ISSN: 0379-5462
IPPTA: Quarterly Journal of Indian Pulp and Paper Technical Association
Vol. 37, E2, 2025, p. 215-227

Raw Materials as

a Source of Fibres
for Paper-making:
Wood, Agro-waste,

and Waste Papers

Puneet Pathak! & Chhavi Sharma?

Agriliv Research Foundation, Chidana

Sonipat, Haryana, India

2University Centre for Research and Development,
University Institute of Biotechnology

Chandigarh University, Mohali

Punjab, India

Abstract:

The selection of raw materials plays a crucial role in defining the properties and sustainability of end
products in industries such as papermaking and bioprocessing. Wood, agro-waste, and waste papers
serve as primary sources, each contributing unique characteristics to the manufacturing process. Wood,
traditionally favored for its fibre strength and availability, remains the dominant raw material, particularly
in high-quality paper production. Agro-waste, derived from agricultural residues such as wheat straw,
bagasse, and rice husks, offers an environmentally friendly alternative, supporting circular economy
initiatives and reducing reliance on virgin wood. Waste paper, through recycling, significantly minimizes
environmental impact by decreasing dependence on virgin fibres and lowering energy consumption
during processing. The comparative analysis of these raw materials encompasses their fibre morphology,
chemical composition, processing challenges, and ecological footprint. Advancements in enzymatic
treatments, microbial degradation, and fibre modification technologies further enhance the usability and
efficiency of non-wood fibres, making them viable candidates for sustainable industrial applications.
The optimization of raw material selection necessitates a balance between quality, cost-effectiveness,
and environmental considerations. This article emphasizes the potential of diversified raw materials
in fostering resource efficiency and sustainability while addressing global concerns related to forest
conservation and waste management.
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INTRODUCTION

The paper industry relies heavily on lignocellulosic fibres—the primary building blocks of paper. These fibres are predominantly
sourced from three types of raw materials: wood, agro-waste, and wastepaper (Fig 1). Each of these sources provides a unique
combination of characteristics that influence the final properties of paper, its cost of production, environmental impacts, and
processing techniques.

In today’s world, the demand for sustainable and eco-friendly products is higher than ever. The increased focus on environmental
stewardship and circular economy principles demands that industries explore alternative, renewable sources of raw materials.
This chapter will provide a detailed overview of the various raw material sources used for lignocellulosic fibres in papermaking.
Every paper product—from newspapers to packaging—relies on the fibrous network created from these raw materials. The
quality of the fibers directly influences the paper’s durability, printability, and functionality. As markets evolve, exploring
alternative fiber sources (such as non-wood fibers or recycled fibers) helps in mitigating resource limitations and reducing
environmental pressures. Innovating with raw material sources can lead to improvements in product performance and cost
efficiency.

Lignocellulosic fibres are composed primarily of three
major components:

Cellulose: A long-chain polymer that serves as the main
structural component in plant cell walls. It offers excellent
tensile strength and forms the principal framework for
fibres.

Hemicellulose: A heterogenous group of polysaccharides
that, unlike cellulose, has a branched structure. Although
it contributes less to tensile strength compared to cellulose, At ! N Reed T} @RS
hemicellulose aids in the bonding between cellulose fibres. Fig: 1 Various Types of Raw Materials: Wood, Agro-waste, and Waste papers

(Source: http://www.paperpulpi hine.com/wp-content/uploads/2018/04/materials-for-papermaking.jpg)

Lignin: A complex polymer that binds cellulose and hemicellulose together, providing rigidity and resistance to degradation. lts
presence is crucial for plant strength but often needs to be removed during papermaking to improve fibre quality.

These components form a complex network in plant tissues, making lignocellulosic fibres resilient and versatile. In the
papermaking process, treatments are applied to loosen and separate these fibres, allowing them to be reconstituted into
paper. Understanding these fundamental components is essential as they influence the mechanical properties, durability, and
appearance of the final paper product.

FIBRE STRUCTURE

Lignocellulosic fibres are composed of several hierarchical layers and structural components that contribute to both their
mechanical properties and their behaviour during processing. At the most basic level, a typical fibre cell (derived from wood as
a reference, though similar concepts apply to other sources) consists of:

Primary Cell Wall

Composition: Mainly cellulose, hemicellulose, and pectins.

Features: 1t is thin and flexible, providing a protective interface for the cell and enabling growth.

Function: 1t offers elasticity and isotropy, allowing for some expansion and contraction during processing.

Lying just inside the secondary wall, it provides flexibility and acts as a transition between the rigid outer layer and the lumen
Secondary Cell Wall

Composition: Dominated by high concentrations of cellulose arranged in microfibrils, as well as hemicelluloses and
residual lignin.

Sub-Layers: Often divided into S1, S2, and S3 layers—with the S2 layer being the thickest and having microfibrils oriented at
a specific angle that largely determines tensile strength and rigidity.
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Features: Thicker and more rigid than the primary wall, it contributes most to the mechanical strength of the fibre.

This layer is primarily responsible for fibre strength. The S2 layer, in particular, is the most significant contributor because of the
high cellulose content and the specific orientation of microfibrils.

Middle Lamella
Composition: Rich in pectins and lignin, acting as an adhesive between adjoining cells.

Location: Although not part of the individual fibre cell wall, it is key when fibres are in bundles, binding them together in the
plant tissue.

Although not a part of a single cell’s wall, this layer is crucial when fibres are aggregated, as it cements them together in natural
fiber bundles.

Lumen
The hollow central cavity of the fibre.

Role: Contributes to the flexibility of the fibre and influences water absorption during pulping. The water retention within the
lumen helps in swelling the fibres, facilitating better bonding during sheet formation. A well-defined lumen can also improve
the porosity of formed paper, affecting its brightness and printability.

Surface Fibrils and Microfibrils
Within the secondary cell wall, cellulose microfibrils are embedded in a matrix of hemicellulose and lignin.

Function: The orientation and bonding of these microfibrils (especially in the S2 layer) play a major role in determining the
fibre’s tensile strength and its bonding capacity during papermaking.

Figure 2 below provides an annotated schematic representation of a typical fibre cell. Although simplified, it highlights the key
components described below.
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Figure 2: Schematic diagram of a lignocellulosic fibre cell
Source: https://kwon.engr.tamu.edu/wp-content/uploads/sites/159/2019/07/Multi28-1024x565.png

RAW MATERIAL SOURCES
In the realm of papermaking, lignocellulosic fibres can be derived from three main raw material groups:

Wood: The most traditional and widely used source. 1t is harvested from trees and further classified into hardwoods and
softwoods based on the botanic characteristics. Generally, provides fibres with a more uniform and predictable structure.
Softwood fibres offer longer lengths and greater strength, while hardwood fibres yield a smoother surface.

Agro-waste: These are agricultural byproducts such as straw, husks, or bagasse that historically were regarded as waste but
are increasingly seen as valuable resources. Typically, more variable in fibre dimensions and cell wall thickness, agro waste may
require more intensive pretreatment to liberate and optimize the cellulose fibres for papermaking.
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Waste paper: Recycled paper products that contain recovered fibres from previously used paper items. This fibre source
embodies the principles of circular economy by reclaiming and reusing fibre resources. Recycled fibres exhibit aspects of
degradation, such as shortened length and partial collapse of the [lumen. Modern recycling processes focus on preserving as
much fibre integrity as possible while removing contaminants.

WOOD AS A RAW MATERIAL

Wood has been the backbone of the papermaking industry for centuries. Its widespread availability, predictable fibre
properties, and ease of processing make it a favored raw material. However, the nature of wood-based fibres calls for meticulous
management due to environmental concerns and the need for sustainable practices. Wood can be broadly divided into two
categories based on botanical differences:

Hardwood

Characteristics: Hardwoods come from deciduous trees (those that shed leaves seasonally) and generally have shorter and finer
fibres. These fibres tend to produce paper with a smooth finish and high opacity, qualities that are ideal for printing and writing
applications.

Examples: Eucalyptus, poplar, birch, and aspen are notable hardwood sources. Their inherent fibre quality contributes to a
refined and uniform paper surface (Table 1).

Usage in Papermaking: Hardwood fibres are commonly used to manufacture coatings, specialty papers, and products where
quality and printability are paramount.

Table 1: Hardwood and softwood species used as raw materials in papermaking

Wood Type Common Name Botanical Name
Hardwood Eucalyptus Eucalyptus globulus (or spp.)
Birch Betula papyrifera
Aspen Populus tremuloides
Poplar Populus deltoides (or spp.)
Acacia Acacia mangium
Maple Acer saccharum
Oak Quercus robur
Chestnut Castanea sativa
Basswood Tilia americana
Rubberwood Hevea brasiliensis
Sycamore Platanus occidentalis
Beech Fagus sylvatica
Cherry Prunus avium
Elm Ulmus minor
Willow Salix alba
Mahogany Swietenia macrophylla
Teak Tectona grandis
Pecan Carya illinoinensis
Walnut Juglans regia
Iroko Milicia excelsa
Softwood Scots Pine Pinus sylvestris
Eastern White Pine Pinus strobus
Norway Spruce Picea abies
Sitka Spruce Picea sitchensis
Douglas Fir Pseudotsuga menziesii
European Larch Larix decidua
Western Hemlock Tsuga heterophylla
Western Red Cedar Thuja plicata
Cypress Cupressus sempervirens
Redwood Sequoia sempervirens
Ponderosa Pine Pinus ponderosa
Lodgepole Pine Pinus contorta
Jack Pine Pinus banksiana
Grand Fir Abies grandis
Longleaf Pine Pinus palustris
Radiata Pine Pinus radiata
Slash Pine Pinus elliottii
Southern Yellow Pine Pinus spp.
Red Pine Pinus resinosa
Balsam Fir Abies balsamea
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Softwood

Characteristics: Sourced from coniferous trees like pine, fir, and spruce, softwoods offer longer and coarser fibres. These longer
fibres impart significant strength and durability to paper, making them essential for products that require robustness—such as
packaging, tissue, and industrial papers.

Examples: Pine and spruce are classic softwood sources. Their fibrous structure is especially valued in applications where
tensile strength is critical (Table 1).

Usage in Papermaking: Softwood fibres are typically blended with hardwood or other fibres to balance strength and smoothness,
meeting the varied demands of different paper products.

AGRO-WASTE AS A RAW MATERIAL

Agro-waste encompasses a diverse range of organic materials remaining (residues) after crops have been harvested or
processed. These include:

Crop Residues: Such as wheat straw, rice straw, corn stalks, barley straw, and sorghum residues. These materials are rich in
cellulose and can be repurposed for fibre production.

Husks and Shells: Examples include rice husk, oat husk, and coconut husk. Often high in silica content (particularly in rice
husk), these materials require special processing but offer unique fibre properties.

Bagasse: The fibrous residue left after extracting juice from sugarcane. Bagasse is abundant in sugar-producing regions and is
well known for its high cellulose content.

Other Plant Residues: Materials like banana stems, bamboo waste, and other crop-specific byproducts also fall into this
category and are being studied for their potential in papermaking.

For many years, these byproducts were seen as waste, but in recent decades, they have emerged as viable and sustainable raw
materials for lignocellulosic fibre production (table 2).

Table 2: Common and scientific names of some nonwood plant fiber raw materials used to produce pulp and paper
(source: https://www.paperonweb.com/Articles/plant_fiber_names.pdf)

Group Common Name Scientific Name

Stalk Fibers Cereals Wheat straw Triticum sativum
Oat straw Avena sativa
Rye straw Secale cereal

Barley straw

Hordeum vulgare

Hordeum distichon

Rice straw Oryza sativa
Corn stalks Zea mays
Grain sorghum stalks Andopogogon sorghum
Millet Gramineae
Grasses Esparto Lyganum spartum

Stipa tenacissma

Sabai (dragon's beard)

FEulaliopsis binata

Lemon Cymbopogon citratus
Cymbopogon flexudsos
Kuneria Heteropogon controtus
Siru Imerata cylindrica
Mawai Penniselum hohenackeri
Ulla Themeda arundinacea
Munj Saccharum bengalense
Elephant Themeda cymbaria

Pennisetum purpureum
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Group Common Name Scientific Name
Stalk Fibers Grasses Genera Themeda quadrivalvis
Guatemala Tripsacum lusum
Ekra Frianthus ravennaf
Khagra Saccharum spontaneum
Kurukuru
Johnson Sorghum halpense
Switch grass Panicum virgatum
Reeds Reed Phragmites vulgaris
Reed (Quassab, delta grass, sulina) Phragmites communis
Papyrus Cyperus papyrus
Nal Phragmites karka
Addar grass Arundo donax
Canes Sugarcane (bagasse) Saccharum officianarum
Bamboo see Bamboo
Bast Fibers New Zealand Flax Phorium tenax
Flax Linum usitatissinum
Kenaf Hibiscus cannabinus
Ramie Bochmeria nivea
Jute (1) Corchorus capsularis
Jute (2) Corchorus olitorius
Okra Hibiscus esculentus
Common hemp Cannabis sativa
Sunn hemp Crotalaria juncea
Leaf Fibers Abaca (Manila Hemp) Musa textilis
Sisal (Sisal Hemp) Agave sisalana
Henequen Agave froucryode
Caroa Neoglazovia varigata
Palm Palmae
Hesperaloe Hesperaloe funifera
Hesperaloe nocturna
Hesperaloe parviflora
Seed Hull Fibers Cotton Gossypium
Coir (coconut fiber) Cocos nucifera

Characteristics and Advantages of Agro-Waste
Agro-waste fibers provide several distinct benefits:

Abundance: In regions with intensive agriculture, agro-waste is produced in large quantities, making it a readily available and
often underutilized resource.

Cost-Effectiveness: Because these materials are typically regarded as byproducts or waste, they are usually inexpensive. This
attribute makes them an attractive option for reducing raw material costs in papermaking.

Sustainability: Utilizing agro-waste mitigates environmental issues associated with open-air burning or landfill disposal.
Instead, these residues can be converted into high-value products, supporting the principles of a circular economy.

Unique Fibre Properties: While individual agro-waste sources vary in fibre length, strength, and composition, some types
(like bagasse) have enough structural integrity to be used in producing competitive paper grades. In many cases, agro-waste
fibres are blended with other sources to achieve an optimal balance of properties in the final product.

WASTEPAPER AS A RAW MATERIAL

Wastepaper recycling is a cornerstone of sustainable resource management in the papermaking industry. By reclaiming old
paper, wastepaper provides a renewable source of lignocellulosic fibres while significantly curtailing the need for virgin fibres.

Waste paper grades

As per European Standard (EN643) grade list compiled by Confederation of European Paper Industries (CEPI), there are major
five grades of waste papers, which are summarized below. Among all the five grades, Grade 5 waste papers can only be
recycled using specific processes, or can cause some specific constraints to recycling.

Grade 1 - Low qualities

Unsorted and sorted mixed paper and board; Grey board; Supermarket corrugated paper and board; Old corrugated containers;
Unsold magazines; Telephone books; Mixed newspapers and magazines; Mixed magazines and newspapers and sorted
graphic paper.
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Grade 2 - Medium qualities

Newspapers with and without flexographic printing; Lightly or heavily printed white shavings with and without glue; Sorted
office paper; Coloured letters; White wood-free books; Coloured wood-free magazines; Carbonless copy paper; Bleached
woodfree polyethylene (PE)-coated board; Other PE-coated board, and mechanical pulp-based computer printout.

Grade 3 - High qualities

Mixed lightly coloured wood and wood-free printers shavings; Wood-free binders; Tear white shavings; White wood-free letters;
White wood-free computer printout; Printed or unprinted bleached sulphate board; White lightly and heavily printed multiply
board; White unprinted multiply board; White newsprint; White mechanical pulp based coated and uncoated paper; White
wood-free coated or uncoated paper and shavings with or without glue.

Grade 4 - Kraft qualities

New shavings of corrugated board; Unused and used corrugated kraft; Used kraft sacks with and without poly-coated papers;
Used kraft paper and board of a natural or white shade; New kraft shavings and other new kraft paper and board of a natural
shade; New carrier kraft with and without wet-strength paper.

Grade 5 - Special qualities

Mixed recovered paper and board; Mixed packaging; Liquid board packaging; Wrapper kraft; Wet labels; Unprinted and printed
white wet-strength wood-free papers.

Waste-papers
Office Paper

Office paper refers to high-quality paper used in business and administrative settings. This includes printer/copier paper,
writing paper, and stationery frequently found in offices, schools, and commercial establishments. Because these papers are
produced for clarity and longevity in written communication, they typically exhibit good fibre uniformity and cleanliness.

Fibre Quality: Office paper is usually produced from refined wood pulps (with a high proportion of hardwood fibres) that
offer a smooth surface and consistent fibre length distribution.

Surface Properties: The paper tends to have a slick, bright finish, making it ideal for printing and copying.

Chemical Treatments: Often, office papers are lightly coated or treated to improve printability and to resist ink bleed. These
coatings, though beneficial in use, require meticulous de-inking during recycling.

Contamination Risks: While generally clean, office paper may include small amounts of toner residues or adhesives from
binding and printing processes.

Implications for Recycling: Due to their higher quality and uniformity, office papers yield recycled pulp that is well-
suited for producing new high-grade printing and writing papers. The cleaner fibre matrix requires less intensive de-inking
compared to heavier or coated papers.

Newspaper

Newspaper paper is produced primarily for mass communication. 1t is one of the most abundant wastepaper types, collected
from households, newsstands, and distribution centers after publication. Newspapers are generally produced on lower-quality
pulps intended to be inexpensive and rapidly produced.

Fibre Quality: Newspaper fibres are relatively short, with a high variability in fibre length. This results in a pulp that
inherently has reduced tensile strength compared to that from office paper or virgin sources.

Ink and Dye Content: Newspapers are heavily printed with inks that are often water-based but still stick firmly to the fibre,
requiring robust de-inking processes.

Formation and Texture: The production process for newspapers usually yields a looser formation, making the recycled
pulp more suited for products where high strength is less critical.
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Contamination Risks: Along with residues of printing ink, newspaper pulp may contain other additives like fillers or sizing
agents that need to be removed for quality recycling.

Implications for Recycling: While the fibre quality is lower compared to office paper, newspapers are still a valuable
resource when it comes to recycling for secondary applications. The pulp produced is often blended with higher quality
fibres or used in applications such as corrugated board or newsprint recycling itself.

Cardboard

Cardboard is a broad term describing paper-based packaging materials. 1t includes various forms such as corrugated board
(with fluted inner layers and flat liners) and paperboard (thicker, single-layer materials used for packaging boxes, cereal
cartons, etc.). Cardboard waste is collected from packaging waste streams in retail, consumer, and industrial settings.

Structural Composition: Cardboard is inherently multilayered, with each layer contributing to its overall strength and
rigidity. Corrugated boards, for instance, rely on the combination of layers for cushioning and load-bearing capacity.

Fibre Quality: The fibrous content in cardboard can vary widely. The inner liner layers typically consist of longer, stronger
fibres, while the corrugated medium may contain shorter and more variable fibres due to the manufacturing process.

Adhesives and Coatings: Cardboard often uses adhesives for lamination. These substances, along with coatings (such as
wax or polymer layers on some paperboard types), require more intensive processing during recycling to ensure the final
pulp is clean.

Bulk and Density: Compared to typical office paper, cardboard is denser and bulkier, often leading to a higher fibre-to-
non-fibre ratio if contaminants are not effectively removed.

Implications for Recycling:The distinctive structure of cardboard means that recycling processes must accommodate
disassembly of layers and removal of adhesives. Once processed, the recycled pulp from cardboard is widely used in
transforming old packaging materials into new ones, particularly in products where high rigidity is desired.

Magazines and Catalogues

Magazines and catalogues are produced for visual appeal and advertisement, often featuring glossy, high-quality paper.
Although sometimes grouped with office paper, their production process tends to involve significant coatings and heavier
printing inks.

Fibre Quality: These papers are designed to offer vivid image reproduction and often use pulps similar to office paper;
however, the inclusion of glossy coatings (such as clay or polymer-based finishes) alters the fibre surface, making de-
coating critical.

Print Quality Enhancements: The treatments and coatings improve image quality but complicate the recycling process
by hindering fibre liberation during pulping.

Contamination Risks: Similar to office paper, magazines can include binding adhesives and residues from high-quality
printing inks.

Visual and Tactile Properties: The glossy finish, while favorable for display and readability, must be carefully removed
to reclaim fibres without damaging their integrity.

Implications for Recycling: Magazines provide a rich source of recycled fibre when appropriate de-coating and de-inking
processes are applied. However, their higher coating levels mean that recycling them often requires additional processing
steps compared to plain office paper.

Mixed or Unsorted Waste Paper

Mixed waste paper encompasses all unsorted paper materials. This category can include a range of documents, packaging
materials, junk mail, catalogues, and other types of paper that are not pre-sorted at the source. Municipal recycling programs
often deal with significant volumes of these mixed waste streams.

Heterogeneous Composition: The variability in fibre type, coating, ink content, and quality of paper makes mixed waste
paper one of the most challenging types for recycling.

Processing Complexity: Sorting mixed paper into coherent streams may require mechanical or optical systems before
recycling. Some facilities have sophisticated methods for separating high-grade materials from lower-grade ones.

Contamination Issues: The lack of sorting often results in higher levels of contaminants such as non-paper materials,
adhesives from envelopes, and foreign objects that must be removed during processing.
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Fibre Quality: Due to the mix of multiple paper grades, the resulting pulp can have variable fibre lengths and properties,
necessitating the blending with more consistent fibre sources to achieve an acceptable quality.

Implications for Recycling: Although mixed waste paper presents challenges, it also represents a vast, untapped
resource. Advanced sorting technologies and enhanced de-inking treatments are key to unlocking the potential of these
heterogeneous streams, leading to cost-effective recycling that supports a circular economy.

Table 3: Comparative Analysis between wood, agro-waste, and wastepaper as sources of lignocellulosic fibres based on characteristics: availability, cost, and durability

Aspect Wood Agro-Waste ‘Wastepaper

Availability Reliable from managed forests; | Abundant in agricultural regions; | Plentiful because of high paper
regional dependencies widely available as byproducts consumption; established collection

networks

Cost Moderate to high; extraction and | Generally low-cost due to its | Low-cost raw material, though
sustainable management costs byproduct status processing can add expenses

Durability Excellent strength (especially softwood | Variable; some agro-residues | Fiber degradation occurs with each
fibres); consistent properties offer competitive strength, others | recycling cycle; often blended with

require blending virgin fibres

Environmental Sustainable forestry (FSC, PEFC | Reduces air pollution from | Conserves forests, lowers

Benefits certifications) mitigates deforestation, | burning, decreases landfill | environmental impact through
preserves biodiversity, and maintains | burden, and provides revenue | recycling
carbon sinks streams for farmers

Challenges Sustainable harvesting and the high | Additional chemicals or energy | Removing contaminants and managing
energy/chemical demands of traditional | input may be needed for | fibre degradation over multiple
pulping methods; Pulping and chemical | processing; the variability in fibre | recycling cycles; issues related to
processing  contribute to energy | quality and the need for | contamination, fibre weakening, and
consumption and potential pollution if | specialized pretreatment | the technological complexity of sorting
uncontrolled processes to ensure consistent | and de-inking processes.

pulp output

Advantages of using waste papers

Environmental Savings: Recycling wastepaper greatly reduces the demand for virgin fibres, thereby saving forests and
reducing energy and water use.

Waste Mitigation: Diverting majority paper waste from landfills lowers greenhouse gas emissions associated with
decomposition.

Economic Benefits: The raw material cost for recycled paper is lower compared to newly harvested wood, making it an
attractive option in cost-sensitive markets.

Promotion of a Circular Economy: Wastepaper recycling completes a vital loop in sustainable materials management,
transforming end-of-life products into valuable inputs for new product cycles.

Challenges of using waste papers

Fibre Degradation: During each recycling cycle, fibres tend to shorten and weaken. This degradation may limit the
mechanical properties of recycled paper, urging manufacturers to blend with virgin fibres.

Contamination Issues: Residual inks, adhesives, and coatings can affect the quality of the recycled pulp. Advanced de-
inking and cleaning techniques are necessary, requiring significant technological investment.

Processing Complexity: Effective recycling demands advanced sorting and processing systems. When wastepaper is
mixed, separating them efficiently to sustain pulp quality remains a technical challenge.

Wood offers high-quality and consistent fibres but requires managed resource use and higher costs. Agro-waste is economically
attractive and environmentally friendly, though variability in fibre properties may necessitate blending. Wastepaper supports a
circular economy by repurposing used fibres, though recycling cycles may compromise fibre strength (Table 3).

PULP FIBRE MORPHOLOGY

Pulp fibre morphology refers to the physical characteristics of fibres—such as length, width, wall thickness, lumen structure,
surface fibrillation, and overall shape—that influence the mechanical, optical, and formation properties of paper. These
characteristics are central to determining paper strength, porosity, and smoothness. Because the source material and its
processing history affect these traits, fibres from wood, agro-waste, and wastepaper differ markedly in morphology.

Softwood Pulp Fibres
Fibre Length: Softwood fibres are typically long, with lengths ranging from 2.0 mm to 4.0 mm. Longer fibres contribute
significantly to tensile strength and tear resistance in paper.
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Fibre Width and Wall Thickness: They usually have a moderate width (around 20-50 um) with thicker cell walls, which
provide structural rigidity. The robust wall-to-lumen ratio makes these fibres especially useful in applications where
strength is paramount.

Lumen Characteristics: Softwood fibres often feature a relatively large lumen (the hollow interior channel), which helps
to absorb bonding additives and water, influencing paper formation.

Surface Fibrillation: Although mechanical treatments (especially in mechanical pulping) can cause fibrillation (the
formation of tiny fibrils on the surface), softwood fibres typically maintain coherence. The degree of fibrillation is also
dependent on pulping conditions, with chemical pulps showing smoother surfaces.

Implications for Papermaking: The length and robust nature of softwood fibres make them ideal for producing papers
that require high tear resistance, such as packaging materials, tissue, and linerboard outputs.

Hardwood Pulp Fibres

Fibre Length: Hardwood fibres are generally shorter (typically 0.5-1.5 mm), which results in a more uniform and smoother
paper surface. Their shorter length aids in forming a dense and well-bonded sheet.

Fibre Width and Wall Thickness: They tend to have thinner cell walls and a narrower range of fibre width compared to
softwoods. This contributes to a higher degree of flexibility but lower strength relative to softwood fibres.

Lumen Characteristics: The lumens in hardwood fibres are commonly smaller, which minimizes porosity and can enhance
the printability and brightness of the final product.

Surface Properties: Hardwoods often exhibit a smoother surface due to less pronounced fibrillation. Such characteristics
lend themselves to applications where surface quality—like printing and writing papers—is critical.

Implications for Papermaking: The combination of shorter fibres and finer surfaces makes hardwood pulps especially
suited for high-quality printing papers, coating papers, and products where visual clarity and smoothness are essential.

Agro-Waste Pulp Fibre

Agro-waste includes a wide variety of residues (e.g., straws, husks, bagasse) that have distinct morphological characteristics
compared to wood. Due to the diversity of source plants and differing anatomical structures, the morphological properties are
varied and often less uniform.

Fibre Length and Consistency: Agro-waste fibres tend to be shorter and more variable in length. For instance, bagasse
(the residue from sugarcane) may have fibres in the range of 0.5-2.0 mm, while straws (such as rice or wheat straw) also
display a broad size distribution.

Cell Wall Composition and Thickness: These fibres generally have thinner cell walls compared to wood fibres. However,
the presence of silica or other minerals—in the case of rice husk—can cause rigid, non-organic inclusions that affect fibre
flexibility.

Lumen Size: The lumen size in agro-waste fibres is often larger or more irregular than in wood, due to the loose anatomical
structures characteristic of cereal crops. This can lead to increased water retention and greater porosity in the final paper.

Surface Structure and Fibrillation: Due to simpler microstructures, agro-residues might exhibit less fibrillation naturally.
Nevertheless, processing techniques (such as mechanical refining or chemical pretreatment) are essential to liberate the
fibres and create fibrillated surfaces that improve bonding.

Morphological Variability: Agro-waste variability is a challenge. Unlike wood, where fibre dimensions tend to be more
consistent (especially with processed and sorted logs), agro-waste fibres from different crop sources present a mix of
lengths, widths, and textures.

The challenge with agro-waste is to balance the removal of undesirable components while preserving the intrinsic strength and
flexibility of the fibres. Overprocessing may lead to excessive fibre breakage and reduced mechanical properties.

Fiber dimensions and Chemical properties of various raw materials are tabulated in Table 4 and 5.
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Table 4: Fiber dimensions of various raw materials
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Length (microns) Diameter (microns)
Fiber source Max Min Avg Max Min Avg L/D Ratio
Wood Coniferous (softwood) | 3600 2700 3000 43 32 30 100:1
Deciduous (hardwood) | 1800 1000 1250 50 20 25 50:1
Non-wood
Bast fibers
Common (industrial) | 55000 5000 20000 50 16 22 1000:1
hemp
Jute (1) 4520 470 1060 7 8 26 45:1
Jute (2) 5000 500 2000 68 8 20 100:1
Kenaf 7600 980 2740 20 135:1
Oilseed flax tow 45000 10000 27000 30 16 22 1250:1
Textile flax tow 55000 16000 28000 28 14 21 1350:1
Core fibers
Kenaf 1100 400 ‘ 600 37 ‘ 18 ‘ 30 ‘ 20:1
Leaf fibers
Abaca 12000 2000 6000 36 12 20 300:1
Sisal 6000 1500 3030 17 180:1
Seed hull fibers
Cotton staple 50000 20000 30000 30 12 20 1500:1
Cotton linters 6000 2000 3500 27 17 21 165:1
Stalk fibers
Canes Sugarcane bagasse 2800 800 1700 34 10 20 85:1
Bamboo (wide range) | 3500 -9000 | 375-2500 | 1360 25-55 3-18 8-30 | 135-175:1
4030
Cereal Wheat, rye, oats, | 3120 680 1480 24 7 13 110:1
straw barley, mixed
Rice 3480 650 1410 14 5 8 175:1
Grasses | Esparto 1600 600 1100 14 4 9 120:1
Lemon 1320 9 145:1
Sabai 4900 450 2080 28 4 9 230:1
Switchgrass 1370 12.5 110:1
Reeds Addar grass 1180 15 78:1
Papyrus 8000 300 1500 25 5 12 125:1
Nal 3000 100 1500 37 6 20 75:1
Stalks Corn 2800 680 1260 20 10 16 80:1
Cotton 2000 700 860 19 45:1
Grain sorghum 1650 80 30 47 35:1
Hesperaloe 3200 15 213:1
Sources:
Hurter, Robert W, “Agricultural Residues”, TAPPI 1997 Nonwood Fibers Short Course.
Hurter, AM., “Utilization of Annual Plants and Agricultural Residues for the Production of Pulp and Paper”, Nonwood
Plant Fiber Pulping Progress Report #19, TAPPI Press, pp. 49-70.
https://www.paperonweb.com/Atticles/plant fiber characteristics.pdf
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Table 5: Chemical properties of various raw materials

Fiber Source Alpha Lignin Pentosans Ash Silica
Cellulose (%) (%) (%) (%)
(%)
Coniferous (softwood) 40 - 45 26 -34 7-14 1 <1
Wood Deciduous (hardwood) 38-49 23-30 19-26 1 <1
Non-woods
Bast Fibers
Jute (1) 39-42 21-26 18-21 0.5-1 <1
Jute sticks (whole jute) 43
Kenaf - bast 31-39 15-18 21-23 2-5
Kenaf - core 34 17.5 19.3 2.5
Oilseed flax tow 34 23 25 2-5
Textile flax tow 50-68 10-15 6-17 2-5 <1
Leaf Fibers
Abaca 61 9 17 1 <1
Sisal 43-56 8-9 21-24 0.6-1 <1
Seed Hull Fibers
Cotton staple 85-90 3-33 1-1.5 <1
Cotton linters 80 - 85 3-35 1-12 <1
Stalk Fibers
Canes sugarcane bagasse 32-44 19-24 27-32 1.5-5 0.7-3
bamboo 26-43 21-31 15-26 1.7-5 15-3
Cereal barley 31-34 14-15 24-29 5-7 3-6
straw oat 31-37 16-19 27-38 6-8 4-7
rice 28 -36 12-16 23-28 15-20 9-14
rye 33-35 16 - 19 27-30 2-5 0.5-4
wheat 29-35 16 - 21 26-32 4-9 3-7
Grasses Addar grass 29-33 21 28-32 4-6 1.1-13
esparto 33-38 17-19 27-32 6-8 2-3
sabai 17-22 18-24 5-7 3-4
switchgrass 43 34 -36 22-24 1.5-2
Reeds Nal 45 22 20 3 2
Note: For well cleaned raw material - the composition of uncleaned raw material will be different with respect to pentosans, solubles, ash
and silica content in many cases.
Sources:
Hurter, Robert W., “Agricultural Residues”, TAPPI 1997 Nonwood Fibers Short Course.
Hurter, A.M., “Utilization of Annual Plants and Agricultural Residues for the Production of Pulp and Paper”, Nonwood Plant Fiber Pulping
Progress Report #19, TAPPI Press, pp. 49-70.
https://www.paperonweb.com/Articles/plant fiber characteristics.pdf

Wastepaper Pulp Fibre

Wastepaper represents recycled fibres that have been through one or more cycles of use and processing. The morphology of
wastepaper fibres is influenced by the original raw material, subsequent processing, and recycling treatments.

Fibre Length: Recycled fibres from wastepaper tend to be shorter than those from virgin wood or newly processed agro-
waste. Repeated mechanical and chemical treatments during recycling degrade fibre length over successive cycles.

Fibre Surface: The recycling process can reduce fibre surface smoothness, resulting in more fibrillation or even damage
to the cell wall structure. Surface fibrillation might increase the bonding potential but can also indicate fibre degradation.

Cell Wall Thickness and Lumen: Wastepaper fibres generally display thinner cell walls compared to virgin fibres. The
lumen may also be partially collapsed or occluded by residual contaminants if processing is not thorough.

Contaminants and Residuals: One of the defining traits of recycled fibres is the presence of residual inks, adhesives, or
fillers. While modern de-inking and cleaning processes aim to minimize these, traces can alter the morphology and affect
water absorption and fibre bonding.
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Heterogeneity: Wastepaper fibers are inherently heterogeneous because they originate from a mixture of paper grades
(office paper, newspapers, cardboard, etc.). This leads to inconsistencies in fibre dimensions and quality, which can
influence the uniformity of the final paper.

The morphology of pulp fibres derived from wood, agro-waste, and wastepaper showcases a fascinating interplay of structural
characteristics. Wood fibres (with clear distinctions between softwood and hardwood) offer consistency and strength, agro-
waste fibres bring the potential of underutilized renewable resources with variability that demands innovative pretreatment,
and wastepaper fibres illustrate the challenges and opportunities of recycling in a circular economy (Table 6). A detailed
understanding of fibre morphology not only guides the selection of raw materials and processing methods but also informs
innovations that aim to enhance both the quality of paper and the sustainability of the production process. Through advanced

Table 6: Comparison of morphological traits of raw materials

Category Wood Pulp Agro-Waste Wastepaper
Fibre Length and | Softwood: long & consistent; Hardwood: | Shorter and more | Shorter and fragmented; altered
Uniformity shorter but uniform’, Longer fibres, with | variable; non-cellulosic | surface characteristics due to
well-oriented microfibrils (especially typical | inclusions (e.g., silica) | recycling, may compromise
in softwood), contribute to higher tensile | present bonding and strength.
strength in paper
Cell Wall and | Thick/thin walls based on species; well- | Looser cell walls; | Thinner walls; partially
Lumen defined lumens for fluid balance larger/irregular ~ lumens | compromised lumens  with
Characteristics with high variability remnant contaminants
Surface Fibrillation | Varied fibrillation; smoother surfaces from | Processing-induced Higher fibrillation and damage;
and Damage gentle chemical treatments fibrillation  for  better | rough surfaces from recycling
bonding; less naturally | stresses
fibrillated

microscopic techniques and tailored processing strategies, the paper industry continues to evolve—balancing the need for
high-performance products with the imperative of environmental responsibility. In practice, recognizing and adapting to the
morphological differences among these fibre sources is a key step toward optimizing paper products for various applications
while supporting sustainable resource management. As technologies evolve and new processing methods are refined, the
integration of diverse fibre sources will continue to play a crucial role in the future of papermaking.

CONCLUSION

In evaluating the various sources of lignocellulosic fibres—wood, agro waste, and wastepaper—it becomes evident that each
offers distinct advantages alongside unique challenges, contributing in complementary ways to the papermaking industry.

Wood: As the traditional backbone of papermaking, wood remains a dependable and high-quality fibre source. Its well-defined
structure, particularly in softwood and hardwood classifications, ensures consistent strength and predictable performance.
However, the sustainability of wood depends critically on rigorous forest management practices, agroforestry, sustainable
harvesting, and certifications. Advancements in green pulping and processing technologies are increasingly vital to mitigate
environmental impacts while preserving desirable fibre characteristics.

Agro-Waste: Representing an abundant and renewable alternative, agro waste leverages agricultural byproducts that would
otherwise be discarded. lts cost-effectiveness and potential for waste valorization directly contribute to resource efficiency and
a circular economy. Nevertheless, the inherent variability in agro waste—from factors like fibre length and mineral content to
diverse anatomical structures—necessitates specialized treatments and pretreatment technologies. Researchers and industry
professionals must work to standardize processing techniques to fully harness its potential, ensuring that these fibres meet the
functional requirements of high-quality papermaking.

Wastepaper: Recycling wastepaper is a key practice in reducing environmental burdens, supporting the circular economy,
and relieving the pressure on virgin fibre sources. Its widespread availability and low cost make it an attractive raw material;
however, the recycled fibres typically suffer from degradation and inconsistencies due to previous processing cycles. The
challenges posed by contamination, fibre shortening, and heterogeneity call for advanced de-inking and refining techniques,
as well as strategic blending with virgin fibres to achieve the desired performance attributes.

Overall, the future of papermaking lies in an integrated approach that optimally combines these diverse raw material sources.
By balancing the high performance and consistency of wood fibres with the sustainability and economic benefits of agro waste
and wastepaper, industry stakeholders can foster a more robust, efficient, and sustainable production system. Continuous
innovation in processing technologies, stricter environmental stewardship, and adaptive recycling practices are essential to
overcoming the current challenges and paving the way for a sustainable, resource-efficient future in papermaking.
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