and the presence of lower silica in bagasse makes the process infrastructure
requirement simpler and therefore there is no need for a costly recovery boiler and lime
kiln.

There is a requirement of highly developed or custom manufacturing infrastructure for
processing bagasse fibers. Although, industries are managing the special needs and
utilize the same facility during the bagasse season, there is a good scope for
developments and the unexploited market in this area.

The special needs for bagasse processing mostly stand at different stages and purposes.
Several companies have machinery which can be used for bagasse and other nonwood
fibers (www.pulpandpaper-technology.com).

Bagasse pulps are used to produce almost all grades of papers�newsprint, wrapping,
printing, toilet, glassine, corrugated medium, linerboard, and bleaching boards. It has been
also used for producing all types of reconstituted panel board (Atchison, 1987, 1989).

In Florida Vincent Corporation has been active since long in the areas of fish processing
and conversion of bagasse and also forage crops. Its superior technology is keeping the
production on throughout the year, by using wood and also nonwood fibers. Voith GmbH
has started bagasse paper mill which is the most modern mill running successfully. It
produces superior quality graphic paper from bagasse, which is difficult to produce and
process. This technology is supplied by Voith Paper; covers both stock preparation and
paper making. The plants using this technology for bagasse are operating in several
countries�India, Bangladesh, Indonesia, and Pakistan, and Iraq.

On a Voith Paper line, the Tamil Nadu Newsprint and Papers Ltd. have been commer-
cially producing newsprint from bagasse in India since 1996. In the history of newsprint
production, this was the first time that 100% bagasse had ever been used as raw material.
Since the starting of Quena project, the full benefit of the experience was obtained in
India.

Special storage equipment and techniques are required to make the processed and non-
processed bagasse available during the non-season. In order to decrease the disadvantage
of seasonality feature and maintain a constant production a large storage capacity must be
developed. However, the challenge still lies in managing the storage of bagasse because of
its high in volume and low in density when compared with wood. The circumstances that
need to be taken in control vary from individual site and the receiving site.

www.pulpandpaper-technology.com
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Machines need to be intelligent enough to work with wood and also non wood fibers for
avoiding the loss during the processing of nonwood fibers.

Bioprocess resulted in a 50% saving in energy consumption needed for pulp refining, in
comparison to that recorded for refining pulp from bagasse not biologically treated.
Another benefit came in the form of a 35% improvement in the paper�s mechanical char-
acteristics (tensile strength and tear resistance) without appreciable loss of material. As
the traditional pulp resources exhausts, the more demand rises for nonwood fibres.

Storage can be a reason for worry as sugar cane is a seasonal crop and the crushing mills
operate for only about half the year, so it is usually important to store large quantities of
bagasse for long periods. Unfortunately, bagasse is prone to degradation and therefore
special methods of storage are required. Currently it is used as a renewable resource in
the manufacture of pulp and paper products and building materials.

Covey et al. (2006); Poopak and Reza (2012);
Jahan et al. (2009); www.greenseal.org

4.2.2 Corn stalks (Zea mays)

Cornstalk is the most promising source of fiber among the agricultural residues and other
nonwood fiber. The utilization of cornstalks for paper has received much publicity, mainly
because of the relatively large supply of readily available fibrous material for which the
farmer has no profitable use. For many years cornstalks have been proposed as a source of
cellulose, and particularly cellulose pulp for paper.

Corn is a major crop in a number of countries, and as a consequence, the stalks are con-
sidered a good fiber source for low grades of paper. The idea of corn stalk usage in
papermaking has been considered, reconsidered, and abandoned a number of times due
to changes in availability of fibers as raw materials. Applying corn stalks to the paper
industry not only can alleviate the shortage of resources, but also make full use of straw
resources, greatly reduce the pollution of straw burning.

Chandra (1998)

Cornstalk contains about 27% hemicelluloses, which is higher than most of the hard-
woods and nonwood fiber materials. Preservation of hemicelluloses in papermaking fiber
is important for increased fiber-to-fiber bonding and pulp yield.

www.fpl.fs.fed.us

Corn stalk offer a promising alternative to hardwood and softwood species in terms of fiber as
well as energy under value prior to processing concept. Cornstalk contains more hemicelluloses
than wood that can be partially extracted prior to pulping without reducing pulp and paper
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quality. The hemicelluloses in the form of fermentable sugar were extracted to produce ethanol.
The average fiber length of cornstalk pulp is similar or better than hardwood pulp. Cornstalk
pulp can serve as an important raw material for printing, writing and specialty grades paper.

Ahmed and Zhu (2006); Chesca et al. (2018); www.fpl.fs.fed.us

The structural features of corn stalks resemble with sugarcane. Average fiber length is
1.5 mm (0.5�2.9 mm) and average fiber width is 0.018 mm (0.014�0.024 mm). Typical
fibers are quite narrow, have thick wall and blunt, or pointed ends (Ilvessalo-Pfaffli, 1995).
SEMs of corn stalk fiber are shown in Fig. 4.2 (Che‚sca et al., 2018).

4.2.3 Cotton stalks (Goossypium)

The biomass which remains in the field after picking up the seed cotton is called cotton
stalk. It is possible to get about three tonnes of stalks per hectare. However, with hybrids
the yield is more. Under irrigated conditions the stalk yields are more than in rainfed crop.
Cotton is being produced in more than 80 states in the World, which produce the enormous
amount of cotton stalk (Wang et al., 2016). The holocellulose content is high in cotton
stalk. It contains about 60% holocellulose, 7% lignin, and also 7% ash. The composition is
comparable to the most common hardwoods in respect of fibrous structure not like other

Figure 4.2
SEM of corn stalk fiber (with different magnification). SEM, Scanning electron micrographs.

Source: Reproduced with permission Chȩsca, A.M., Nicu, R., Tofanica, B.M., Puitel, A.C., Vlase, R.,
Gavrilescu, D., 2018. Pulping of corn stalks—assessment for bio-based packaging materials. Cellul. Chem.

Technol. 52 (7�8), 645�653.
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agricultural crop residues. SEM image of cotton stalk are shown in Fig. 4.3 (Haykira et al.,
2013).

Several studies have been carried out with cotton stalk for producing paper (Jahan et al. 2001,
2002). Good results have been obtained with cotton stalk pulp in combination with other pulps
for producing paper of good quality. The average fiber length of cotton stalk fibers is
0.6�0.8 mm and diameter is 0.02�0.03 mm (Alcaide et al., 1991, 1993; Ilvessalo-Pfaffli, 1995).

Cotton stalks are available in large quantities in several parts of the world. The stalks contain
a substantial percentage of pith cells which, together with the dark-colored outer bark, create
problems in both pulping and papermaking process. Two major problems have hindered
commercial utilization of cotton stalks for production of pulp and paper. The first problem is
that of transportation of the raw materials, which are bulky in nature. This problem can be
solved to some degree with densification techniques. The second problem is that of debark-
ing, which is made difficult due to the fact that cotton stalks are thinly-branched, bushy
plants. The chemical and morphological properties of cotton stalks are comparable to hard-
woods. The pulp yield is about 40�45% with kappa number 30�35. The SR number of
unbeaten cotton stalks pulp is about 12�15. The tensile strength of cotton stalks pulp is very
high but tear index is very low. Blending cotton stalks pulp with jute pulp could increase
tear index. The bleachability of cotton stalks pulps is very good in ECF bleaching.

www.fao.org

Figure 4.3
SEM image of cotton stalk. SEM, Scanning electron micrographs. Source: Reproduced with permission

Haykira, N.I., Bahcegulb, E., Bicakc, N., Bakir, U., 2013. Pretreatment of cotton stalk with ionic liquids
including 2-hydroxy ethylammonium formate to enhance biomass digestibility. Ind. Crop. Prod. 41, 430�436.
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4.2.4 Rice straw (Oryza sativa)

Rice straw, is available in abundance in countries short of wood such as China, India,
Bangladesh, etc. and can be used for producing paper. Rice straw is generated in nearly
equal quantities during grain production and can be obtained by paper mills at reduced cost
(Yee et al., 2019). But rice straw is expensive to collect and store, and has a very amount of
silica. Inspite of these shortcomings, it is a preferred fiber source in countries short of
wood, because of its ready availability. Rice straw fiber has an average fiber length of
1.4 mm and the average fiber width is 0.009 mm (Ilvessalo-Pfaffli, 1995). Fig. 4.4 shows
the appearance and the SEM image of the rice straw fiber (Ota and Uehira, 2012).

Rice straw is used for producing printing and writing paper, glassine and greaseproof paper,
duplex and triplex paper, corrugating medium, strawboard, and �B� grade wrapping paper.

When the rice straw is burnt openly harmful green house gases are generated and released in to
the air causing serious problems to global air chemistry and human health. Therefore it is a
double benefit option (for farmers as well as industries) for using rice straw for producing paper.

In terms of production share, it is the third most important crop in China, next to wheat straw and
corn stover (Shao et al., 2017), and it accounted for approximately 14% of total straw production
(including wheat straw, corn stover, sugar cane, cotton stalk, hemp, etc.) in 2008 (Zhou et al.,
2011; Li et al., 2012). Part of it is used for livestock, compost, barnyard manure, etc., but the vast
majority of it is burned in the field, which is a waste of an important resource and causes
increased air pollution (Zhang et al., 2017). It is hoped that the conversion of rice straw into
biorefinery products will become commercialized to make full use of the plant, but examples,
such as the successful application of a digester mainly from rice straw, remain sparse. Over the
last 20 years, it is impressive how much the mass production of pulp from rice straw has grown,

Figure 4.4
Rice straw fiber. Source: Courtesy of WIT Press from Ota, T., Uehira, A., 2012. Development of green

composites using agricultural waste. WIT Transactions on The Built Environment, vol. 124. WIT Press. https://
doi.org/10.2495/HPSM120361, ISSN 1743-3509 (on-line). www.witpress.com.
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and this has had a huge impact on the development of the Chinese paper industry due to its
compensation for an acute shortage of wood. It is well known for rice straw to have low lignin
content, approximately 526 16 g/kg rice straw (Van Soest, 2006). And it is a fibrous material
suitable for papermaking, besides the characteristics of its easy pulping, because of its high
percentages of cellulose and hemicellulose, in the range of 32%�47% and 19%�27%,
respectively (Binod et al., 2010).

4.2.5 Wheat straw (Triticum aestivum)

Wheat straw is a renewable raw material that is available in abundance in several parts of
the world. Wheat straw is nonwood agricultural waste which is serving as an excellent
fiberous resource to recycle into quality paper in many parts of the world. Wheat straw is
the stalk which is left after wheat grains are harvested. Usually it has been treated as a
waste. In few countries, farmers burn it, contributing to air pollution and causing a public
health hazard. But, these stalks still have value. Wheat straw has 34%�40% cellulose,
20%�25% hemicellulose, and 20% lignin (Yaqoob et al., 2011). The chemical composition
varies according to the wheat straw genetics, geographic conditions, and pulping condition
of pulp straw. Other constituents are the silica, ashes, and extractives.

Straw was in-fact an important source of fibers for the paper industry in Europe, Canada,
and United States until the wood pulp industry was fully established. Presently straw is
being used in areas where wood is in short supply (specifically in Europe, Asia, Africa, and
Central and South America). Average length of wheat straw is 1.4 mm (0.4�3.2 mm) and
width is 0.015 mm (0.08�0.034 mm). Usually fibers are somewhat narrow, have a thick
wall, and possess a blunt or pointed ends (Ilvessalo-Pfaffli, 1995).

SEM image of wheat straw fiber is shown in Fig. 4.5 (Zheng et al., 2018).

It is used for producing printing and writing paper, glassine and greaseproof paper, duplex
and triplex paper, corrugating medium, strawboard, and �B� grade wrapping paper.

India is the second largest producer of wheat in the world, with production hovering
around 68 to 75 million tonnes for the past few years. It accounts for approximately 12%
of world�s wheat production, and is the second largest wheat consumer after China. The
latest estimated demand for wheat production for the year 2020 is approximately 87.5
million tonnes, or about 13 million tonnes more than the record production of 75 million
tonnes harvested in the 1999�2000 crop season. In India, three species of wheat are
cultivated: Triticum aestivum, Triticum durum, and Triticum dicoccum. Although around
60 varieties are grown by farmers in the various zones, only a few varieties occupy sub-
stantial area. Presently, the most dominant variety in India is Triticum aestivum
PBW-343, which occupies around 6 million ha.

FAO (2004); Nagarajan (2005); Gupta (2004); Joshi et al. (2007); www.ncsu.edu
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Wheat straw possesses superior quality for papermaking in comparison to other nonwood
fibers such as sunflower and cotton stalk, vine shoots, and because of its higher breaking
length of paper (Hou et al., 2011, Rudi et al., 2016; Alcaide et al., 1993; Khristova et al.,
1998; Ververis et al., 2004; Lo·pez et al., 2013). The amorphous structure having much
lower degree of polymerization (100�200), and reduced lignin content of cereal straw
makes its chemical processing comparatively easier, particularly for nonsulfur processes
(Jahan et al., 2012; Resalati et al., 2012; Garcia et al., 2013; www.lignocellulose.ir).

4.2.6 Cereal straw

The cellulosic fibers of nonwood species, for instance residues of agricultural and
agrifood industries, are very suitable for producing papers with unique characteristics
because of their suitable morphology, composition, and heterogeneity (Garc�·a Hortal, 2007;
Gonza·lez-Garc�·a et al., 2010). Many kinds of cereal straw are utilized including those from
rye (Secale cereale), oat (Avena sativa), and barley (Hordeum vulgare). Among these rye is the
most appropriate for pulp production because of its availability, and the higher yield and strength
properties of its pulp (Chandra, 1998; Hammett et al., 2001). Therefore it is most suitable for
pulp production. SEM image of rye straw is shown in Fig. 4.6 (Domanski et al., 2016).

To date, several residues of agricultural and agri-food industry have been studied (orange
tree pruning, vine shoots, cereal straws, palm oil waste (EFB), etc.) Among all these non-
wood raw materials, cereal straws are a very important source of raw material.

Figure 4.5
SEM image of wheat straw fiber (Zheng et al., 2018). SEM, Scanning electron micrographs.
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According to FAO in 2009, the world production of wheat, barley, maize, oats, and rape-
seed was 1,742 million tonnes. Considering that one kilogram of cereals generates
approximately one kilogram of residue (straws), this agricultural activity creates a large
quantity of residue each year. Such materials are used, nowadays, at best and in small
quantities, as organic amendment and food for cattle, but mostly they are burned directly
in the field, which causes pollution and fire risk.

Berrocal et al. (2004); Navaee-Ardeh et al. (2004); Huang et al. (2006); Rodrı́guez
et al. (2008); Jiménez et al. (2009); Rodrı́guez et al. (2010); Chen et al. (2011); Ferrer

et al. (2011); González et al. (2011); Hou et al. (2011); Fatehi et al. (2010); Vargas
et al. (2012); Rodrı́guez et al. (2010); www.ncsu.edu

4.3 Natural growing plants

4.3.1 Bamboo (Dendrocalamus strictus)

In China paper has been made from bamboo for more than 1500 years. In the recent years,
demand has grown significantly as the consumers are looking for environmentally friendly products
from sustainable raw materials. In response to this demand, paper producers are introducing new
paper products from bamboo to the market having comparable strength properties, brightness, and
printability to paper manufactured from wood pulp (www.bamboogrove.com).

Bamboo usually grows in warm tropical weather. Bamboos have not even geographical
distribution and are found mainly in the natural vegetation of several parts of the world.

Figure 4.6
SEM image of rye straw. SEM, Scanning electron micrographs. Source: Reproduced with permission
Domanski, J., Borowski, S., Marchut-Mikolajczyk, O., Kubacki, P., 2016. Pretreatment of rye straw with

aqueous ammonia for conversion to fermentable sugars as a potential substrates in biotechnological processes.
Biomass Bioenergy 91, 91�97.
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The bamboo pulp is one type of paper pulp such as wood pulp, straw pulp, or reed pulp.
The fiber dimension of bamboo is in between wood fiber and straw fiber (Galaleldin Insaf,
2004). SEM of bamboo fiber is shown in Fig. 4.7 (Ju·nior et al., 2014).

Bamboo is a highly sustainable raw material. Bamboo grows very fast. Some species grow more
than a meter a day. In marked contrast to trees which need several years to recover from
harvesting, bamboo gets matured in a period of 3�5 years or less. When bamboo is cut, the stem
is left in the soil; a new shoot sprouts and the growth process begins again. Bamboo prospers in
depleted soil. In areas where rainforests have been unambiguous and burned, bamboo is one of
the few plants which grows without problems and starts the process of returning nutrients to the
soil. Bamboo is able to grow on hillsides and on sharp slopes where few other bumper crops can.
Bamboo helps in reducing soil erosion. The rhizomes of the bamboo plant branch out from the
stalk. This helps in securing soil from erosion and hold valuable soil moisture. This also helps in
preventing silt from choking rivers and streams and affect aquatic life.

Bamboo grows in two clearly different forms, that is single stemmed or densely clumped.
They are able to grow fast, and reach their full height of 15�30 m in 2�4 months by long
growth rates of 20�100 cm. The diameter of the stem is generally 5�15 cm. Maturity is

Figure 4.7
SEM of bamboo fiber. SEM, Scanning electron micrographs. Source: Reproduced with permission Júnior

Ae, C., Barreto, A.C.H., Rosa, D.S., Maia, F.J.N., Lomonaco, D., Mazzetto, S.E., 2014. Thermal and
mechanical properties of biocomposites based on a cashew nut shell liquid matrix reinforced with bamboo fibers.

J. Compos. Mater. 49 (18). http://doi.org/10.1177/0021998314545182.
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attained when the culm is 3�4 years old (Ilvessalo-Pfaffli, 1995). There is variation in the
fiber length of bamboo from species to species. In some species there is variation from
bottom to top and, in some cases, with intermodal length. Average fiber length and average
fiber diameter is 2.7�4.0 mm and 0.015 mm, respectively (Ilvessalo-Pfaffli, 1995). Bamboo
is used for making printing and writing paper, bristol board, duplex and triplex paper,
linerboard, wrapping and bag paper, multiwall sack, and newsprint substitute.

Bamboo pulp is used for making bamboo paper. This paper is strong and has extensive uses
(Chen et al., 2019). The bleached bamboo paper is utilized for producing offset paper,
typing paper, and high quality culture paper. The unbleached bamboo paper is mostly used
in packaging. Apart from this, bamboo pulp and wood pulp are blended and used for
producing cable paper, insulation paper, and cement bag paper.

Bamboo fiber is the best fiber materials for papermaking after the softwood fiber because
some kinds of bamboo have long fiber and same features as softwood. Bleached bamboo
pulp has better tearing strength and evenness compared to the hardwood pulp. As the
cost of bamboo pulp is lower than wood pulp, the need for bamboo pulp increases con-
tinuously. In 2010, bamboo pulp takes 0.56% of Chinese pulp capacity. Bamboo pulp
has great market potential in China. As for the international market, it is affected by the
production or stock of main pulp exporting countries and pulp consumption. The pulp
price is changed by the trend of world economic development. Because the bamboo pulp
has the similar property with softwood pulp and hardwood, the price of bamboo pulp can
reference the price of hardwood pulp.

www.paperpulpingmachine.com/applications/bamboo-pulp-making/

Bamboo is generally found in subtropical and tropical areas. The major areas where bamboo is
being produced are the Asian-Pacific Region (I), the Americas Region (II), and Africa (III)
(Mera and Xu, 2014). About 80% of bamboo forest lands in the world are in the Asia and
Pacific regions. India and China together account for about 70% of the bamboo forest in Asia.
Coincidently several developing countries lacking wood have rich bamboo resources.

From the view of forest conservation or sustainable economic development, bamboo is an
important nonwood fiber raw material for pulping and papermaking, especially in these
developing countries. In fact, bamboo has been an indispensable fiber raw material for paper-
making industry in the India subcontinent and China. Compared with wood, bamboo has the
advantages of a short growth cycle (3 to 5 years), self-reproduction, and low cost in mainte-
nance and regeneration. Bamboo is reputed as the second forest. As a fast growing graminac-
eous plant, bamboo contains 57 to 65 wt% cellulose, 27 to 30 wt% hemicellulose, and 4.9 to
5.0 wt% lignin. Considering its chemical composition, bamboo is a better fiber raw material
for pulping and paper making compared with other nonwood fibers such as rice/wheat straw,
reed, and bagasse. Bamboo fibers are comparable to hardwood fibers in several fiber charac-
teristics, i.e., the fiber length, aspect ratio, and fibrous cell wall cavity ratio.

Wei et al. (2016)
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Accompanied with the rapid economic development, China has become the largest paper
production and consumption country in the world during the last decade. Simultaneously, a
great change in the raw material structure of the pulp and paper industry has taken place in
China. The proportion of nonwood fibers in the pulp and paper industry of China has
exhibited a gradual decrease. However, due to shortage of wood resources, utilization of
nonwood fibers remains important in China. The total production capacity of bamboo pulp
in China reached 2,400,000 tons in 2017, and most of the bamboo pulps (about 80%) are
for the production of household paper grades. It is worth noting that household paper
grades prepared from unbleached bamboo pulp have become a welcomed product for cus-
tomers and have achieved encouraging commercial success in China.

www.bioresources.cnr.ncsu.edu

For promoting use of bamboo for production of pulp, local governments are providing
support in China for plantation of bamboo and improving the transport conditions. A
special subcommittee of Bamboo Pulp Working Committee was formed in 2016 under the
China Paper Association for accelerating the development of bamboo pulping technology
and enhancing the cooperation between paper mills and research institutes.

Bamboo has become a very important reinforcing fiber in Asian countries, particularly in
India and China, on the one hand, because of its large availability and on the other hand
due to its shortage of softwood in these regions.

Two large pulp and paper mills in India are producing about 200,000 t/year paper pulp
exclusively from bamboo. A new bamboo based pulp mill has been installed in China with
a capacity of 200,000 tons per year bleached pulp production using the TCF bleaching
sequence. A pulp mill in Thailand is reported to produce 210,000 ton per year, making
pulp largely from bamboo by the SuperBatch cooking system, oxygen delignification, fol-
lowed by ECF bleaching sequence. There are over 1,000 species of bamboo throughout the
world, growing in a wide range of climates and regions. Morphological properties and
pulping behavior of different bamboo species have been studied and wide variation in fiber
dimensions has been reported among the species, but no significant differences in the
chemical composition of bamboo chips or pulps have been found, nor in the amount of
alkali consumed during pulping. The chemical properties of different species of bamboo,
viz. Bambusa vulgaris, Bambusa stenostachya Hackle, Neosinocalamus affinis and
Bambusa balcooa, have been analyzed and reported.

Tian et al. (2010); Mittal and Maheshwari (1999); Singh et al. (1976); Alves et al.
(2010); Chang et al. (2013); Zhang et al. (2016); Vena et al. (2010); www.

cellulosechemtechnol.ro

Bamboo provides jobs and economic development. In economically depressed areas where
unemployment and lack of income foster civic unrest, bamboo offers farmers a viable cash
crop and jobs in bamboo paper mills give residents a chance to provide a higher standard
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of living for their families. The exportation of bamboo paper products also allows poor
countries a chance to build their economies and provide better roads and services.

www.bamboogrove.com/bamboo-paper.html

4.3.2 Esparto (Stipa tenacissima)

Esparto is also called Esparto grass. It is one of two types of gray-green needle grass
(Lygeum Spartum and Stipa Tenacissima). It is a perennial grass grown in northwest Africa
and the southern part of the Iberian Peninsula used for crafts (cords, baskets, espadrilles,
etc.). It is native to southern Spain and northern Africa. It can withstand desert conditions
and is able to live by the coast. It has stiffer, rush-like leaves, and can grow in rocky soil on
high plains. It is able to grow up to three or four feet in height. Its stems are cylindrical and
grow in clusters. The plants are young they serve as forage but when they get matured they
possess a lot of strength and flexibility. For several years the grass has been used in several
different crafts for making ropes, sandals, baskets, mats, and other useful things. Esparto
leaves are also used in producing paper.

The fiber produces a better quality paper often used in producing books. Fig. 4.8 shows the
SEMs of esparto grass fibers (Maghchiche et al., 2013).

It was first used in Great Britain in 1850 and is being widely used there and in Europe, but
it is seldom found in the United States due to the cost of transport. It is generally blended
with 5%�10% wood pulp. The �Spanish� grade is generally considered as the better-
quality, whereas the �Tripoli� grade, from Africa, is the lesser in quality. The fibers are

Figure 4.8
Scanning electron micrographs of esparto grass fibers. Source: Reproduced with Permission Maghchiche,
A., Haouam, A., Immirzi, B., 2013. Extraction and characterization of Algerian Alfa grass short fibers (Stipa

tenacissima). Chem. Chem. Technol. 7, 339�344.
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somewhat shorter in relation to their width; but do not produce large amount of dust. Due
to the shorter fiber length, the tensile strength of the paper is lesser in comparison to those
of several other papers, but its resistance to shrinkage and stretching is greater, and the
paper is a well-filled, dense paper with superb inking qualities and folding properties.

Esparto grass grows wildly in United States, Canada, and in the Mediterranean steppe areas
of southern Spain.

The grass is usually grayish green in color, occurs as long rolled up leaves reaching lengths of
1 m. It is coarse and strong and grows in bunches about 3 m in diameter. Where growth is pro-
lific, the clumps tend to merge into one great mass for covering several square miles. About 12
to 15 years is needed for establishing esparto from seed to a form appropriate for harvesting.

Chandra (1998)

The quantity of cellulose contained in this plant, the flexibility, the smoothness and the
mechanical resistance of its fibres confer to it the very required properties in papermak-
ing; qualities recognized since a long time. The esparto grass is a resistant plant to much
branched rhizome, forming initially the compact stocks then becoming circular with the
deterioration of the old branches. Esparto grass resists at the great variation of tempera-
ture (�19 �C) in Rogassa region in the Algerian western south, while supporting the very
hot summers (140 �C). The optimal photosynthetic activity of the esparto takes place at
the temperatures ranging between 15 and 25 �C. The relatively low temperatures lower
than 4�C, slow down the assimilation and delay germination.

www.chem.asu.ru/chemwood/volume11

Beginning in the middle of the last century, esparto grass is grown in Algeria and parts of
southern Spain. It became a very important resource for producing fine papers. The fiber are
obtained from the leaf of the plant. In hot weather, leaves roll into tubes as they get ripened,
giving a superficially solid look. They are pulled out in bunches and compressed into bales for
shipping. Not like the stems, the leaves do not have nodes and are comparatively easier to pulp,
which is generally conducted with the soda pulping process (McDonald, 1969).

Fibers of esparto are slim and round. The diameter is around 0.01 and the length is over
one mm. They have very small canal or lumen and so are very springy. These fibers are
fine and short, and produce a bulky, smooth, well formed paper which is outstanding as the
major ingredient for fine printing and lithographic paper (Clark, 1985).

4.3.3 Reeds (Phragmites communis Trinius)

Reed is one of the most commonly distributed wetland plant genera in the world.

The most commonly used reed is a tall perennial grass, which grows generally in
marshes. Reeds grow abundantly in swamplands, river bottoms lands and delta areas of
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Russia, Romania, Egypt, northern China, North Korea and Spain. Depending on condi-
tions, such as soil characteristics, hydrologic condition, amount of nutrients, and pH, the
diameter will vary from 9 to 22 mm and the height from 2.5 to 5 meters. The plant is
mature by the end of September the beginning of October, but it is necessary to allow an
additional 4�6 weeks to complete the food accumulation in the root stock, which will
ensure the following year�s reproduction. In April, the young stalks contain as much as
80% moisture. By July, this moisture content is down to 60�65% and as low as
26�27% in December. The decrease in moisture content helps control the degradation of
reed in storage and reduces the cost of transport. The leaf sheath is deficient in cellulose
and may contain up to 10% silica, and are consequently discarded at harvest. Fiber length
of the stalk ranges from about 0.35 to 3.35 mm with an average of 1.8 mm and the fiber
width varies from 0.006�0.022 mm with a average of 0.014 mm. In blends of various
proportions, it is used to make printing and writing paper, duplex and triplex paper, cor-
rugating medium, linerboard and b grade wrapping paper.

Wiedermann Alfred and Kocurek (1989); Chandra (1998)

Reed is a highly productive grass (Poaceae) with an above-ground net primary produc-
tion ranging from less than 3 t ha-1 y -1 to as much as 30 t ha-1 y -1. Reed can be found
all over the world except in Antarctica, but its core distribution area (mostly Phragmites
australis Trin. ex Steud) is Europe, the Middle East and America.

Allirand and Gosse (1995); Haslam (2010); Brix (1988); Ostendorp (1993); Thevs
et al. (2007); Björk (1967); Huhta (2007); Chambers et al. (1999); Tewksbury et al.

(2002); Derr (2008)

It is characteristic of wet sites, most often with water level ranging from slightly below the soil
surface to one meter above ground level, and grows mostly at the shores of lakes and gulfs,
along riverbanks and on nutrient-rich peatlands. It can grow in deeper water if sufficiently clear,
and has been collected from depths up to about 4 m in the highly transparent oligotrophic waters
of the Stechlinsee. Small stands can also be found at desert margins with water table from
around four meter below to three meter above the ground surface. Reed grows mostly in fresh
water, but also in brackish or (up to 16 %) salt water. Only the rhizomes are perennial and, in
cooler climates, the above-ground part of the plant dies at the end of the growing season. At this
time the nutrients are relocated from the stems and leaves back to the rhizomes and stored for
the next growing season. Although reed can be grown from seed, vegetative propagation is
much more common. It has a strong ability to spread from rhizomes, and parts of rhizomes
deposited from moving water can initiate new reed stands. It is a pioneer plant that often occurs
in mono-specific stands. As it can propagate very rapidly in new areas and grow to a height of
several meter, it is seen as a threat to other aquatic vegetation in parts of North America.

Kobbing et al. (2013/2014); www.mires-and-peat.net

Reed biomass is a source of cellulose and hemicellulose and can be used for semichemical as
well as chemical pulps. Depending on environmental factors, the cellulose content of reed
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ranges from 33%�59%. By and large, only the leaves have to be removed for semichemical
pulp, and all above-ground parts of the plant can be utilized for papermaking. Reed is
preferred for paper production because it contains high content of short fibers, though
cellulose pulp produced from short-fiber reed should be mixed with a certain proportion of
long softwood fibers for obtaining reasonable tear and paper density. Paper containing up to
30% reed is of good quality and suitable for almost all applications while paper with 80% reed
can be utilized for producing wrapping paper (Haslam, 2010; Rodewald-Rudescu, 1958;
Chivu, 1968a, 1968b; DeLaCruz, 1987; Al-Zubaidi, 2018; www.mires-and-peat.net).

Fig. 4.9 shows morphology of reed fibers under optical microscope (Al-Zubaidi, 2018).

Reed paper mills were operated in Turkey, Sweden, Egypt Romania, Iraq, Italy, the former
German Democratic Republic and the U.S.S.R. and are still existing in China and probably
India. The best-known paper enterprise, producing several thousand tonnes per year, was in
the Danube Delta. Reed pulp and paper are no longer produced in Europe, because of lack
of reed supply and also due to economic and environmental reasons; but in China the quan-
tity of reed used for paper production in 2004 was 2.5�2.7 million tonnes and is increasing.
The dry (15 % moisture content) reed biomass (stems and leaves) is harvested in winter. The
reed is chopped and pressed into bales after harvest to reduce its volume, facilitating storage
of a year round supply for the pulp and paper mill, which runs continuously, and reducing
transport costs. One tonne of paper pulp needs 5.3 m3 of softwood, 4.1 m3 of beech wood or
3.3�3.5 tonnes of reed. Four tonnes of reed per tonne of artificial fibre cellulose and three
tonnes for normal cellulose are required. Investigation by the authors in Inner Mongolia

Figure 4.9
Morphology of reed fibers under optical microscope. Source: Reproduced with permission Al-Zubaidi, A.

B., 2018. Effect of natural fibers on mechanical properties of green cement mortar. In: Conference:
Technologies and Materials for Renewable Energy, Environment and Sustainability: tmrees18. AIP Conference

Proceedings, 1968(1):020003. http://doi.org/10.1063/1.5039162.
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(China) showed that reed as raw material for paper production costs up to h90 t-1 ( � 750
CNY t-1) at the factory gate.

Rodewald-Rudescu (1958, 1974); Wayman (1973); Zhu et al. (1998); Pöyry (2006);
Chivu (1968b); Kobbing et al. (2013/2014); www.mires-and-peat.net

4.3.3.1 Sabai grass (Eulaliopsis binata)

This is also an important raw material for producing paper. It was the only raw material
before the introduction of bamboo as an important raw material, but its use has reduced
significantly since then. The Sabai Grass is an exquisite gramineae. The plant is medium
sized and can reach 2 m high. It assumes a greenish white colour in the spring, summer,
autumn, and winter seasons. It retains its leaves in the winter and develop a round-shape
shrub. Sabai grass is a very effective soil binder. It also provides raw material for paper
industry and used for making ropes by the rural poor.

Sabai grass grows wild in the lower Himalayas, central India and southern China. It is a
tufted grass having stems 60�90 cm in height and long leaves which are present mostly
at the base. Sabai grass has been a significant source of fiber for papermaking in India,
and has also been used in Pakistan and Nepal. The species was a staple fibrous raw mate-
rial before 1925 and is characterized by its durability, strength, and hardness. Quality of
the pulp is similar to that of esparto and is therefore used for high-class book and print-
ing paper. Until 1952, sabai grass represented about 22% of the total fibrous material
pulped in India. Use in recent years has however declined due to difficulties in procure-
ment, although some plantations have been established to produce the grass on a limited
scale. Average fiber length is about 4.1 mm, with a range of 0.5 mm to 4.9 mm. Widths
are about 0.01�0.016 mm. Fibers are relatively thick walled with narrow lumen, and the
ends are pointed and never forked.

Chandra (1998)

Fig. 4.10 shows cross sectional image of sabai grass fiber and Fig. 4.11 shows the surface
image of sabai grass fiber (Sahu et al., 2016a).

In India, Sabai grass makes up 7%�9% of the total cellulosic raw materials. Although sabai
grass has long fibre and needs less chemicals in cooking, it grows in clumps intermixed
with other vegetation. It is usually difficult to remove impurities from it. Furthermore, its
supplies are much lesser in comparison to those of bamboo. In India, it mostly grows in the
subHimalayan regions of Shiwaliks and Tarai area.

For paper making, the grass is extracted every year in November and December, trans-
ported from forests on camels to yards where it is sun-dried and then sent to the paper
mills. Grass cutting, transporting and sun-drying provide lean period employment to a
large number of local people in the close vicinity of their villages. This job of converting
grass into rope provides employment to women, landless and weaker sections of society.
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Any increase in the availability of Sabai grass is, therefore, a sure means of additional
employment to the poorer structure of the society.

www.tucson.ars.ag.gov

Sabai grass has good flexibility and strength, higher content of leaf fiber ( . 55%), lower
lignin content (,14%) and excellent average fiber length (20 mm). Therefore it is one of

Figure 4.10
Cross-sectional image of Sabai grass fiber. Source: Reproduced with permission Sahu, S., Khandual, A.,
Behera, L., 2016a. Sabai grass fibre: an insight into thermal stability, chemical constitution and morphology.

Int. J. Adv. Chem. Sci. Appl. (IJACSA), 4 (4), 2016. ISSN (Online): 2347-761X.

Figure 4.11
Surface image of Sabai grass fiber. Source: Reproduced with permission Sahu, S., Khandualnd, A., Behera,
L., 2016b. Sabai grass fibre: an insight into thermal stability, chemical constitution and morphology. Int.

J. Adv. Chem. Sci. Appl. (IJACSA) 4 (4). ISSN (Print):2347-7601, ISSN (Online): 2347-761X.
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the best raw material among fiber grass plants for paper industry and rayon and woven
materials (Sahu et al., 2016b). The fiber length of sabai grass in comparison to bamboo but
fiber diameter is 2.5 times lower than bamboo. Sabai grass has high cellulose and pectose
with lower lignin content.

The fibers are derived from the vascular bundles of leaves. The pulp is used for the manufac-
ture of all types of cultural and industrial paper. The fiber varies from 0.4- to 4.4 in length
with an average of 1.6 mm and 5�15Bm in width (average 13.7 urn). The pulp consists of
fibers, parenchyma, and vessel and epidermal cells. The fibers are narrow, long, straight and
thick walls and pointed tapering ends and occasional transverse markings. The fibers are nar-
rower than those of bamboo and bagasse. The parenchyma cells are small to medium sized
narrow rectangular and numerous. The vessels are fairly long and narrow. The epidermal
cells are numerous, rectangular in shape and conspicuous with serrated margins.

Chandra (1998)

4.3.4 Papyrus (Cyperus papyrus)

Cyperus papyrus is a fast-growing perennial sedge native to central Africa and the Nile
Valley, and has been introduced, often as an ornamental species, to other warm parts of
the world. It can form dense and extensive wetland stands and grows either rooted in shal-
low water or in large, free-floating clumps. In its native environment it has been used for
millennia as food for humans and livestock, as a source of herbal medicines and perhaps
most importantly as the source material for the making of paper (papyrus), cordage, ropes,
boats, matting, mattresses, cushions, roofing and flooring. More recently, it has been seen
as a potential source of material for biofuel, as an effective natural biofilter for aquatic pol-
lutants, and has been recognised for its contribution to ecosystem functions and services.

www.platform.cabi.org; Duke (1983); Opio et al. (2014)

The diameter of stem is 3�5 cm at its base and attains a height of 2�5 m. The stem is
triangular, smooth-sided and leafless. It is composed of a cortex which surrounds a pith
section. The pith portion itself is structured from fiber bundles entrenched in parenchyma.
Vessels, sclerenchyma, and epidermal cells are also found to be present. The cortex consists
a dense section of fiber bundles. Annual growth rate of Papyrus plants is 45 ton/ha, dry
weight (McGovern et al, 1989).

The pith section occupies 80�90% of papyrus stems volumetrically and 30�80% by dry
weight. Inflorescence accounts for about 20% of the total plant, less roots. Fibers in the
pith section amount to 10% of the total fiber weight. Thus, the proportion of fibers in the
stem may vary from about 20�75%. Fibers themselves show a great range in length and
diameter depending on species, origin and location in stem. Papyrus plants have an aver-
age fiber length of 1.8 mm and an average fiber width of 0.012 mm.

Chandra (1998)
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4.4 Nonwood crops grown mainly for their fiber content

4.4.1 Bast fibers

Bast fiber is collected from the phloem or bast which surrounds the stem of certain
flowering plants. It holds up the conductive cells of the phloem and imparts strength to the
stem. Bast fibers are used for textiles, rope, and paper. Examples are, jute, abaca, flax,
hemp, ramie, cantala, henequen, Sisal, pineapple, mitsumata, gampi, and kozo.

They are yearly renewable crops and take 90�100 days to grow. The fiber is outside of the
plant and contains one-third of the weight. The core appears similar to balsa wood and has
several uses, including oil absorbents and animal bedding. It is mostly used as firewood in
India and Bangladesh.

Bast fibers consist of fiber bundles. These bundles are broken down by mechanical or
chemical means for achieving the desired fineness. The degree of this breakdown, in turn,
dictates their end use (www.bastfibersllc.com).

4.4.1.1 Jute

Jute is one of the most reasonably priced natural fibers and has a broad range of applications. It is
second only to cotton in the amount produced. Jute has long fibers and very high cellulose
content. Chemical and morphological properties are favorable for producing pulp (Akhtaruzzaman
and Shafi, 1995). Jute is mainly grown in Thailand, Bangladesh, India, and China. The height of
plant is 2.5�3.5 m. The outer bark contains approximately 40% of the stem by weight and is
mostly used for producing low value products for instance�gunnysacks, rope, cordage, etc. The
inner wood core accounts for the balance 60% of the stem (Sabharwal et al., 1995). Commercial
jute contains fiber bundles having length of 1.8�3 m. Individual fibers have length of 2�5 mm.
These are arranged in a parallel way with ends overlapping for producing continuous filaments
having 10�30 fibers per cross-section. Like in case of wood tissues, individual fibers are joined
together by lignin containing middle lamellae (Sarkanen and Resalati, 1988). Average fiber length
and diameter of jute fibers is 2.5 and 0.02 mm, respectively (Ilvessalo-Pfaffli, 1995). Jute fibers
are used for making printing and writing paper, and tag, wrapping and bag paper.

Jute fibers is a lingocellulosic fiber that is partially a textile fiber and partially wood. It contains
mainly cellulose (main constituent of plant fiber) and lignin (main components of wood fiber).

Jute fiber are off-white to brown, and have a length of 3�12 feet long. The appropriate
weather for growing jute is warm and wet climate offered by the monsoon climate during
the monsoon season. Favorable temperatures for cultivation is 68�C�104�C and relative
humidity is 70%�80%.
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Jute plants are classified into two broad groups (www.dcpulppaper.org.gifs.report24).

� Corchorus olitorius (Tossa jute)
� Corchorus capsularis (White jute)

Tossa jute fiber is softer, silkier, and stronger in comparison to white jute. Presently West
Bengal, India, and Bangladesh are the major producer of the tossa jute. Indians, particularly
Bengalis, used ropes and twine made of white jute from very old time for home and other
applications. India is the largest producer of jute and allied fibers in the world accounting
for about two-third of the global production

The jute plant is an annual plant. It attains a height of 5�16 feet and generally do not have
major branches. Diameter of the stem reaches up to 10�20 mm upon maturity. The stem
portion has two discrete zones namely bark and core. The bark portion gets loosely attached
to core when the plant is dry. The color of the dry bark is dark brown and the color of core
is pale yellow or cream (www.makemarijuanalegal.org).

Bast fiber comprises about 36% of the weight in the whole jute, and the remaining 64% is
core wood. Bulk density of the whole jute is quite low in comparison to the hardwood and
softwood. Bulk density of jute bast fiber is very low in comparison to core wood. The
bulkier nature of the raw jute fiber has drawbacks with regard to volumetric loading,
throughput, etc. Impregnation of chips with liquor gets also affected because of the bulky
nature, as the chips tend to float. Bast has higher ash content as it has extraneous silica. The
holocellulose in the bark is relatively higher. Higher alpha cellulose content in the bark
shows that the pulp yield and the strength properties will be higher (Duan et al., 2017).
Fig. 4.12 shows longitudinal view (5000 3 magnification) and b) cross-section (180 3
magnification) of jute fiber (Smole et al., 2013).

(A) (B)

Figure 4.12
(A) Longitudinal view (5000 3 magnification) and (B) cross-section (180 3 magnification) of

jute fiber (Smole et al., 2013).
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4.4.1.2 Ramie (Boehmeria nivea)

Ramie is, native to China and nearby countries. It is also known as China grass. It is
perennial and grows to a height of 1.5�2.5 m. It is grown in a temperate weather in several
countries including China, Japan, Russia, Egypt, Libya, and North and South America.
Ramie is an oldest and valuable fiber crop and is recognized for its strongest and longest
natural fiber in the world. The nature of Ramie fiber resembles with that of flax or hemp.
Ramie (Boehmeria nivea) is a species of the Urticaceae family. It is being grown in North
Eastern states of India since long time. Ramie plant grows in the form of stalks and has
heart shaped leaves which sprout up from underground root system. The ramie stalk can be
harvested up to six times in a year in favorable growth climate, though three to four crops
of ramie annually are quite common. Ramie is a exceptional perennial producing highest
green biomass per hectare/day even under less sun light. Ramie is an oldest and valuable
textile fiber crop and is well known as one of the strongest and longest natural fiber in the
world. Ramie fiber exhibits even superior strength when wet. It has little elasticity and is
somewhat brittle and stiff. The fabric appears much stronger and tougher than cotton.
Quality of ramie fiber is much better than the other natural fibers in several fibre quality
parameters. Ramie fibers consist of pure cellulose, and are amazing for their length and
width. They are quite strong and most long lasting of the vegetable fibers.

In 2014, more than 94% of the ramie produced in the world was harvested in China. The
height of the plant is between 1.0 and 2.5 m, and its leaves are 7�15 cm long and 6�12 cm
broad. The diameter of the stalks is in the range of 4.5�10 mm. Ramie is mainly grown for
its fibers. The most favorable conditions for ramie production are in warm and humid climate
having an average rainfall of 1 m per year (Robinson, 1940; Ciaramello et al., 1963). In
China it has been used for producing paper for several centuries. Fig. 4.13 shows longitudinal
view and cross-section (100 3 magnification) of ramie fiber (Smole et al., 2013).

4.4.1.3 Sunn hemp (Crotalaria juncea)

Sunn hemp is grown mostly in India and Pakistan. The height of the plant is 2�3 m.
Retting process is used for separating the fibers from the inner bark. The fibers are stronger
in the wet form. Because of this property, the fibers are particularly desirable for producing
fishing nets and ropes. Old fishing nets are one of the main source of crotalaria fibers for
producing papers (Ilvessalo-Pfaffli, 1995).

The average fiber length and fiber width of sunn hemp is 8 and 0.03 mm, respectively.

Fig. 4.14 shows the SEM of Sunn hemp fiber (Kalia et al., 2011).

Sunn hemp fiber is used for producing cordage, fishing net, and paper. The fiber pulp sunn
hemp is also utilized in producing currency note paper and cigarette paper (Korrapati and,
Manasa, 2017). The genus, Crotolaria consists of over 200 species found in tropical and
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subtropical regions. From India, it was introduced to other countries and according to some
researchers, this crop was grown originally in Myanmar. It is found there in its wild state.
The crop can not tolerate frost and low temperatures. It can be also grown in rabi season
when winter temperature is mild that is, in southern area. It is one of the green manure
crops grown in areas having high relative humidity of 60%�85% and rainfall of
400�1000 mm throughout the growth and temperature ranging from 20�C�35�C (Tripathi
et al., 2012). It is suited to almost all parts of India. Sunn hemp is able to fix atmospheric
nitrogen, adds organic matter to the soil, suppresses weeds, and reduces erosion of soil
(Ram and Singh, 2011). Good quality seeds are not available. This is one of the important
reasons for reduced popularity of Sunn hemp (Chittapur and Kulkarni, 2003).

(A) (B)

Figure 4.13
(A) Longitudinal view and (B) cross-section (1003 magnification) of ramie fiber (Smole et al., 2013).

Figure 4.14
SEM of Sunn hemp fiber (Kalia et al., 2011). SEM, Scanning electron micrographs.
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4.4.1.4 Hemp (Cannabis sativa)

Hemp, or industrial hemp, is one of the fastest growing plants. It can be spun into usable
fiber 10,000 years ago. It is a strain of the Cannabis sativa plant species which is grown
specifically for the industrial uses of its derived products. Hemp is grown in several
countries, including, China, Canada, Russia, the United States, and many European
countries. In these countries hemp farming is regulated.

Fiber hemp is an annual plant. The height of the plant is 4�5 m and produces 12�14 tons
of dry matter/yr. ha. About 10�12 tons dry matter/yr ha can be harvested as fiber mass. Of
which, 35% are long bast fibers and remaining 65% are short core fibers (Zomers et al,
1995). Cellulose content of hemp fiber increases as the plant matures. In many countries,
harvesting of hemp is performed manually (Jeyasingam, 1990).

The diameter ranges from 5 to 20 mm depending on the growth per hectare, location, and
how seeds are sown. The female hemp plant produces seeds. In any field, the proportion of
male to female plants are usually in the ratio of 50 to 50. The fiber in male plant is better
as compared to the female plant. This is attributed to the fact that the lignification in male
plants does not take place as rapidly as in female plants.

Plants take about 80�150 days to get matured for harvesting of fibers. It is important to harvest
hemp at the appropriate time for improving the fiber quality. When harvesting is done early
poor yield and weak fibers result whereas when harvesting is delayed, stems are difficult to
separate during the retting process. Plants harvested late produce coarse and harsh fibers.

Hemp can have a fiber length from 15 to 55 mm and an average length of 20 mm for
papermaking. The diameter is in the range of 0.016 and 0.22 mm, and the fiber is
distinguished by having forked ends (Jeyasingam, 1994). Fig. 4.15 a shows longitudinal

(A) (B)

Figure 4.15
(A) Longitudinal view (10,000 3 magnification) of hemp fiber (Smole et al., 2013). (B) Cross-

section (200 3 magnification) of hemp fiber (Smole et al., 2013).
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view (10,000 3 magnification) of hemp fiber and Fig. 4.15b shows cross-section (200 3
magnification) of hemp fiber (Smole et al., 2013).

Hemp is used for producing printing and writing paper, specialty papers such as cigarette
paper, lightweight, condensor paper, and security and currency paper.

1 acre of hemp can produce as much paper as 2�4 acres of trees annually. Different types
of paper products from tissue paper to cardboard can be produced from hemp.

The quality of hemp paper is better to tree-based paper. Hemp paper is quite durable and is
able to last hundreds of years without getting degraded. It can be recycled many times as
compared to paper produced from trees, and needs lesser chemicals in the production
process in comparison to paper produced from trees.

Hemp is used for producing stronger and lighter fiberboard which is stronger and lighter in
comparison to wood. Substitution of hemp fiberboard for timber would further reduce the
requirement for cutting down our trees.

Hemp is used for producing strong, long lasting, and ecofriendly plastic substitutes. Many
products produced from petroleum-based plastics can be produced from hemp-based composites.

Trees takes many years to grow until they can be harvested for wood or producing paper but
hemp can be harvested in just a period of 4 months after it is planted. Hemp can grow on most
land appropriate for farming, where forests and tree farms need larger areas of land available in
few locations. Harvesting hemp rather than trees would also eradicate erosion because of
logging, thus reducing loss of the top soil and water pollution caused by overflow of soil.

The protein present in hemp seeds is more healthy and more cost effective to produce as
compared to soybean protein. Hemp seeds are not intoxicating. The protein of hemp seed can be
used for producing practically any product produced from soybean: cheese, tofu, veggie burgers,
butter, salad oils, ice cream, milk, etc. Hemp seed can also be ground to produce a nutritive flour
that can be utilized for producing baked goods for instance bread, pasta, cookies, etc.

Hemp seed is also used for producing nontoxic diesel fuel, paint, varnish, detergent, ink and
lubricants. Hemp seeds account for about half the weight of a mature hemp plant. Hence
these seeds are a good source for such products.

Just like corn, ethanol which is a clean burning fuel can be produced from hemp. It shows
great promise for becoming an important source of ethanol fuel as hemp produces more
biomass as compared to other plant species (including corn) which can be grown in
different weathers and places.

Factually millions of wild hemp plants are grown all through the United States. Wild hemp
has no drug properties due to its low tetrahydrocannabinol content. United States marijuana laws
stop farmers from growing the same hemp plant which propagates in nature by the millions.
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From 1776 to 1937, hemp was a main crop in United States. The textiles produced from
hemp were widespread. Still, The American Textile Museum, The Smithsonian Institute,
and most American history books do not mention hemp. The government�s War on
Drugs has produced an atmosphere of self censorship where talking of hemp in a positive
manner is considered politically not correct.

www.hempstersstitch.com

United States Presidents George Washington and Thomas Jefferson grew hemp used
products produced from hemp, and admired the hemp plant in one of their writings.

No other natural resource offers the potential of hemp. Cannabis Hemp is capable of producing
significant quantities of paper, textiles, building materials, food, medicine, paint, detergent, var-
nish, oil, ink, and fuel. Unlike other crops, hemp can grow in most climates and on most farm-
land throughout the world with moderate water and fertilizer requirements, no pesticides, and
no herbicides. Cannabis Hemp (also known as Indian Hemp) has enormous potential to
become a major natural resource that can benefit both the economy and the environment.

www.makemarijuanalegal.org

4.4.1.5 Kenaf (Hibiscus cannabinus)

The kenaf plant is an annual plant having a single, straight, and unbranched stem. It
contains a outer fibrous bark and an inner woody core. The stalks grow to 5�6 m in
length and 25�30 mm in diameter in a period of 5�6 months. After that it is harvested.
Kenaf has been developed as a nonwood fiber crop as a promising raw material for
producing paper (Tao et al.,1995; Mayers and Bagby, 1995).

Kenaf is a valuable fiber and medicinal plant from the Malvaceae family. It is an alterna-
tive crop that may be a feasible source of cellulose which is economically viable and
ecologically friendly. This plant is cultivated for its fiber although its leaves and seeds
have also been used in traditional medicine in India and Africa for the treatment of vari-
ous disease conditions. Kenaf fibers are commonly used for paper pulp and cordage, but
it is also a promising lignocellulosic feedstock for bioenergy production. The kenaf seed
oil can be used for cooking and in different industrial applications.

Avila (2006); www.tandfonline.com

Raw kenaf fiber obtained from the outer bark is actually a bundle of fibers. The outer
bark, or bast, is about 40% of the stem by weight and the inner woody core is about
60%. Kenaf has been used on a limited scale as a substitute for wood in the production
of, pulp and paper in Thailand and China. It contains approximately 65.7% cellulose,
21.6% lignin and pectins. Kenaf pulped with kraft, soda, or neutral sulfite is superior to
commercial hardwood pulps and except for tear, is comparable to softwood kraft pulps
and superior to softwood sulfite pulps.

Chandra (1998)

Categories of nonwood raw materials 63



Bast Fibers are 3�4 mm long whereas those from the core are 0.6 mm long (Sabharwal
et al, 1994; Kokta et al, 1993). Average diameters are 0.02 mm (bast) and 0.03 mm (core).
Fig. 4.16 shows SEM of kenaf bast fiber (Nirmal et al., 2014).

Kenaf is used to produce printing and writing paper, newsprint, multi-sack, linerboard,
tissue paper, bleached paperboard, cigarette paper and other lightweight specialty papers.

Advantages of Kenaf are as follows:

� Kenaf pulping need less use of chemicals.
� Kenaf pulping consumes less energy then wood pulping (Kenaf lignin contnt is lower).
� Another advantage of Kenaf over wood is its higher rate of production in terms of tons

of biomass for land/time units.
� Growing Kenaf in the tropics offers high flexibility to the industry management: while

trees growing cycle is 10�25 years, Kenaf growing cycle is 4�6 months.

Today there are several companies like Andritz, that possess the technology of Kenaf
pulping. Many studies indicate that Kenaf pulp is equal or even better then wood pulp in
some aspects. To enable existing pulping mill to receive Kenaf stalks rather than wood,
some modifications should be done.

www.fpl.fs.fed.us

Kenaf is a fast growing nonwood crop that can be grown and harvested for fibers for
making specialty papers and newsprints, cordage, animal feeds and bedding, insulator and
industrial absorbents of good quality. This new crop can be grown in a comparatively
different type of weather and soils (Taylor, 1995). It requires minimum fertilization and
water in comparison to other traditional crops occupying large acreage. It grows very well

Figure 4.16
Scanning electron micrograph of kenaf bast fiber (Nirmal et al., 2014)
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