
ABSTRACT 

KUMAR, RAJNISH. Fundamental Evaluation of Non-wood Fibers to Enhance their Utilization 

in the Pulp and Paper Industry. (Under the direction of Dr. Ronalds W. Gonzalez, Dr. Hasan 

Jameel, and Dr. Joel J. Pawlak). 

 

The pulp and paper industry relies heavily on virgin fibers from softwoods and 

hardwoods to produce pulps required for manufacturing paper products. Global sustainability 

megaforces are putting pressure on the supply and prices of several fiber sources critical to the 

industry. Lack of flexibility in fiber sourcing and the ever-changing business environment bring 

vulnerabilities to the paper industry. Hence, it is of great value to the industry to explore a range 

of alternative fiber sources that could provide increased flexibility in fiber selection. 

This research investigates crucial factors regarding the use of alternative non-wood fibers 

in the pulp and paper industry. A discussion was presented about the physicochemical properties 

of non-wood fibers to understand their idiosyncratic characteristics for identifying best-fit 

applications. The second part of the study focused on solving process limitations associated with 

the usage of non-wood fibers in the paper industry. The results from this study will contribute 

toward identifying alternative fiber sources and developing a small-scale low chemical intensity 

pulping process suitable for non-wood fibers to produce high-yield pulps for target applications. 

In the first study, a comprehensive literature review was conducted to understand non-

wood fibers' properties, conversion technologies, and current market opportunities to increase 

their adoption in the industry. This study revealed that the renewability, recyclability, and 

biodegradability of non-wood fibers give them an edge over fossil fuel based fibers in the field of 

specialty papers and non-woven applications. However, higher costs and a limited supply of 

pulps from these natural non-wood fibers force manufacturers to look for alternative substitutes. 

Hence, new pulping methods that are economically efficient on the scale of non-wood pulp mills 



need to be developed to make these fibers competitive in the marketplace. Furthermore, 

reproducible fiber properties, reliable supply, and stable market prices are paramount in order to 

take advantage of the current market opportunities for natural non-wood fibers. 

The second study aims to understand the feasibility of upgrading agricultural residue 

fibers as a cost-effective and sustainable substitute for softwood pulps for producing high-

performance tissue products. The study demonstrated that fique residue could be upgraded into 

high-quality pulp using a simple mechanical cleaning and mild pulping and bleaching process. 

Comparison with NBSK (northern bleached softwood kraft) market pulp reveals that fique 

residue pulp has similar morphological and strength properties but provides a superior 

combination of water absorbency and softness properties than the NBSK market pulp in tissue 

products. Promising results from this study show the potential of upgrading agricultural residue 

into value-added products, which will open a new revenue stream for small farmers in the fique 

producing countries and will provide flexibility in fiber sourcing for the manufacturer of tissue 

papers. 

A literature search in the first study revealed a high demand for long-fibered cellulosic 

pulps in high-value specialty paper products. Thus, the third study was aimed at understanding 

the potential of decorticated fique fibers from Colombia for producing specialty paper products. 

Papermaking properties of bleached soda pulp from the decorticated fique fibers were 

comprehensively benchmarked against specialty pulps such as abaca, sisal, and NBSK market 

pulp. Results from this study show that fique fibers have better strength properties than sisal and 

NBSK pulps and better air permeability than NBSK and abaca pulps. 

Results from the first three studies show that the strategic selection of niche applications 

can be used to best suit the unique value proposition presented by different non-wood fibers. 



However, current pulping processes applicable to non-woody biomass are not economically 

viable and make these pulps economically uncompetitive against the wood pulps. Hence, the 

fourth study evaluated the feasibility of APMP (alkaline peroxide mechanical pulping) and 

CTMP (chemithermomechanical pulping) as a small-scale low chemical intensity pulping 

process to produce high-yield pulps from wheat straw for hygiene tissue applications. APMP 

pulping produced pulps with higher yield (75.2 – 79.8%) and brightness (up to 49.7% ISO) than 

CTMP pulping. Pulping yield and brightness of CTMP pulps varied from 69.1 – 80.6% and 31.3 

- 36.2% ISO, respectively. However, the result from APMP pulping was sensitive to the type of 

pretreatment and chemical impregnation strategies used during the process. A comparison of 

tissue-making properties shows that APMP pulps produced bulkier handsheet with higher water 

absorption capacity and better softness than the CTMP pulps. However, CTMP pulps have a 

higher tensile index than the APMP pulps for a given pulp freeness. 
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1. INTRODUCTION 

1.1. Overview of Pulp and Paper Industry 

The production of pulp and paper products has been increasing steadily over the years 

and crossed 400 million tons per year in 2014 (Figure 1-1) (FAO - Food and Agricultural 

Organization of the United Nations 2022a). The pulp and paper industry is one of the most 

environmentally sensitive sectors due to its heavy dependence on water, use of energy, and the 

vitality of forest ecosystems as a source of wood fiber (Mandy et al. 2018). In a recent study, 

KPMG, a leading consulting company, identified ten global sustainability megaforces that will 

affect businesses worldwide in the coming decades (KPMG 2011). In the context of the pulp and 

paper industry, identified megaforces such as deforestation, material resource scarcity, energy 

and fuel, and water scarcity bring vulnerabilities related to increasing resource constraints. 

 

The pulp and paper industry relies heavily on pulpwood, wood chips, and other residue 

obtained from the lumber industry to produce pulps required for making paper products (Bowyer 

Figure 1-1: Trend in global paper and paperboard production (total production and trend of 

production in individual product categories) (Data Source: FAOSTAT 2022) 
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et al. 2014). Despite the increasing contribution of recycled fibers in papermaking, more than 

186 million tons of pulp were produced from virgin wood sources in 2020 (FAO - Food and 

Agricultural Organization of the United Nations 2022a). Fiber sources other than virgin wood 

pulps and recycled fibers represent only a small fraction of the total pulp production and their 

contribution has been continuously declining over the years. Currently, the contribution of fiber 

sources other than virgin pulp and recycled fiber is less than 3% at 11.2 million tons in 2020 

(Figure 1-3). Hence, it is apparent that the pulp and paper industry is over reliant on virgin wood 

pulp for sourcing its raw material.  

 

While pulpwood plantation is the major source of virgin fibers in the United States and 

South America, countries such as Canada, the European Union, and Russia mainly rely on the 

natural forest to source virgin fibers (Mandy et al. 2018). Exclusive use of virgin fibers for 

making paper products puts tremendous strains on already scarce natural forests. In their report 

titled “The issue with tissue” NRDC (The Natural Resources Defense Council) pointed out that 

Figure 1-2: Trend in global pulp production by different fiber sources over the years (Data 

Source: FAOSTAT 2022) 
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industrial logging operations cleared more than 28 million acres of Canadian boreal forest 

between 1996 to 2015 (Skene and Vinyard 2019). A substantial portion of these logs goes to 

produce NBSK (northern bleached softwood kraft fiber), an essential raw material in paper 

furnishes (Skene and Vinyard 2019; Vinyard and Skene 2020). Apart from environmental 

concerns, the lack of flexibility in fiber sourcing makes the paper industry very sensitive to the 

fluctuations in the global fiber supply chain (De Assis et al. 2019). 

 

On the other hand, fibers obtained from the annual plants or non-wood plants present an 

exciting source of raw materials to complement wood-based fiber sources in papermaking. Non-

wood fibers have the perception of being sustainable, and developing them as an alternative fiber 

source will not only help to hedge the risk in fiber supply but could also be a link to connect 

consumer preference towards sustainability and premium prices within the marketplace (De 

Assis et al. 2019; Favero et al. 2019). The use of non-wood fibers in the paper industry is not 

new, and agricultural residue such as wheat straw, rice straw, and bagasse have been used for a 

Figure 1-3: The total pulp production and the contribution of different fiber sources to the total 

pulp production in 2020 (Data Source: FAOSTAT 2022) 
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long time in countries such as China and India (Atchinsons 1998). However, the production of 

non-wood pulp has been continuously declining (Figure 1-4). China, the biggest producer of 

non-wood pulps in the world, used to produce more than 12 million tons of non-wood pulp up 

until 2010; however, the current production has decreased to less than 7 million tons in 2020. In 

recent times, there has been a consistent approach from the tissue producers in even developed 

countries to increase the utilization of sustainably perceived non-wood fibers in hygiene tissue 

applications. Kimberly-Clark (K-C) commissioned a life cycle analysis (LCA) on bamboo, 

Arundo Donax, Kenaf, and wheat straw to understand the environmental implications of using 

these fibers as a substitute for northern softwood kraft pulp and recycled deinked pulp (Thomas 

and Liu 2013). However, there are more than 100 sources of non-wood fibers, and each potential 

fiber source has a different technical and economic profile from the others. Wide varieties of 

available non-wood fibers add complexity in understanding their suitability to any particular 

product application. 

 

Figure 1-4: Continuous decline in the production of non-wood pulps (the global production and 

trend in major producing countries) (Data source: FAOSTAT 2022) 
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Despite several advantages offered by the non-wood fibers, processing them into fibers 

suitable for papermaking has proved challenging. Most of the non-wood fibers are cultivated 

once a year and should be stored to be used for the rest of the year. Intermittent supply, bulky 

structure, and scattered cultivation entail very high transportation and storage costs which means 

most of the non-wood pulp mills are of small and medium size capacity producing less than 60-

70 BDMT/day (Fellegi et al. 1996; Hammett et al. 2001; Leponiemi 2009). Kraft pulping, the 

most dominant pulping process in the pulp and paper industry, is a highly capital-intensive 

process. Adapting a kraft or soda pulping process for non-wood fibers along with a chemical 

recovery unit is not economically viable.  Although the technical and environmental feasibility of 

using non-wood fibers in paper products has been demonstrated in lab and industrial scale 

studies, economic viability remains the primary hurdle preventing widespread adoption in the 

pulp and paper industry.  

 

1.2. Motivation and objectives 

Considering the changing business environment and growing use of paper-based 

products, it is crucial for the pulp and paper industry to develop alternative sources of raw 

materials. Two different approaches have been presented in this dissertation thesis to achieve this 

goal: 

 Evaluation of physicochemical properties of non-wood fibers to understand their 

suitability for target product applications 

 Development of a small-scale low chemical intensive pulping process suitable for non-

wood fibers to produce pulps for target applications 
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The complete thesis has been divided into five different chapters, each contributing 

toward achieving the objectives outlined above. Chapter 1, as presented, provides an overview of 

the pulp and paper industry, the over-dependence of the industry on virgin pulps from the 

softwood and hardwood tress, and presents an argument on the potential of non-wood fibers as 

additional raw materials for different applications. 

There are large numbers of non-wood fibers, and each fiber presents a different technical 

and economic profile. For effective utilization of non-wood fibers, it is essential to understand 

the values offered by each fiber and utilize their idiosyncratic characteristics in strategic 

applications. Hence, chapter 2 presents a comprehensive literature review to understand the 

properties of different non-wood fibers, conversion technologies commonly used to produce 

pulps from these fibers, the current applications of non-wood fibers in the pulp and paper 

industry, and supply-demand side factors related to the production trend of these fibers. A 

comparison with cotton and wood-based fibers was also made wherever relevant to identify 

potential areas of applications for these fibers. The literature review showed a growing interest in 

utilizing natural plant fibers to replace wood-based pulps or synthetic fibers in strategic 

applications. The literature review also highlighted the need to develop a pulping process 

suitable for non-wood fibers to obtain pulps at a reasonable cost to compete against wood pulps 

and synthetic fibers. 

Hygiene tissue papers are one of the fastest-growing product categories within the pulp 

and paper industry. However, future forecasts point to uncertainties over the long-term supply 

and prices of NBSK (northern bleached softwood kraft) fibers, one of the most important raw 

materials for the tissue industry. Hence, chapter 3 evaluated the feasibility of upgrading 

agricultural residue fibers obtained from the processing of fiber crops such as fique, abaca, and 
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sisal as a cost-effective and sustainable substitute for NBSK pulp for producing high-

performance tissue products. A simple mechanical cleaning and mild pulping and bleaching 

process was used to upgrade the fique residue fibers into high-quality pulps suitable for the 

manufacturing of tissue paper. A complete characterization of fiber morphology and evaluation 

of important tissue paper properties (bulk, softness, water absorbency, tensile strength) were 

performed and compared against the NBSK market pulp. Additionally, pulp from fique residues 

was blended with Bleached Eucalyptus Kraft (BEK) in different ratios and at varying freeness 

levels to match the target product performance of a selected benchmark consisting of 70% BEK 

and 30% NBSK. Results indicate fique residue bleached pulp has similar fiber morphology and 

comparable strength properties in terms of tensile strength (+6%) and tear strength (+10%), but 

superior bulk (+12%), water absorbency (+28%), and softness (-29 % TS7 values) than NBSK 

pulp. A fiber blend of 70% BEK and 30% fique residue showed superior tensile strength (+21%), 

tear strength (+54%), bulk (+ 5.5%), water absorbency (+1.5%), and softness (-8.7% TS7 values) 

over a similar fiber blend of BEK and NBSK.  

Specialty paper products are manufactured to have some unique properties to serve a 

specific purpose.  Specialty paper products such as tea bags, coffee filters, sausage casings, 

cigarette paper, and currency paper demand a unique combination of morphological and 

chemical properties in fiber furnish that cannot be met by common papermaking wood fibers. 

Hence, chapter 4 investigates the possibility of utilizing decorticated fique fibers from Colombia 

in specialty paper products. A soda pulping and three-stage ECF (elemental chlorine free) 

bleaching was used to convert the decorticated fique fibers into fully bleached pulps. 

Morphological and papermaking properties of fique unbleached and bleached pulps were 

compared against the specialty pulps of abaca, sisal, and NBSK at different refining conditions. 



   

8 

 

Results from this study show that fique fibers have better strength properties than sisal and 

NBSK pulps and better air permeability than NBSK and abaca pulps. 

Results obtained in chapters 3 and 4 demonstrate that the strategic selection of niche 

applications can be used to best suit the unique value proposition presented by different non-

wood fibers. However, pulping process, an important unit operation in the pulp and paper 

industry, is the biggest challenge hindering the use of non-wood fibers in the industry. Current 

pulping processes applicable to non-woody biomass are not economically viable and make these 

pulps economically uncompetitive against the wood pulps. Acknowledging this challenge, 

chapter 5 aims to develop a small-scale low chemical intensive pulping process suitable for non-

wood fibers. In this context, two different concepts in chemi-mechanical pulping, APMP and 

CTMP pulping, were investigated on wheat straw fibers to evaluate the most suitable mechanical 

pulping pathway for producing high-yield pulps from non-woody biomasses for hygiene tissue 

applications. Pulping conditions during APMP and CTMP pulping were varied to observe their 

response to pulp’s properties, and the tissue-making properties of obtained APMP and CTMP 

pulps were benchmarked against the BEK market pulp (the most common source of short fibers 

in hygiene tissue papers). 
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2. THE APPLICATION OF ALTERNATIVE NATURAL PLANT FIBERS IN 

SPECIALTY PAPERS AND NONWOVEN PRODUCTS: CURRENT STATUS, 

CHALLENGES, AND FUTURE OPPORTUNITIES 

2.1. Abstract 

Nonwovens and specialty paper products are used in our everyday life. Both industries 

are going through a seismic change in terms of moving away from synthetic plastic materials to 

natural fibers. This review paper intends to create a deep understanding of natural fibers 

properties, conversion technology, and current market opportunities to increase their adoption in 

the industry. Natural fibers from hemp, flax, jute, abaca, and sisal have been recognized as 

emerging raw materials to replace synthetic fibers in several applications. Renewability, 

recyclability, and biodegradability of natural fibers give them an edge over plastic fibers. 

However, plant fibers need to compete not only against synthetic fibers but also against other 

common cellulosic fibers such as cotton, wood pulp, and regenerated cellulose. As part of the 

study, the physicochemical properties of these emerging plant fibers were reviewed and 

benchmarked against other cellulosic fibers. New pulping methods economically efficient on the 

scale of non-wood pulps mills need to be developed to make these fibers competitive against the 

wood pulps. Non-woven conversion platforms, mostly designed to work with synthetic fibers, 

need to be modified to become compatible with cellulosic plant fibers. Furthermore, reproducible 

fiber properties, reliable supply, and stable market prices are paramount in order to take 

advantage of the current market opportunities for natural fibers. 
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2.2. Introduction 

Stringent Government regulations and changing consumer preferences have triggered a 

shift towards using materials with less perceived environmental burdens (Bledzki and Gassan 

1999; Mohanty et al. 2000). Manufacturing companies are going beyond the general 

environmental compliance rules to research new materials and methods to reduce environmental 

burdens of their products (Curan 2006). Natural plant fibers are getting a lot of attention as an 

alternative to synthetic and wood-based fibers in specialty papers and non-woven industry, and 

their demand is set for a rapid growth in coming decades. 

Natural fibers such as hemp, flax, jute, abaca, and sisal have been used for a long time in 

many industrial applications (Bledzki and Gassan 1999; Bourmaud et al. 2018). The advent of 

synthetic fibers such as polypropylene, polyester, nylon, and polyethylene in the late 60s and 

early 70s as cheap & reliable substitutes, considerably reduced the market share of natural fibers 

(Hakeem et al. 2015; Dunne et al. 2016). However, the rapid proliferation of synthetic fibers in 

our everyday life has created a massive plastic pollution problem for our planet (Mohanty et al. 

2002). It has been estimated that total production of plastic products including resins was ~390 

million metric tons in 2016, out of which less than 10% is collected for recycling (Epps et al. 

2022). The disposal of millions of tons of plastic every year is a big challenge (Mohanty et al. 

2000; John and Thomas 2008). Petroleum-derived synthetic fibers are not biodegradable and 

stays in natural environmental conditions for thousands of years (Kubowicz and Booth 2017). 

Besides synthetic fibers, cotton and wood fibers are the other major class of fibers being 

commonly used in textile, paper, nonwoven, and several other industrial applications (Luitel et 

al. 2015). Although these cellulosic fibers are biodegradable, the sustainability of cotton 

production has been highly challenged (Kooistra and Termorshuizen 2006), and wood fibers in 
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their natural form do not offer the performance required for applications in nonwovens and 

specialty paper applications (Bhat and Parikh 2010; Hutten 2016a). On the other hand, natural 

plant fibred are biodegradable and have desirable properties to potentially replace synthetic 

fibers in many applications, particularly in specialty papers, nonwoven, and composites 

materials. Natural fibers obtained from hemp, flax, jute, kenaf, abaca, and sisal are known for 

their excellent strength properties, which can be harnessed for developing sustainable products 

with superior quality (Judt 1993; Atchinsons 1998; Faruk et al. 2012; Pickering et al. 2016). 

Considering the endless scope of natural fibers in high-value industrial products, FAO (Food and 

Agricultural Organization of the United Nations) has declared JACKS (Jute, abaca, coir, kenaf, 

and sisal) as the fibers of the future (FAO - Food and Agricultural Organization of the United 

Nations 2009). 

2.2.1. Methodology and scope of the paper 

This review article intends to compile and analyze information related to the applications 

of emerging non-wood plant fibers, herein defined as alternative natural fibers to distinguish 

them from commonly used cotton and wood fibers, in the fields of specialty papers and 

nonwoven products. The article is mainly focused on long-length plant fibers such as flax, hemp, 

jute, abaca, and sisal, which belong to the bast and leaf-based category of plant fibers. However, 

comparison with cotton and wood-based fibers has been provided wherever relevant to identify 

potential areas of applications for these fibers. The review article begins by analyzing 

morphological, mechanical, and chemical properties of natural fibers to identify their 

idiosyncratic characteristics, which make them suitable for a specific application. Next, it covers 

the critical processes or modifications required to convert the raw natural fibers into forms 

suitable for specific applications in specialty papers and nonwoven products. In this context, a 



   

12 

 

discussion of the latest developments related to the pulping and bleaching process of non-wood 

fibers has been provided. Finally, a detailed analysis of the supply chain and the market 

developments of natural fibers has been presented with special emphasis on production trend, 

harvested land area, change in market prices, and exports and imports in major producing 

countries. This will contribute to a better understanding of the demand and supply-side factors 

related to natural fibers.  

Natural fibers, in particular bast and leaf-based fibers have been extensively researched 

for making textiles and fiber-reinforced composites materials. These research areas have been 

reviewed periodically and excellent information can be found elsewhere (Bledzki and Gassan 

1999; Nabi Saheb and Jog 1999; Shahid-Ul-Islam et al. 2013; Faruk et al. 2014; Rana et al. 2014; 

La Rosa1 and Grammatikos 2019). On the other hand, public information related to the use of 

alternative plant fibers in the field of non-wovens and specialty papermaking is scarce. Product 

information related to specialty papers is mainly proprietary to the company and only available 

in patents. Non-wovens are a relatively new field of application for plant fibers, and most of the 

existing work is in its early stages of research. Motivated by the lack of public information, the 

objective of this review article is to provide a comprehensive discussion about the status, 

challenges, and future opportunities of natural plant fibers in specialty papers and nonwoven 

products. Identification of knowledge gaps as potential areas for further research will also be 

emphasized. 

Google, Google Scholar, Web of Science & Compendex were used to search information 

available in the public domain using keywords such as natural fibers, non-wood fibers, bast 

fibers, leaf fibers, cellulosic fibers, non-woven, paper making, pulping, supply chain analysis, 

sustainability, physical & chemical properties. A complimentary patent search was conducted 
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using Google Patents and Derwent Innovation Index database using similar keywords as used in 

the literature search to further augment this study. Based on results from the initial literature 

search, a modified search was also done using individual fiber names & specific applications 

e.g., “Abaca fibers” and “tea bags”. 

2.3. Natural plant fibers 

Natural fibers can be derived from plants or animals. Natural plant fibers are divided into 

different groups based on the purpose of the plantation or the end-use of the fibers (Hurter 2001; 

Byrd and Hurter 2013). Natural plant fibers can further be classified based on the locations 

within the plant from where they are extracted (Kicińska-Jakubowska et al. 2012; Bourmaud et 

al. 2018). Figure 2-1 shows the classification of plant fibers based on their end-use. Fiber crops 

such as cotton, flax, hemp, jute, abaca, and sisal are cultivated specifically to yield fibers; 

whereas fibers from the agricultural residue are a by-product of the primary crop plantations, 

(food crops for example). 

 

Figure 2-1: Classification of natural plant fibers based on their end use or the purpose of the 

cultivation. Adapted from (Byrd and Hurter 2013) 
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Based on their origin from specific locations within the plant, plant fibers can also be 

classified into different classes such as bast fibers, leaf fibers, seed fibers, straw fibers, and grass 

fibers (Figure 2-2). Depending on their locations within the plants, these fibers serve specific 

functions such as structural support to the stem, protection of fruits or seeds, spreading of seeds, 

etc. (Bourmaud et al. 2018). Thus, the physio-chemical properties of the fibers are characterized 

by their specific role within the overall functioning of the plant. 

 

2.3.1. Bast and leaf-based fibers 

Bast fibers such as flax, hemp, kenaf, and jute are extracted from the outer layer, the 

inner bark or phloem, surrounding the core stem (Tahir et al. 2011; Lee et al. 2020). Fibers are 

also extracted from the woody core of the stem of these plants but they differ markedly from the 

outer bast fibers in terms of physio-chemical properties (Tahir et al. 2011). Fibers obtained from 

the bast are relatively longer and stronger with high amounts of cellulose content. In contrast, 

Figure 2-2: Classification of natural plant fibers into different categories based on their origin 

from different locations within the plant. Adapted from (Kicińska-Jakubowska et al. 2012) 
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fibers obtained from the woody core of these plants are shorter and thicker with low cellulose 

content (Michael Carus 2016, 2017). Generally, a bio-chemical process called retting is 

employed to separate bast fibers from the stem of the plant by the action of microorganisms. 

Dew retting and water retting are the two widely used retting processes (Preisner et al. 2014; 

Jankauskiene et al. 2015; Lee et al. 2020). The retting process removes the non-cellulosic 

materials, which bind the bast fibers together and with the stem. After the retting process, the 

separated bast fibers go through further processing steps such as drying, scutching, and heckling 

to remove non-fibrous impurities and short entangled fibers from the primary long fibers 

(Preisner et al. 2014). Compared to the bast fibers, leaf-based fibers such as abaca, sisal, and 

fique are extracted from the leaves or the pseudo-stem of the plants through a mechanical 

decortication process in which the leaf-sheath of the plant is crushed by blunt knives to separate 

fibers from the non-fibrous materials (McDougall et al. 1993). The fiber decortication process 

may be manual, semi-manual, or fully automatic (PhilFIDA (Philippine Fiber Industry 

Development Authority) 2018). 

Coarse fibers obtained after the initial processing of the bast and leaf fibers are long, 

thick, and bundles of many individual fiber cells. In literature, these fibers have been called fiber 

bundles or technical fibers to distinguish them from the individual fiber cells known as 

elementary fibers (Bourmaud et al. 2018). Depending on the fiber species and level of 

processing, a fiber bundle may contain hundreds of individual elementary fibers. Within a fiber 

bundle, elongated individual fiber cells lie adjacent to each other and are joined together through 

middle lamella by pectin and lignin (Defoirdt et al. 2010). 

2.3.2. Morphological and mechanical properties of natural plant fibers 
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Plant-based natural fibers show similar fiber morphology of multiscale hierarchal 

structure, in which one single fiber bundle is composed of numerous elongated individual fiber 

cells (Figure 2-3). In turn, individual fiber cells are composed of different layers of cell walls 

called primary cell walls, secondary cell walls, tertiary cell walls, and a hollow lumen at the 

center (Silva et al. 2008; D’Almeida et al. 2012; Alves Fidelis et al. 2013). Each fiber cell is 

joined to each other through an outer layer called the middle lamella, which consists of pectin, 

lignin, and hemicellulose (Silva et al. 2008; Alves Fidelis et al. 2013) [36]. Cellulose is found in 

the cell walls in micro and nano fibrillar structures and is held together by lignin, hemicellulose, 

and pectin (Brett 2000). Having similar morphological structures, natural plant fibers differ from 

each other in terms of the number and size of individual fiber cells within a bundle, thickness of 

individual cell wall layers, lumen size, the density of cell wall, and microfibrillar angle (MFA) 

within a single fiber cell wall (Alves Fidelis et al. 2013).  

 

Figure 2-3: Multi-scale hierarchal structure of Flax (bast) fiber. Adapted from (Charlet et al. 

2007) 
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Morphological properties of elementary fiber cells from different plant fibers have been 

compared in Table 2-1. It shows how natural fibers differ from each other in terms of 

morphological aspects such as fiber length, width, cell wall thickness, lumen size, and 

microfibrillar angle.  Bast fibers such as hemp and flax have extremely long elementary fibers, 

thicker cell walls, smaller lumen, and low microfibrillar angle, all of which contribute to their 

superior tensile strength and stiffness compared to other plant fibers (Charlet et al. 2007; Marrot 

et al. 2013). Compared to flax and hemp fibers, other bast fibers such as kenaf and Jute have 

shorter elementary fibers and bigger lumen (Ververis et al. 2004; Alves Fidelis et al. 2013). 

Among leaf-based fibers, abaca has the longest length of elementary fibers, which translates to 

its superior strength compared to other leaf-based fibers like sisal & fique (Alves Fidelis et al. 

2013; Cai et al. 2015) [36]. Apart from the extremely long fiber length of hemp and flax, bast 

fibers differ from leaf-based fibers in terms of the microfibrillar angle (MFA) made by cellulose 

microfibrils in the secondary cell wall layer with the fiber axis. Bast fibers show low MFA (less 

than 10°) which suggests cellulose fibrils are almost aligned in the longitudinal directions 

(Mwaikambo 2006; Bourmaud et al. 2013; Ahmad et al. 2015). Cellulose microfibrils within the 

secondary cell wall layer of leaf-based fibers make MFA of 20° – 25° (Cuissinat and Navard 

2008; Ahmad et al. 2015). Several authors have reported MFA to be one of the most critical 

factors affecting the mechanical properties of fibers when fibers are tested in their longitudinal 

directions (Gassan et al. 2001). Size of lumen or porosity (defined as lumen area divided by total 

cell area) is another factor affecting the strength properties of fibers (Placet et al. 2012; Alves 

Fidelis et al. 2013). Hemp & flax fibers have extremely low porosity hardly exceeding 8 %, 

compared to 20% - 30% porosity of fibers such as abaca, sisal & jute (Alves Fidelis et al. 2013; 

Liu et al. 2013; Marrot et al. 2013). 
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Table 2-1: Morphological properties of elementary fibers from bast and leaf based plants and 

their comparison with other lignocellulosic fibers 

Fibers 
Length 

[mm] 

Diameter 

[µm] 

Cell wall 

thickness 

[µm] 

Lumen 

diameter 

[µm] 

Lumen 

Area 

[%] 

MFA [°] Reference 

Flax 30 15-25  1 - 10 2.7 – 4.0 9.1 
(Charlet et al. 2007; 

Kicińska-Jakubowska et 

al. 2012) 

Hemp 17 - 24 10 - 42.0 2 - 15 0.5 - 10 0.65 – 6.3 6.2 
(Mwaikambo 2006; 

Marrot et al. 2013; 

Bourmaud et al. 2018) 

Kenaf 2.32 21.9 4.2 11.9  2 – 6.2 (Ververis et al. 2004) 

Jute 2.5 18 2.5 6.7 25.3 8 
(Cuissinat and Navard 

2008; Alves Fidelis et al. 

2013) 

Abaca 6.2 18 2 -4 8 - 10 31.5 - 37 20 - 25 
(Hunsigi 1989; Liu et al. 

2013; Cai et al. 2015) 

Sisal 2.9 19 2.6 - 6 5 - 8.2 25.2 20 

(McLaughlin and Schuck 

1991; Cuissinat and 

Navard 2008; Alves 

Fidelis et al. 2013) 

Cotton 10 - 50 15 - 25 - - - 20 - 30 
(Kicińska-Jakubowska et 

al. 2012) 

Coir 0.28 - 1.1 5.6 - 19.5 - - - 30 - 49 
(Defoirdt et al. 2010; 

Bourmaud et al. 2013) 

Bamboo 2.8 16 3 10 - 8 - 10.7 
(McLaughlin and Schuck 

1991) 

Rice Straw 1.41 8 - - - - (Sridach 2010) 

Wheat 

Straw 
1.48 13 - - - - (Sridach 2010) 

Bagasse 1.7 20 - - - - (Sridach 2010) 

Eucalyptus 1 19 4 11 - - 
(McLaughlin and Schuck 

1991) 

Loblolly 

Pine 
4 43 7 29 - - 

(McLaughlin and Schuck 

1991) 

 

Table 2-2 presents the mechanical properties of different natural fibers compiled from the 

data available in the literature. Fibers characterized by high cellulose content, long elementary 

fiber cells, smaller lumen, and low microfibrillar angle (MFA) have high tensile strength and 

stiffness. However, it is important to recognize the level of fiber hierarchy on which a particular 

work has been done. Many authors do not define whether the work has been done on a fiber 
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bundle (technical fibers) or individual fiber cells (elementary fibers), and this can be a source of 

confusion when comparing the properties of two fibers based on available data. 

 

Table 2-2: Mechanical properties of bast and leaf based fibers and their comparison with other 

common plant fibers 

Fibers 

Cross 

Section 

Shape 

Diameter 

[µm] 

Young's 

Modulus 

[GPa] 

Strength 

at break 

[MPa] 

Strain at 

break [%] 
Reference 

Flax 1 Hexagonal 16.8 - 17.5 47.2 - 52.5 751 - 945 1.70 - 2.07 

(Thomason et al. 2011; 

Bourmaud et al. 2013; 

Baley and Bourmaud 

2014) 

Hemp 1 Elongated 16.1 - 26.5 19.6 - 33.8 482 - 636 2.1 - 3 
(Duval et al. 2011; Placet 

et al. 2012; Marrot et al. 

2013) 

Kenaf Elliptical  17.2 223 1.31 
(Xue et al. 2009; Ahmad et 

al. 2015) 

Jute Elongated 25 - 200 26.25 249 - 399 1.4 - 1.6 
(Defoirdt et al. 2010; 

Alves Fidelis et al. 2013) 

Abaca Elliptical 200 - 260 17.1 - 19.2 597 - 755 2 - 6.8 
(Liu et al. 2013; de Souza 

and d’Almeida 2014; Cai 

et al. 2015) 

Sisal Horseshoe 50 - 300 17.7 - 20.2 391 - 530 2.6 - 5.2 
(Silva et al. 2008; 

Thomason et al. 2011; 

Alves Fidelis et al. 2013) 

Fique - 160 - 420 8.2 - 9.1 237 - 336 6 - 9.8 

(Delvasto et al. 2010; 

Muñoz-Vélez et al. 2018; 

Ovalle-Serrano et al. 

2018a) 

Cotton -  5.5 - 12.6 287 - 700 7 - 10 (Ahmad et al. 2015) 

Coir - 151 - 255 2.6 - 4.94 90 - 343 18.8 - 24.5 
(Defoirdt et al. 2010; 

Alves Fidelis et al. 2013) 

Bamboo - 292 - 440 33.37 639 - 813 2 - 2.9 (Defoirdt et al. 2010) 

1 Mechanical properties of flax and hemp fibers have been measured from elementary fiber cells, while 

mechanical properties of all other natural fibers have been measured using fiber bundles 

 

As can be observed from the Table 2-2, there are high variations in the mechanical 

properties of natural fibers as reported in the literature. This shows the true nature of natural 

plant fibers. While mechanical properties of natural fibers are influenced by intrinsic parameters 

such as internal microstructure of fibers, the orientation of cellulose fibrils, and chemical 
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composition, some extrinsic parameters such as cultivating and processing conditions, testing, 

and measurement procedure also add to the high variability as reported in the literature (Defoirdt 

et al. 2010; Bourmaud et al. 2018). Accurate measurement of cross-sectional area is extremely 

important for removing uncertainties from the measured mechanical properties as the cross-

sectional area is embedded in the formula used to calculate the tensile strength and tensile 

modulus. The cross-section of natural fiber is not a defined regular shape, and it also varies along 

the length of fibers (Thomason et al. 2011).  Confronted by such problems, different approaches 

such as average diameter method, SEM imaging & digital image analysis, average density 

method, etc. have been used to measure the cross-section area of fibers (Silva et al. 2008; 

Defoirdt et al. 2010; Lefeuvre et al. 2014). Each method comes with a certain degree of 

advantages & disadvantages. Other extrinsic factors, which are often overlooked, are ambient 

conditions and suitable parameters used to measure the mechanical properties. As natural fibers 

are hygroscopic in nature, maintaining standard ambient conditions during fiber testing and 

conditioning them before testing is very important in eliminating one external factor, which can 

bring variability in data. Natural fibers show high variations along the length in terms of 

thickness and surface defects, thus choosing a suitable gage length for tensile testing becomes 

very crucial. A higher gage length will increase uncertainties and chances of getting fiber defects 

and a lower gage length might not be the true representation of a sample.  

2.3.3. Chemical composition of natural fibers 

Table 2-3 breaks down natural fibers in terms of their basic chemical constituents such as 

cellulose, hemicellulose, lignin, pectin, extractives, and ash content. Cellulose, hemicellulose, 

and lignin are the major components and the primary building blocks of natural lignocellulosic 

fibers (Bledzki and Gassan 1999). Lignocellulosic natural fibers can be considered a composite 
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structure in which cellulose microfibrils act as reinforcing agents held together in a matrix of 

lignin and hemicellulose (McDougall et al. 1993; Brett 2000). Table 2-3, one can see a large 

variation in properties as reported in the literature. The chemical composition of natural fibers 

varies from plant to plant. The variability might also be due to the chemical characterizations 

conducted on different stages of fiber extraction and processing (such as mature vs juvenile 

plant, retted vs un-retted fibers), which can affect the biochemical composition considerably 

(Bledzki and Gassan 1999; Faruk et al. 2012). At the experimental levels, different analytical 

methods used by the authors also affect the results and bring variabilities in the reported data. 

 

Table 2-3: Chemical composition of natural plant fibers in terms of their basic chemical 

constituents 

Fibers 
Cellulose 

[%] 

Hemicellulose 

[%] 

Lignin 

[%] 

Pectin 

[%] 

Extractives 

[%] 

Ash 

[%] 
Reference 

Hemp 70 - 80.7 12.2 6.42 - 10.0 3 0.5 - 1.6 
2.2 - 

3.6 

(Marques et al. 2014; 

Ateş et al. 2015; 

Bourmaud et al. 2018) 

Flax 64 - 78.5 13.5 - 18.5 2.2 - 4.5 1.8 - 2.3 0.7 - 1.7 1.5 

(Bledzki and Gassan 

1999; Kabir et al. 

2012; Marques et al. 

2014) 

Kenaf 61.2 - 66.7 15.2 - 18.5 12.9 -14.4 3 - 5 0.8 - 1 1.8 
(Karimi et al. 2014; 

Marques et al. 2014; 

Bourmaud et al. 2018) 

Jute 69.7 - 71.5 11.9 - 13.3 13.1 - 16.1 0.22 0.5 2.4 
(Bledzki and Gassan 

1999; Marques et al. 

2014) 

Abaca 63.6 - 74.4 11.3 - 20.8 9.1 - 12.4 0.8 1.4 0.9 
(Sun et al. 1998; 

Marques et al. 2014) 

Sisal 69.4 - 73.1 13.3 - 15.6 8.9 - 11 0.9 0.7 1 
(Bledzki and Gassan 

1999; Marques et al. 

2014) 

Fique 52.9 - 57 23.8 -29 13 - 13.9  - - 
(Gómez Hoyos et al. 

2012; Ovalle-Serrano 

et al. 2018a) 

Cotton 82.7 - 91.8 6.3 0.7 0.9 - 5.7 0.6 1.2 
(Mccall and Jurgens 

1951; Bledzki and 

Gassan 1999) 

Coir 36 - 43 0.15 - 0.25 41 - 45 3 - 4 0 - 6 - 
(Varma et al. 1984; 

Mohanty et al. 2000) 

Bamboo 42.2 19 22.7 - 31 0.3 1 - 4 - 
(Bourmaud et al. 

2018; Sharma et al. 

2018) 
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Bast and leaf-based fibers of flax, hemp, jute, kenaf, abaca, and sisal are characterized by 

the higher content of cellulose and lower content of lignin making them specifically suitable for 

papermaking and non-woven applications. Among bast and leaf-based fibers, flax and hemp 

have the lowest amounts of lignin (<10%) followed by fibers such as sisal, abaca, kenaf, and jute 

(lignin content between 10 to 15%). Several authors have shown a positive correlation between 

the cellulose content and the strength properties of lignocellulosic fibers (Bourmaud et al. 2013). 

Apart from the strength, relative proportions of different chemical constituents (cellulose, 

hemicellulose, and lignin) also affect the other important properties such as biodegradation, 

moisture absorption, thermal degradation, etc. of fibers and products made with these fibers  

(Figure 2-4) (Azwa et al. 2013; Faruk et al. 2014).  

 

 

 

 

Figure 2-4: Effect of chemical constituents on different properties of lignocellulosic plant fibers. 

Adapted from (Azwa et al. 2013; Faruk et al. 2014) 
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2.4. Fiber processing techniques 

Bast and leaf-based fibers obtained after initial processing steps of retting or mechanical 

decortication process are fiber bundles composed of numerous individual elementary fiber cells. 

To unlock the full potential of these natural fibers in the non-woven industry or specialty paper 

segments, elementary fiber cells need to be separated from fiber bundles into individualized fiber 

cells. In this context, pulping and bleaching are the two most important fiber processing 

techniques required to convert dark-colored coarser fiber bundles of bast and leaf fibers into 

softer super-white cellulosic pulp fibers. The pulping process involves rupturing the structure 

and bonding within the fiber bundles that hold the individual fiber cells together either through 

mechanical action, chemical action, or by using any combination of the two (Gellerstedt 2009a). 

The bleaching process aims to improve the brightness or appearance of the pulped fibers to make 

them more suitable for subsequent conversion into high-quality non-woven substrates or 

specialty paper products.  

2.4.1. Pulping processes suitable for alternative fibers 

Currently, more than 90% of the total pulp produced in the world comes from woody 

biomass of softwood or hardwood tree. The remaining 8-10% of the total pulp produced comes 

from a large variety of non-wood biomass such as agricultural residues, bamboo, grasses, and 

fiber crops such as cotton, jute, hemp, flax, kenaf, abaca, sisal, etc. (Hammett et al. 2001; 

Leponiemi 2008; Jahan et al. 2020). Among non-wood fibers, agricultural residue such as rice 

straw and wheat straw account for the major portion of pulp production (46%), followed by 

bagasse (14%) and bamboo (6%). Specialty non-wood alternative fibers such as hemp, flax, 

abaca, sisal, jute, and cotton represent a very small fraction of the total market share (Jahan et al. 

2020). Although the chemical composition and internal microstructures of non-wood fibers are 
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significantly different from wood fibers, most of the pulping processes used on non-wood fibers 

have been adapted from the traditional wood-fibers-based pulping processes (Edelmann et al. 

2000). Alkaline pulping processes such as Kraft pulping, Soda pulping, and Soda-AQ pulping 

are the most common pulping process applied to non-wood biomass. Table 2-4 lists some of the 

major efforts done to optimize the pulping process and parameters suitable for bast and leaf-

based alternative fibers such as hemp, abaca, and sisal. Due to lower lignin content and porous 

bulky nature, non-wood lignocellulosic fibers are easier to pulp than wood fibers and require 

lower chemical charges and milder pulping conditions (in terms of time, temperature, and 

energy).  However, the bulky nature of biomass entails a higher liquor to wood ratio than what is 

required for compact woody materials (Zerrudo et al. 1981; Hurter 1997; Correia et al. 2001; 

Jiménez et al. 2005; Danielewicz and Surma-Ślusarska 2010; Ateş et al. 2015). 
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Table 2-4: Alkaline pulping conditions used with bast and leaf-based plant fibers 

Fibers Hemp Hemp Hemp Abaca Abaca Sisal Sisal 

Pulping Method Soda 
Soda-

AQ 
Kraft Soda 

Alkaline 

Sulfite 
Soda 

Soda-

AQ 

Alkali charge (% as 

NaOH) 
15 – 18 14 4 – 14 10 – 14 

NaOH -2, 

Na2SO3 – 20 
11 – 15 11 – 15 

Sulphidity (%) - - 25 - - - - 

AQ charge (%) - 0.1 - - - - 0.1 

Liquor – wood ratio 6 : 1  6:1 4:1 – 6:1 4:1 5.7 : 1 5.7 : 1 

Pulping Temperature 

(°C) 

160 – 

170 
125 165 160 – 170 160 

165 – 

170 

165 – 

170 

Time to the max. 

temperature (min.) 
90 60 90 30 – 90 60 100 100 

Time at max. 

temperature (min.) 
60, 120 90 90 60 – 90 120 60 60 

Kappa No 5 - 8 14.8 8 8 – 10 9.9 
16.8 – 

28 

10.8- 

16.1 

Yield (%) 
59.9 -

61.2 
64.2 64 60 - 67 66 64.1 63.3 

References 
(Correia 

et al. 

2001) 

(Ateş et 

al. 2015) 

(Danielewicz 

and Surma-

Ślusarska 

2010) 

(Zerrudo et 

al. 1981; 

Jiménez et 

al. 2005) 

(Torres and 

Estudillo 

1997) 

(Hurter 

1997) 

(Hurter 

1997) 

 

Although bast and leaf-based fibers can be easily pulped to the bleachable pulp grades 

using milder pulping conditions and conventional pulping processes, limited works have been 

done to develop a pulping process specifically designed to take advantage of the unique 

characteristics of these fibers. Most of these fibers are cultivated once a year and should be 

stored to be used for the rest of the year (Judt 1993). Cultivation of these fibers is also scattered 

across the globe (Atchinsons 1998). While most of the pulping facilities are located in western 

countries, these fibers are mainly cultivated in developing countries of India, China, Philippines, 

Brazil, Kenya, Tanzania, etc. (Atchinsons 1998). Intermittent supply, bulky structure, and 

scattered cultivation translate to very high transportation and storage cost which means most of 
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the pulp mills using bast and leaf-based fibers are of small and medium-size capacity, producing 

less than 60-70 BDMT/day (Fellegi et al. 1996; Hammett et al. 2001; Leponiemi 2008). Kraft 

and soda pulping processes, which are widely applied all over the world for pulping woody and 

non-wood biomass, require a chemical recovery unit for efficient recovery of the pulping 

chemicals, generation of steam and electricity, and effective disposal of treated effluents from 

the mills. Installing a chemical recovery unit is a capital-intensive process and running the 

recovery unit at low production capacity means higher operational costs, thus effectively 

increasing the total production cost of the pulp (Fellegi et al. 1996; Hammett et al. 2001). Most 

of the small-scale non-wood pulping mills operating in China and India do not have a chemical 

recovery unit and discharge the effluents directly into the environment (Hammett et al. 2001). 

Open discharge of effluents into the environment is not feasible in developed countries with 

stringent environmental regulations. In recent years, government agencies in China and India 

have started taking strict actions against such practices resulting in the closure of many non-

wood pulp mills. Thus, the chemical recovery unit is one of the most significant economic and 

environmental hurdles to the successful functioning of pulp mills using non-woody biomass. In 

order to make a non-wood pulp mill economically competitive against the highly efficient wood-

based pulping mill, the following issues need to be addressed – 

 An alternative pulping process that eliminates the need for a chemical recovery unit in a 

pulp mill 

 An alternative effluent or black liquor treatment process 

 Small-scale chemical recovery unit economically efficient at the scale of non-wood paper 

mill production capacity 
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In order to develop a pulping process suitable for non-wood fibers, most of the work has 

been directed toward solving the problem of high silica content in straw-based fibers such as rice 

straw, wheat straw, corn straw, etc. (Leponiemi 2008; Jahan et al. 2020). However, bast and leaf 

fibers have different chemical and physical structures than straw fibers. Among new emerging 

pulping alternatives, Organosolv pulping could be a viable pulping method in the future to 

process non-wood bast and leaf-based fibers (Leponiemi 2008; Sridach 2010; Jahan et al. 2020). 

Organosolv pulping processes are based on using organic solvents such as alcohols and organic 

acids as a pulping agent for extracting lignin from the lignocellulosic fibers. Organic solvents 

can then be recovered through a distillation column and reused in the digester as a pulping agent 

without using a capital-intensive chemical recovery unit that is typically associated with a 

conventional kraft or soda pulping process (Kleinert 1971; Leponiemi 2008). Gumuskaya et al. 

(2006) demonstrated that hemp bast fibers could be delignified effectively using an acid-

catalyzed ethanol-water solution (40/60 weight ratio) as a pulping agent (Gumuskaya et al. 

2007). Using a pulping temperature of 180ºC and varying pulping time from 90 minutes to 150 

minutes, Organosolv pulp samples with a pulping yield between 73% - 76.5% and residual lignin 

content between 3.5% - 4.3% can be produced (Gumuskaya et al. 2007). However, Organic 

solvents are volatile compounds that generate high vapor pressure at high temperatures during 

the pulping process. Hence, the pulping operation must be performed under an extremely tight 

and efficient control system that increases equipment costs.  Organic solvents are also expensive, 

thus, high chemical recovery is imperative to lower the operational cost (Aziz and Sarkanen 

1989; Leponiemi 2008). Although lab-scale work on Organosolv pulping has shown promising 

results, it has not progressed past the pilot plant scale, and there is no reference of a full-scale 

commercial production facility yet (Leponiemi 2008; Jahan et al. 2020). Another innovative 
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approach that has been investigated for developing an environment-friendly small-scale pulping 

process suitable for non-wood biomass is the use of potassium or ammonium-based pulping 

agents for delignification. The major advantage of this approach is that spent black liquor can 

directly be utilized as a fertilizer without processing it through a chemical recovery unit 

(Leponiemi 2008; Jahan et al. 2020). Several pulping agents such as potassium hydroxide (KOH) 

alone or in combination with aqueous ammonia (NH4OH), ammonium sulfite ((NH4)2SO3), or 

ammonium bisulfite (NH4HSO3) have been investigated with wheat straw, rice straw, and 

bagasse fibers with the ultimate goal of converting black liquor into nitrogen or potassium-based 

fertilizers (Sears and Herrick 1977; Meier et al. 1994; Ramírez et al. 1997; Jahan et al. 2020; Li 

et al. 2021). A patent (US8778135 B2) has been assigned to the Shandong Tralin Paper Co., Ltd. 

in China for successfully using ammonium sulfite as a pulping agent on straw fibers and utilizing 

spent black liquor as a fertilizer on a commercial basis (Li et al. 2014). The patent also discloses 

methods to separate sulfur dioxide and reproduce ammonium sulfite as a pulping agent by 

treating flue gases with ammonia (Li et al. 2014). Although no such pulping methods have been 

applied on bast and leaf-based fibers, the concept presents promising opportunities for future 

research to develop an economically efficient pulping process. This will make the market price 

of pulps from these fibers economically competitive against the market-dominant wood pulps. 

Review about alternative effluent disposal methods and available technologies to recover 

pulping chemicals from black liquor in a small and medium-size non-wood based pulp mills is 

out of the scope of this work, but excellent information on this topic can be found from two 

separate reports prepared by the United Nations Industrial Development Organization and the US 

EPA (Fellegi et al. 1996; Schrock 2011).  

 



   

29 

 

2.4.2. Bleaching processes suitable for alternative fibers 

The bleaching process is the treatment of digested pulps with chemical agents to improve 

the pulp’s final brightness (Tappi 1996). The presence of residual lignin in the unbleached pulps 

gives the pulp its brown or dark brown color. Further treatment with bleaching agents not only 

improves brightness but also removes unwanted shives, extractives, and other impurities present 

in the unbleached pulp (Gellerstedt 2009a; Bajpai 2018). Similar to the pulping, the bleaching 

processes applicable to non-wood fibers have been adapted from bleaching of wood fibers, albeit 

less chemical-intensive in nature. Advancements in bleaching technologies over the years have 

been mainly driven by the objective to reduce environmental concerns associated with bleaching 

effluents (Edelmann et al. 2000). Chlorine dioxide (ClO2) is the most dominant bleaching agent 

and is widely used in the industry to bleach wood pulps as well as non-wood pulps (Gellerstedt 

2009a). A bleaching sequence based on chlorine dioxide in which no elemental chlorine (Cl2) is 

used is termed an ECF (elemental chlorine-free) bleaching sequence, whereas a bleaching 

process where no chlorine-containing bleaching chemicals are used is termed a TCF (total 

chlorine-free) bleaching sequence (Gellerstedt 2009a; Bajpai 2018).  Although substitution of 

elemental chlorine by chlorine dioxide as a bleaching agent has significantly reduced the amount 

of absorbable organic halogen (AOX) compounds, bleaching effluents from mills using the ECF 

bleaching sequence are not completely free of chlorinated compounds (Solomon 1996; 

Gellerstedt 2009a; Bajpai 2018). The recent work relating to bleaching of bast fibers and leaf-

based fibers, as summarized in Table 2-5, has revolved around reducing the amount of chlorine 

dioxide by optimizing dosage and bleaching parameters as well developing new bleaching 

methods entirely free of chlorine-containing compounds (Hurter 1997; Jiménez et al. 2008; 

Kowalska and Ramos 2014; Ateş et al. 2015; Danielewicz and Surma-ślusarska 2017). 
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Danielewicz et al. (2017) demonstrated that an oxygen delignification stage combined with a 

three-stage bleaching sequence (D0-Ep-D1) - incorporating an alkali extraction stage in between 

two chlorine dioxide treatment stages - is sufficient to bleach the hemp bast fibers up to 90% ISO 

brightness without adversely affecting the strength properties of bleached pulp (Danielewicz and 

Surma-ślusarska 2017). Whereas, Ates et al. (2015) could only bleach hemp bast fibers to 80.1% 

ISO brightness using an enzymatic pre-treatment combined with a three-stage bleaching 

sequence incorporating two stages of chlorine dioxide treatment and one stage of alkali 

extraction (Ateş et al. 2015). Enzymatic pre-treatment of unbleached hemp pulp with the enzyme 

Xylanase decreased the initial brightness from 44.4% to 38.5% ISO brightness. 

 

Table 2-5: Summary of bleaching works done with bast and leaf-based fibers 

Fibers Hemp Hemp Abaca Abaca Sisal 

Bleaching Method ECF ECF TCF TCF TCF 

Bleaching Sequence 

Enzymatic 

pre-treatment 

-D0-Ep-D1 

Oxygen 

delignification- 

D0-Ep-D1 

Single-stage 

Peracetic acid 

bleaching 

Peracetic 

acid and 

sodium 

perborate 

Two-stage 

hydrogen 

peroxide 

bleaching 

Bleaching consistency 

(%) 
7% 10 10% 10 4 

Time (min) 120 - 180 60 – 90 30 – 150 30 – 120 120 

Temperature (ºC) 75 75 55 – 85 55 - 85 90 

Starting Kappa No. 14.8 10.6 17.9 17.9 10 - 12 

Starting brightness (% 

ISO) 
44.4 - 55.7 55.7 41 – 42 

Final brightness (% 

ISO) 
80.1 90.9 63 – 82.60 71 – 84.50 82.3 

References 
(Ateş et al. 

2015) 

(Danielewicz and 

Surma-ślusarska 

2017) 

(Jiménez et al. 

2008) 

(Kowalska and 

Ramos 2014) 
(Hurter 1997) 
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Effluents from the ECF bleaching sequences cannot be sent to the evaporator or chemical 

recovery system as they might lead to the problems of corrosion and undesirable air emission 

(Eskelinen et al. 2010). Hence, further developments related to the bleaching process have 

focused on completely replacing chlorine-containing bleaching chemicals in a TCF (total 

chlorine-free bleaching) bleaching sequence. However, the superiority of TCF bleaching 

sequence over ECF bleaching sequence is still questionable in terms of balancing environmental 

impacts with product quality. It is very difficult to achieve super high ISO brightness (>90%) 

with the TCF bleaching sequence without a higher chemical charge for an extended period of 

time, which compromises the final strength properties of the pulp (Bajpai 2018). As of now, 

there are very few pulp mills in commercial production employing a complete TCF bleaching 

sequence.  Jimenez et al. (2007) tried to optimize the amount of peracetic acid required to bleach 

soda-pulped abaca fiber by varying bleaching time and temperature and concluded that in order 

to get ISO brightness above 80%, a relatively higher dosage of peracetic acid (4.5%) is required 

at medium temperature (70ºC) for a longer bleaching time (150 minutes). Kowalska & Ramos 

(2013) obtained similar results working on a single-stage TCF bleaching of abaca soda pulp with 

a mixture of peracetic acid and sodium perborate. Hydrogen Peroxide (H2O2) is another 

bleaching agent that has received a lot of attention as an alternative to chlorine-based compounds 

because of its high oxidizing potential (Zeronian and Inglesby 1995; Ramos et al. 2008). 

Hydrogen Peroxide can be used in an ECF bleaching sequence to reduce the amount of chlorine 

dioxide or it can be used alone as a bleaching agent in a TCF bleaching sequence. In a 

preliminary work done with decorticated sisal fibers, Robert Hurter (1997) demonstrated that 

sisal soda pulp could be bleached up to 80-85% ISO brightness in a two-stage hydrogen peroxide 

bleaching sequence (Hurter 1997). Single-stage hydrogen peroxide bleaching with a four percent 
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H2O2 charge was able to increase the pulp ISO brightness to 73% from the initial brightness 

value of 41-42%. 

Table 2-5 presents a summary of the lab-scale bleaching trials done with the bast and 

leaf-based fibers of hemp, flax, abaca, and sisal. It shows that these fibers can be bleached to 

high brightness levels by using either an ECF-based bleaching sequence or a TCF-based 

bleaching sequence. Super high brightness levels (up to 90% ISO brightness) can be achieved 

with an ECF bleaching sequence based on chlorine dioxide as the bleaching agent without 

adversely affecting the strength properties of the final pulp. On the other hand, a TCF bleaching 

sequence using hydrogen peroxide or peracetic acid can increase the brightness up to 80-85% 

ISO brightness. However, a higher chemical charge and longer treatment time are required with 

the TCF bleaching sequences to obtain the brightness levels comparable with that obtained from 

chlorine dioxide-based ECF bleaching sequences. Thus, it adversely affects the strength 

properties of fibers as well as the cost structure of production.  

2.5. Application of bast and leaf based plant fibers 

It is claimed that the world’s first paper was manufactured from hemp fibers in ancient 

China. Up until the early nineteenth century, the paper was predominantly made using old rugs 

or textile scraps from hemp, flax, and cotton or ropes and cordages made of plant fibers (Johnson 

1999). However, the limited availability of rugs was not able to meet the ever-increasing demand 

for paper and paper products. The advent of the chemical pulping process made it possible to 

make papers from more abundant and less expensive wood fibers, which became the most 

dominant raw material in the pulp and paper industry. Currently, plant fibers from hemp, flax, 

abaca, sisal and cotton are only utilized in specialized niche applications such as tea bags, coffee 

filters, currency papers, sausage casing papers, cigarette papers, etc. (Judt 1993; Atchinsons 
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1998; Hurter 2001). On the other hand, nom-wovens are relatively newer markets for plant-based 

natural fibers. Man-made synthetic fibers are the primary raw materials utilized for producing 

non-woven products whereas cellulosic fibers such as cotton, wood pulp, and regenerated 

cellulose fibers are used to impart some specific functionalities in the product (Hutten 2016b; 

EDANA 2017; Santos et al. 2021). However, the short life span of the majority of non-woven 

products creates disposability problems specifically for products made entirely with synthetic 

polymers (Bhat and Parikh 2010; Santos et al. 2021). The non-woven industry is gearing towards 

improving the bio-degradability profile of its products and increasing the utilization of plant 

fibers as a sustainable alternative to man-made synthetic fibers is one big step forward in that 

direction (Bhat and Parikh 2010; Santos et al. 2021). 

2.5.1. Specialty Papers 

Specialty papers are paper products designed and manufactured to have some specific 

properties in order to serve a specific purpose (Vapaaoksa and Vries 2015; Isoaho 2019; Ling et 

al. 2021). The total global production of all specialty paper grades was 24 million tons in 2017, 

which was estimated to increase to 27 million tons in 2020 (Isoaho 2019). The specialty paper 

segment accounts for approximately five percent of the total paper production by volume and 

approximately ten percent of the total paper production by revenue (Voith Paper 2008). 

Generally, a suitable combination of fiber mix, chemical additives, paper machine technology, 

and post-manufacturing convertibility are carefully selected to impart specific characteristics into 

the specialty paper as needed for any particular application (De Assis et al. 2018; Isoaho 2019). 

By an estimate, there are approximately 2900 types of different specialty paper products that can 

be classified and divided into different sub-segments based on their performance, application, or 

market segments (Voith Paper 2008). Based on their applications, the broad spectrum of 
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specialty papers is segmented into décor paper, packaging & labelling, filter papers, wet-laid 

nonwovens, security & banknotes, cigarettes paper, photographic paper, thermo paper, and 

miscellaneous other specialty papers. Some of the salient features that can be used to 

differentiate specialty papers from commodity-grade papers include specialized applications, 

small-scale production, low quantity demand, and high-value products (Vapaaoksa and Vries 

2015; Isoaho 2019; Ling et al. 2021). Additionally, plain commodity-grade papers are generally 

made of cellulosic fibers whereas synthetic fibers can be added to the mix of cellulosic fibers in 

order to bring specialized functionalities to the specialty papers (Ling et al. 2021). 

Specialty papermakers are the biggest users of bast and leaf-based alternative fibers. 

Some specific grades of specialty paper products such as tea bags, coffee filters, cellulosic 

sausage casing, cigarette papers, and security papers are exclusively manufactured using long, 

thin, and high strength cellulosic fibers from abaca, sisal, Jute, hemp, flax, and cotton (Judt 1993; 

Atchinsons 1998; Hurter 2001). The unique physical and chemical characteristics of these plant 

fibers make them especially suitable for specialty paper products as a high-value raw material 

(Hurter 2001; Papadopoulou et al. 2015). As mentioned earlier, specialty paper producers are 

small-scale paper mills, dependent upon the supply of market pulps. Fiber’s cost plays a 

significant part in their total production cost. Variations in prices of non-wood fibers 

significantly alter the production cost of such paper mills. Hence, it becomes very necessary to 

find alternative fibers, which can come in handy when one fiber is in short supply.  

2.5.1.1. Infusion packaging materials 

Infusion packaging materials refer to thin, lightweight, porous paper webs in which a 

beverage precursor material such as tea, coffee, soup, or spices are enclosed for brewing 

purposes using either hot or cold water (Scott and Viazmensky 2005; Viazmensky et al. 2012). 
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When an infusion package containing the beverage precursor material is placed in hot or cold 

water, the water passes through the permeable filter material and extracts the aroma and soluble 

solids from the enclosed content of the pouch to form the brew for consumption. To serve its 

purpose in infusion packaging, the paper web forming the infusion material should have high 

permeability to allow passage of water inwards and outwards for faster extraction and smaller 

pores size to retain the fine particles inside the pouch preventing its physical release into the cup 

(Osborne 1947; Scott and Viazmensky 2005; Heinrich and Kaussen 2012). In addition to high 

permeability and finer pore size, the paper should have superior strength properties to withstand 

the strain subjected to it under hot aqueous conditions and to not get opened and spill the 

contents outside (Kenworthy et al. 1986; Scott and Viazmensky 2005; Viazmensky et al. 2012; 

Bassi et al. 2020). 

To provide the paper web with the required characteristics, Infusion packaging materials 

are exclusively manufactured with long, thin, and high strength specialty fibrous materials such 

as abaca, sisal, jute, softwood, etc.  Abaca fibers with fibers length varying between 4 to 7 mm 

and fibers having little tendency to curl and twist are particularly favored in the production of 

infusion paper webs (Osborne 1936a). Other well-known long-fibered natural cellulosic fibers 

such as sisal, jute, hemp, and softwoods are also used either alone or by mixing with abaca fibers 

but generally at the detriment of desired properties in the final paper web (Viazmensky and Scott 

2003; Ludmila and Viazmensky 2009). The earliest reference of infusion packaging material 

dates back to 1936 when Henry Osborne of C.H Dexter & Sons. Inc. used long abaca fibers to 

form a thin, strong, and porous paper web on an inclined fourdrinier wire, which gained 

widespread use in the tea bag industry because of its high strength and high porosity (Osborne 

1936b, a). Infusion packaging comes in two variations: heat seal type and non-heat seal type. 
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Non-heat seal type infusion materials are completely made of long cellulosic fibers and 

incorporate a seam that is formed by mechanical actions such as folding, crimping, stitching, 

tying, or stapling the paper web (Osborne 1947; Eaton 1960). Incorporating this mechanical 

seam is a cumbersome process that slows down production speed and entails extra cost and 

labor. In addition, the formed mechanical seams may not be strong enough and might open when 

placed in adverse hot water conditions. To counter the apparent disadvantages associated with 

the non-heat seal type infusion materials, a real breakthrough was US patent 2414833 assigned to 

C.H Dexter & Sons. Inc. in 1947. The patent describes introducing synthetic thermoplastic 

“Vinyon fibers” (15-20% of the total weight of paper) in a porous thin paper web made of abaca 

fibers using a dual headbox technique (Osborne 1947). Abaca fibers flowing through a primary 

headbox form a base layer of cellulosic fibers on which thermoplastic fibers are laid down using 

a secondary headbox (Figure 2-5). Cellulosic fibers and synthetic fibers are then anchored to 

each other during intense dewatering on an inclined former in such a way that the top surface of 

the paper contains predominately synthetic thermoplastic fibers and the bottom surface contains 

predominantly natural cellulosic fibers. The formed multiphase fibrous web are subsequently 

folded in such a way that the surfaces containing the thermoplastic fibers are in contact with each 

other, and then this web passed through a pair of heated jaws. Under the application of heat and 

pressure, thermoplastic fibers juxtaposed to each other melt and fuse, effectively sealing the both 

layers. The other surface of the paper web containing insulating cellulosic fibers serves to 

prevent build-up of thermoplastic fibers on the surface of heated jaws or dies for its proper 

functioning. Vinyon fibers (a co-polymers of vinyl acetate and vinyl chloride) used in this 

process as a thermoplastic fibers have low fusing temperature of 260°F - 300°F and are non-toxic 

so that they can be used in food grade products. This inventive process of introducing 
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thermoplastic fibers still finds relevance in the tea bag industry even seventy years after its 

invention, though various other low melting point thermoplastic fibers such as polyethylene, 

polypropylene, or PLA are being used instead of Vinyon fibers (Osborne 1947; Heinrich 1992; 

Ludmila and Viazmensky 2009; Viazmensky et al. 2012). The heat-sealing temperature depends 

on the type of thermoplastic fiber used in the formulation. However, a temperature range of 

150°C - 240°C is typically employed (Ludmila and Viazmensky 2009; Heinrich and Kaussen 

2012).  

 

Although not specified patents as mentioned above, the introduction of thermoplastic 

fibers in a paper web made of cellulosic fibers creates certain operational problems such as 

synthetic thermoplastic fibers are not compatible with natural cellulosic fibers and might fall off 

during subsequent processing. In addition, when the paper is dried on a heated cylinder in a 

conventional papermaking process, thermoplastic fibers might melt and fills the pores between 

cellulosic fibers, adversely affecting the porosity of paper.  Acknowledging such problems, later 

Figure 2-5: Double headbox technique to introduce synthetic fibers into a paper primarily made 

of cellulosic fibers. Adapted from (Osborne 1947) 
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research has focused on introducing thermoplastic fibers in innovative ways to anchor them 

effectively with cellulosic fibers without adversely affecting the porosity of the final paper. 

Patent US5173154 claims to use rigorous dewatering over vacuum boxes for increased 

penetration of the top phase synthetic fibers into base phase cellulosic fibers for better anchorage 

and entanglement (Heinrich 1992). Patent US4289580 (The Dexter Corporation, Windsor Locks) 

and patent application EP1325979 A1 (Ahlstrom Windsor Locks LLC) describes using the 

highly fibrillated pulp of synthetic fibers instead of synthetic fibers themselves for better bonding 

and anchorage with cellulosic fibers (Elston et al. 1981; Heinrich 1992; Viazmensky and Scott 

2003). Despite apparent advantages, synthetic pulps tend to form a discontinuous film when 

heat-treated, creating a closed, low-permeable structure in certain areas of the paper, thus 

adversely affecting infusion characteristics of the final product. Taking a different approach, 

patent US3106481 assigned to Adam Sorg describes a process of coating thin porous paper with 

molten polyethylene in straight lines at regular spaces so that plastic material covers only 25-

35% of the area of the filter paper. Covering a relatively smaller portion of the paper with 

polyethylene results in the paper retaining 65 -70% of its original porosity (Sorg 1963). The 

patent claims to render the paper heat sealable but does not discuss the strength of the seam 

formed using this technique. Similarly, patent US4582666 assigned to C.H Dexter Limited and 

US4289580 deal with creating patterns by directing spaced jets of fluids against the top heat seal 

phase of paper to displace fibers within discrete areas. The objective was to create a pattern of 

reduced fiber density, not only to improve the porosity of paper but also to improve the aesthetic 

appearance (Elston et al. 1981; Kenworthy et al. 1986).  

The initial research efforts related to infusion packaging papers have focused on 

effectively introducing synthetic fibers (20 – 25% by weight) into cellulosic fibers to render 
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paper webs heat-sealable simultaneously balancing the negative effect on porosity. However, 

more recent works have concentrated on making tea bags or coffee filters entirely of synthetic 

fibers through non-woven fabrication technologies such as spun bonding or melt-blowing 

(Ludmila and Viazmensky 2009; Heinrich and Kaussen 2012; Viazmensky et al. 2012). Using 

100% synthetic raw materials and advanced non-woven technologies, higher production output 

can be achieved with better control on final properties of end products. However, tea bags and 

other infusion packaging products are single-use materials that need to be disposed of after each 

use. Disposability of such a large volume of single-use synthetic plastic will be a huge burden on 

the environment. Taking advantage of the recent development in bio-plastics, the two biggest 

producers of tea bag papers: Glatfelter Gernsbach GmbH and Ahlstrom Nonwovens LLC have 

obtained patents on producing heat-sealable and compostable infusion-packaging materials based 

on PLA (polylactic acid) fibers (Heinrich and Kaussen 2012; Picard and Collins 2017). PLA 

fibers are obtained from renewable materials and are compostable after use (Madhavan 

Nampoothiri et al. 2010). However, recent research by (Hernandez et al. 2019) has uncovered 

that a single plastic tea bag could release 3.1 billion nanoparticles (≤ 100 nm) and 11.6 billion 

microplastics (≤ 5 mm) during a typical steeping process at a brewing temperature of 95 ºC. This 

claim of micro and nano plastic release by tea bags has shade negative light on tea bag 

manufacturers using synthetic plastic fibers in their raw materials. It has forced tea bag industry 

to look back towards natural cellulosic fibers. Facing the heat, Ahlstrom Munksjö announced to 

produce plastic-free tea bag materials.  However, a closer look at the announcement reveals that 

Ahlstrom Munksjö merely plans to replace synthetic oil-based plastic materials with bio-plastic 

PLA fibers.  Although Hernandez et al. did not specify the mechanism by which polymeric fibers 

degrade to form nanoparticles; a possible pathway was suggested in the form of hydrolytic 
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degradation of polymers at a brewing temperature of 95 ºC (Hernandez et al. 2019). If this is 

true, replacing oil-based synthetic plastic with bio-based PLA plastic will not solve the problem 

of micro and nanoparticle release into the cup of beverage.  

2.5.1.2. Cellulose food casing products 

Cellulose food casings, artificial food casings, or sausage casings are an alternative to the 

traditional animal’s intestines-based food casings used to wrap and protect processed meat 

products such as sausages, salami, bologna, etc. (Hammer and Grolig 2000; Hoglund and Kalm 

2003). The annual production of cellulose casings in the USA exceeds 14,000 tons, and it is a 

billion-dollar industry in Europe (Maroušek et al. 2015). Cellulose-based casings are cheaper 

with relatively uniform shape, size, and thickness compared to the natural intestine-based casing 

materials. Cellulose-based casings are biodegradable and function like natural skin. It contains 

unique properties of permitting passage of air and moisture vapor but prevents the loss of grease 

and fat from the packed sausages (Cornwell 1954). Further, cellulose-based casings conform to 

the changing shape and size of stuffed meat products without wrinkling or sticking to the meat, 

making them a very suitable material for packing meat products (Cornwell 1954; Maroušek et al. 

2015). Generally, cellulose sausage casings come in two forms; one containing the tube of pure 

regenerated cellulose, and the other containing a tube of regenerated cellulose reinforced by 

cellulosic paper web called casing papers. This second type is commonly called fibrous cellulose 

casing or fiber-reinforced cellulose casing to differentiate it from the first type of non-reinforced 

cellulose casing (Nicholson 1996). Reinforcing with a paper web provides strength and 

dimensional stability to the cellulose casing. Fiber-reinforced cellulose casings are state-of-the-

art applications in developed countries where precision in size along with high strength is a 
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prerequisite for use in high throughput automatic meat packing equipment (Edmund 1996; 

Hoglund and Kalm 2003). 

The commercial process commonly used to form fiber reinforced cellulose casings has 

been described in several patents (Underwood 1964; Jones and Stewart 1980; Hammer and 

Grolig 2000; Hoglund and Kalm 2003). Figure 2-6 shows the common manufacturing technique 

used to produce a fiber-reinforced cellulose casing (Hoglund and Kalm 2003). First, a casing 

paper substrate to be impregnated with the regenerated cellulose is manufactured at a paper 

manufacturer’s end using the conventional wet-lay paper making technique. A fiber suspension 

of extremely long cellulosic fibers from either abaca, flax, hemp, sisal, jute, or softwood is 

deposited on an inclined former machine to produce a thin, high-strength, porous casing paper. 

Casing paper is supplied to a casing manufacturer in the form of a master roll, where it is 

unwound, cut into strips of suitable width, and folded about its longitudinal axis to form a 

cylindrical tube with overlapping margins that are seamed together. The paper tube, thus formed, 

is passed through an alkaline viscose solution to impregnate the paper web with viscose coating 

from inside, outside, or from both sides. The viscose saturated paper tube is then passed through 

a viscose regenerating acid bath such as one containing an aqueous solution of sulphuric acid and 

sodium or ammonium sulfate to regenerate the cellulose from the viscose. The paper tube then 

goes through a series of water baths to wash off the excess viscose, acid, or salts. Finally, the 

paper tube is treated with an aqueous solution of glycerin, which acts as a plasticizer to reduce 

the brittleness of the paper tube and make it pliable before drying it in an inflated state to give a 

constant tube diameter. Casing papers, generally used as a reinforcement, have a basis weight in 

the range of 17 - 28 g/m2 depending on the amount of meat to be packed. The casing 

manufacturers commonly apply a viscose coating of 2-3 times the weight of the reinforcing 
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casing paper. In the case of a paper web of 20 g/m2 basis weight, an additional viscose coating of 

40 – 60 g/m2 may be applied to form the final casing tube (Smith 1938; Underwood 1964; 

Hoglund and Kalm 2003; Hammer et al. 2012). 

Since the early days of cellulose-based casing materials, a major part of the research has 

been directed towards increasing the strength and dimensional stability of the material to produce 

a tube of uniform diameter with sufficient burst strength and toughness to withstand the 

excessive pressure applied during the meat stuffing process. If the sausage casing does not have 

sufficient strength and dimensional stability, it will hamper the production speed of the meat 

stuffing process (Underwood 1964; Hoglund and Kalm 2003). In this regard, one of the earliest 

inventions was the introduction of a thin casing paper made of high-strength long cellulosic 

fibers of the abaca plant to reinforce the casing tube made of pure regenerated cellulose, which 

became a norm in the casing industry to increase its tensile strength and dimensional stability 

(Underwood 1964). However, when casing paper is impregnated with highly caustic viscose 

solution and subsequently put into an acidic regenerating bath, it loses much of its strength, 

adversely affecting the properties of the final product (Jones 1980; Jones and Stewart 1980; 

Hammer et al. 2012).   

A breakthrough to change the manufacturing of artificial cellulose casing tubes was 

William Underwood's patent (US3135613) in 1964 assigned to Union Carbide Corporation. 

Previously, George Richter and Milton Schur had obtained patents in 1930 & 1934 in which a 

paper towel was treated with a dilute viscose solution and subsequently passed through an acid 

regeneration bath to add 2% regenerated cellulose on the surface (Richter and Schur 1930, 1934). 

Incorporation of 2% regenerated cellulose does not fill the pores and interstices of the paper web 

(which would affect the water absorptive capacity adversely) while intimately bonds the fibers 
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together to give enhanced wet strength so the paper does not disintegrate when used by 

consumers (Richter and Schur 1930, 1934). Taking cues from this patent, William Underwood 

introduced two-stage impregnation of a paper web with viscose solution. The first stage 

treatment with a dilute viscose solution was the pre-bonding step for the casing paper before the 

final impregnation with a thick alkali viscose solution to form the final product. When treating 

casing paper made of abaca fibers with a diluted 1% viscose solution, the low viscosity solution 

wicks into the pores of paper and establishes inter-cellulose bonds, which increases its strength 

without significantly affecting the porosity of paper that is crucial for final viscose impregnation 

(Underwood 1964). In the same patent, William Underwood also showed that if the viscose 

solution is prepared from biomass with very high alpha-cellulose content such as cotton linters, 

cotton rags, flax, or wood pulps then the paper bonded with high alpha-cellulose content 

regenerated cellulose had higher breaking strength (Underwood 1964). 

Figure 2-6: Schematics of manufacturing process commonly used in the industry to produce 

fiber-reinforced cellulose casings. Adapted from (Hoglund and Kalm 2003) 
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Although paper prebonded with diluted viscose has enhanced mechanical strength, it is 

not completely resistant to alkali hydrolysis, and cellulose is re-dissolved to a certain extent upon 

subsequent impregnation with alkali viscose solution. Conventional casing paper bonded with 

dilute viscose solution loses approximately 24 – 26% of its original strength when it is treated 

with 6% NaOH solution (a typical alkali concentration of standard viscose solution used in the 

final impregnation by casing manufacturers) (Jones 1980; Jones and Stewart 1980; Hammer et 

al. 2012). To mitigate this problem, later studies have focused on pre-treating the paper web with 

a mixture of synthetic resins such as polyamide-epichlorohydrin resin (PAE) (0.25 – 2 wt. %), 

polyacrylamide (PAM), or polyethylene imine (PEI) (0.2 - 1% wt. %) either alone or in 

combination with dilute viscose treatment (~ 2-3 wt. %) to increase its strength (Shiner 1968; 

Chiu and Kambara 1969; Jones and Stewart 1980). Though pre-treatment with synthetic resins 

has shown to increase the tensile strength of paper, it also increases the brittleness of the paper 

and interferes with the subsequent penetration of thick viscose coating, thus reducing the burst 

strength of the final product (Hammer and Grolig 2000; Rieser and Lutz 2007). Another problem 

associated with the traditional process of regenerating cellulose from the viscose solution is the 

creation of toxic gaseous by-products such as hydrogen sulfide, carbon disulfide, and carbon 

dioxide (Nicholson 1996; Hammer and Grolig 2000). These gaseous by-products can also 

accumulate within the cellulose tubing and cause diameter variation in the final product. In 

addition, despite passing the casing tube through several water baths, a trace amount of sulfur 

compounds may remain in the final product (Nicholson 1996). These problems with the viscose 

process have led to the development of an entirely new process where cellulose is dissolved in a 

solution using N-methyl-morpholine-N-oxide (NMMO) as a solvent and is later precipitated on 

the surface of paper substrate either as a pre-bonding agent or for complete impregnation with 
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cellulose (Nicholson 1996; Hammer and Grolig 2000; Hammer et al. 2012). Although this 

modified process addresses certain problems associated with the viscose process, it has not been 

used extensively in the industry. Myron D. Nicholson (1994) in his patent application 

(USH1592) mentions that cellulose solution using NMMO as a solvent has a significantly higher 

viscosity than that of standard viscose solution used in the production of cellulose casing, which 

might be the reason for its limited commercial use in the industry (Nicholson 1996).  

The recent developments in the field of sausage casings have focused on incorporating 

synthetic thermoplastic polymers into sausage casing materials (Rieser and Lutz 2007). Synthetic 

polymers can be incorporated as reinforcement fibers or as plastic film coatings on cellulosic 

paper substrate. The incorporation of synthetic fibers provides several benefits, such as improved 

alkali resistance, reduced amounts of viscose coating, an automatic thermal fusing of overlapping 

edges, a higher production rate, etc. (Rieser and Lutz 2007). Patent US8268129B2 assigned to 

Kalle GmbH in 2012 describes forming a paper substrate using cellulosic fibers in combination 

with synthetic thermoplastic materials such as polypropylene, polyesters, or polyamides in the 

weight percentage of 7.5 – 12% of the total weight of cellulosic fibers (Hammer et al. 2012). 

Papers formed by the addition of thermoplastic materials have increased alkali resistance and 

lose only 8 - 15% of its initial strength compared to a traditional paper bonded with dilute 

viscose solution which loses 24 – 26% of its strength when treated with a 6% NaOH solution 

(Hammer et al. 2012). The patent also claims that the addition of thermoplastic fibers does not 

affect the porosity of paper or the penetration of viscose solution in the paper substrate that 

generally is the case when using synthetic resins as a binder to increase the wet strength 

(Hammer et al. 2012). Similarly, the US patent application (US20070160783 A1) by Rieser et al. 

from Kalle GmbH suggests using 100% synthetic fibers such as polyolefins, polyesters, 
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polyacrylates, or polyamides to form the synthetic reinforcement to be coated with regenerated 

cellulose. By using synthetic fibers, a non-woven web can be manufactured using high-speed 

production processes such as spun bonding or melt-blown technology (Rieser and Lutz 2007). In 

addition to functional benefits, low cost and easy availability of synthetic polymers make them 

attractive raw materials and their market share has been going up increasingly (Maroušek et al. 

2015). However, using synthetic fibers will adversely affect the bio-degradability of artificial 

cellulose casing and create ecological problems.  

2.5.1.3. Security papers 

Security papers are special category of paper products that have some inherent security 

features incorporated within, which can be used for identification or authentication as original 

document (Vincent et al. 2008). These type of papers are also referred as value documents or 

documents of value as their accepted market value is significantly higher than the cost of 

production (Hubbe 2020). However, higher value of these papers makes then vulnerable to 

forgery or counterfeiting attempts. Different examples of security papers include banknote or 

currency papers, passports, certificates, bank checks, money orders, stock certificates, electoral 

ballot paper, etc. (Burchard et al. 2012; Boehm et al. 2013). Of all security papers, banknote 

papers have the most stringent requirements for securities and quality and play a vital role in 

many important areas of society (Wang and Sun 2021). 

Typical design of banknotes incorporates two constituents; a substrate (banknote paper), 

and printing (Hardwick et al. 2001). This review paper is mainly focused on the substrate or the 

banknote paper, which is made of cellulosic fibers using wet laying manufacturing technique. A 

banknote paper substrate is 80 – 90 gsm dense paper made up of highly pure cellulosic cotton 

fibers (Singh 2008). Durability, printability, and security are the three most important properties 
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of banknote papers (Hardwick et al. 2001; Prime and Solomon 2010). Banknote papers are 

manufactured to have sufficient strength properties to withstand the extreme amount of abuse 

imparted during the use or circulation phase. Hence, banknote papers must have high tear, 

tensile, and folding endurance (Combette et al. 1991; Hubbe 2020). Commodity grade papers are 

commonly manufactured using wood pulp fibers, but specific properties necessities using special 

raw materials to produce banknote papers. Cotton pulps with highly pure cellulose, high 

crystallinity index, and low ash content is the most crucial raw material for producing bank note 

papers (Kasmani et al. 2021). It is estimated that more than 90% of security papers around the 

world is manufactured using cotton cellulosic fibers (Kasmani et al. 2021). Security documents 

other than banknote papers can be manufactured using softwood bleached pulps, but cotton is the 

most preferred raw material of choice for banknote papers (Howland and Furley 1999).  

Both, cotton lint or cotton linters available in 12 – 33 mm in fiber length and upto 20 µm 

in fiber width), can be used to manufacture the banknote papers (Hubbe 2020). However, they 

are chopped to papermaking fiber length (1- 4 mm in fiber length) before being used in the paper 

manufacturing process (Combette et al. 1991). Chopped cotton fibers are then heavily refined 

using a mechanical refiner to prepare the fibers to match target product properties (Combette et 

al. 1991; Howland and Furley 1999). Typical freeness of pulp furnish to make banknote paper is 

in the range of 45 – 70 °SR (Howland and Furley 1999). Refining modifies the tubular fiber 

structure of cotton into ribbon shaped structure and creates fibrils on the surface, all of which 

helps in producing a strongly bonded consolidated paper structure suitable for banknote purpose 

(Gharehkhani et al. 2015). The final porosity of banknote is approximately 25ml/min (measured 

using the bendtsen method) (Howland and Furley 1999). Long fiber length and high strength of 

cotton cellulosic fibers imparts required tear strength in the paper. Simultaneously, high refining 
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helps in achieving required tensile strength, dimensional stability, porosity, low absorbency and 

prepares the fibrous substrate suitable for downstream printing purposes (Combette et al. 1991; 

Judt 1993; Gharehkhani et al. 2015)). Although, cotton is the most preferred raw material for 

banknote papers, it is not uncommon in the industry to mix certain amount of other natural fiber 

pulps or wood pulps to increase the bonding between fibers (de Heij 2002). A pulp blend of 75% 

cotton and 25% linen (flax) is used to produce the USD banknote paper (de Heij 2002). 

Similarly, Dutch banknote paper used to be manufactured using a pulp blend of 85% cotton and 

15% flax fibers, however, government regulations related to the pulping of flax fibers have 

forced manufacturers to shift to 100% cotton bases papers (de Heij 2002). On the other hand, 

banknote paper issued by the Central Bank of the Philippines is made up of 80% cotton and 20% 

abaca fibers and a pulp blend of 85% cotton and 15% bleached eucalyptus pulp is used to 

produce the Finish banknotes (de Heij 2002). Apart from cotton, flax, and abaca; hemp, ramie, 

fibers from mulberry bark are the other natural fibers commonly used to manufacture banknote 

papers (Combette et al. 1991; Howland and Furley 1999). 

In their quest to produce more durable banknote papers, paper suppliers have also tried 

using different synthetic fibers into the pulp blend of natural fibers with underlying hypothesis 

that adding certain amount of long length synthetic fibers (3 to 5 mm long) will help in 

increasing the tear and tensile strength of final paper (Howland and Jonathan 2000; de Heij 

2002). However, such experiments have yielded contradictory results. Hydrophobic synthetic 

fibers are incompatible with hydrophilic cellulosic fibers. Poor computability can lead to worse 

paper formation and insufficient embedment of synthetic fibers in the fibrous network of 

cellulosic fibers, thus not achieving the desired results (Wang and Sun 2021). Aramids, 

polypropylene, polyvinyl alcohol, and regenerated cellulosic fibers are some common example 
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of synthetic fibers commonly used to make banknote papers (Howland and Jonathan 2000; Wang 

and Sun 2021). Using water-soluble synthetic fibers, which are capable of hydrogen bonding 

such as polyvinyl alcohol fibers or regenerated cellulosic fibers, help in mitigating the 

compatibility problems associated with synthetic fibers (Howland and Jonathan 2000). In a more 

recent development, central banks in many countries have tried to shift away from paper based 

banknote substrate to plastic banknotes (Hardwick et al. 2001; de Heij 2002; Singh 2008). 

Increasing the durability and the circulation life has been one motivation; nonetheless, 

preventing the counterfeiting or the forgery of paper based banknote has been the primary driver 

for this change (Hardwick et al. 2001; Prime and Solomon 2010). The Central Bank of Australia 

spearheaded such efforts and successfully introduced first polymer-based banknote in 1988 (de 

Heij 2002). Since then, countries like Australia, New Zealand, and Romania have fully adopted 

and issue full series of plastic banknotes (de Heij 2002; Singh 2008). Apart from these three 

countries, several countries like Bangladesh, Brazil, Canada, Chile, Hong Kong, Indonesia, 

Kuwait, Malaysia, Mexico, Nigeria, Thailand, Singapore, and Vietnam have issued at least one 

series of plastic banknotes to gain exposure and experience into this direction (de Heij 2002; 

Singh 2008). Circulation life of plastic based banknote has been estimated to be 3 – 4 times 

higher than the paper based banknotes, which can offset the high cost of production associated 

with plastic banknotes (Luján-Ornelas et al. 2018). Apart from durability, plastic based 

banknotes allowed manufacturers to use several optical variable devices (OVDs) such as gold 

foils, photochromic compounds, electron beam lithography, moiré interference patterns; all of 

which helped to make the banknotes difficult to counterfeit for forgers (Hardwick et al. 2001; 

Prime and Solomon 2010). Despite benefits of increased durability and security features, plastic 

banknotes have failed to reach to major economies. It is estimated that only 1.5% of the total 
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banknotes were made using plastic based substrate by 2007-08 (Singh 2008). Some of the 

common problems encountered with plastic banknotes that might have been restricting their 

adoptions can be listed as poor print durability, poor recognition and acceptance among common 

people, higher stiffness and bulky nature of creased plastic notes, customizing ATM (automated 

teller machine) from paper based banknotes to plastic banknotes, etc. (de Heij 2002; Singh 

2008). Countries like Brazil, Thailand, and Bangladesh decided to continue with the cotton based 

banknote paper after taking trials with the polymer/plastic based banknotes. 

Recent developments in creating a durable and secure banknote include cotton papers 

coated on both sides before printing and laminate/composite structure of cotton paper and 

plastics (Luján-Ornelas et al. 2018). With growing focus towards sustainable manufacturing, 

suppliers have started taking LCA analysis (life cycle analysis) in to the consideration when 

deciding the raw materials for banknote papers (Luján-Ornelas et al. 2018). Life cycle analysis 

performed on Mexican plastic banknotes and cotton paper banknotes provided favorable results 

for the plastic substrate, mainly because of the assumed longer circulation life (54 months) of the 

plastic substrate compared to the cotton substrate (31.5 months) (Luján-Ornelas et al. 2018). 

Moreover, extraction of cotton fibers as a raw material for the manufacture of banknote papers 

has a dominant contribution towards the most of the environmental impacts category analyzed in 

this study (Luján-Ornelas et al. 2018). Hence, it opens opportunities for other long length natural 

fibers such as abaca, sisal, hemp, flax, and flax for utilization in banknote applications.  

2.5.2. Use of natural fibers in non-woven applications 

Non-woven products have no universally accepted definitions. In order to differentiate 

non-wovens products from traditional textiles, papers, and felts, different sources such as ISO 

9092:2019, INDA (International Nonwovens & Disposable Association), and EDANA 
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(European Disposable and Nonwovens Association) have defined non-wovens differently 

(Albrecht et al. 2003; Hutten 2016a). Non-wovens are marked by their ability to use a wide 

variety of raw materials to produce a highly engineered structure with customizable features to 

meet the desired end-use (Albrecht et al. 2003). Non-woven products are the fastest-growing 

segment of the textile industry and they are increasingly finding applications in many aspects of 

life such as hygiene products, medical and health care, air & water filtration, cleaning, 

automotive, and geotextiles to name a few (Albrecht et al. 2003; EDANA 2015). Non-woven 

products are manufactured using both natural and synthetic fibers (Table 2-6). However, 

synthetic polymeric materials such as polypropylene (PP), polyester (PET), polyethylene (PE), 

and Polyamide (PA) have traditionally dominated non-woven productions accounting for 

approximately 80% of the total fiber volume used in 2017 (EDANA 2017; Santos et al. 2021). 

Fibers derived from natural renewable resources such as wood pulp, cotton, regenerated 

cellulose, and other natural fibers such as flax, hemp, jute, coir, abaca, sisal, etc. only make up 

for the remaining 20% of the total fiber volume (Luitel et al. 2015; EDANA 2017). Wood pulps, 

cotton, and regenerated cellulose fibers find exclusive use in disposable absorbent hygiene 

products, wipes as well as in medical and health care products due to their superior wet strength, 

soft touch to the skin water absorbency, and quick-dry surface (Bhat and Parikh 2010; Luitel et 

al. 2015; Santos et al. 2021). Other major areas of application for cellulose-based natural fibers 

are in the air and liquid filtrations devices where these fibers are either used alone or in 

combination with other synthetic fibers such as polyester and glass fibers (Bhat and Parikh 2010; 

Luitel et al. 2015; Hutten 2016b). 
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Table 2-6: Break up of raw materials used in non-woven materials. Adapted from (EDANA 

2017) 

Man-made synthetic polymeric materials 

  Virgin Polyester  18% 

  
Other synthetic polymers/fibers (PP, PE, PA, 

Acrylic etc.) 
48% 

Recycled Fibers/Materials 

  Polyester recycled 12% 

Renewable Fibers 

  Wood Pulp 11% 

  Viscose 6% 

  Other natural fibers/polymers 3% 

Other Fibers/Materials 

  Other material 2% 

 

Luitel et al. (2015) conducted a market survey in 2015 among non-woven producing 

companies to evaluate the utilization of cotton fibers in non-woven textiles. The survey revealed 

some interesting insights about the current usage and future scopes of cotton in the nonwoven 

industry (Luitel et al. 2015). Although this study was focused on cotton, findings from this 

survey equally apply to other natural fibers. Non-wovens have been gaining popularity as cost-

efficient, high throughput products where most of the production technology has been developed 

keeping continuous synthetic fibers in mind. Cotton and other natural fibers with non-uniform 

properties and impurities add an extra layer of processing and cost to the non-woven 

manufacturer. Additionally, government regulations, weather dependence production, seasonal 

cultivation, and fluctuations in price level create unnecessary uncertainties, which are not 

associated with synthetic fibers. The survey also concluded that a major reason for using cotton 

is related to marketing strategies. Consumers perceive cotton as natural and premium fiber 
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(Luitel et al. 2015).  A similar survey conducted by the company Cotton Incorporated also 

revealed that consumers are willing to pay a premium for non-wovens products that use cotton as 

the raw material (Bhat and Parikh 2010).  

2.5.2.1. Non-woven filtration media 

Filtration as defined by the INDA, the Association of the Nonwovens Fabrics Industry, 

“is a mechanism or device for separating one substance from another” (Hutten 2016c). The broad 

category of filtering media includes woven fabrics, non-woven fabrics, filter papers, and 

membrane technology (Hutten 2016a; Mao 2016). Porous non-woven fabrics made from a 

random arrangement of fibers or filaments are especially prized in filtration applications due to 

their ability to provide precise pore size distribution, high specific surface area, tortuosity, and a 

high flow rate (Hutten 2016a). Manufacturing technologies, end-use applications, and the desired 

properties in the final filtering media dictate the selection of raw materials be used. The target for 

any filtering media design is to increase the filtration efficiency while lowering the pressure drop 

across the media using suitable combinations of raw materials and process technology (Mao 

2016). Finer fibers will form a compact structure with smaller pores size and high filtration 

efficiency, whereas a coarser fiber will form a bulky structure with larger pores size, high 

permeability but lower filtration efficiency (Hutten 2016b). Fiber length, density, shape, 

chemical inertness, and water absorbency are other important features of a raw material that will 

influence the desired properties of a final filter media such as porosity, bulk, strength, stiffness, 

chemical, and temperature resistance, etc. (Hutten 2016b).   

Today, non-woven filtration media find diverse applications in a myriad of air and liquid 

filtrations. Non-woven air filtration products are used in face masks and respirators, HVAC 

(heating, ventilation, and air conditioning) systems in residential and commercial buildings, 
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automotive cabin and engine air filters, clean rooms, vacuum cleaner bags, industrial baghouse 

dust removal, flue gas scrubbers and so on (Hutten 2016d, e, f; Mao 2016). Air filters in North 

America are characterized by MERV ratings (The Minimum Efficiency Reporting Value) that 

differentiate filters based on minimum removal efficiency for a given particle size as listed in 

ASHRAE 52.2 (American Society of Heating, Refrigerating and Air-Conditioning Engineers), 

with MERV 1 being the least efficient and MERV 20 being the most efficient (Hutten 2016d; 

Matysiak 2016). Similar to the air filters; liquid filters are used in several applications, which can 

be broadly categorized into two different segments (Hutten 2016d, e): 

1. Liquid food filtration such as drinking water, beverage filtration, and edible oil filtration 

2. Liquid non-food filtrations that include swimming pool filtrations, pharmaceutical and 

medical filtrations, diesel and aviation fuel filtrations, engine oil filtrations, hydraulic oil 

filtrations, etc. 

Depending upon the end-use applications, different fibers are utilized for making non-

woven air and liquid filters, with polypropylene, polyester, glass, polyethylene, nylon, and 

cellulosic fibers being the most common (Hutten 2016b). Though synthetic polymeric fibers and 

glass fibers are the predominant raw materials, cotton, wood pulps, and regenerated cellulose 

fibers find many niche applications in filtration products due to their high water absorbency, 

excellent wicking, temperature resistance, cost-effectiveness, and bio-degradability (Hutten 

2016a, b). Non-wood alternative fibers from flax, hemp, abaca, sisal, and jute compete with 

widely available cotton and wood pulps for their share in filtration market products. Widely 

recognized as sustainable alternatives to synthetic fibers, ongoing research in industry and 

academia has tried to utilize fiber bundles as well individualized pulp fibers of flax, hemp, abaca, 

and sisal in various air and liquid filtration applications. 
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Fiber bundles of flax, hemp, abaca, sisal, and jute obtained after the retting and 

decortication process are coarser and stiffer making them more difficult to process through 

conventional carding and weaving technology (Bhat and Parikh 2010; Jianyong and Jianchun 

2015; Papadopoulou et al. 2015). Moreover, higher lignin-containing leaf fibers of abaca and 

sisal are coarser and stiffer than bast fibers of flax and hemp, so they have been rarely utilized in 

filtration media in the form of fiber bundles. However, relatively softer fiber bundles of flax and 

hemp have been processed using carding and needle punching to make non-woven fabrics for 

filtration (Anandjiwala and Boguslavsky 2008; Bhat and Parikh 2010; Feng and Zhang 2014; 

Jianyong and Jianchun 2015; Matysiak 2016). In joint research between Delta M Incorporated, 

Ontario, and the University of Guelph, Alex Matysiak investigated the use of fiber bundles of 

flax and hemp in residential and commercial HVAC applications and demonstrated that hemp 

and flax fiber bundles could be used to make medium efficiency filters with MERV ratings 

between 8 and 11 (Matysiak 2016). Though, findings from this study demonstrated that flax and 

hemp are capable of replacing synthetic fibers in residential and commercial HVAC applications 

where very high MERV ratings filters are not required, fiber bundles of flax and hemp were only 

able to form a loose and bulky structure, and the problem of fiber shedding was visible 

(Matysiak 2016). Other researchers have also acknowledged this problem while working with 

fiber bundles of flax and hemp fibers, and have tried to improve the processability and 

uniformity by blending them with either softer fibers like cotton or regenerated cellulose or by 

using low melting point thermoplastic fibers as a binder material (Anandjiwala and Boguslavsky 

2008; Bhat and Parikh 2010; Jianyong and Jianchun 2015). Anandjiwala and Boguslavsky 

(2008) used carding and needle punching to utilize flax tow fibers for air filtration products. To 

improve the uniformity and consolidation of final products, they combined multiple single-layer 
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fabrics by re-needling and calendering using heated rolls at 80 °C. It was observed that 

calendering significantly increased the fabric density and consolidation, hence increasing 

filtration efficiency and dust holding capacity (Anandjiwala and Boguslavsky 2008). Through a 

series of experiments, Jianyong and Jianchun tried to utilize hemp fibers in automotive oil 

filtration applications using carding and spunlace process technology (Jianyong and Jianchun 

2013, 2015; Feng and Zhang 2014). Hemp fibers were blended with either cotton or viscose 

fibers to improve the processability and prepare hemp/cotton or hemp/viscose spunlaced 

nonwoven fabrics, as it was difficult to process stiffer hemp fibers alone with the spunlace 

technology. When compared to a glass fiber nonwoven filter typically used in automotive oil 

filtration applications, hemp/cotton spunlaced fabrics had higher pore size, higher fiber diameter, 

lower porosity, and were only able to filter out larger sized particles. Particles with smaller 

diameters leaked through the porous medium (Jianyong and Jianchun 2013, 2015). 

Although there has been research and progress in utilizing raw fiber bundles (not pulped) 

of bast fibers as medium efficiency filtration products, individualized pulped fibers from these 

non-wood biomasses have rarely been utilized and investigated in non-woven filtration products. 

Cellulosic pulp fibers from softwoods, hardwoods, and cotton are utilized in numerous non-

woven filtration applications such as high purity filter papers; automotive air, oil and fuel filters; 

water, beverage, and edible oil filtration products; etc. (Hutten 2016a, e, d, f). However, abaca 

pulp is the only non-wood alternative plant fiber that finds exclusive use as a fiber of choice for 

tea bags and coffee filters in beverage filtration application (Hutten 2016b, e). The automotive 

industry is the biggest market for non-woven filter media using more than 50 filters per vehicle. 

Nonwoven filtration media made with cellulosic fibers are used in internal combustion engine, or 

for filtering impurities out of engine oil and gasoline fuels, as well as filtering the incoming air to 
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the passenger cabin in an automotive vehicle (Kahlbaugh et al. 1992; Gillingham et al. 2004; 

Wertz and Guimond 2014; Jones et al. 2015; Hutten 2016f; Battenfeld et al. 2019). Table 2-7 

summarizes the current use of cellulosic fibers/pulps for making different filtration products in 

the automotive industry. Cellulosic pulps are used in conjunction with another material 

(synthetic or cellulosic) in a composite structure to provide a balance of strength and filtration 

efficiency. The ongoing trend in the design of automotive filter media includes increasing the 

content of cellulosic pulps, replacing synthetic fibers with regenerated cellulosic fibers, and 

using fibrillated pulps or nano cellulose to increase the filtration efficiency and prevent shedding 

of glass fibers (Gillingham et al. 2004; Wertz and Guimond 2014; Battenfeld et al. 2019). 
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Table 2-7: Evolution of technology in cellulosic fibers filtration media used in the automotive 

industry 

Patent No Assignee Year Descriptions Ref. 

US2928765 
C.H Dexter & 

Sons, Inc. 
1960 

Double layer air filters for the air intake of an IC 

engine. Top layer prepared by using coarse pulp 

from redwood bark fiber and bottom layer 

prepared using softwood or hemp fiber 

(Kurjan 

1960) 

US5082476 
Donaldson 

Company, Inc. 
1992 

5- 6 layers of gradient density depth filter media 

oriented around a central pleated paper core for 

filtering gas flow streams to IC engines 

(Kahlbaugh 

et al. 1992) 

US6673136 

B2 

Donaldson 

Company, Inc. 
2004 

Micro or nano fiber web layer deposited on a 

substrate made of natural fibers or synthetic 

fibers or mixed natural/synthetic fibers  

(Gillingham 

et al. 2004) 

US6811588 

B2 

Advanced 

Flow 

Engineering 

Inc. 

2004 

Automotive engine air filter made by arranging 

several layers of cotton gauze or spunlaced 

cotton web with two spunbond polyester layers 

in gradient density fashion 

(Niakin 

2004) 

US8679218 

B2 

Hollingsworth 

& Vose 

Company 

2014 

Multilayer filter media combining meltblown 

nanofiber layer of either PP, PBT, PU with a 

substrate made of either wood pulp or PET or 

mixed pulp/PET 

(Wertz and 

Guimond 

2014) 

US9056268 

B2 

Donaldson 

Company, Inc. 
2015 

A combination of upstream filter media made of 

glass fibers and a thermoplastic binder fibers 

plus a downstream filter media made of 

cellulosic fibers for engine fuel filtration 

(Jones et al. 

2015) 

US10478758 

B2 

Hollingsworth 

& Vose 

Company 

2019 

A wetlaid filtration media of chopped or micro 

glass fibers with fibrillated lyocell fibers with 

varying degree of fibrillation 

(Battenfeld 

et al. 2019) 

 

2.5.2.2. Disposable hygiene products 

Non-woven disposable hygiene products primarily include two categories; disposable 

absorbent hygiene products and disposable wipes. Disposable absorbent hygiene products 

include products such as baby diapers, feminine hygiene products, adult incontinence products, 

while disposable wipes include consumer wipes such as baby wipes, personal care wipes, 

disinfecting wipes, general-purpose cleaning home care wipes as well as industrial/institutional 
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wipes (Gupta and Smith 2002; Das 2014; Ajmeri and Ajmeri 2016; Velasco Perez et al. 2020). 

While the primary purpose of disposable hygiene products is to absorb and retain liquids, other 

properties such as softness and strength are equally desired by the end-use consumers (Gupta and 

Smith 2002). Obviously, the design of the final product requires balancing absorbency, softness, 

and strength properties, which is achieved by selecting a suitable processing technique and 

optimizing raw material selections in terms of hydrophilic cellulosic fibers such as wood pulp, 

rayon, lyocell, and cotton, as well as hydrophobic polymer fibers such as polypropylene, 

polyethylene, and polyesters (Albrecht et al. 2003). Although disposable hygiene products are 

the single biggest product category in non-wovens registering high year-to-year growth in 

previous decades, increased use of single-use disposable hygiene products has created a very 

challenging problem for disposal and waste management (Bhat and Parikh 2010). The presence 

of polymeric fibers such as PP, PE, and PET further aggravates this problem, as these fibers are 

not biodegradable and remain in the environment for hundreds of years (Bhat and Parikh 2010; 

Luitel et al. 2015; Velasco Perez et al. 2020). As a result, there are sustained efforts in both 

industry and academia to design biodegradable nonwoven products. This in turn has led to 

increased use of cellulosic natural fibers in disposable hygiene products such as diapers, 

tampons, and wipes.  

Wood-derived fluff pulps constituent a major part of absorbent hygiene products such as 

baby diapers, feminine hygiene products, and adult incontinence items, forming the absorbent 

core that functions to absorb and retain bodily liquids (Gupta and Smith 2002; Ajmeri and 

Ajmeri 2016). Hydrophobic fibers such as polypropylene and polyethylene form the remaining 

parts such as coverstock or top layer, acquisition and distribution layer, and hydrophobic back 

layer of an absorbent hygiene product (Ajmeri and Ajmeri 2016; Dey et al. 2016). In recent 
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times, nonwoven manufacturers are pursuing to increase the content of cellulosic fibers such as 

cotton and regenerated cellulose in disposable hygiene products in order to improve the 

biodegradability profile of their products (Bhat and Parikh 2010). Joint research efforts between 

the USDA (United States Department of Agriculture) and T J Beall company has resulted in the 

development of unbleached greige cotton to form the top-sheet of a diaper or feminine hygiene 

products by blending it with other fibers such as polypropylene, polyester, or bleached cotton 

(Easson et al. 2018). Unbleached greige cotton has an intact outer cuticle layer that contains 

waxes and pectin, providing hydrophobicity to the fiber, which is a pre-requisite property for 

forming the skin touching top layer of a diaper or feminine hygiene products (Easson et al. 

2018). The First Quality Nonwoven Inc. claims to form the top-sheet and back sheet of an 

absorbent hygiene product using the hemp pulp with varying degrees of kappa number. The 

hydrophobicity of the non-woven layers made from hemp pulp can be controlled by changing the 

kappa number of the pulp (Ramaratnam et al. 2018). Proctor & Gamble, a major non-woven 

producer of disposable non-woven products, has launched a new line of diapers and wipes 

“Pampers Pure diapers and baby wipes” as the first-ever diaper and wipe collection made with 

premium cotton (Karen McIntyre 2018).  GALAXY®, a patented trilobal viscose fiber from the 

Kelheim Fibres GmbH, has been used to substitute up to 70% of synthetics fibers in the 

acquisition-distribution-layer of a feminine hygiene pad (Kelheim Fibres GmbH; Karen 

McIntyre 2020). Although, recent efforts to design biodegradable nonwoven products have 

resulted in increased use of cellulosic natural fibers in baby diapers and feminine hygiene 

products, a major portion of that share has been captured by cotton and regenerated cellulosic 

fibers. Alternative natural plant fibers such as hemp, flax, jute, abaca, and sisal have seen very 

limited or no use at all in disposable absorbent hygiene products. Cotton supplier, T.J. Beall lists 
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an underway R&D project to use raw hemp and Kapok fibers by blending them with its 

trademark Trucotton fibers to form the carded non-woven substrates for wipes and hygiene 

components (Karen McIntyre 2020). 

Absorbent wipes are another product category of non-woven disposable hygiene products 

where cellulosic fibers are predominately used. Absorbent wipes could be a monolayer product 

made from a homogenous mixture of different fibers, a composite structure made of multiple 

individual nonwoven webs in which each fiber, or individual fiber-web renders different 

functionality to the final product (Das 2014). Cellulosic pulps are used to provide water 

absorbency while synthetic long fibers are added to provide the required strength (Gupta and 

Smith 2002). Absorbent wipes made of 100% wood pulp do not have the required strength to 

function as either personal care wet wipes or heavy-duty household and industrial cleaning wipes 

(Everhart et al. 1994; Strandqvist and Stralin 2008; Ramaratnam et al. 2017). In order to provide 

strength to the wipes, either a certain percentage of staple length fibers such as polyester, 

polypropylene, or regenerated cellulose is mixed into the fiber furnish containing wood pulps; or 

a spun-bond nonwoven web made of continuous fibers such as polypropylene or polyethylene is 

hydroentangled with a nonwoven web made of wood pulp (Everhart et al. 1994; Albrecht et al. 

2003; Strandqvist and Stralin 2008). Table 2-8 summarizes the current trend in the field of 

absorbent wipes and it can be observed that suppliers are using innovative ways to increase the 

content of cellulosic fibers without sacrificing the strength required during the use phase 

(Everhart et al. 1994; Strandqvist and Stralin 2008; Escaffre et al. 2016; Ramaratnam et al. 

2017). 
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Table 2-8: List of patents related to increased use of cellulosic fibers/pulps in absorbent wipes 

Patent No Assignee Year Descriptions Ref. 

US5284703 

Kimberly-

Clark 

Corporation, 

Neenah 

1994 

Heavy duty wipes or fluid distribution 

material in a personal care products prepared 

by spunlacing wetlaid norther softwood kraft 

pulp fiber web with spunbond PP nonwoven 

substrate. 

(Everhart et 

al. 1994) 

US7432219 B2 
SCA Hygiene 

Products AB 
2008 

Hydroentangled well integrated composite 

wipes with reduced two sidedness prepared by 

spunlacing spunbond layer with a wetlaid 

layer of wood pulp and staple length fibers 

(Strandqvist 

and Stralin 

2008) 

US9296176 B2 

Suominen 

Corporation, 

Helsinki 

2016 

Wet wipes with improved softness, 

absorbency and high cellulose content wood 

pulp. 3 layered stratified wipes contains wood 

pulp in middle layer enclosed by melt-blown 

or melt-spinnable fibers from the top and 

bottom  

(Escaffre et 

al. 2016) 

US2017020354

2 A1 

First Quality 

Nonwoven 

Inc. 

2017 

Non-woven wipes with spunbond-hemp bast 

fiber pulp-spunbond composite structure with 

natural antimicrobial properties. Hemp pulp 

has varying degree of kappa number to control 

the hydrophilicity of the product 

(Ramaratnam 

et al. 2017) 

 

Dispersible or flushable wipes are a special class of absorbent wipes that are engineered 

to have sufficient wet strength to be used in a pre-moistened state as wet wipes but break down 

into smaller pieces under mild agitation of water (as typical in the sanitary water system) so that 

it can be easily disposed of after use (Manning et al. 1988; Annis and Mcdade 2010; 

Nandgaonkar and Shanbhag 2018). Dispersible wipes are primarily made of short wood fibers 

and a certain percentage of staple length regenerated cellulose fibers such as rayon and lyocell 

are added to provide the necessary wet strength required during the use phase (Manning et al. 

1988; Annis and Mcdade 2010; Baer and Miller 2014).  A balance between short wood fibers 

and long fibers is necessary, as high strength will hamper the ability of wipes to disperse in the 

water. However, in recent patents applications filed by Georgia-Pacific consumer products and 
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Suominen Corporation, individualized pulp fibers of hemp, flax, abaca, and sisal have been 

utilized as reinforcement fibers to provide sufficient strength to the wood pulp non-woven 

substrates without hampering flushability or water dispersibility of these wipes (Baer and Miller 

2014; Nandgaonkar and Shanbhag 2018). Table 2-9 analyzes the trend in the field of dispersible 

wipes and it can be observed that suppliers are using pulp fibers of hemp, flax, abaca, and sisal to 

increase the green profiles of these wipes, as single-use wipes made with synthetic fibers are 

under tremendous regulatory pressure to be banned from use (Karen McIntyre 2016).  Long and 

thin fibers from these specialty alternative pulps can provide the wet strength as required during 

the use phase while preserving their ability to disperse in the water as these wipes will be mainly 

bonded through hydrogen bonds and fiber entanglements, which will easily break under mild 

agitation of water (Manning et al. 1988).  
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Table 2-9: List of patents based on using cellulosic fibers to form dispersible wipes 

Patent No Assignee Year Remarks References 

US4755421 
James River 

Corporation 
1988 

70-95% softwood fibers & 5-30% staple 

length regenerated cellulose fibers wetlaid and 

hydroentangled to form Non-woven wet wipes 

with sufficient wet strength yet biodegradable 

and easily dispersible in water. No additional 

bonding agent added 

(Manning et 

al. 1988) 

US7732357 

Ahlstrom 

Nonwovens 

LLC 

2010 

Using fiber furnish of wood pulp (65-97%), 

lyocell fibers (10-30%) & synthetic 

bicomponent fibers (0.5-3%) to form a wet 

wipes by wet laying and spunlacing without 

additional bonding agent.  

(Annis and 

Mcdade 

2010) 

US20140259484 

A1 

Georgia-

Pacific 

consumer 

products 

2014 

Easily water dispersible wipe or tissue 

products formed primarily by individualized 

bast fiber pulp from flax or hemp. It may also 

contain staple length regenerated cellulose 

fibers or thermoplastic fibers 

(Baer and 

Miller 2014) 

US20180223461 

A1 

Suominen 

Corporation 
2018 

Flushable material with sufficient strength to 

be used in moist wipes comprising at least two 

non-woven web. Each web made of wood pulp 

(50-95%) and fibers such as lyocell, rayon, 

cotton, flax, hemp, abaca, sisal (5-50%) 

(Nandgaonkar 

and Shanbhag 

2018) 

 

2.6. Supply chain and market analysis 

A reliable and long-term supply of natural fibers is very important for any successful 

industrial adoption. However, the market prices and the production volume of natural fibers 

fluctuate widely, which presents challenges to the industry in managing the supply chain of raw 

materials.  DNFI (Discover Natural Fiber Initiative) in collaboration with FAO (Food and 

Agriculture Organization of the United Nations) estimated the total production of world natural 

fiber to be 32 million metric tons in 2018 (Townsend 2019). The total market value of natural 

fibers produced in 2018 was estimated at $60 billion (Townsend 2019). Cotton is the major fiber 

harvested among natural fibers, accounting for 81% of production by weight and two-thirds of 

the market value of all-natural fibers (FAO 2019; Townsend 2019). With cotton excluded, jute, 
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coir, and flax are the three next major fibers produced by weight, while hemp, sisal, and abaca 

account for very small portions. 

2.6.1. Production and cultivation trends 

Table 2-10 compares the parameters related to the cultivation and production of bast and 

leaf-based fibers. While bast fibers such as jute, flax, and hemp are planted and harvested yearly, 

leaf-based fibers such as sisal and abaca are planted once and can be harvested up to 10 years 

until the plant dies (Dellaert 2014; Broeren et al. 2017; PhilFIDA (Philippine Fiber Industry 

Development Authority) 2018). Hemp and flax fibers are cultivated under moist soil and cool 

weather conditions and harvested after 12 – 13 weeks from their initial plantation. On the other 

hand, jute fibers are cultivated in the hot and humid conditions of India and Bangladesh and 

harvested after 4 – 5 months from their initial plantation. Abaca is normally grown in well-

drained loose soils and planted at the start of the rainy season (Bande et al. 2013). Similar to 

abaca, sisal is a tropical plant that grows best on fertile well-drained aerated soil under warm 

moist conditions. Leaves of abaca and sisal can first be harvested between 24 and 36 months 

after initial planting, depending on the growth conditions of the plant (Dellaert 2014). 
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Table 2-10: Benchmarking of cultivation and harvesting parameters for bast and leaf fibers 

Parameters Jute Flax Hemp Sisal Abaca 

Fiber Yield1 (tons/hectare) 2.3 3.7 2.1 0.90 0.63 

First harvest 4 -5 months 3 – 4 months 3 – 4 months Year 2 Year 2 

Harvesting frequency 

(times/year) 
1 1 1 2 2 

Plantation frequency  Yearly Yearly Yearly Year 10 Year 10 

Major producers 

(countries/regions) 

India, 

Bangladesh 
EU, China,  EU, China 

Brazil, 

China, East 

Africa 

Philippines, 

Ecuador, 

Costa Rica 

1– Average yield between five-year periods of 2015 – 2019  

 

Figure 2-7 shows the historical trend of production data for alternative fibers covered 

under this study and has been compared against the production quantity of other major natural 

fibers such as jute and coir. Similarly, Figure 2-8 compares the year-on-year changes in the total 

harvested area of these fibers. Over six years period from 2015-2019, the combined production 

of JACKS (jute, abaca, coir, kenaf, sisal) plus flax and hemp grew at CAGR (Compound Annual 

Growth Rate) of 1.68% from 5.7 million tons of fiber in 2015 to 6.2 million tons in 2019. 

However, total production reduced to 5.5 million tons in 2020 (-11.4% year-on-year growth). 

Total harvested area, fiber yield per unit area, weather conditions, and government regulations 

are some of the major parameters that determine the total production output as well as the market 

price of these fibers. An increase in the total produced quantity upto 2019 was primarily spurred 

by the production growth of two fibers, flax, and hemp. The total produced quantity of these two 

fibers grew at a CAGR of 5.4% and 25.3% respectively. Flax fiber production increased from 

0.75 million tons in 2015 to 1.27 million tons in 2020 and the production of hemp fibers 

increased from 79 thousand tons in 2015 to 245 thousand tons in 2019. Jute production has been 
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relatively stable over the years (average production of 3.35 million tons between 2015-19). 

However, production of jute decreased by more than 20% in 2020, which was the primary reason 

for decline in total production of fibers from 2019 to 2020. 

 

 

Flax and hemp have traditionally been grown in EU (European Union) countries of 

France, Belgium, Germany, the Netherland, and Italy (Michael Carus 2017) . In recent years, the 

production of hemp has increased in several Eastern European countries such as Lithuania, 

Ukraine, Romania, Poland, etc. (Johnson 2018). However, major changes have come from the 

increased production in North America. Canada re-legalized the plantation and sale of industrial 

hemp in 1998 and has emerged as one of the largest producers of flax and hemp seeds in the 

world (CIHC (Canadian Industrial hemp Corporation) 2019). The United States introduced the 

Farm Bill in 2018 to legalize the cultivation of industrial hemp (THC content <0.3 %) for 

Figure 2-7: Historical trend of total production quantity for major natural plant fibers. Data 

source - (FAO - Food and Agricultural Organization of the United Nations 2022b) 
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studying market interests in hemp-derived products (Johnson 2018). Apart from Eastern Europe 

and North America, China has been also increasing its hemp production aggressively since 2015 

(CIHC (Canadian Industrial hemp Corporation) 2019). Although jute and coir account for a 

major share of total natural fiber production, their annual production quantity is stagnant around 

3.3 and 1.2 million tons respectively and grew at a modest CAGR of 0.7% and 0.8% respectively 

between the period of 2015-2019. Though production of jute fiber dropped significantly in 2020, 

it is too soon to conclude either it was a temporary anomaly or a permanent trend going forward. 

Jute is planted over 1.45 million hectares and is mainly concentrated in the South Asian countries 

of India and Bangladesh (FAO 2018). While production of jute in Bangladesh has been 

increasing over the years, production output declined in India due to lower yield and reduced 

harvested areas (FAO 2018). Coir fibers are extracted from coconut fruits, and India is by far the 

largest producer followed by Sri Lanka and Vietnam (FAO 2018). Production of coir has been 

increasing steadily in India while output level has seen a downward trend in Sri Lanka (FAO 

2018).  
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Contrary to trends observed in the production of flax and hemp fibers, leaf-based sisal 

fiber has seen a continuous decrease in production from a high of 310 thousand tons in 2015 to 

210 thousand tons in 2020, decreasing at a CAGR of -7.5%. Brazil is the major producer of sisal 

fiber (32.0%), followed by China (29.0%), Tanzania, Kenya, and Madagascar (FAO 2018). 

Although sisal production has been relatively stable in China and East African countries, the 

total output level has been on a downward trend for some time in Brazil due to the prolonged 

drought conditions. The market share of Brazil in the total production of sisal has fallen to 32% 

in 2018 compared to 44% in 2010. As per the latest report from FAO, the total world production 

of sisal is expected to grow at a CAGR of 0.8%, reaching 255 thousand tons by 2027 (FAO 

2018). Production growth will be mainly fueled by output growth in major producing countries 

of Africa, though long-term prospects of sisal production in Brazil remain uncertain (FAO 2018). 

Abaca is the other major leaf-based fiber apart from sisal and other varieties of agave, such as 

Figure 2-8: Year-on-year changes in the total harvested area of major natural plant fibers. Data 

source (FAO - Food and Agricultural Organization of the United Nations 2022b) 
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henequen and fique. Total abaca production of 106 thousand tons in 2020 is primarily 

concentrated in three producing countries of Philippines, Ecuador, and Costa Rica. The 

Philippines is the most dominant country in abaca production, accounting for 85% of total world 

production followed by Ecuador (12% of total production) (FAO 2018; PhilFIDA (Philippine 

Fiber Industry Development Authority) 2018). Total production of abaca is almost stagnant, 

varying between 106 and 109 thousand tons over the last Six years. Considering stagnant 

production, PhilFIDA (Philippine Fiber Industry Development Authority) and Department of 

Agriculture, Philippines have jointly developed “The Philippine Abaca Industry Roadmap 2018-

2022”. The proposed roadmap aims to increase the production quantity by 36482 tons until 2020 

and by 131000 tons until 2022 to meet the anticipated 12% annual increase in the demand for 

abaca fibers (PhilFIDA (Philippine Fiber Industry Development Authority) 2018). Proposed 

policies in this roadmap also aim to add a total of 146248 hectares of land area to the total abaca 

production. However, the cultivation of abaca in the Philippines is dependent on weather 

conditions, and plantation areas are frequently damaged by the storm El Nino (PhilFIDA 

(Philippine Fiber Industry Development Authority) 2018).  

2.6.2. Market price and market dynamics 

The committee on commodity problems (CCP) is an FAO governing body that tracks and 

publishes market data on agricultural commodities in collaboration with its member countries 

and observers (FAO - CCP 2019). Figure 2-9 summarizes the historical price trends of natural 

fibers based on the latest report published by the FAO (FAO - Food and Agricultural 

Organization of the United Nations 2022b). Flax and hemp fibers are not traded publicly and 

their market prices are not available in the public domain. However, as per a report from Nova 

Institute, the price range for European hemp fibers vary between Euro 500/ton for the specialty 
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paper industry (~25% shives content) to Euro 750/ton for composites grade fibers (2-3% shives 

content) (Michael Carus 2017). It can be observed from the price trend over the last six years that 

high volume produced jute fiber is significantly cheaper than abaca and sisal. Bangladesh is the 

biggest exporter of jute fibers and controls its price in the international trade market. The 

government of Bangladesh implemented the “Mandatory Jute Packaging Act” in November of 

2015 to boost local consumption of jute fibers and to produce high-value products for export 

(FAO - CCP 2019). Bangladesh has also imposed a ban on exports of low-quality jute fibers to 

India. These local developments in Bangladesh have resulted in a gradual increase in the market 

prices of jute fibers since 2017. However, the current all-time high price of USD 870/ton of jute 

fibers is still significantly lower than the market price of abaca and sisal fibers.  

 

Figure 2-9: Evolution of market prices of natural plant fibers over the years. Data source – (FAO 

- Food and Agricultural Organization of the United Nations 2022b) 
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Abaca is one of the strongest and most expensive natural fibers. The current level of fiber 

production in the Philippines has been unable to meet the increasing demand for abaca fibers 

among specialty papermakers and natural fiber composite manufacturers (PhilFIDA (Philippine 

Fiber Industry Development Authority) 2018). Pulp mills in the Philippines (the major producer 

of abaca fibers) import raw fibers from Ecuador and Costa Rica to meet the shortfalls in 

domestic production and satisfy the demand for abaca pulps from specialty paper producers 

located in Europe and North America (PhilFIDA (Philippine Fiber Industry Development 

Authority) 2018) . Due to high demand and short supply, the market prices of abaca have been 

rising steadily over the last few decades and currently trade at the all-time high of USD 2,493 per 

ton. The Philippines exports abaca raw fibers as well finished goods in the form of pulp and 

cordages to Europe, North America, the United Kingdom, Japan, and China (Figure 2-10) 

(PhilFIDA (Philippine Fiber Industry Development Authority) 2018; FAO - Food and 

Agricultural Organization of the United Nations 2022b). The majority of the specialized abaca 

pulp mills are located in the Philippines, and most of the raw abaca fibers produced in Ecuador 

and Costa Rica are exported to the pulp mills in the Philippines and the United Kingdom (Daly et 

al. 2016; PhilFIDA (Philippine Fiber Industry Development Authority) 2018). Germany, United 

Kingdom, Japan, France, and the United States are the major buyers of abaca pulps from the 

Philippines and use this pulp to manufacture high-value specialty paper products such as tea 

bags, coffee filters, security papers, and cigarette papers (PhilFIDA (Philippine Fiber Industry 

Development Authority) 2018). The export of abaca raw fibers and value-added products is a 

major source of export income to the Philippines and provides a livelihood to the millions of 

small farmers in the country. The government of the Philippines recognizes the importance of 

abaca fibers and has been taking several initiatives to increase the level of production. 



   

73 

 

Sisal is the leading fiber in terms of total production volume amongst the leaf-based 

fibers. Brazil is the biggest producer and exporter of sisal fibers and manufactured goods (FAO - 

Food and Agricultural Organization of the United Nations 2022b). Brazil is the largest producer 

of sisal fibers as well as the largest exporters of raw sisal fibers and its manufactured goods 

(pulps, cordages, mat) (Figure 2-11). Prolonged adverse weather conditions in Brazil have 

affected the supply of sisal fibers, which has led to fluctuations in the market prices over the 

years. However, greater availability in recent years has led to a decline in the market price of 

sisal fibers. Sisal fibers from East African countries of Kenya, Tanzania, and Madagascar 

command a higher price in the market compared to sisal fibers from Brazil (FAO - CCP 2019). 

China is the second-largest producer of sisal fibers; however, most of the sisal produced in China 

is consumed domestically. Moreover, China is the largest importer of sisal fibers (48.2% of 

global sisal fiber imports), whereas the United States (38.9%), the European Union (24.1%), and 

Asia (15.7%) are the leading importers of sisal manufactured goods (FAO - CCP 2019). In recent 

Figure 2-10: The total production and export volumes of abaca fibers and manufactured goods 

from producing countries/regions. Data Source (FAO - CCP 2019; FAO - Food and Agricultural 

Organization of the United Nations 2022b) 
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years, sisal fiber has attracted new demands from construction industries in countries like Saudi 

Arabia, Morocco, Egypt, Nigeria, and Spain (FAO - CCP 2019). Most of the sisal fibers 

produced in Kenya and Tanzania are exported to these countries to be used in the construction 

industry. FAO predicts production and global trades of sisal to increase moderately reaching 255 

thousand tons and 90 thousand tons respectively (FAO - CCP 2019). However, production and 

global trade of sisal are highly dependent upon weather conditions in Brazil. East African 

countries are forecasted to increase their market share in production and global trade at the 

expense of Brazil. The high demand for sisal fibers from Middle Eastern countries of Saudi 

Arabia, Egypt, Nigeria is expected to grow further and can take a major share of the imports 

from China and Europe (FAO 2018; FAO - CCP 2019). Sisal fibers are also used as an 

alternative to abaca fibers in specialty paper manufacturing. However, the market of specialty 

paper has seen limited growth and future opportunities for market expansion are not expected in 

the near future (Hurter 2001; Michael Carus 2017).  

 

Figure 2-11: The total production and export volumes of sisal fibers and manufactured goods 

from producing regions. Data source ( FAO - Food and Agricultural Organization of the United 

Nations 2022) 
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Hemp plants can be cultivated for fibers, seeds, or dual-purpose plants. No official data is 

available for the global trade of hemp fibers. However, different usages of hemp fibers are 

reported, including making papers, textiles, automotive components, construction materials, 

furniture, and composite materials (Johnson 1999; Haufe and Carus 2011; Michael Carus 2017). 

Long bast fibers of hemp are used in the specialty papers, textiles, insulation materials, and fiber-

reinforced composites, while short hurd fibers from the inner core of the stem are mainly used by 

the construction industries and in animal bedding products (Michael Carus 2017). As per the 

report from the Nova Institute and the European Industrial Hemp Association (EIHA), traditional 

usage of hemp fibers changed very little between 2010 and 2013. Before the 1990s, more than 

95% of total hemp fibers produced in Europe were used primarily for the production of specialty 

paper. Although the market for specialty paper has stagnated and relatively costlier hemp fibers 

are being replaced by cheaper wood-based fibers, the paper industry is still the most important 

market for hemp bast fibers consuming approximately 60% of total hemp fibers produced in 

Europe (Figure 2-12). In the 1990s, plenty of research was aimed at developing alternative 

applications for hemp and flax fibers in Europe. This has resulted in the emergence of bio-

composites, technical textiles, and insulation materials as new field of applications for flax and 

hemp fibers. Figure 2-12 depicts the usages of European hemp bast fibers into different industrial 

applications and the relative changes in the period between 2010 and 2013.  As of 2013, the 

insulation material was the second-largest market for hemp-based fibers accounting for 

approximately 26% of total fiber production followed by bio-composites (14%) and technical 

textiles (Michael Carus 2017).  
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2.7. Summary and conclusion 

This paper systematically reviews factors that are of significance regarding the use of 

natural fibers in the specialty papers and nonwoven industry. In this regard, a discussion was 

presented about the physicochemical properties, processing techniques, current area of 

applications, and supply-side factors related with natural plant fibers. It is important to highlight 

that both bast and leaf fibers can be used in the form of fibers bundles or in the form of 

individualized fiber cells (known as pulp fibers in the paper industry). A review of the 

morphological properties indicates that the length of individual fiber cells from bast and leaf-

based plants is greater than the length of softwood fibers (source of long fiber content in the 

paper industry). Except for cotton, bast and leaf-based fibers have one of the highest cellulose 

contents among the natural fibers. Due to the higher cellulose and lower lignin content, these 

Figure 2-12: Total fiber production and different industrial applications of European hemp bast 

fibers. Data source (Michael Carus 2017) 
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fibers are: (1) easily susceptible to pulping and bleaching processes and (2) return high yield of 

pulp fibers compared to the woody biomass or other plant fibers. The combination of long fiber 

length and high cellulose content makes these fibers especially suitable for manufacturing 

specialty papers and nonwoven products with high strength attributes.  

Pulping and bleaching are the two most common processes used to transform the fiber 

bundles of bast and leaf fibers from their natural state into a form suitable for application in the 

specialty paper and nonwoven industries. However, the lack of an economically efficient pulping 

process is a big challenge from a cost perspective. Organosolv pulping (organic solvent-based 

pulping), and utilization of black liquor as a fertilizer have been researched as alternative pulping 

strategies to develop an environmentally friendly small-scale pulping process suitable for non-

woody biomass. Despite showing promising results, there is no reference to a full-scale 

commercial production facility using the proposed pulping methods. Any further developments 

in this field will help to reduce the high market price of pulps from these natural fibers and will 

contribute to an increased utilization in the specialty papers and non-woven industries. 

Some specific specialty paper products such as tea bags, coffee filters, cellulosic sausage 

casing, cigarette papers, and security papers were exclusively manufactured using the long, thin, 

and high strength cellulosic fibers from abaca, sisal, jute, hemp, flax, and cotton. However, high 

demand and limited supply of pulps from these natural fibers forced specialty papermakers to 

look for alternative substitutes such as softwood pulps or synthetic fibers. However, softwood 

fibers cannot provide the required performance, and the use of synthetic fibers is receiving 

negative publicity regarding health and safety as well as environmental burdens. Thus, the 

industry is looking backward towards these natural fibers as a preferred source of raw material.  

However, the problems of inconsistent fiber supply and high cost of market pulps from these 
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fibers need to be addressed. Nonwoven products have been traditionally manufactured using 

synthetic fibers (approximately 80% market share), and the use of natural cellulosic fibers such 

as cotton and wood pulp has been limited to niche and specialized applications. However, 

regulations on single-use plastics as well as changing consumer preference is forcing the 

nonwoven industry to transition away from synthetic fibers to natural fibers. Natural fibers from 

hemp, flax, jute, abaca, and sisal have the potential to challenge the status quo of synthetic fibers 

and wood pulps in filtration and disposable hygiene products. 
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3. HIGH-PERFORMANCE SUSTAINABLE TISSUE PAPER FROM 

AGRICULTURAL RESIDUE: A CASE STUDY ON FIQUE FIBERS FROM 

COLOMBIA 

3.1. Abstract 

Global sustainability megatrends are promoting the utilization of sustainably perceived 

fibers such as recycled and agricultural residue fibers in hygiene tissue applications. Tissue paper 

products advertised as sustainable have higher prices and inferior performance than conventional 

products manufactured from virgin wood fibers. This work demonstrates the feasibility of using 

agricultural residues from fique plantations (Furcraea microphylla genus) as an alternative to 

Northern Bleached Softwood Fibers (NBSK) in high-performance hygiene tissue applications. 

For our study, fiber residues were mechanically cleaned and upgraded to a tissue pulp using a 

simple pulping and bleaching process. A complete characterization of tissue paper properties 

(bulk, softness, water absorbency, tensile strength) was performed and compared against the 

NBSK market pulp. Additionally, fique residue pulp was blended with Bleached Eucalyptus 

Kraft (BEK) to match the performance of a selected benchmark consisting of 70% BEK and 30% 

NBSK. Results indicate fique residue bleached pulp has similar fiber morphology and 

comparable strength properties in terms of the tensile strength (+6%) and tear strength (+10%), 

but superior bulk (+12%), water absorbency (+28%), and softness (-29 % TS7 values) than 

NBSK pulp. A fiber blend of 70% BEK and 30% fique residue showed superior tensile strength 

(+21%), tear strength (+54%), bulk (+ 5.5%), water absorbency (+1.5%), and softness (-8.7% 

TS7 values) over a similar fiber blend of BEK and NBSK. Our findings demonstrate that fibers 

from fique residue can substitute NBSK in hygiene tissue applications. Upgrading residues from 

fique fibers as raw materials for the tissue industry can bridge the gap between sustainability and 
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product performance, simultaneously opening the possibility of new revenue streams for millions 

of small farmers in the producing countries.  

3.2. Introduction 

Global paper production has been steadily increasing over the years and reached 

approximately 425 million tons per year in 2020 (FAO - Forestry Production and Trade 2020). 

Hygiene tissue papers are one of the fastest-growing categories of all paper products witnessing a 

CAGR (compound annual growth rate) of 2.0% between 2015-20 (FAO - Forestry Production 

and Trade 2020). Within the broad spectrum of hygiene tissue paper, a wide range of products 

such as bath tissue, kitchen towels, wipes, facial tissue, and napkins are designed to serve the 

specific needs of consumers. For example, kitchen towels have excellent strength and water 

absorbency, while bath/facial tissue should have softness and strength. Overall, water 

absorbency, softness, and strength are the most critical properties of tissue paper products (Wrap 

2005; Gigac and Fišerová 2008). By choosing a suitable combination of fiber mix, paper 

machine technology, and chemical additives, tissue papers can be produced to achieve the 

desired performance as required for any specific application (De Assis et al. 2019; Zambrano et 

al. 2020).  

Fiber morphology plays an important role in tissue paper performance. High-value 

premium tissue papers are predominantly manufactured using a fiber mix from virgin wood 

fibers of softwoods and hardwoods. Tissue products manufactured from virgin wood fibers 

account for more than 60% of the total market share, while products made from recycled fibers 

and other non-wood alternative fibers constitute the remaining fraction (Fisher International 

2021).  NBSK (Northern bleached softwood kraft) and BEK (Bleached eucalyptus kraft) are the 

two most important raw materials for the tissue industry, representing approximately 45% of the 
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total market share of pulps (Fisher International 2021). Long and thin fibers of northern 

softwoods are added to provide superior strength properties, whereas shorter, low coarseness 

fibers of BEK provide good softness properties. Thus, an optimum mix of NBSK and BEK 

provides tissue paper with a superior combination of softness and water absorbency at a given 

strength (De Assis et al. 2018, 2019).  

However, the exclusive use of virgin wood fibers for making premium tissue products 

puts tremendous strains on already scarce natural forests. Substantial environmental concerns 

have been raised over the logging of NBSK from Canada, a key raw material in tissue furnish 

(Skene and Vinyard 2019; Vinyard and Skene 2020). Global sustainability megatrends are 

forcing manufacturers to look for alternatives beyond virgin wood fibers (Thomas and Liu 2013). 

This has motivated tissue makers to utilize sustainably perceived fibers such as post-consumer 

recycled fibers and agricultural residue fibers (Vinyard and Skene 2020). Post-consumer 

recycled paper as a raw material for tissue paper is certainly a sustainable option as it diverts the 

waste from entering landfills and the manufacturing process has lower environmental footprints 

than using virgin fibers (Wrap 2005; Skene and Vinyard 2019; Vinyard and Skene 2020). 

However, the high content of short fibers, fines, and other foreign matters (fillers, ink, and 

stickies) typically present in recycled pulp may have a detrimental effect on tissue properties 

(Hubbe et al. 2007). In addition, recycled fibers are stiffer with limited fiber swellability and wet 

flexibility (Hubbe et al. 2007). Hence, tissue papers produced with higher content of recycled 

fibers are weaker, stiffer, and denser with lower softness and water absorbency (Wrap 2005; De 

Assis et al. 2018, 2019). Shortcomings associated with recycled fibers limit their use to mainly 

economy and value-grade tissue products and are rarely used in the premium or ultra-premium 

tissue products (Wrap 2005; De Assis et al. 2018). 
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In addition to recycled fibers, several non-wood alternative fibers have been researched 

as a source of raw material to produce tissue papers (Byrd and Hurter 2013; De Assis et al. 

2019). Typically, non-wood fibers can be classified into agricultural residue and fiber crops 

(Hurter 2001; Byrd and Hurter 2013). Agricultural residue fibers such as wheat straw, corn 

stalks, and sugar cane bagasse present an interesting case from an economic and sustainability 

standpoint. Primary crops can account for most of the cost and environmental burden associated 

with the cultivation and harvesting of agricultural residue fibers (Byrd and Hurter 2013). 

Additionally, the utilization of agricultural residue in the paper industry offers an economical 

solution to the waste disposal problem as most of the leftover straw residues are burnt off in the 

field in the absence of any suitable disposal solutions (Byrd and Hurter 2013; Skene and Vinyard 

2019). However, prior efforts to utilize agricultural residue fibers in tissue paper have yielded 

limited results in terms of product performance. De Assis et al. (2019) compared the 

performance of bleached and semi-bleached wheat straw soda pulp with commonly used virgin 

wood pulps in tissue paper manufacturing and concluded that wheat straw pulps had remarkably 

higher fines content, which resulted in lower freeness of the pulp and increased densification of 

the tissue handsheets made thereof (De Assis et al. 2019). Increased sheet density had 

detrimental effects on important tissue paper properties. Wheat straw pulp had the worst 

combination of softness, water absorbency, and tensile strength among all market pulps 

evaluated in this study and was found only suitable for making economy-grade tissue products 

(De Assis et al. 2019). 

On the other hand, fiber crops such as cotton, flax, hemp, jute, kenaf, abaca, sisal, and 

fique are cultivated specifically to yield fibers. Papermaking pulps obtained from these fibers 

have extremely high tear and high tensile strength beyond what can be achieved with premium 
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wood pulps (Judt 1993). However, pulps from these fibers are mainly utilized for making 

specialty paper products that command a premium in the market over commodity paper products 

(Judt 1993; Atchinsons 1998).  Some limited efforts to utilize these fibers in hygiene tissue 

application have given positive results in the past. For example, patent US5320710 assigned to 

James River Corporation describes utilizing low coarseness and longer fiber length of chemically 

pulped hesperaloe fibers to produce tissue papers with improved bulk, water absorbency, and 

softness compared to those resulting from similar fiber blends of softwood and hardwood pulps 

(Reeves and Plantikow 1994). Similarly, Hermans et al. (1997) from Kimberly-Clark 

Corporation claim to use low coarseness fibers of abaca, paper mulberry, or pineapple leaf fibers 

to improve the softness of tissue paper products by introducing them in fiber blends of softwood 

and hardwood fibers (Hermans and Sauer 1997). Nevertheless, the high cost of market pulps 

from these non-wood fibers prohibits their utilization in tissue paper applications. 

The standard processing technique employed to extract fibers from the fiber crops also 

produces a significant quantity of by-products or waste along with the primary fibers. These by-

products are trimmed waste, which has similar characteristics as primary fibers but is mixed with 

foreign particles, soils, parenchyma cells, and inorganic impurities (Ovalle-Serrano et al. 2018b; 

Lee et al. 2020). For example, the processing of bast fibers such as flax, hemp, and jute produces 

a series of by-products such as shives and tows along with the primary bast fibers (Michael 

Carus 2017). Similarly, mechanical decortication of leaf-based fibers such as abaca, sisal, 

henequen, and fique generates short and entangled tow fibers as by-products (Ovalle-Serrano et 

al. 2018a). Such residues are either sold as low-value products or left on the field without any 

market value (Michael Carus 2017; Ovalle-Serrano et al. 2018b). Considering these by-products 
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comprise the major yield of fiber processing, these residues present an interesting case as low-

cost biomass for valorization into value-added products.  

In this context, the objective of this work was to study the feasibility of upgrading 

residues from the processing of fiber crops as a substitute fiber to Northern Bleached Softwood 

Fibers (NBSK) for high-performance hygiene tissue applications. Future forecasts point to 

uncertainties over the long-term supply and prices of NBSK fibers and require the tissue industry 

to explore developing alternative fiber sources to complement the currently used fiber mix 

(Thomas and Liu 2013). To achieve this objective, the residue obtained from the decortication 

process of the fique fiber was selected as a raw material for our study. Fique is a leaf-based 

natural fiber similar to abaca and sisal, which is primarily utilized for the fabrication of coffee 

sacks in Colombia. Fique residues are a by-product of the decortication process that produces 4-

5% primary long fibers (used for making coffee sacks) and 8-10% short tow fibers as a residue 

(Ovalle-Serrano et al. 2018a). These residues are left on the field without any market value. To 

the best of the author’s knowledge, no prior work on upgrading residue from the processing of 

bast and leaf-based fibers for hygiene tissue applications has been reported in the literature. 

Considering that these residues are currently left on the field without any market value, their 

upgradation into an alternative raw material for tissue manufacturing offers a unique opportunity 

to utilize these fibers into value-added products. This has the potential of opening new revenue 

streams for millions of small farmers in the producing countries, simultaneously easing the 

supply of imported virgin softwood fibers into the country.  
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3.3. Materials and methods 

3.3.1. Materials 

Compania de Empaques S.A., Medellin, Colombia, provided cleaned and uncleaned 

samples of fique residue fibers. Uncleaned fique residue is a decortication waste and contains a 

mixture of short fibers, parenchyma tissue, and other inorganic impurities such as soil, dirt, and 

sand. Uncleaned residue from the field was mechanically cleaned using a fiber carding line and 

slotted screens to separate the fibers from the parenchyma tissues and other remnants. Market 

pulps of northern bleached softwood kraft (NBSK) and bleached eucalyptus kraft (BEK) were 

sourced from pulp manufacturers in a dry sheet form. Chemical reagents used for pulping, 

bleaching, and pulp characterization were purchased from Sigma-Aldrich.  

3.3.2. Methods 

3.3.2.1. Pulping and bleaching process 

Soda pulping of cleaned and uncleaned fique residue fibers was carried out in an air-

heated tumbling bomb digester. Following fiber loading, the bomb was charged with cooking 

liquor made of sodium hydroxide (NaOH) and water to obtain a liquor to wood ratio of 10:1. 

Bombs were loaded into the slots of the tumbling digester preheated to a pulping temperature of 

170 ⁰C. The temperature inside the bomb was raised to 170 ⁰C in the first 75 minutes, following 

which cooking was carried out for further 60 minutes. After cooking, bombs were cooled by 

immersing in a cold-water reservoir for 15-20 minutes. Pressure in the bomb was relieved, and 

pulped fibers were transferred into a perforated basket for washing with tap water. Following 

washing, the fiber sample was passed through a laboratory disc refiner for complete 

disintegration before passing through a 0.15 mm slotted laboratory screen to remove uncooked 
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fibers as rejects. Subsequently, the screened pulp was centrifuged, fluffed, and stored for further 

processing. 

Three-stage elemental chlorine-free (ECF) bleaching sequence (D0EpD1) of the 

unbleached soda pulp was performed as per the process described by Danielewicz and Surma-

Slusarska (2017) for hemp bast fibers (Danielewicz and Surma-ślusarska 2017). First, 120 o.d. 

(oven-dried) g of unbleached pulp was placed inside a polyethylene bag and charged with a ClO2 

(chlorine dioxide) solution and deionized water to obtain a consistency of 10%. Kappa factor of 

0.2 (% chlorine per unit of kappa number per o.d. pulp) and oxidizing equivalent ratio of 2.63 

were used to calculate the total amount of ClO2 required in the bleaching process. 65% of the 

total calculated ClO2 was charged into the D0 stage, and the remaining 35% was charged into the 

D1 stage. No pH adjustment was made in the D0 stage, while NaOH was added at the D1 stage to 

obtain the final pH in the range of 4 to 5. Between the D0 and D1 stages, the pulp was treated in a 

hydrogen peroxide-reinforced alkali extraction stage (Ep). After charging with bleaching 

reagents, the polyethylene bag was sealed, kneaded with hands, preheated in a microwave for 

one minute, and placed in a water bath set at a constant temperature of 70 ⁰C. Retention time at 

D0, Ep, and D1 stages was 60, 90, and 60 minutes respectively. The resulting properties of the 

final fique residue bleached pulp have been summarized in Table 3-1. This pulp was used for 

making tissue handsheets, as described below. 
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Table 3-1: Results from the pulping and bleaching studies of fique residue fibers 

Fiber Samples Fique Residue 

Soda pulping 

Soda charge (% fiber o.d. weight) 20 

Total yield 1 (%) 55.4 

Kappa number 24 

ISO brightness (%) 40 

CED pulp viscosity (cP) 20 

ECF Bleaching (D0-Ep-D1) 

ISO brightness (%) 84 

Bleaching yield 2 (%) 92 

Total yield (%) 51 

1 yield includes screened yield as well rejects. Rejects during all pulping trial was less than 

1% on o.d. fiber basis 
2 Bleaching yield also includes manual losses during the process 

 

3.3.2.2. Characterization of pulp samples 

Following soda pulping of the fibrous raw material, pulp samples were characterized in 

terms of the pulping yield (percentage), kappa number (Tappi T 236 om-99 2006), 

cupriethylenediamine (CED) pulp viscosity (Tappi T 230 om-08 2008), ISO brightness (ISO 

2470-1 2016), and pulp freeness (Tappi T 227 om-09). Following the ECF bleaching process, 

pulp samples were characterized for bleaching yield (%) and ISO brightness (ISO 2470-1 2016). 

Pulping and bleaching yields were estimated gravimetrically by comparing samples’ oven dried 

weight before and after the treatment process. After initial characterization of the pulps, 

morphological properties such as fiber length, width, coarseness, and fines content were 

measured using an optical fiber quality analyzer (HiRes FQA – OpTest Equipment Inc.).  
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3.3.2.3. Tissue handsheet preparation 

Tissue handsheets of basis weight 30 g/m2 were prepared from unrefined and 

mechanically refined pulp samples. A lab-scale PFI mill refiner (PFI Mill – Nº312, The 

Norwegian Pulp and Paper Research Institute, Oslo, Norway) was used to refine the pulp 

samples according to Tappi standard T248 sp-00 (2000). The refining energy applied to the pulp 

samples is evaluated in terms of the number of PFI revolutions, with a higher PFI revolution 

indicating higher refining energy. Since tissue products are produced using lightly refined fibers, 

only 1000 and 2000 PFI revolutions were applied to refine the pulp fibers to make the tissue 

handsheets. However, refining was extended to 4000 PFI revolutions to build the drainage 

profile (pulp freeness) with refining. Following refining of the pulp, tissue handsheets were 

prepared using a modified version of the Tappi standard T 205 sp-02 (2006) to mimic the 

properties of tissue papers as previously described by de Assis et al. (2019). For forming 

handsheets, 24 g of oven-dried pulp was disintegrated at 1.2% consistency in a standard pulp 

disintegrator, and additional water was added to dilute the pulp slurry to 0.3% consistency. 

Freeness of the pulp (Canadian Standard Freeness) was measured according to Tappi T 227 om-

99 (1999) before making the handsheets. Tissue handsheets were formed in a standard handsheet 

former. The wet handsheets thus formed were not subjected to any further mechanical pressing 

to avoid densification and loss of bulkiness. Wet handsheets were dried using a drum dryer 

preheated at 110 °C. The dried handsheets were then conditioned according to Tappi 

conditioning standard Tappi T 402 sp-98 (1998) at 23 °C ambient temperature and 50% relative 

humidity before measuring the final properties.  
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3.3.2.4. Handsheet properties measurement 

Paper properties most relevant for tissue papers were measured using the conditioned 

handsheets. The average value of at least five measurements was taken for tensile strength, tear 

strength, zero span tensile strength, and softness. The average value of two measurements was 

taken for water absorbency, and the average value of 15 handsheets was taken for bulk/density. 

The basis weight, defined as mass per unit of the surface area of the handsheets, was measured 

according to ISO 12625-6 (2005). The bulk, which is the inverse of the apparent density, was 

measured following (ISO 12625-3 2014). The tensile strength was measured according to ISO 

standard (ISO 12625-4 2005)  using a universal Instron tensile tester (Instron model 4443, 

Canton, MA.). Tear strength (Elmendorf type) was measured according to TAPPI T 414 om-98 

(1998). Zero span tensile strength, which is an indicator of the strength of individual fibers, was 

measured according to Tappi T 231 cm-96 (1996) using a Pulmac zero span tester (Middlesex, 

VT). The water absorption capacity per unit mass of fiber was measured according to ISO 

12625-8 (2016) using the basket immersion test method. The softness of the handsheets was 

measured with a Tissue Softness Analyser (TSA Softness), equipment manufactured by Emtec 

Electronic GmbH, Leipzig, Germany. The softness evaluation is based on measuring the surface 

and bulk softness independently using three basic parameters: TS7 (surface softness), TS750 

(surface smoothness/roughness), and in-plane flexibility (bulk softness) (Wang et al. 2019). TS7 

mimics the human perception of surface softness by rolling a rotor over the surface of tissue 

handsheets and measures the amplitude of vibrations generated by the rotor due to the number of 

free fiber ends present on the surface of tissue paper. The rotating lamella records a lower 

vibration amplitude if it crosses over a large number of flexible fiber ends and corresponds to a 

better softness. TS750 measures the vibration of tissue samples and correlates to the 
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smoothness/roughness of the surface structure. A higher peak of TS750 indicates lower 

smoothness or higher surface roughness. The equipment also measures the stiffness or the in-

plane flexibility, which correlates to the bulk softness, by applying a fixed load to the tissue 

sample in the vertical direction.  

3.3.2.5. SEM imaging of the handsheet 

Surface and cross-section micrographs of the handsheets were taken using a variable 

pressure scanning electron microscope (VPSEM Hitachi S3200 N, Hitachi High Technologies 

America, Schaumburg, IL). Handsheet samples were cooled under liquid nitrogen and cut using 

sharped edge blades. The samples were sputter-coated with a thin layer of gold-palladium (~35 

nm).  

3.3.2.6. Comparison of fique residue bleached pulp with NBSK market pulp as a potential 

reinforcement fiber in hygiene tissue products 

In order to evaluate the suitability of fibers from the fique residue in hygiene tissue 

applications, a comparison was made against NBSK fibers. The comparison with the NBSK 

fibers was made in two stages, as shown schematically in Figure 3-1. In the first stage (referred 

to as direct fiber-to-fiber comparison), tissue handsheets were prepared using 100% bleached 

fique residue pulps and 100% NBSK market pulps, respectively. Physical properties of 

handsheets relevant to tissue papers, as previously described were measured and compared 

against each other. In the second stage (comparison of tissue properties), unrefined bleached 

eucalyptus pulp (BEK) was blended with refined NBSK (refined at 1000 PFI revolutions) in 

different weight ratios to form the tissue handsheets similar to the traditional practice in the 

industry (base case). In the alternate case, NBSK was replaced with the fique residue pulp. 

Tissue handsheets were prepared by blending unrefined BEK with the refined bleached fique 
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residue pulps (refined at 1000 PFI or 2000 PFI revolutions). Properties of the resulting tissue 

paper in the alternate case were compared against the base case tissue papers made with the pulp 

blends of BEK and NBSK.  

 

3.4. Results and discussion 

3.4.1. Comparison of fiber morphology 

Diluted and fully disintegrated pulp samples of bleached fique residue, NBSK, and BEK 

were analyzed in terms of their fiber length, width, fines content, and fiber coarseness. Fiber 

population in terms of millions of fibers per g of pulp was calculated from the total number of 

fibers and the total mass of pulp samples used in the FQA analysis. Table 3-2shows fiber 

morphology data as obtained from FQA for all the pulp samples. Fique residue bleached pulps 

and NBSK market pulps had remarkably similar fiber morphology. The average fiber length of 

fique residue bleached pulp (~ 2.3 mm) was comparable to the NBSK market pulp (~2.4 mm). 

Fiber length is one of the most critical parameters for reinforcing pulps as longer fibers have the 

Figure 3-1: Work plan designed for comparing the tissue properties of fique residue bleached 

pulp with NBSK market pulp. PFI revolutions indicate the refining energy applied to each pulp 

before making the tissue handsheets. 
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ability to form inter-fiber bonds with multiple fibers and provide superior strength to the tissue 

paper (De Assis et al. 2018). Moreover, fique residue bleached pulp had lower fiber width, fiber 

coarseness, and lesser fine content than the NBSK market pulp. These properties of fique residue 

bleached pulp are more conducive to developing favorable tissue paper properties than the 

NBSK market pulp. Due to the combination of comparable fiber length and narrower fiber width, 

fibers from fique residue bleached pulps had a higher aspect ratio (length/width). Slightly smaller 

fiber length and lower fiber coarseness resulted in fique residue bleached having a higher fiber 

population (~10% higher) than NBSK market pulp.  

 

Table 3-2: Morphological properties of unrefined bleached pulps used in this study for making 

tissue paper 

Pulp Name Fique Residue 
NBSK market 

pulp 

BEK market 

pulp 

Arithmetic mean fiber length (mm) 

(> 0.2 mm) 
1.8 (+/- 0.05) 1.7 (+/- 0.03) 0.61 (+/- 0.05) 

Length weighted mean fiber length 

(mm) (> 0.2 mm) 
2.3 (+/- 0.05) 2.4 (+/- 0.03) 0.71 (+/- 0.01) 

Mean fiber width (µm) 

(W = 7 - 60 μm) 
22.9 (+/- 0.41) 25.8 (+/- 0.24) 15.8 (+/- 0.10) 

Fines content 1 (%) 

(0.025 - 0.2 mm) 
1.1 (+/- 0.2) 2.3 (+/- 0.12) 4.5 (+/- 1.4) 

Fiber coarseness (mg/km) 125.3 (+/- 2.6) 135.7 (+/- 4.0 ) 73 (+/- 2.8 ) 

Mean curl index 0.16 (+/- 0.03) 0.14 (+/- 0.01) 0.097 (+/- 0.02) 

Fiber population 2 (million fibers/g) 3.5 (+/- 0.1) 3.2 (+/- 0.1 ) 18.8 (+/- 0.5) 

Zero span tensile strength (km) 10.9 (+/- 1.1) 14.8 (+/- 0.7) 10.8 (+/- 1.3) 

1 length weighted fines content 
2Fiber population has been calculated using total number of fibers divided by the total mass of fibers 

used for each FQA analysis 
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In addition to the average values, the distribution of fiber length and width are also shown 

in Figure 3-2. Compared to NBSK market pulp which is likely manufactured from tress with 

different ages and species, fique residue pulp was prepared from a single plant species of similar 

age. As a result, fique residue bleached pulp had a narrower distribution of fiber length and 

width. A narrower distribution of fiber morphology improves product uniformity and gives better 

control over achieving final properties (De Assis et al. 2019).  

 

3.4.2. Effect of refining on fiber properties 

A lab-scale PFI refiner was used to refine the pulps in this study. The compressive and 

shear forces applied during the PFI refining process produce several changes in the fiber 

structure, such as external fibrillation on the fiber surface, internal fibrillation (delamination of 

cell wall layers and changes in the internal structure of cell wall), fiber shortening, and fines 

generation (Page 1989). The relative predominance of these refining effects depends on the 
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Figure 3-2: Comparison of (a) fiber length and (b) fiber width distribution for NBSK market pulp 

and fique residue bleached pulp 
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physical and chemical properties of fibers. Thus different fibers respond differently to refining 

(Page 1989; Gharehkhani et al. 2015). The cumulative effect of these changes in the fibers’ 

structure can be observed by measuring changes in pulp freeness, apparent density, light 

scattering coefficients, and strength properties of the final paper web (Wang et al. 2005, 2007; 

Kang and Paulapuro 2006). In this study, the effect of refining on fiber properties was evaluated 

by measuring the freeness of the pulp and bulk (inverse of the apparent density) of the final 

tissue handsheet. In addition, changes in the fiber’s internal structure were investigated using 

SEM (scanning electron microscopy) micrographs. Figure 3-3shows SEM micrographs of the 

surface and cross-section of tissue handsheets made with unrefined and refined fibers of 

bleached fique residue and NBSK pulp. Lower resolution images of the surface of the tissue 

samples present in the first column (Figure 3-3a, Figure 3-3d, Figure 3-3g, Figure 3-3j) are used 

to evaluate the network structure of fibers. Higher-resolution surface micrographs present in the 

second column (Figure 3-3b, Figure 3-3e, Figure 3-3h, Figure 3-3k) are used to compare any 

changes in the internal structure of fibers before and after refining. Micrographs present in the 

third column (Figure 3-3c, Figure 3-3f, Figure 3-3i, Figure 3-3l) represent the cross-section of 

the tissue samples and are used to evaluate the collapsibility of the fibers lumen and relative 

consolidation (loss of bulkiness) of the fibrous assembly with the refining process. 
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Figure 3-3: SEM micrographs of surface and cross section of unrefined and refined handsheets 

made with fique residue bleached pulp and NBSK market pulp. a-c unrefined fique residue (703 

mL CSF); d-f unrefined NBSK (696 mL CSF); g-i refined fique residue (1000 PFI, 635 mL 

CSF); j-l refined NBSK (1000 PFI, 640 mL CSF) 
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Overall, refining consolidates the paper web structure and reduces the pore size and pore 

volume, which can be observed by comparing the surface and cross-sectional SEM image of 

pulp samples (Bristow 1986; Roberts and Sampson 2002; De Assis et al. 2018). However, it can 

be observed that fique residue bleached pulp formed a more open, porous, and bulkier paper 

structure than NBSK pulp in both unrefined and refined fiber states. The cell wall of NBSK fiber 

completely collapsed into a flat ribbon structure with refining (Figure 3-3k and Figure 3-3l). In 

contrast, fibers in fique residue pulp can be observed to retain their original cylindrical shape and 

intact fiber lumen (Figure 3-3i). Moreover, some sporadic external fiber fibrillation was observed 

on the outer surface of refined fique residue pulp, while the outer surface of NBSK pulp fibers 

was relatively cleaner and smoother. Overall, the cell walls of NBSK pulp fibers completely 

collapsed and seemed to favor more internal fibrillation and negligible external fibrillation with 

refining. Cell walls of fique residue pulp did collapse with refining; however, they were more 

resistant to the internal fibrillation than NBSK pulp and favored a certain degrees of sporadic 

external fibrillation. The milder conditions of refining conducted in this study did not generate 

secondary fines or reduce the fiber length significantly (Table 3-3).  
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Table 3-3: Changes in the morphological properties of pulp fibers with increasing refining levels 

Pulp Name 0 PFI 1000 PFI 2000 PFI 4000 PFI 

Fique Residue Bleached Pulp 

Length weighted mean fiber 

length (mm) (> 0.2 mm) 
2.27 2.21 2.16 1.99 

Mean fiber width (µm) 

(W = 7 - 60 μm) 
22.9 22.5 21.4 21.7 

Fines content (%) 

(0.025 - 0.2 mm) 
1.1 0.9 0.9 1.5 

Mean curl index 0.16 0.13 0.12 0.13 

NBSK Market Pulp 

Length weighted mean fiber 

length (mm) (> 0.2 mm) 
2.36 2.38 2.40 2.43 

Mean fiber width (µm) 

(W = 7 - 60 μm) 
25.8 26.3 26.1 26.4 

Fines content (%) 

(0.025 - 0.2 mm) 
2.3 2.2 2.0 1.7 

Mean curl index 0.14 0.13 0.12 0.10 

 

To further investigate the effect of refining on the properties of the fibers and corroborate 

the findings from SEM micrographs, changes in freeness and bulk of the tissue paper were 

measured for fique residue and NBSK pulp. Figure 3-4a indicates the change in pulp freeness 

with the number of PFI revolutions, and Figure 3-4b compares the change in bulk of the tissue 

paper at different pulp freeness values. Freeness of pulp determines its drainage behavior when 

used on paper machines to produce paper. As the number of PFI revolutions increased, the 

freeness of both pulps decreased proportionally (Figure 3-4a). Fique residue and NBSK almost 

followed a similar drainage profile with the refining; however, fique residue seems to have a 

faster drop in pulp freeness at higher PFI revolutions. Compared to pulp freeness, fique residue 

pulp displayed higher bulk than NBSK pulp for a given value of pulp freeness (Figure 3-4b). 

However, fique residue pulp had a higher reduction in bulk than NBSK pulp with increasing 
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refining. Thus, the bulk of both pulps seems to be converging at higher refining energy (lower 

pulp freeness). It appears that the thin cell wall of NBSK pulp easily develops internal 

fibrillation, thus making densified paper sheets than the fique residue pulp. On the other hand, 

fique residue pulp also favors a certain degree of external fibrillations apart from internal 

fibrillation, particularly in the later stage of refining. These observations agree with previous 

studies aimed to separate the effects of external and internal fibrillation on final paper properties. 

Wang et al. (2007) and Kang and Paulapuro (2006) reported that internal fibrillation increases 

the collapsibility and flexibility of fibers and is the primary factor responsible for the 

densification of a paper sheet, while external fibrillation leads to an increased specific surface 

area of fibers and mainly correlates with the decreased freeness of pulp. 
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Figure 3-4: Effect of refining on fiber properties evaluated by measuring (a) the change in pulp 

freeness against the number of PFI revolutions, and (b) change in the bulk of paper by varying 

the freeness of pulps with refining. Error bars indicate one standard deviation. 
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3.4.3. Comparison of strength properties 

Tissue paper products must have sufficient strength and durability to resist tear and 

rupture during the manufacturing and consumer use stages (De Assis et al. 2018). In this context, 

tensile strength and tear strength are considered two essential indicators of tissue paper’s strength 

properties (Shannon 2016). Page (1969) and Van den Akker (1958) showed that the strength of a 

lightly bonded paper structure such as tissue paper is mainly limited by the inter-fiber bonding 

strength between individual fibers rather than the strength of individual fibers (Van Den Akker et 

al. 1958; Page 1969). Mechanical refining and wet pressing can be used to improve the inter-

fiber bonding in a tissue paper sheet; however, there are undesirable tradeoffs with other 

important tissue properties such as softness and water absorbency. NBSK fibers with long fiber 

length, low coarseness, and easily collapsible thin cell walls are highly desirable in the tissue 

industry to provide the necessary strength to the paper while balancing softness and other 

important tissue properties (Shannon 2016; De Assis et al. 2018). Thus, the potential of fique 

residue bleached pulp to act as a reinforcing fiber in tissue paper products was investigated by 

comparing its strength properties against the NBSK market pulp. Figure 3-5a shows the tensile 

strength of fique residue bleached pulp and NBSK pulp at different pulp freeness, and Figure 

3-5b compares the tear strength of both pulps for a given tensile strength value. Both fibers were 

subjected to the same amount of refining energy (measured by the number of PFI revolutions), 

and their response to this refining energy was observed.  
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As expected, the tensile strength of both pulps increased, and freeness decreased as 

refining forces increased the flexibility, conformability, and total surface area of the fibers. At 

higher pulp freeness, when the bonding between fibers is low, the tensile strength of fique 

residue is higher than the NBSK market pulp. When refining is increased, NBSK pulp develops 

tensile strength faster than the fique residue pulp. At pulp freeness below 600 mL when interfiber 

bonding is relatively developed, NBSK market pulp displays superior tensile strength than the 

fique residue pulp. The difference in the tensile strength curve between both fibers can be 

understood by observing the morphology of fibers in the unrefined state and changes occurring 

in the structure of fibers throughout the refining process. Higher fiber population, higher aspect 

ratio, and lower fiber coarseness of fique residue pulp (Table 3-2) translate into better fiber 

coverage and a higher number of fiber contacts than the NBSK market pulp and contribute to its 
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Figure 3-5: Comparison of strength properties of fique residue bleached pulp with NBSK market 

pulp in terms of (a) tensile strength as a function of pulp freeness, and (b) the relationship 

between tear and tensile index. Error bars indicate one standard deviation. 
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higher tensile strength in the unrefined state (Seth 1990a, b). As refining proceeds, NBSK fiber 

with its wider lumen and thinner cell walls collapses easily into a flat ribbon-like structure 

(Figure 3-3), thus significantly increasing the relative bonded area between the fibers. Also, at 

higher refining, when bonding between fibers is well developed, a higher percentage of fibers are 

broken during the tensile failure of paper, and individual fibers’ tensile strength becomes more 

important for the total strength of paper (Van Den Akker et al. 1958; Page 1969). Zero span 

tensile strength of both pulps was measured as an indicator of the tensile strength of individual 

fibers in that pulp (Van Den Akker et al. 1958; Seth and Chan 1999). It was observed (Table 3-2) 

and Figure A-1 in the appendix A) that NBSK pulp has approximately 20% - 35% higher zero 

span tensile strength than fique residue bleached pulp indicating superior tensile strength of 

individual fibers in the NBSK pulp. Moreover, SEM micrographs (Figure 3-3) show that the 

refining actions expose cellulosic fibrils and microfibrils on the outer cell wall layers of fique 

bleached residue pulp and make its fiber surfaces rougher than the refined NBSK pulp. A 

rougher surface hinders the contact between adjacent fibers and reduces the relative bonded area 

(Hubbe 2006), thus resulting in weaker inter-fiber bonding for fique residue bleached pulps than 

NBSK market pulp at higher refining levels.  

Figure 3-5b shows the relationship between tear index and tensile index for fique residue 

pulp and NBSK pulp. The relationship between tear and tensile is a unique characteristic of 

individual pulp and follows the same curve irrespective of the mechanism used to change the 

bonding between the fibers (Seth and Page 1988). Hence, measurement of the tear-tensile 

relationship gives an indication of maximum tear strength that can be achieved with a specific 

pulp fiber. As shown in Figure 3-5b, the relationship between tear and tensile index for fique 

residue and NBSK follows a curve typical for long-fibered pulps. Tear strength increases as 
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bonding between fibers increases with refining and reaches the maximum value, after which it 

starts decreasing if the degree of bonding is further increased as more fibers start breaking rather 

than being pulled out intact (Seth and Page 1988). The tear strength of fique residue pulp is 

higher than the NBSK pulp in the unrefined state or at the lower tensile strength values of paper. 

However, at a higher tensile index (greater than 30 N.m/g), the tear index of both pulps becomes 

comparable to each other. The higher fiber curl, lower percentage of shorter fibers, and higher 

aspect ratio of individual fibers contribute to the higher initial tear index of fique residue pulp 

compared to NBSK pulp (Seth and Page 1988). However, when fibers are adequately bonded at 

higher refining levels, the tear strength of a paper sheet is proportional to the square of individual 

fiber’s tensile strength (measured by zero span tensile strength) (Seth and Page 1988; Page and 

Macleod 1992). Therefore, the higher fiber strength of NBSK pulp contributes to its tear strength 

being similar to the fique residue pulp at higher tensile strengths.  

After a direct fiber-to-fiber comparison between the fique residue pulp and the NBSK 

market pulp, both reinforcement pulps were separately blended with BEK market pulp at 

different weight proportions, and tissue handsheets were made using the resulting pulp furnish. 

Since fique residue bleached pulp provided better bulk properties even at higher refining, it was 

refined at two different pulp freeness values and separately blended with BEK pulp. Figure 3-6 

shows the tensile strength of the resulting tissue handsheets as a function of the weight 

percentage of the reinforcing pulps in the pulp furnish. As the amount of reinforcement pulp 

increased in the furnish, the tensile strength of the final paper increased proportionally. As 

expected, the addition of fique residue bleached pulp refined at higher refining energy (or to a 

lower freeness) provided the highest improvement in the tensile strength at any given weight 

percentage. Despite NBSK pulp showing faster tensile strength development with refining, the 



   

103 

 

addition of fique residue bleached pulp refined at similar refining energy as NBSK pulp (1000 

PFI revolutions) provided either similar or better tensile strength than the NBSK market pulp. 

The reinforcement mechanism is based on longer fibers forming bonds with multiple fibers 

leading to a more efficient stress transfer between fibers when a load is applied to the fibrous 

assembly (Seth 1990b). Moreover, blending two different fibers in a pulp furnish can lead to 

either positive or negative synergy between the fibers depending on the packing structure of 

fibers in the fibrous network. Considering that NBSK fibers had a compact structure even at 

1000 PFI refining revolutions, the addition of BEK pulp might disrupt its existing compact 

network structure. In comparison, fique residue bleached pulp had an open network structure 

with lots of voids and gaps between the fibers. The addition of shorter fibers from BEK pulp 

might fill the open space and bridge the gap between fibers leading to better stress distribution 

when a load is applied. 

A pulp blend of 30% NBSK and 70% BEK is commonly used in the hygiene tissue 

industry to make softer papers such as bath tissue and was selected as a benchmark for our study. 

Compared to the selected benchmark (70% BEK + 30% NBSK), adding 30% fique residue (30% 

fique residue + 70% BEK) provided 21% higher tensile strength when refined at 1000 PFI and 

35% higher tensile strength when refined at 2000 PFI. In other words, to match the tensile 

strength of the benchmark pulp blend containing 30% NBSK pulp refined at 1000 PFI, only 

21.8% and 18.1% of fique residue pulp refined at 1000 PFI and 2000 PFI, respectively, are 

required. 
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3.4.4. Water absorption capacity 

Hygiene tissue products are designed to absorb the maximum amount of water in the 

lowest possible time (Beuther et al. 2010). Hence, water absorbency properties are one of the 

most crucial properties of tissue paper products. Water absorption capacity determines the total 

amount of water that a tissue paper can retain under saturated conditions (Ko et al. 2016). From a 

water absorption capacity point of view, tissue paper can be considered as a two-phase system of 

cellulosic fibers and interfiber pores where both phases can potentially absorb water (Bristow 

1986). The function of the cellulosic fibers forming the underlying tissue structure is to 

maximize the volume of interfiber pores and provide sufficient hydrophilicity for additional 

sorption of water into fibers (Ko et al. 2016; De Assis et al. 2019; Zambrano et al. 2021a). 
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The primary objective of adding a reinforcement pulp is to provide strength and 

durability to the tissue structure. However, the addition of a reinforcing fiber might negatively 

impact the water absorbency properties of the tissue paper (De Assis et al. 2018; Stankovská et 

al. 2020). Hence, the best performing reinforcement pulp should provide the maximum water 

absorbency for a given tensile strength of tissue paper. Figure 3-7compares the water absorption 

capacity of fique residue pulp with NBSK pulp at different refining energies. Refining has been 

used to change the tensile index and the apparent bulk of paper made with both pulp. Figure 3-7a 

and Figure 3-7b show that fique residue bleached pulp provided better water absorption capacity 

than NBSK pulp for any given value of the tensile index. As refining progressed, the water 

absorption capacity of both pulps decreased proportionally; however, the same trend of fique 

residue pulp having higher water absorption capacity than NBSK pulp was observed at all 

refining levels used in this study. Previous studies have shown that the majority of water 

absorbed in a tissue paper sheet is located inside the pores between fibers and fiber lumens 

(Bristow 1986; De Assis et al. 2019; Zambrano et al. 2021b). De Assis et al. (2019) and 

Zambrano et al. (2021) reported a high correlation between water absorption capacity and the 

bulk of the tissue paper. For tissue papers made with highly bleached cellulosic fibers, when 

there is not much difference between the chemical compositions of fibers, the difference in water 

absorption capacity can be explained based on the total apparent pore volume available in the 

paper (Zambrano et al. 2021b). Thus, the superior water absorption capacity of fique residue 

bleached pulp can be attributed to the higher bulk of its paper structure (Figure 3-7b). Overall, 

water absorption capacity showed a 92% linear correlation with the bulk of all tissue handsheets 

evaluated in this study. This effect can also be visualized through the SEM micrographs in 

Figure 3-3, wherein higher fiber curl and tubular fiber structure of the fique residue pulp created 
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a relatively porous and bulkier web structure than the compact and consolidated paper web 

structure generated by NBSK pulp. 

 

Additionally, it is essential to note that all tissue papers displayed higher water absorption 

capacity than the original pore volume present in the paper, which can be calculated using the 

apparent bulk (cm3/g) of the paper in the dry state. The extra water being absorbed is 

accommodated between the plies, the pores within the fiber cell wall, and changes in the original 

pore volume of paper caused by the swelling of the cellulosic fibers (Bristow 1986; De Assis et 

al. 2019). An equal number of handsheets was used to measure the water absorption capacity for 

both pulps; hence, it can be assumed that a similar amount of water was present between the 

plies in all observations. However, it is essential to acknowledge that NBSK pulp is a once-dried 

pulp, and fique residue is a never-dried pulp. Drying brings some irreversible changes in the 
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Figure 3-7: Comparison of water absorption capacity of fique residue bleached pulp with NBSK 

market pulps (a) the tradeoffs between water absorption capacity and tensile index, and (b) as a 

function of tissue handsheet bulk. The error bars indicate one standard deviation. 
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morphology of fibers (i.e., hornification) and negatively impacts their swellability with water 

upon rewetting (Gurnagul et al. 2001; Hubbe et al. 2007). 

 

Figure 3-8 shows the water absorption capacity as a function of the tensile index of tissue 

handsheets prepared from pulp blends of BEK and the individual reinforcement pulps. Tissue 

handsheets made with 100% unrefined BEK pulp have a water absorption capacity of 7.1 g water 

per g of fiber which was in a similar range as observed for fique residue bleached pulp refined at 

1000 PFI (635 CSF mL). Hence, the addition of fique bleached pulp refined at 1000 PFI did not 

have a negative impact on the water absorption capacity of the tissue handsheets. Compared to 

that, adding NBSK pulp or fique residue pulp refined at higher refining energy (2000 PFI) 

reduced the water absorption capacity of the resulting tissue handsheets (Figure 3-8). However, 

in both cases (similar refining energy or higher refining energy), the fique residue pulp provided 
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Figure 3-8: Water absorption capacity of tissue handsheets prepared by blending reinforcement 

pulps with bleached eucalyptus kraft and plotted against the tensile index of handsheets. The 
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proportionally. Error bars indicate one standard deviation. 
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better water absorption capacity than NBSK pulp for a given value of the tensile index, which 

can be attributed to the bulkier fibrous structures imparted by the introduction of fique residue 

pulp.  

3.4.5. Softness 

The perceived softness of a hygiene tissue product is a subjective impression that the 

human mind generates when tactile sensors present in human hands interact with the sample 

material (Wang et al. 2019). Previous studies have shown a high correlation between perceived 

softness and measurable physical properties of tissue papers such as surface roughness, stiffness, 

compressibility, flexibility, free fiber ends, fiber flexibility, etc. (Hollmark 1983; Hollmark and 

Ampulski 2004; Wang et al. 2019). Accordingly, two different aspects of softness have been 

proposed in terms of surface softness and bulk softness. The surface softness relates to the 

perception of softness when fingertips move over the surface of a tissue paper, while bulk 

softness indicates the softness perception when a human hand folds and crumples the tissue 

paper (Hollmark 1983). In this work, the softness of the tissue handsheets was measured using a 

tissue softness analyzer (TSA, Emtec Electronic GmbH, Germany), which measures the surface 

and bulk softness independently using three basic parameters: TS7 (surface softness), TS750 

(surface smoothness/roughness), and in-plane flexibility (bulk softness) (Wang et al. 2019; Prinz 

et al. 2021). As with the water absorption capacity, the objective is to maximize the softness of 

tissue handsheets for a given value of the tensile index. Figure 3-9a and Figure 3-9b compare the 

TS7 (surface softness) and the in-plane flexibility (bulk softness) of tissue handsheets made with 

100% fique residue bleached pulps and 100% NBSK pulp without any fiber blending with BEK 

pulp.  
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Figure 3-9: Comparison of softness between fique residue and NBSK pulp by evaluating 

tradeoffs between softness and tensile strength (a) Tradeoff between surface softness and tensile 

index for individual pulps (b) Tradeoff between bulk softness and tensile index for individual 

pulps (c) Tradeoff between surface softness and tensile index for pulp blends with BEK (d) 

Tradeoff between bulk softness and tensile index for pulp blends with BEK. The amount of 

reinforcing fibers increases from left to right in Figures c and d. Error bars indicate one standard 

deviation. 

The comparison among BEK, NBSK, and fique residue bleached pulp in their unrefined 

state showed that BEK pulp had the best softness properties in terms of surface softness (TS7), 
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bulk softness (in-plane flexibility), and TS750 (surface smoothness/roughness). TS750 values for 

tissue handsheets are presented in Figures A-3 and A-4 and provided in the appendix A. BEK 

pulp produced the lowest TS7, highest in-plane flexibility, and highest surface smoothness 

(lowest TS750). Fique residue bleached pulp provided better surface softness (lower TS7) and 

higher surface smoothness (lower TS750) than the NBSK pulp with a similar bulk softness (in-

plane flexibility). As refining was used to develop the tensile strength of NBSK and fique residue 

pulp, it negatively affected all aspects of softness. NBSK pulp with lower coarseness and flexible 

thin cell walls are desirable in hygiene tissue products over other long-length fibers such as 

SBSK (southern bleached softwood kraft) given their ability to impart superior surface softness 

property (Shannon 2016; De Assis et al. 2018). However, fique residue bleached pulp 

consistently produced lower TS7 values than NBSK pulp at all refining levels, which indicates 

its ability to provide superior surface softness when used in hygiene tissue products. It appears 

that the combination of shorter fiber length, lower coarseness, low fines content, higher fiber 

curl, and higher fiber population contributes to the fique residue pulp having lower TS7 values 

than NBSK pulp (Wang et al. 2019; Prinz et al. 2021). However, it is also important to 

acknowledge the limitations of TSA equipment regarding its ability to accurately compare the 

softness of samples made from different fiber sources. Apart from flexible and free fiber ends, a 

more porous sample can also dampen the amplitude of vibrations more efficiently, resulting in 

lower TS7 values recorded in comparison with a less porous surface (Prinz et al. 2021). Fique 

residue pulp had a lower apparent density (higher porosity) than the NBSK pulp at all refining 

levels (Figure 3-4b), which could have also contributed to it producing lower TS7 values than 

NBSK pulp. The open and porous nature of tissue samples made with fique residue bleached 

pulp can also be visualized through the SEM micrographs presented in Figure 3-3. 
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Compared to the surface softness, it was surprising to observe both pulps showing similar 

in-plane flexibility or bulk softness at all refining levels despite fique residue pulp having 

superior bulk. To further evaluate this observation, tensile stiffness of handsheets was recorded 

from the tensile testing of handsheets. Figure A-2 (provided in appendix A) indicates that both 

pulps have similar tensile stiffness in their unrefined state, but the NBSK pulp has significantly 

higher tensile stiffness (~35% higher) than the fique residue pulp at higher refining levels. The 

in-plane flexibility as measured by the TSA equipment is closely related to the flexural rigidity 

or bending stiffness of the sample (Zambrano et al. 2021a). The flexural rigidity, in turn, is a 

function of the tensile stiffness and the third power of the sheet thickness (Hollmark 1983). 

Hence, it appears that the sheet thickness is also having significant impacts on the measured in-

plane flexibility of tissue samples (Hollmark 1983). This might explain why NBSK pulp with 

higher tensile stiffness but lower caliper has similar in-plane flexibility as fique residue pulp with 

lower tensile stiffness but higher caliper. 

After comparing the softness properties of individual pulps, the softness of tissue 

handsheets prepared using pulp blends of BEK and reinforcement fibers was studied. Figure 3-9c 

and Figure 3-9d present the TS7 (surface softness) and in-plane flexibility (bulk softness) of 

tissue handsheets made with different pulp blends. Since reinforcement pulps were successively 

added in smaller weight percentages, it is expected that tissue properties should be mainly 

dominated by the BEK fibers present in the majority. It is argued that this effect should also 

negate the impact of porosity on softness measurement, thus providing a more accurate 

comparison of softness than that obtained by comparing pulps individually. Shorter fibers have a 

higher tendency to protrude out from the paper surface, which is augmented by the remarkably 

higher number of individual fibers in the pulp. On the other hand, adding refined and long-length 
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reinforcing fibers reduces the number of free fiber ends and increases the stiffness of the paper 

structure by increasing the degree of bonding between the fibers. As a result, both surface 

softness (TS7) and in-plane flexibility got worsened as the amount of reinforcing pulp was 

increased in the tissue handsheet. Individually, tissue handsheets prepared with the pulp blend of 

BEK and fique residue refined at lower refining energy provided superior surface softness (lower 

TS7) than the NBSK pulp. However, when fique residue pulp was refined at higher refining 

energy (580 CSF), its surface softness became comparable to the NBSK pulp (Figure 3-9c). 

Similar to the trend observed when comparing individual pulps, in-plane flexibility or the bulk 

softness of all pulp blends was comparable (Figure 3-9d), which was attributed to the combined 

effects of tensile stiffness and the thickness of tissue handsheets. 

3.5. Conclusion 

Pulp blends of northern bleached softwood kraft (NBSK) and bleached eucalyptus kraft 

(BEK) are commonly used to produce premium hygiene tissue products with best combination of 

water absorbency, softness, and strength properties. However, environmental concerns over 

logging NBSK has created uncertainty about its long-term supply. This work successfully 

demonstrated the feasibility of upgrading agricultural residue from the processing of fique fibers 

as a sustainable alternative to NBSK fibers for producing high-performance tissue products. 

Fibers from fique residue can be upgraded into high-quality pulp using a simple 

mechanical cleaning and mild pulping and bleaching process. Fiber morphology played a critical 

role in developing tissue paper’s properties, and a comparison of morphological properties 

showed that fique residue pulp has similar fiber length, but lower width, coarseness, fines 

content, and higher fiber population than NBSK market pulp. SEM micrographs showed that the 

compressive forces acting during the refining process easily collapsed the thin cell walls of 
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NBSK pulp into a flat ribbon-like structure. In contrast, fibers from the fique residue pulp were 

less flexible and conformable. The bulk of tissue handsheets made with fique residue bleached 

was consistently higher than NBSK pulps at all refining levels, which corroborate different 

responses of both fibers to mechanical refining. Therefore, NBSK pulp displayed higher tensile 

strength than fique residue pulp at higher refining levels (lower pulp freeness) but similar 

strength properties at higher pulp freeness. When tradeoffs between the tensile strength, water 

absorbency, and softness were evaluated, fique residue bleached pulp provided a superior 

combination of water absorption capacity and softness properties than NBSK market pulp at a 

given tensile strength value. A fiber blend of 70% BEK and 30% fique residue pulp (refined at 

1000 PFI revolutions) showed superior tensile strength (+21%), tear strength (+54%), bulk (+ 

5.5%), water absorbency (+1.5%), and softness (-8.7% TS7 values) over a similar fiber blend of 

BEK and NBSK pulp. Refining fique residue pulp to 2000 PFI revolutions provided further 

improvement in strength properties (+47.2% tensile strength, +82.1% tear strength) but had 

negative impacts on water absorbency (-7.3%) and softness (+20.4% TS7) compared to the 

benchmark pulp blend of BEK and NBSK. Thus, fique residue pulp can be used in different 

hygiene tissue grades by either manipulating the amount of reinforcing fibers or by changing the 

refining energy imparted to the fibers. Tissue products such as bath and facial tissue, where 

softness is the most desirable property, lower refining energy, and lesser amount of fique residue 

pulp (20 – 30 wt. %) can be used to provide the optimum balance in final tissue properties. 

Compared to that, tissue products such as kitchen towels and napkins require higher strength 

properties. Therefore, it will be desirable to use higher refining energy or a higher amount of 

reinforcing pulps (>30% fique residue pulp) to impart higher strength properties while providing 

sufficient softness and water absorption capacity. 
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However, it is important to mention that NBSK market pulp is a once-dried pulp, while 

fique residue pulp was produced in the laboratory and has not been dried. Drying has been 

shown to bring some irreversible changes in the fiber cell wall that negatively impacts the boding 

ability and swellability of fibers. Hence, the results should be analyzed as demonstrative rather 

than representative of the pulp samples. Nevertheless, promising results obtained from this study 

show the potential of low-value residue from fiber crops of abaca, sisal, fique, hemp, and flax to 

be developed into high-quality pulps for hygiene tissue applications. This may not only solve the 

residue handling problems but also open a new revenue stream for millions of small farmers in 

the producing countries while providing flexibility in fiber sourcing for the manufacturer of 

tissue paper products. 
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4. UNDERSTANDING THE POTENTIAL OF DECORTICATED FIQUE FIBERS 

FROM COLOMBIA IN SPECIALTY PAPER PRODUCTS 

4.1. Abstract 

This work evaluates the papermaking potentials of decorticated fique fibers from 

Colombia and benchmark its properties against specialty pulps of abaca, sisal, and NBSK 

(northern bleached softwood kraft). Decorticated fique fibers were pulped using the soda 

pulping, and fully bleached using a three stage elemental chlorine-free (ECF) bleaching 

sequence. Morphological and physical properties of fique pulp were compared against abaca and 

sisal pulp obtained through similar pulping and bleaching operations. Fique fibers have shorter 

fiber length and lower mechanical strength than abaca but longer fiber length and higher 

mechanical strength than sisal. However, the average fiber width of fique is higher than the 

average fiber width of abaca and sisal, which adversely affects the permeability of paper.  

4.2. Introduction 

Specialty paper products are manufactured to have some unique properties to serve a 

specific purpose and represent a niche category within the paper industry (Isoaho 2019). Specific 

features related to specialized applications, differentiated high-value products, small-scale 

productions, and low quantity demand are some salient features of specialty papers used to 

differentiate them from the commodity-grade papers (Vapaaoksa and Vries 2015; Isoaho 2019; 

Ling et al. 2021). However, the broad spectrum of specialty paper grades contains innumerable 

products that are classified and subdivided into specific segments such as décor paper, packaging 

& labelling, filter papers, wet-laid nonwovens, security & banknotes, cigarettes paper, 

photographic paper, thermo paper, and miscellaneous other specialty papers, based on their 

applications (Voith Paper 2008; Ling et al. 2021). By choosing a suitable combination of fiber 
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mix, chemical additives, paper machine technology, and post-manufacturing convertibility, 

specific characteristics can be imparted into the paper as required for the specific applications 

(De Assis et al. 2018; Isoaho 2019). 

Some specific specialty paper products such as tea bag, coffee filter, cellulosic sausage 

casing, cigarette papers, and banknote & security papers are exclusively manufactured using 

long, thin, and high strength cellulosic fibers from abaca, sisal, Jute, hemp, flax, and cotton (Judt 

1993; Atchinsons 1998; Hurter 2001). The history of abaca in specialty paper products can be 

traced back to 1936 when Henry Osborne of C.H Dexter & Sons. Inc. used abaca fibers to form a 

thin, strong, and porous paper web, which gained widespread use in the infusion packaging (tea 

bags, coffee filters) industry because of its high strength and high porosity (Osborne 1936a, b). 

Subsequently, a thin paper made of abaca fiber was introduced to reinforce the sausage casing 

tube made of pure regenerated cellulose. Abaca fiber reinforced cellulose casing became a norm 

in the meat casing industry to produce material with sufficient burst strength and dimensional 

stability so that it can withstand the high pressure applied during the meat stuffing process on 

automatic meat packing equipment put automatic meat packing equipment (Edmund 1996; 

Hoglund and Kalm 2003). Similarly, high cellulose-containing fibers of cotton, flax, hemp, and 

abaca have traditionally been used to form banknotes & security papers, cigarette paper, and 

filter papers (Atchinsons 1998; Michael Carus 2017). 

The unique combination of fiber morphology and fiber strength of these specialty 

cellulosic pulps are utilized to make two types of products. The first category of product includes 

lightweight, strong, and highly porous papers such as tea bags, coffee filters, sausage casings, 

plug wrap papers for cigarettes (Judt 1993). Paper webs forming this category of products should 

have high permeability, smaller pore size, and superior strength properties to serve its purpose 



   

117 

 

(Judt 1993). The highest grade of abaca fibers with a minimum amount of fines and parenchyma 

cells are specially selected to make this category of products (Judt 1993). The second category of 

products includes high tear and high tensile strength papers such as cigarette paper, banknotes & 

currency papers, dust filter papers, etc. (Judt 1993). Generally, tear and tensile strength have an 

inverse relationship in a well-bonded paper. As refining or mechanical pressing is increased to 

develop the tensile or burst strength in a paper web, tear strength starts decreasing 

correspondingly (Seth and Page 1988). The ability to provide high tear strength at high tensile 

strength is a unique value proposition of these non-wood specialty fibers, which cannot be 

achieved even with the premium of softwood pulps (Judt 1993). Generally, coarsely cleaned 

abaca fibers with a moderate amount of impurities are the preferred material of choice for high-

tear and high-tensile strength specialty papers (Judt 1993). 

Strong demand for abaca fibers from the specialty paper industry and limited supply from 

its producing countries of the Philippines, Ecuador, and Costa Rica has resulted in a demand 

deficit of 25000 – 60000 MT per year (Arcalas 2018; PhilFIDA (Philippine Fiber Industry 

Development Authority) 2018). Consequently, the market prices of abaca have increased over 

the years and currently trade at an all-time high of USD 2500 / ton (FAO 2019).  Confronted 

with high demand and limited supply of abaca fibers, specialty paper manufacturers have used 

other well-known long length cellulosic fibers such as sisal, jute, flax, hemp, softwood, etc., but 

generally at the detriment of desired properties in the final paper products (Hurter 2001; 

Viazmensky and Scott 2003; Ludmila and Viazmensky 2009). Although sisal has been projected 

as a viable substitute to abaca for making highly porous papers, it lacks the strength properties of 

abaca fibers (Judt 1993). Over the years, specialty paper producers have also tried to use 

synthetic fibers such as rayon, polyester, polypropylene, or polyvinyl alcohol as a substitute to 
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natural cellulosic fibers (Ludmila and Viazmensky 2009; Heinrich and Kaussen 2012; 

Viazmensky et al. 2012). Using 100% synthetic raw materials and advanced non-woven 

technologies provide high production output and a better control over final properties. However, 

many specialty paper products such as tea bags, coffee filters, plug wraps in cigarettes are single-

use materials that need to be disposed of after every usage. Disposability of such a large volume 

of single-use synthetic plastic will be a huge burden on the environment. Also, a recent study by 

Hernandez et al. has depicted that a single plastic tea bag could release 3.1 billion nanoparticles 

(≤ 100 nm) and 11.6 billion microplastics (≤ 5 mm) during a typical steeping process at the 

brewing temperature of 95 ºC(Hernandez et al. 2019). This claim of micro and nano plastic 

release by tea bags has shade negative light on tea bag manufacturers using synthetic plastic 

fibers in their raw material and forcing industries to look back towards natural cellulosic fibers.  

Specialty paper producers are small-scale paper mills, dependent upon the supply of 

market pulps. Fibers cost plays a significant part in their total production cost (Judt 1993; 

Atchinsons 1998; Hurter 2001; Isoaho 2019). Variations in market prices of non-wood fibers 

significantly alter the production cost of such paper mills. Hence, it becomes very necessary to 

find alternative fibers, which can come in handy when one fiber is in short supply. Fique fibers 

are extracted from the leaves of the fique plant and are primarily grown in countries such as 

Colombia, Venezuela, and Ecuador. Although, previous research has shown fique fibers having 

similar chemical and morphological properties as other leaf-based fibers such as abaca and sisal, 

traditional usage of fique fibers has mainly been limited to low-value products such as coffee 

sacks, ropes, bags, and handcrafts (Ovalle-Serrano et al. 2018a). Although, some recent research 

works have investigated the potential of decorticated fique fibers into fiber-reinforced polymer 

composites, as far as authors can ascertain no prior work has been reported focused on upgrading 
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fique fibers for specialty paper products. Developing fique fibers as raw materials for specialty 

papers will not only provide cost-saving opportunities in the formulation of furnish but also open 

new revenue streams for millions of small indigenous farmers in the producing countries.  

In this context, the primary objective of this research study was to evaluate the 

papermaking properties of the decorticated fique fibers from Colombia. A particular focus was 

given on understanding its potential as a raw material for specialty paper products such as tea 

bags, coffee filters, sausage casing paper, cigarette paper, etc. In order to address this objective, 

morphological, physical, and chemical properties of fique pulp were compared against two high-

value specialty pulps of abaca and sisal. In addition, the market pulp of northern bleached 

softwood kraft (NBSK) was included as a reference pulp to differentiate the specialty nature of 

these pulps from the premium of papermaking wood fibers.  

4.3. Materials and methods 

4.3.1. Materials 

Compania de Empaques S.A., Medellin, Colombia, provided the decorticated fique 

fibers. For comparison and benchmarking, abaca fibers were sourced from the Glatfelter 

production in Costa Rica, and Sisal fiber was sourced from Kenya. Market pulp of northern 

bleached softwood kraft (NBSK) was sourced from a commercial pulp manufacturer in the 

United States in a dry sheet form. The identity of the pulp supplier has been kept confidential at 

their request. Chemical reagents used for pulping, bleaching, and pulp characterization were 

purchased from Sigma-Aldrich. 
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4.3.2. Methods 

4.3.2.1. Chemical composition analysis 

Chemical compositional analysis of all the raw fibers and pulp samples were performed 

to determine the structural carbohydrates, lignin, extractives, and ash content following NREL 

(National Renewable Energy Laboratory) and Tappi procedures. Solvent extractives, Klason 

lignin (acid-insoluble lignin), and ash content were estimated according to Tappi T204, Tappi 

T222 om-11, and Tappi T211 om-02 respectively (Tappi T211 om-02 2002; Tappi T 222 om-02 

2006; Tappi T 204 cm-97 2007). Cellulose and hemicellulose content was determined following 

two-stage acid digestion procedures as described in NREL report NREL/TP-510-42618 (Hames 

et al. 2008).  

4.3.2.2. Pulping and bleaching process 

Decorticated fique, abaca, and sisal fibers were cooked in a tumbling bomb digester using 

soda pulping process. Before pulping, all fibers were cut into 2-3 inches of length using a paper 

cutter.  Following fiber loading, the bomb was charged with cooking liquor made up of sodium 

hydroxide (NaOH) and water to obtain liquor to wood ration of 10:1. Parameters for soda 

pulping were decided based on literature and also through a reference from the existing industrial 

pulping process. The soda charge for each fiber was optimized based on preliminary trials to 

obtain uniform pulp in the bleachable range.  Bombs were loaded into the slots of tumbling 

digester preheated to the pulping temperature of 170⁰C. The temperature inside the bomb was 

raised to 170⁰C in the first 75 minutes, following which cooking was carried out for further 60 

minutes at the constant temperature. After cooking, bombs were cooled by immersing into a 

cold-water reservoir for 15-20 minutes. Pressure in the bomb was relieved and pulped fibers 

were transferred into a perforated basket for washing with tap water. A portion of the black 
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liquor was saved before washing for further analysis. Following washing, the fiber sample was 

passed through a laboratory disc refiner for complete disintegration before passing through a 

0.15 mm slotted laboratory screen to remove uncooked fibers as rejects. Subsequently, the 

screened pulp was centrifuged, fluffed, and stored for further processing.  

All three unbleached pulps from fique, abaca, and sisal were bleached using chlorine 

dioxide (ClO2) based three-stage ECF bleaching (D0-Ep-D1) as per the process described by 

Danielewicz & Surma-Slusarska for hemp bast fibers(Danielewicz and Surma-ślusarska 2017). 

The only exception was abaca, which required an acid wash stage at the beginning of the 

bleaching sequence otherwise, there was no brightness gain from the D1 stage (A-D0-Ep-D1). 

120 o.d. grams of unbleached pulp was placed inside a polyethylene bag and charged with a 

chlorine dioxide solution and deionized water to obtain a consistency of 10%. Kappa factor of 

0.2 (% Cl2 per unit of kappa number per o.d. pulp) and oxidizing equivalent ratio of 2.63 was 

used to calculate the total amount of ClO2 required in the bleaching process. 65% of the total 

calculated ClO2 was charged into the D0 stage and the remaining 35% was charged at the D1 

stage. No pH adjustment was done in the D0 stage while NaOH was added at the D1 stage to 

obtain the final pH between 4 – 5. In between the D0 and D1 stage or after the D0 stage, pulps 

were treated with a hydrogen peroxide reinforced alkali extraction stage (Ep).  After charging 

with bleaching reagents, the polyethylene bag was sealed, kneaded with hands, pre-heat in a 

microwave for one minute, and placed in a water bath set at a constant temperature of 70⁰C. 

Retention time at D0, Ep, and D1 stages was 60 minutes, 60 minutes, and 90 minutes, 

respectively. 
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4.3.2.3. Characterization of pulp samples 

Following soda pulping of fibrous raw material, all three-pulp samples were 

characterized in terms of pulping yield (percentage), Kappa number (Tappi T 236 om-13), pulp 

viscosity (Tappi T 230 om-08), ISO brightness (ISO 2470-1), and pulp freeness (TAPPI T 227 

om-09). After initial characterization, morphological properties such as fiber length, width, 

coarseness, and fines content were measured using an optical fiber quality analyzer (FQA – 

OpTest Equipment Inc.).  

4.3.2.4. Handsheet preparation 

Paper handsheets of 40 gsm were prepared using a modified version of Tappi standard 

TAPPI T 205 SP-02 (2006). For forming handsheets, twenty-four grams of oven-dried pulp was 

soaked in water for two hours and then disintegrated at 1.2% consistency in a standard pulp 

disintegrator (Pulp Disintegrator, Testing Machines Inc.) using 15,000 revolutions. Disintegrated 

fibers were observed visually using a diluted sample to confirm complete disintegration. 

Following disintegration, pulp slurry was diluted to 0.3% consistency and Freeness (Canadian 

Standard Freeness) was measured using TAPPI T 227 om-09 before making the handsheets. The 

dried handsheet was then conditioned using Tappi conditioning standard TAPPI T402 sp-08 at 

50% relative humidity and an ambient temperature of 23ºC before measuring the physical 

properties of the handsheets.  

4.3.2.5. Refining of pulp samples 

Pulp samples were refined in a PFI refiner (PFI Mill – nº312, The Norwegian Pulp and 

Paper Research Institute, Oslo, Norway) using Tappi standard TAPPI T 248 sp-00. PFI refiner is 

a low-intensity batch refiner wherein fibers are refined between roll with bars and smooth-walled 

housing, which are both rotating in the same direction, but at different speeds. Relative speed 
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difference creates a differential rotational action necessary to grind the fibers (De Assis et al. 

2019). For refining the pulp in the PFI refiner, 24 grams OD pulps were completely disintegrated 

and then diluted to attend 10% consistency. 

4.3.2.6. SEM imaging of handsheets 

Surface as well cross-section micrographs of the handsheets were taken using a variable 

pressure scanning electron microscope (VPSEM Hitachi S3200 N, Hitachi High Technologies 

America, Schaumburg, IL). To avoid fibers fraying and change in internal structure, handsheet 

samples were cooled under liquid nitrogen and cut using sharped edge blades. The samples were 

sputter-coated with a thin layer of gold-palladium (~35 nm).  

4.4. Results and discussion 

4.4.1. Chemical composition analysis of raw fibers and pulp samples 

Before proceeding to the pulping process, decorticated fiber bundles of all three biomass 

were characterized in terms of their major chemical constituents, and the chemical composition 

of fique fiber was compared against abaca and sisal. Raw fiber bundles were first Soxhlet-

extracted with ethanol-benzene solvent to remove and quantify the lipophilic extractives. Klason 

lignin and sugar analysis was performed on extractive-free samples, and obtained results were 

adjusted against extractive content to reflect values on as received basis. Results from the 

chemical compositional analysis are presented in Table 4-1. All three-fiber samples are 

characterized by a high content of holocellulose (cellulose plus hemicellulose) and a low amount 

of lignin, which is advantageous from pulping and bleaching perspective. Abaca had the highest 

cellulose content, and sisal had the lowest Klason lignin content. Compared to abaca and sisal, 

fique fibers had relatively lower cellulose content and higher lignin content.  
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Table 4-1: Chemical composition of raw fiber bundles, unbleached, and bleached pulps (% of 

dry weight, as on extractive free basis) 

Fiber Samples 
Cellulose 

(%) 

Xylose 

(%) 

Galactose 

(%) 

Arabinose + 

Mannose 

(%) 

Total 

lignin (%) 

Ash 

(%) 

Fique 

Raw fiber bundles 60.2 14.8 1.7 2.7 14.1 1.8 

Unbleached pulp 78.2 13.9 1.2 0.8 3.2 1.3 

Bleached pulp 79.4 14.6 1.3 0.8 - 0.6 

Abaca 

Raw fiber bundles 63.0 11.4 1.1 3.6 13.3 1.6 

Unbleached pulp 80.9 9.8 1.1 0.9 1.7 1.0 

Bleached pulp 86.7 10.4 0.9 0.8 - 0.7 

Sisal 

Raw fiber bundles 59.9 15.9 0.7 0.6 9.6 0.9 

Unbleached pulp 78.3 15.1 1.2 0.7 2.4 0.8 

Bleached pulp 80.0 16.1 1.0 0.6 - 0.5 

NBSK  Bleached pulp 83.6 8.0 0.7 7.1 - 0.3 

 

The total hemicellulose content of the fibers varied from 15.2% for abaca fibers to 18.5% 

for fique fibers. Although the total hemicellulose content was similar in all three fibers, 

individual components of the hemicellulose varied. Hemicellulose from sisal and fique was 

enriched in xylose, while abaca also contained arabinose and mannose apart from xylose. Xylan 

was the major component of hemicelluloses in fique and sisal biomass. Xylose is the 

predominant constituent of hemicellulose in non-woody biomasses. Values from this study are in 

close agreement with previous works on leaf-based fibers of abaca, sisal, and fique. The 

chemical composition of fique fibers was more similar to sisal than abaca in terms of cellulose 

and hemicellulose content. However, sisal fibers used in this study contained an extremely low 

amount of lignin, extractives, and ash content.  
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Table 4-2: Results from the pulping and bleaching studies on fibrous biomasses of fique, abaca, 

and sisal 

Fiber Samples Fique Abaca Sisal 

Soda pulping 

Soda charge (% fiber o.d. weight) 20 18 20 

Total pulping yield 1 (%) 61.2 59.4 64.2 

Kappa number 24 13 18 

ISO brightness (%) 38 36 40 

Pulp viscosity (cP) 22 48 32 

ECF Bleaching (D0-Ep-D1) 

ISO brightness (%) 87 89 89 

Bleaching yield 2 (%) 90.8 94.3 92.6 

Total yield (%) 55.6 56.0 59.4 

1 yield includes screened yield as well rejects. Rejects for all three pulp sample 

was less than 1% on o.d. fiber basis 
2 Bleaching yield also includes manual losses during the process 

 

After chemical characterization of the raw fiber bundles, soda pulping was done to 

liberate the individual fiber cells and convert them into pulp forms suitable for papermaking. 

Soda pulping is the most common pulping process used for nonwood fibers. While pulping 

temperature (170ºC), impregnation time (75 minutes), and pulping time (60 minutes) were kept 

constant for all three feedstocks, soda charge was varied to bring the kappa number of obtained 

pulp to a bleachable range (target kappa number of 20). Table 4-2 presents the results from soda 

pulping and three-stage ECF bleaching on fique, abaca, and sisal fibers. Sisal had the maximum 

pulping and overall pulp yield, while pulping, bleaching, and overall yield of fique and abaca are 

comparable to each other. Kappa number and pulp viscosity were used to evaluate the quality of 
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pulp. It can be observed that despite having the lowest kappa, unbleached abaca pulp has the 

highest pulp viscosity. On the other hand, fique has the highest kappa and lowest pulp viscosity. 

Figure 4-1 shows the relative losses in chemical constituents from each fiber as pulping 

and bleaching process was applied. The chemical composition value from table 4-1 has been 

adjusted with the yield of the process to plot the data for unbleached and bleached pulps in 

Figure 4-1. As can be observed, most of the lignin was removed during the pulping process for 

all three fibers. Three-stage bleaching sequence applied after the pulping process was able to 

remove the remaining amount of lignin, and the final bleached pulp contained mainly glucose 

and cellulose. The relative impact of pulping and bleaching parameters on cellulose and 

hemicelluloses was minimal. However, a certain amount of cellulose and hemicellulose were lost 

during the process from all three fibers. The bleaching process was more selective to lignin 

removal than the pulping process. 
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4.4.2. Comparison of fiber morphology 

Fiber morphology plays an important role in influencing the properties of the final paper 

web. Table 4-3 shows the morphological data of bleached unrefined pulp samples used in this 

study. Although, leaf-based fibers of abaca, sisal, and fique are derived from the leafsheath (or 

psuedostem) of respective monocotyledonous plants, they had remarkably different 

morphological profiles. Morphological properties of pulp samples obtained in this study are in 

agreement with values previously reported for these pulps. In terms of fiber length, abaca pulp 

has the longest fiber (3.9 mm) followed by fique (2.7 mm), NBSK market pulp (2.4 mm), and 

sisal (2.3 mm). In terms of fiber width, sisal (19.0 µm) and abaca (19.9 µm) has the thinnest 

Figure 4-1: Changes in the relative amount of chemical constituents with pulping and bleaching 

process (DFB: decorticated fiber bundles, UBP: unbleached pulp, BP: bleached pulps) compared 

to the starting biomass. Chemical composition of unbleached and bleached pulps have been 

adjusted with process yield to monitor relative losses of each components during the processing. 
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fibers followed by NBSK market pulp (25.8 µm), and fique bleached pulp (26.6 µm). Sisal 

(0.1%) and fique (0.5%) has the lowest amount of fines content, which is important for the 

permeable nature of paper products manufactured using these fibers. 

 

Table 4-3: Morphological properties of unrefined bleached pulps used in this study for making 

handsheets 

Pulp Name Fique Abaca Sisal 
NBSK Market 

pulp 

Mean fiber length 1 (mm)  

(> 0.2 mm) 
2.7 (+/- 0.08) 3.9 (+/- 0.03) 2.3 (+/- 0.04) 2.4 (+/- 0.03) 

Mean fiber width (µm)  

(W = 7 - 60 μm) 
26.6 (+/- 0.23) 19.9 (+/- 0.12) 19.0 (+/- 0.20) 25.8 (+/- 0.24) 

Fines content 2 (%) 

(0.025 - 0.2 mm) 
0.5 (+/- 0.20) 1.8 (+/- 0.16) 0.1 (+/- 0.03) 2.3 (+/- 0.12) 

Curl Index 3 0.08 (+/- 0.01) 0.20 (+/- 0.02) 0.07 (+/- 0.01) 0.14 (+/- 0.01) 

Fiber coarseness (mg/km) 149 (+/- 3.5) 136 (+/- 6.5) 103 (+/- 5.4) 135.7 (+/- 4.0) 

Fiber population 4 (million 

fibers/gram) 
2.8 (+/- 0.2) 1.9 (+/- 0.2) 4.3 (+/- 0.2) 3.2 (+/- 0.1) 

1, 2, 3 length weighted mean fiber length, length weighted fines content, length weighted mean curl 

index 
4 Fiber population has been calculated using total number of fibers and the total mass of fibers used 

for each FQA analysis 

 

The fines present in the leaf-based fibers are dependent on the fiber separation and the 

cleaning process used for extracting these fibers from the leafsheath of the plant (Judt 1993). 

Fibers selectively extracted from the outer part of the leaf-sheath with no remnants of leaf tissues 

have lower amount of fines, and are used to produce the highest quality of pulps for the specialty 

papers. The fines content of abaca pulp (1.8%) used in this study was higher than the fique and 

sisal pulps and similar to that of NBSK market pulp (2.3%). Fique pulp had the highest fiber 
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width and coarseness among all pulps, whereas Sisal pulp has the lowest coarseness and the 

thinnest fiber width. Despite having one of the thinnest fiber, coarseness of abaca pulp (136 

mg/km) was comparable to NBSK market pulp (135.5 mg/km) which indicates thickness of its 

cell wall.  

 

Figure 4-2 presents the distribution of fiber length and fiber width for all pulp samples 

used in this study. Sisal pulp seems to have the narrowest distribution of fiber length and fiber 

width among all pulp samples followed by fique, abaca, and NBSK market pulp. Overall, all 

three pulps prepared from leaf-based fibers of fique, abaca, and sisal had narrower distribution of 

fiber length and fiber width compared to that of NBSK market pulp. This trend in distribution 

curve is expected as all leaf-based pulps have been prepared from fibers of single plant species 

with similar age compared to NBSK market pulp that is likely produced from trees with varying 

age and species.  

 

Figure 4-2: Analysis of (a) fiber length and (b) fiber width distribution of bleached pulp samples 

and comparison of fique against abaca, sisal, and NBSK 
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4.4.3. Effect of refining on fiber’s properties 

Refining of pulp is an important unit operation in the pulp and paper industry, which aims 

to prepare fibers suitable for different paper grades by applying compression and shear forces 

during the operation. Effect of refining on fiber’s structure is very complex and it brings several 

changes in their ultrastructure which affects the final properties of pulps. Different fibers respond 

differently to fiber refining depending on their morphology and chemical composition. In this 

study, lab scale PFI refiner was used to refine the fibers and refining intensity was varied by 

changing the number of PFI revolutions.  Changes in the ultrastructure of pulp fibers with 

refining was evaluated by studying the SEM micrographs of fibers after the refining. Subsequent 

changes in the final pulp’s properties with the refining was measured using the freeness of the 

pulp and the apparent density of paper sheet at different refining levels (number of PFI 

Revolutions). Freeness of pulp is frequently used in paper industry as a proxy to measure the 

quality of the pulp or pulp mix. However, apparent density or light scattering co-efficient are 

considered an indicator of inter fiber bonding between the fibers.  

Figure 4-3 depicts the SEM micrographs of handsheets prepared using different pulp 

samples refined at 1000 PFI revolutions. All pulp samples were treated with the equal amount of 

refining energy (1000 PFI revolutions) and any changes in the fiber’s ultrastructure was 

evaluated by studying the surface and cross section of handsheets prepared with the refined 

pulps. It was interesting to observe that surface of abaca pulp showed extensive fibrillation with 

little or no collapse in fiber lumen (Figure 4-3. B1-B2) while NBSK pulp showed little or no 

surface fibrillation but its lumen collapsed completely forming a compact and flat ribbon like 

structure when treated with the same amount of refining energy (Figure 4-3 D1-D2). The impact 

of refining on fique and sisal was in between these two extreme behavior. 
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Surface SEM Image Cross-sectional Image 
 

  

 

  

 

  

 

  

Figure 4-3: SEM micrographs of surface and cross section of handsheets made with different 

bleached pulp samples refined at 1000 PFI revolutions. A1-A2 refined fique bleached pulp (1000 

PFI, 715 mL CSF); B1-B2 refined abaca bleached pulp (1000 PFI, 550 mL CSF); C1-C2 refined 

sisal bleached pulp (1000 PFI, 720 mL CSF); D1-D2 refined NBSK (1000 PFI, 645 mL CSF) 
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Relative changes in the structure of pulp fibers with PFI refining was also evaluated by 

measuring the morphological properties of bleached pulp samples at all refining labels used in 

this study. Table 4-4 presents the results from FQA (fiber quality analysis) analysis of pulp 

samples at different refining levels. Refining did not have any significant impact on the fiber 

length of fique and NBSK market pulp, while fiber length of abaca and sisal decreased slightly 

(~10% decrease between 0 PFI and 4000 PFI pulp samples). Changes in the fiber width with 

refining was difficult to predict. While fiber width of abaca, sisal, and NBSK pulp increased, 

there was slight decrease in the fiber width of fique bleached pulp. On an average, refining 

energy used in this work increased the overall fines content in all pulp sample, particularly at 

higher refining energy. However, the relative increase in fines content is proportional to the 

extent of external fibrillation observed using SEM micrographs. Abaca had the highest surface 

fibrillation and the highest increase in fines content. NBSK had the lowest surface fibrillation 

and its fines content remained same with increasing refining. It can also be observed that refining 

had an interesting impact on the curliness of treated fibers. While the curl index of fique, abaca, 

and sisal increased with increasing refining energy, the mean curl index of NBSK pulp decreased 

with increasing refining energy. It should be noted that fique, abaca, and sisal were never dried 

pulp prepared in the lab while NBSK was once dried pulp purchased as a market pulp. Based on 

the above observations, it is possible that NBSK had higher intrinsic curliness in unrefined 

conditions which decreases as refining progressed, while other three lab-prepared pulp samples 

have lower intrinsic curliness in their unrefined conditions. The slight increase in the average 

fiber length of NBSK pulp samples with increasing refining energy can also be explained using 

the curl index values. As the curl index decreased with increasing refining, fibers got 

straightened and their average fiber length increased with the refining. 
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Table 4-4: Changes in the morphological properties of pulp fibers with increasing refining levels 

Pulp Name 0 PFI 1000 PFI 2500 PFI 4000 PFI 

Fique Bleached Pulp 

Length weighted mean fiber 

length (mm) (> 0.2 mm) 
2.7 2.7 2.7 2.6 

Mean fiber width (µm) 

(W = 7 - 60 μm) 
26.6 25.6 25.4 25.4 

Fines content (%) 

(0.025 - 0.2 mm) 
0.5 1.1 1.2 1.7 

Mean curl index 0.08 0.14 0.14 0.17 

Abaca Bleached Pulp 

Length weighted mean fiber 

length (mm) (> 0.2 mm) 
3.9 3.7 3.7 3.6 

Mean fiber width (µm) 

(W = 7 - 60 μm) 
19.9 20.2 20.3 20.5 

Fines content (%) 

(0.025 - 0.2 mm) 
1.6 2.3 2.1 2.8 

Mean curl index 0.20 0.27 0.29 0.34 

Sisal Bleached Pulp 

Length weighted mean fiber 

length (mm) (> 0.2 mm) 
2.3 2.2 2.1 2.1 

Mean fiber width (µm) 

(W = 7 - 60 μm) 
19.0 19.4 19.6 19.8 

Fines content (%) 

(0.025 - 0.2 mm) 
0.1 0.8 0.6 0.8 

Mean curl index 0.07 0.14 0.15 0.16 

NBSK Market Pulp 

Length weighted mean fiber 

length (mm) (> 0.2 mm) 
2.36 2.38 2.40 2.43 

Mean fiber width (µm) 

(W = 7 - 60 μm) 
25.8 26.3 26.1 26.4 

Fines content (%) 

(0.025 - 0.2 mm) 
2.3 2.2 2.0 1.7 

Mean curl index 0.14 0.13 0.12 0.10 

 

Freeness of all pulps decreased linearly with increasing PFI revolutions. However, a 

decrease in freeness was more pronounced for abaca compared to the other fibers. This has been 

observed previously with thick-walled fibers (Laine et al. 2004). Although, there was no 

explanation provided. Tiago et al. (2019) have reported similar observations that the freeness of 
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SBSK dropped more sharply compared to NBSK (SBSK with higher coarseness and longer 

fibers endured more refining energy per fiber). SEM micrographs were used to observe the 

morphological difference between the fibers and the physical changes brought on them by 

refining. Laine et al. (2004) have reported extensive external fibrillation in thick-walled latewood 

pine kraft pulps, while very little external fibrillation was reported in early wood thin-walled 

fibers.  

 

4.4.4. Comparison of individual fiber strength (zero span tensile strength) 

The importance of intrinsic fiber strength to the strength of a paper sheet has been well 

explained by previous research. Generally, intrinsic strength of pulp fibers is estimated using two 

different methods; pulp viscosity and the measurement of zero span tensile strength (Spiegelberg 

1966). Although strength of fibers in a pulp is co-related to the viscosity of pulp to certain extent, 

pulp viscosity might not be a very good indicator of fiber strength. Previous research have 

Figure 4-4: Effect of refining on fiber properties evaluated by measuring (a) the change in pulp 

freeness against the number of PFI revolutions, and (b) changes in the apparent density of paper 

by varying the freeness of pulps with refining. Error bars indicate one standard deviation 
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proven that fiber strength does not change significantly with some changes in pulp viscosity, 

unless pulp viscosity is critically low (Gurnagul et al. 1992). Hence, zero-span tensile strength 

(ZSTS) was used in this study as an indicator of fiber strength for different pulp samples. ZSTS 

of all unbleached and bleached pulp samples was measured at different pulp freeness. ZSTS of 

pulp sample has been shown to increase when a pulp is refined and ZSTS of pulp obtained by 

sufficient refining is considered the true representative of the fiber strength. ZSTS of all pulp 

samples approach a plateau with increasing refining and the value of ZSTS at the plateau can be 

regarded as the maximum fiber strength of that pulp sample. 

 

 

Figure 4-5 shows the ZSTS of different bleached and unbleached pulps investigated in 

this study. There is no significant difference between the ZSTS of unbleached and bleached pulp 

for respective fiber samples, which indicates there was no loss in the strength of fibers during the 

Figure 4-5: Comparison of zero span tensile strength of pulp samples expressed in breaking 

length as a function of pulp freeness. Error bars indicate one standard deviation. 
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bleaching stage. Overall, abaca had the highest ZSTS followed by sisal, NBSK and fique. 

Between Abaca and sisal, there seems to be little difference in fiber strength. Both fibers have 

relatively lower fibrillar angle and high cellulose content above 80 – 85%. Abaca had higher 

pulp viscosity than sisal fiber, which reinforces the hypothesis that pulp viscosity might not be a 

true indicator of fiber strength. ZSTS of fique was relatively lower than the abaca and sisal, and 

in a similar range to ZSTS of NBSK pulp. Both pulps have cellulose content greater 80% but no 

data on fibril angle. Pulp viscosity of fique and NBSK was in the similar range as Sisal (not 

significantly different). Hence, it is difficult to pinpoint exactly which factor was mainly 

responsible for the difference in ZSTS between different fibers.  

4.4.5. Comparison of tensile strength 

The tensile strength of paper products can be predicted based on the Page equation (Page 

1969). The page equation describes how the strength of paper is dependent on the strength of 

individual fibers forming the paper as well as the bonding strength between these fibers. 

However, the relative importance of these two factors affecting the tensile strength is dependent 

on the bonding between fibers. When a pulp is unrefined or mildly refined, the bonding between 

fibers is weaker. Hence, bonds break before fibers can be broken during the tensile failure of 

paper at low refining. However, as pulp is refined, the bonding between fibers increases. Hence 

at higher refining level, more fibers are broken during tensile failure of paper and strength of 

fibers (as measured by zero span tensile strength) becomes more crucial to the overall tensile 

strength of paper (Gurnagul et al. 2001). The bonding potential between fibers is affected by 

several basic aspects such as the number of bonds between fibers, the relatively bonded area 

between two adjacent fibers, and the shear strength of individual interfiber bond. Additionally, 

chemical composition of fibers can also affect the bonding between fibers. A higher amount of 
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hemicellulose content in the pulp fibers might increase swellability and conformability of fibers, 

thus producing a relatively higher bonded area between fibers. On the other hand, a higher 

amount of lignin can negatively affect the bonding between fibers. 

 

Figure 4-6 compares the tensile strength of all unbleached and bleached pulp samples at 

different pulp freeness and paper density. Freeness and the density of the paper was changed by 

applying higher refining energy. It can be observed from the Figure 4-6 that tensile strength of 

all unbleached and bleached pulp samples increased as refining energy increased. However, co-

relating increase in tensile strength with the corresponding changes in pulp freeness and paper 

density show different trends. Tensile index increased sharply as freeness of pulps decreased 

with the refining and then reached a plateau after which increase in tensile strength was minimal 

with further drop in freeness. On the other hand, tensile index has a more linear co-relation with 

the apparent density of paper. As refining imparted on unbleached and bleached fiber 

consolidated the paper web structure, hence, increasing the apparent density of the paper, tensile 

Figure 4-6: Tensile strength of unbleached and bleached pulp samples as a function of (a) pulp 

freeness and (b) apparent density of paper 
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strength increased proportionally. The difference in tensile index trend observed with the pulp 

freeness and paper density can explained based on response of fibers during the refining process.  

Abaca had the significantly higher tensile strength at all freeness levels.  Tensile strength of fique 

and sisal was very much similar but could not reach the value of Abaca even at higher refining. 

Tensile strength of NBSK market pulp was similar to Fique and Sisal at lower refining but it 

rises sharply with refining showing easy collapsibility of fiber into ribbon-like structure for 

increased bonding between the fibers.  

4.4.6. Comparison of tear strength 

Tear strength is one of the most important properties required in several specialty grade 

of papers such as banknote, security, cigarette, or dust holding filter papers. These specialty 

papers require high tear strength at high tensile index. However, there is generally an inverse 

relationship between the tear and tensile index of paper. This inverse relationship between tear 

and tensile is a unique characteristic of individual pulp and follows the same curve irrespective 

of the mechanism used to change the bonding between the fibers (Seth and Page 1988). Hence, 

measurement of the tear-tensile relationship gives an indication of maximum tear strength that 

can be achieved with a specific pulp fiber.  

Figure 4-7shows the tear index of unbleached and bleached pulp samples as function of 

pulp freeness while Figure 4-7b shows the relationship between tear and tensile index for the 

same pulp samples. As can be seen from Figure 4-7a and Figure 4-7b, tear index of all pulp 

samples follow a similar trend which is very typical of ling fibered pulps. As refining energy was 

used to decrease the pulp freeness and increase the tensile index of pulp, tear strength of pulp 

samples increased initially and then started to decrease after reaching a maximum value. This 

maximum value indicated the maximum tear strength that can be achieved with that pulp 
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samples irrespective of any mechanism used to change the bonding between fibers in the paper 

web. The behavior of tear index curve has been explained based on the bonding between fibers 

and the strength of individual fiber forming the paper(Seth and Page 1988). At low bonding 

between fibers, more fibers are pulled out from the tear plan than break during the tear test. If the 

degree of bonding is increased more fibers start breaking rather than being pulled out intact. The 

work required to pull out fibers is more than the work required to break them. Hence, at higher 

bonding between fibers, tear strength start decreasing as more fibers start breaking and less fiber 

being pulled out intact. Consequently, at higher bonding, individual strength of fibers (measured 

by ZSTS) become a more dominant factor determining the tear strength of pulp samples. 

 

It can be observed from the Figure 4-7 that unbleached and bleached pulps of abaca have 

significantly higher tear strength than any other pulp samples investigated in this study. After 

abaca, fique unbleached and bleached pulps have the next higher tear strength followed by sisal 

and NBSK market pulp. NBSK market pulp has the lowest tear index among all pulp samples. In 

Figure 4-7: Comparison of tear strength of unbleached and bleached pulp samples as a function 

of (a) pulp freeness and (b) tensile index 
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other words, all three pulp samples derived from the leaf-based non-wood fibers of abaca, fique, 

and sisal have significantly higher tear strength than wood based NBSK market pulp. It indicates 

the specialty nature of these non-wood pulp samples. Apart from absolute values, two interesting 

observations can be observed from the tear index profiles of these pulps. Abaca and fique 

followed a similar tear profile, while tear profile of sisal and NBSK was different than these 

pulps. Tear index of sisal kept increasing with increasing refining (bonding) and didn’t reach the 

maximum value for the refining energy investigated in this study. On the other hand, tear index 

of NBSK started to decrease even at the onset of refining. 

4.4.7. Comparison of air permeability  

Air permeability of paper is a prerequisite property in several specialty paper grades such 

as tea bags, coffee filters, sausage casings, and plug wrap papers for cigarettes (Judt 1993). Air 

permeability is a function of fiber’s morphology forming the paper web and an important 

parameter to determine the porous nature of these fibers. In this experiment, air permeability of 

bleached pulps from fique, abaca, sisal and NBSK market pulp was measured in terms of volume 

of air passing through unit area of the paper in one minute. Air permeability profiles of all 

bleached pulps have been presented in Figure 4-8 as a function of pulp freeness and tensile index 

of the paper. Again, refining was used to change the freeness and tensile index of bleached pulps 

and it simultaneous effect on air permeability was evaluated. 
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Sisal fiber with its lowest fiber diameter, fines content and narrowest length distribution 

formed the most porous paper network followed by fique, abaca and NBSK market pulp. Air 

permeability of fique was in similar range to that of sisal bleached pulp.  Higher amount of fines 

seem to be the main reason abaca had relatively lower air permeability than sisal and abaca in 

unrefined state. As refining energy increased, air permeability of all pulp samples decreased 

proportionally. Wood based NBSK market pulp has the lowest air permeability compared to non-

wood pulps of sisal, fique, and abaca. NBSK fiber collapse to form flat ribbon like structure 

upon refining and that seems to block the path for airflow resulting in lowest air permeability of 

NBSK. As refining is used to develop the tensile strength, air permeability decreases 

proportionally and an ability to provide highly porous structure at high tensile strength 

differentiate these fibers from common papermaking fibers. Because of its relatively higher 

strength even at low refining, abaca seems to provide the most open structure for a given tensile 

strength of paper followed by sisal, fique, and NSBK market pulp. 

Figure 4-8: Comparison of air permeability of bleached pulp samples as a function of (a) pulp 

freeness and (b) tensile index 
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Capillary flow Porometry was used at selected pulp samples to understand the pore size 

distribution in the paper sheet in terms of average pore diameter and the diameter of the largest 

pores. Figure 4-9 presents a comparison of pore size distribution between different pulp samples. 

Of all fibers, Fique had the largest pores followed by sisal, abaca and NBSK. The larger pores in 

fique and sisal explain the higher air-permeability value obtained with these pulps. As suspected 

earlier, NBSK market pulp had the smallest pores and provided highest resistance to the air flow.  

4.5. Conclusion 

Long and thin cellulosic fibers obtained from the plants of abaca are sisal are used to 

produced strong but highly porous paper suitable for many specialized applications such as tea 

bags, coffee filters, sausage casing, cigarette filter papers, etc.  However, strong demand from 

specialty paper makers and limited supply from producing countries has resulted in constant 

increase in the market price of specialty pulps from abaca and sisal. Alternatively, softwood 

Figure 4-9: Comparison of pore size distribution of bleached pulp samples refined at 1000 PFI 

revolution. 
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fibers can be refined to provide paper with high tensile strength but the porosity and tear strength 

suffers proportionally with increased refining, which are important quality considerations for 

these special grades of papers. This work aimed to evaluate papermaking potential of fique fibres 

as an alternative to abaca and sisal in specialty grades of paper. Fique fibers are obtained from 

leaves of the fique plant similar to abaca and sisal.  

An analysis of the chemical composition showed that decorticated fique fiber bundles 

(60.2%) have similar cellulose content as abaca (63.0%) and sisal (59.9%). However, lignin 

content of fique fibers (14.1%) was comparable to abaca (13.3%) but higher than sisal (9.6%). 

Chemical composition analysis provides a good indication of the potential yield and the quality 

of pulps from original raw materials. A soda pulping and three stage ECF bleaching was 

performed to obtain the unbleached and bleached pulps from the decorticated fiber bundles of 

fique, abaca, and sisal. Owing to the similar chemical compositions of starting materials, all three 

fibers provided a very comparable yield (total yield of 50 – 50%) of final bleached pulps. Similar 

to abaca and sisal, fique can be easily delignified to produce final bleached pulps with ISO 

brightness up to 87%. However, a similar charge of bleaching chemicals resulted in slightly 

higher brightness of abaca and sisal pulp (~89% ISO). 

Morphological properties of pulp fibers from fique was compared against the pulps of 

abaca, sisal, and NBSK market pulp at different refining levels. A comparison of morphological 

properties showed that fique bleached pulp has longer fiber length (~2.7 mm) than sisal (2.3 mm) 

and NBSK market pulp (2.4 mm) but shorter fiber length than abaca bleached pulp (3.9 mm). 

Similarly, fique bleached pulp (26.6 µm) has comparable fiber width to NBSK market pulp (25.8 

µm) but significantly wider fibers than abaca (19.9 µm) and sisal (19.0 µm) bleached pulps. 

Similar to fiber width, fique bleached pulps (149 mg/km) have the highest fiber coarseness 
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among all pulp samples analyzed in this study followed by abaca bleached pulps (136 mg/km), 

NBSK market pulp (135.7 mg/km), and sisal bleached pulps (103 mg/km). It was interesting to 

note the higher coarseness of abaca bleached pulps despite having one the lowest fiber width and 

lower coarseness values of NBSK market pulp despite having one of the widest fiber width. 

Although fiber lumen and cell wall thickness was not analyzed in this study, fiber width and 

coarseness values indicates relatively higher cell wall thickness of abaca fibers and lower cell 

wall thickness of NBSK pulp fibers. After studying morphological properties, unbleached and 

bleached pulp samples from all four fibers were subjected to different refining energies (PFI 

revolution) to understand their response to the mechanical refining during the papermaking 

process. An analysis of SEM micrographs of refined pulps indicates abaca and NBSK pulps 

showing two different and extreme behavior during the refining. On the one hand, abaca 

bleached pulps showed extensive external fibrillation with little or no collapse in fiber lumen 

(internal fibrillation). On the other hand, NBSK market pulp showed no external fibrillation 

(smooth fiber surface) but completely collapsed lumen (an indicator of internal fibrillation). The 

response of fique and sisal bleached pulps to refining was in between these two extreme pulp 

behaviors, with both pulps showing some degree of fiber collapse and external fibrillation. 

However, fique behaved more similar to NBSK market pulp (higher lumen collapse and lower 

external fibrillation) while sisal behaved more similar to abaca-bleached pulps (more external 

fibrillation and less lumen collapse). Structural changes observed during the refining of different 

pulps was also confirmed by measuring the change in morphological properties, freeness, and 

apparent density of pulp samples before and after each refining levels. Abaca pulps showed 

highest drop in freeness but lowest increment in apparent density, which can be attributed to 

extensive external fibrillation but lower internal fibrillation. Consequently, its fines content 
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increased and fiber length decreased as refining progressed. On the other hand, NBSK pulp 

showed the highest increment in the apparent density but its freeness drop was not as pronounced 

as the abaca pulp which can be attributed to complete flattening of fiber structure (collapse of 

lumen) but almost negligible external fibrillation. Consequently, its fines content was almost 

constant and fiber length increased slightly at higher refining levels. 

A comparison of strength properties showed abaca pulps having highest zero-span tensile 

strength, tensile strength, and tear strength among all pulps at all refining levels. The superior 

strength properties of abaca pulps can be attributed to its high pulp viscosity (48 cP), and the 

longest fiber length (~3.9 mm) among all pulp samples. NBSK pulp showed lower tensile 

strength at lower refining levels but its tensile strength increased sharply and reached to the 

values comparable to the tensile strength of abaca pulps at higher refining energy (4000 PFI 

revolutions). However, the tear strength of NBSK market pulp was lowest among all pulps and it 

decreased proportionally as tensile strength increased with the refining. The tensile and tear 

strength of fique and sisal pulps showed identical pattern. Fique had slightly higher tensile 

strength than sisal and NBSK pulp at refining levels but lower tensile strength than abaca and 

NBSK pulp at higher refining levels. However, fique pulp showed higher tear strength than sisal 

and NBSK pulp at almost refining levels. Hence, it can be concluded that fique pulp had better 

strength properties than sisal and NBSK pulp but could not compete with the abaca pulp in terms 

of either zero-span tensile strength, tensile strength or tear strength.  A comparison of air 

permeability showed that sisal and fique formed the most porous paper at all refining levels 

while NBSK market pulp has the lowest air permeability among all pulps. Air permeability of all 

pulps decreased with increasing refining energies. Hence, it can be concluded that abaca makes 

the strongest paper while sisal made the most porous papers. Physical properties of fique pulps 
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most relevant for applications in specialty paper (strength, air permeability) seems to fall in 

between abaca and sisal. Fique has better strength properties than sisal pulp and better air 

permeability than abaca pulp. NBSK market pulp can be refined to achieve higher tensile 

strength but its tear strength and air permeability decreased proportionally with refining. NBSK 

market pulp had the lowest tear strength and air permeability among all pulps at all refining 

levels.  

This study evaluated the papermaking potential of unbleached and bleached pulps 

obtained from the fique plants to find its potential as a suitable pulp for specialty paper products 

such as tea bags, coffee filters, sausage casings, cigarette filter paper etc. Abaca pulp is the raw 

material of choice for these applications whereas sisal and NBSK pulp are used as low cost 

alternatives to the abaca pulp. Fique pulp demonstrated better strength properties than sisal and 

NBSK pulp and better air permeability than the abaca pulp. However, it has shorter fiber length 

and significantly lower strength properties than the abaca pulp. Hence, fique shouldn’t be used as 

a direct replacement to the abaca pulp in these specialty paper products. However, it can be used 

as complimentary pulp to the abaca to lower the cost of raw materials for these products. Fique 

can successfully replace sisal and NBSK with better combination of strength and air permeability 

properties in most of specialty paper products. However, it should be noted that the NBSK market 

pulp is a once-dried pulp, while all other pulp samples were produced in the laboratory and have not 

been dried. Hence, the results should be analyzed as demonstrative rather than representative of the 

pulp samples. 
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5. MECHANICAL PULPING PROCESS OF NON-WOODY BIOMASS TO 

PRODUCE HIGH-YIELD PULPS FOR TISSUE PAPER APPLICATIONS: APMP 

(ALAKLAINE PEROXIDE MECHANICAL PULPING) Vs. CTMP 

(CHEMITHERMOMECHANICAL PULPING) OF WHEAT STRAW 

5.1. Abstract 

Global sustainability megaforces are stimulating a growing trend in the tissue paper 

industry to utilize non-wood fibers as a potential substitute for wood fibers. Current pulping 

processes applicable to non-woody biomass are not economically viable and make these pulps 

economically uncompetitive against the wood pulps. This work evaluates the feasibility of 

APMP (alkaline peroxide mechanical pulping) and CTMP (chemithermomechanical pulping) as 

a small-scale low capital expenditure pulping process to produce high-yield pulps suitable for 

hygiene tissue applications. APMP and CTMP wheat straw pulps were characterized in terms of 

pulping yield, freeness, ISO brightness, and fiber morphology. Additionally, the tissue-making 

properties of both pulps were evaluated and benchmarked against the BEK (bleached eucalyptus 

kraft) market pulp. APMP pulping produced pulps with higher yield (75.2 – 79.8%) and 

brightness (up to 49.7% ISO) than the CTMP pulping from wheat straw. Pulping yield and 

brightness during the CTMP pulping varied from 69.1 – 80.6% and 31.3 - 36.2% ISO, 

respectively. However, results from APMP pulping were sensitive to the type of pretreatment 

and chemical impregnation strategies used during the process. Both pulps produced fibers with 

similar morphological properties. A comparison of tissue-making properties shows that APMP 

pulps produced bulkier handsheet with higher water absorption capacity and better softness than 

the CTMP pulps. However, CTMP pulps have a higher tensile index than the APMP pulps for a 



   

148 

 

given pulp freeness. Benchmarking of tissue-making properties with BEK show that neither pulp 

could match the softness properties of BEK market pulp. 

5.2. Introduction 

Hygiene tissue papers are one of the fastest-growing categories of all paper products 

growing at a CAGR (compound annual growth rate) of 2.0% between 2015-20 (FAO - Forestry 

Production and Trade 2020). However, the tissue paper industry is over-reliant on virgin 

chemical pulps from softwood or hardwood plants to source its raw material for paper production 

(reference). In fact, the tissue paper industry in the United States relies mainly on four fiber 

sources (northern softwood pulps, southern softwood pulps, eucalyptus, and sorted office waste 

paper) to meet approximately 80% of its total fiber requirements (de Assis et al. 2018). Future 

forecasts point to uncertainties over the long-term supply and prices of NBSK (northern bleached 

softwood kraft) fibers, and there is a continuous decrease in the production of writing and 

printing paper (a major source of high-quality post-consumer recycled fibers for the tissue 

industry). Future uncertainties and lack of flexibility in fiber sourcing require the tissue industry 

to explore developing alternative fiber sources to complement the currently used fiber mix. 

Global sustainability megatrends are stimulating a growing trend in the pulp and paper 

industry to utilize non-wood fibers as a potential substitute for wood fibers. In recent times, there 

has been a consistent approach from the industry and academia to increase the utilization of 

sustainably perceived non-wood fibers in hygiene tissue applications. De Assis et al. (2019) 

investigated the performance of market pulps from different non-wood fibers to evaluate their 

suitability for hygiene tissue products. Kimberly-Clark (K-C) commissioned a life cycle analysis 

(LCA) on bamboo kraft pulp, Arundo donax, Kenaf, and wheat straw to understand the 

environmental implications of using these fibers as a substitute for northern softwood kraft pulp 
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and recycled deinked pulp (Thomas and Liu 2013). The development of non-wood fibers as 

alternative and sustainable fibers will not only help to hedge the risk in fiber supply but could 

also be a link to connect consumer preference towards sustainability and premium prices within 

the marketplace (de Assis et al. 2018; Favero et al. 2019).  Particularly, fibers from Agricultural 

residue such as wheat straw, corn stalks, and sugar cane bagasse present an interesting case from 

an economic and sustainability standpoint. Primary crops can account for most of the cost and 

environmental burden associated with the cultivation and harvesting of agricultural residue fibers 

(Favero et al. 2019). Additionally the valorization of agricultural residue in value-added products 

offers an economical solution to the waste disposal problem as most of the leftover straw 

residues are burnt off in the field in the absence of any suitable disposal solutions (Jia et al. 2018; 

Sun et al. 2018, 2020). Wheat straw was selected as a raw material for this work and a 

representative of agricultural residue fibers because of its high availability all over the world 

(Montane et al. 1998). 

Although the technical and environmental feasibility of using non-wood fibers in hygiene 

tissue products has been demonstrated in several studies, economic viability remains the major 

hurdle preventing widespread adoption in the industry. Pulping process, an important unit 

operation within the pulp and paper industry, has proven to be the biggest challenge to solve 

(Leponiemi 2009). Kraft pulping, the most dominant pulping process in the pulp & paper 

industry, is a highly capital-intensive process. A large-scale kraft pulp mill with an annual pulp 

production of around 1.4 million tons has an investment cost of about 2.5 billion USD if built 

from the ground (Ahlgren 2015). However, the bulky nature of non-wood biomass, along with 

intermittent supply and scattered cultivation, entail very high transportation and storage costs 

which means most of the non-wood pulp mills are of small and medium-size capacity producing 
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less than 60-70 BDMT/day (Fellegi et al. 1996; Hammett et al. 2001; Leponiemi 2009). The 

higher chemical charge used during the chemical pulping of woody biomasses to break down the 

fiber’s composite structure for liberating individual pulp fibers necessities running a chemical 

recovery unit to recover and recycle the pulping chemicals (Fellegi et al. 1996; Schrock 2011). 

Adapting a kraft or soda pulping process for non-wood fibers along with a chemical recovery 

unit is not economically viable. Installing a chemical recovery unit is capital intensive, and 

running it at a low production capacity means higher operational cost, thus effectively increasing 

the total production cost of the non-wood market pulp (Fellegi et al. 1996; Hammett et al. 2001). 

By contrast, porous structure and lower lignin content in non-wood fibers mean individual fibers 

can be separated relatively easily with lower chemical charge and less severe pulping conditions 

than typically used in the chemical pulping process (Zhao et al. 2004). Hence, developing an 

alternating pulping process that eliminates the need for a higher chemical charge and a chemical 

recovery unit will help in making the non-wood pulp mill economically competitive against the 

highly efficient wood-based pulp mill. 

Mechanical pulping was invented to produce papermaking pulps from lignocellulosic 

biomass without using pulping chemicals to preserve the yield of fibers during the process 

(Gellerstedt 2009b; Höglund 2009). Since its inception, several mechanical pulping processes 

such as SGW (stone groundwood), RMP (refiner mechanical pulping), TMP (thermomechanical 

pulping), and CTMP (chemithermomechanical pulping process) have been applied to different 

woody materials to produce pulps suitable for newsprint, LWC (lightweight coated papers), and 

liquid packaging paper boards (Höglund 2009; Pettersson et al. 2017). While chemical pulping 

uses specific chemicals to dissolve away the fiber binding agent, mechanical pulping uses 

mechanical energy during the defibration process (grinding or refining) to separate and extract 
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papermaking pulps (Gierer 1980; Roffael et al. 2001). Application of steam (TMP) or a chemical 

pretreatment (CTMP) of chips before the defibration process significantly reduces the amount of 

defibration energy required for fiber separation and simultaneously improves the quality of final 

pulp (Irvine 1985; Konn et al. 2002). Chemical pretreatment in a CTMP pulping process uses 

strong nucleophiles (Sulfite or bisulfite ions) and mild alkaline conditions for increased 

hydrophilization and swelling of biomass (Konn et al. 2002; Gellerstedt 2009b). Initial softening 

of the biomass during the pretreatment process determines the fracture mechanism and liberation 

of individual pulp fibers during the defibration process. Subsequent refining of chemically 

pretreated lignocellulosic biomass produces pulps with longer fiber length, higher freeness, and 

lower fines content (Pettersson et al. 2017; Berg et al. 2022). CTMP pulping is commercially 

used to produce high-quality pulps from spruce and aspen for paperboards and certain tissue-

grade pulps in Europe and Canada (Höglund 2009). Though similar to CTMP pulping in concept, 

APMP pulping is a relatively newer approach in mechanical pulping, which uses different 

combinations of chemicals during the pretreatment process (Xu and Sabourin 1999). APMP 

pulping incorporates hydrogen peroxide bleaching with alkali impregnation (NaOH, Na2CO3) 

during the chemical pretreatment stage to produce semi-bleached pulp just after the pulping 

process, thus combining pulping and bleaching into a single-stage process (Xu and Sabourin 

1999; Pan and Leary 2000a). Carboxylation of lignin during alkaline peroxide bleaching 

facilitates easier liberation of fibers and improved inter-fiber bonding in the final paper (Cort and 

Bohn 1991; Xu and Sabourin 1999). APMP pulping has been successfully applied on porous and 

low-density hardwood such as aspen and eucalyptus to produce high-yield pulps with brightness 

up to 85% ISO (Cort and Bohn 1991; Xu and Sabourin 1999).  
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Previous works related to chemi-mechanical pulping of non-wood fibers have mainly 

focused on producing low-quality pulps for packaging applications (Cappelletto et al. 2000; 

Ververis et al. 2004; Leponiemi 2009; Marín et al. 2009). Cappelletto et al. (2000) compared the 

papermaking properties of TMP and CTMP pulps from Miscanthus and reported that pulp 

properties are only suitable for reinforcing or replacing recycled fibers in newsprint grade papers. 

Similarly, Law et al. (2002) obtained high-yield CTMP pulps from switchgrass. Pulping 

conditions in terms of chemical charge, pulping temperature, and time was varied to obtain pulps 

with 60-80% yield. However, the papermaking quality of higher yield (>65%) pulps was inferior, 

and the final brightness was on the lower side (30-40% ISO brightness). Hence, high-yield 

switchgrass pulp was only found suitable for newsprint or printing paper. González et al. (2013) 

produced CTMP pulping from rapeseed stalks using NaOH for corrugating medium. Khakifirooz 

et al. (2013) obtained chemi-mechanical pulps from bagasse using sodium sulfite for the 

production of newsprint grade paper. However pulping temperature of 165°C and chemical 

charge of 20% sodium sulfite on o.d. fiber basis suggest pulping conditions to be more closer to 

chemical pulping than mechanical pulping (Khakifirooz et al. 2013). On the other hand, Kamyar 

et al. (2001) performed APMP pulping on bagasse using 10% NaOH and 3% H2O2 and reported 

pulping yield and brightness as high as 76% and 77.68% ISO, respectively. Cort and Bohn 

(1991) demonstrated that APMP pulping provided better brightness than bleached CTMP for 

aspen and mixed hardwoods. Xu and Sabourin (1999) obtained greater than 80% ISO brightness 

with APMP pulping on eucalyptus, whereas the brightness of corresponding CTMP pulp varied 

between 40-50%. However, in both cases, the physical properties of the pulp were highly 

dependent on the amount of alkali applied during the pretreatment process. Higher alkali charge 

leads to lower energy consumption during refining as well as lower freeness, higher density, and 
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higher strength properties in hardwood APMP and CTMP pulps (Cort and Bohn 1991; Xu and 

Sabourin 1999). Contrary to these results, Pan and Leary (2000a, b) demonstrated that 

chromophores present in wheat straw might not be reactive towards oxidation by hydrogen 

peroxide, and the final brightness of APMP wheat straw pulp was limited to around 50 – 55% 

despite the use of different chelating and peroxide stabilizing agents.  

Literature search on mechanical pulping showed that limited and preliminary works have 

been done with non-wood fibers and mainly centered on evaluating pulping yield, brightness, 

and freeness. To the best of the author’s knowledge, there is no work comparing the tissue-

making properties of chemi-mechanical pulps from wheat straw. In this context, the objective of 

this work was to evaluate the feasibility of two different mechanical pulping processes based on 

CTMP (chemithermomechanical pulping) and APMP (Alkaline peroxide mechanical pulping) to 

produce high-yield pulps from wheat straw for hygiene tissue applications. Two different pulps 

produced using APMP and CTMP pulping process were characterized in terms of pulping yield, 

ISO brightness, and pulp freeness, and obtained pulps were used to make 30 gsm tissue 

handsheets to compare the most important tissue paper properties (bulk, softness, water 

absorption capacity, and tensile index). Results from this work will provide key insight in 

determining the most suitable mechanical pulping pathway for wheat straw and thus help in 

developing a small scale low chemical intensive pulping process suitable for non-wood fibers to 

produce high-yield pulps for target applications.  

5.3. Materials and methods 

5.3.1. Materials 

Wheat straw samples used in this work were provided by wheat growers from Montana, 

the USA, in a square baled form of winter wheat variety. Market pulps of northern bleached 
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softwood kraft (NBSK) and bleached eucalyptus kraft (BEK) were sourced from pulp 

manufacturers in a dry sheet form. Chemicals used for chemical composition, pulping, and pulp 

characterization were purchased from Fisher Scientific and Sigma-Aldrich. All chemicals were 

used as received. Heat sealable polyethylene bags used during the pre-treatment and chemical 

impregnation process was purchased from Fisher Scientific.  

5.3.2. Methods 

5.3.2.1. APMP and CTMP pulping process 

APMP and CTMP pulping of wheat straw were carried out in a step-wise process as 

described by Pan and Leary (2000a, b). The complete pulping process included a sequence of 

four different steps. Figure 5-1 shows the schematic of the complete process used to convert the 

wheat straw biomass into high-yield pulps and comparison and benchmarking of tissue-making 

properties of obtained pulps. Each individual step associated with the complete process has been 

described below in more detail.  

Long wheat straw sample as received in square baled form was processed through a lab-

scale hammer mill using a screen size of 0.5 inches diameter. During hammer milling, the 

structure of long wheat straw was crushed and broken down into small pieces of varying lengths. 

Hammer milling also generated fines and detached inorganic materials loosely attached to the 

wheat straw structures. Hammer milled wheat straw was then screened through a chip screener 

(round holes of 3mm diameter) to separate the inorganic materials and the fines. Rejects from 

this process was discarded, and the accept was used for characterization and pulping processes. 

On average, the yield from the sample preparation step varied between 85.0% - 88.5%.  

Following hammer milling and screening of wheat straw, two different pretreatment 

approach was used to clean the hammer milled wheat straw before proceeding to the chemical 
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impregnation step. In the first approach, 100g o.d. (oven-dried) wheat straw was placed inside a 

heat-sealable polyethylene bag, and 2000 mL of deionized water was added to it to maintain a 

liquid – straw ratio of 20:1. Polyethylene bag containing straw-water mixture was heat-sealed 

and placed in a water bath set at a constant temperature of 70 ⁰C for 90 minutes. In the second 

approach, a fixed amount of chelating agent (EDTA - Ethylenediaminetetraacetic acid) was 

added to the straw-water mixture, and the pH of the solution was brought down to 5 by 

sequentially adding drops of sulphuric acid solutions. Similar to the first approach, the liquid-

straw ratio was maintained at 20:1, the temperature was 70 ⁰C, and the pretreatment time was 90 

minutes. In both cases, pretreated wheat straw was collected on a cheese cloth and washed with 

deionized water to neutral pH, and centrifuged to remove the extra water. The final dryness of 

centrifuged wheat straw was around 30%. The yield of the process was calculated by placing 

pretreated samples in an oven at 105°C for a minimum of 24 hours and comparing the oven-

dried weight before and after the pretreatment process.  

Pretreated wheat straw was collected and transferred to a polyethylene bag for chemical 

impregnation. In the case of APMP pulping, a polyethylene bag containing pretreated wheat 

straw samples was charged with a cooking liquor made up of sodium hydroxide (NaOH), 

Hydrogen Peroxide (H2O2), and water to give a specific chemical charge on the oven dry weight 

of the wheat straw. The liquor-straw ratio was maintained at 10:1 during all APMP and CTMP 

pulping. The polyethylene bag containing wheat straw and cooking liquor was kept inside a hot-

water bath maintained at 70°C for 120 minutes. Samples were manually mixed intermittently 

during the chemical impregnation process. At the end of impregnation time, the chemically 

treated straw sample was collected in a bucket and refined through two stages atmospheric 

refining process to obtain the wheat straw APMP pulps. Two different chemical impregnation 
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approaches were evaluated; single-stage chemical impregnation and two-stage chemical 

impregnation. Table 5-1 presents the pulping conditions used during the APMP pulping with a 

single-stage chemical impregnation, and Table 5-2 presents the pulping conditions used with a 

two-stage chemical impregnation process.  

 

Table 5-1: Process Conditions used during the APMP pulping of wheat straw using one stage 

chemical impregnation process 

Pulp Tag APMP1 APMP2 APMP3 APMP4 APMP5 APMP6 APMP7 

Pretreatment Process 

Hot water wash Yes Yes Yes Yes Yes Yes Yes 

pH of pretreating solution 7 7 7 5 5 7 5 

EDTA charge (%) - - - - 0.5 - 0.5 

Chemical Impregnation 

Na2SO3 Charge (%) - - - - - 3.0 3.0 

NaOH charge (%) 6.0 8.0 8.0 6.0 6.0 6.0 6.0 

H2O2 charge (%) 6.0 6.0 8.0 6.0 6.0 6.0 6.0 

Primary Refining Atmospheric Refining, Plate gap: 0.01 inches 

Secondary Refining Atmospheric Refining, Plate gap: 0.005 inches 

 

In the case of multi-stage chemical impregnation strategies, the total chemical charge of 

6% sodium hydroxide and 6% hydrogen peroxide was divided into two stages. APMP8 was 

prepared without any pretreatment process with the assumption that the first stage chemical 

impregnation can act as a pretreatment process itself. APMP9 was prepared with hot-water 

pretreatment and similar distribution of chemical charge as APMP8. APMP10 and APMP11 

were prepared with a preferential distribution of chemical charges between first-stage chemical 

impregnation and second-stage chemical impregnation, as summarized in table 5-2. 
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Table 5-2: Process conditions used during the APMP pulping of wheat straw using two stage 

chemical impregnation process 

Pulp Tag APMP8 APMP9 APMP10 APMP11 

Pretreatment Process 

Hot water wash No Yes Yes Yes 

pH of pretreating solution - 7 7 5 

EDTA charge (%) - - - 0.5 

First Stage Chemical Impregnation 

Na2SO3 Charge (%) - - - 1.0 

NaOH charge (%) 3.0 3.0 4.0 4.0 

H2O2 charge (%) 3.0 3.0 2.0 2.0 

Primary Refining Atmospheric Refining, Plate gap: 0.015 inches 

Second Stage Chemical Impregnation 

Na2SO3 Charge (%) - - - 2.0 

NaOH charge (%) 3.0 3.0 2.0 2.0 

H2O2 charge (%) 3.0 3.0 4.0 4.0 

Secondary Refining Atmospheric Refining, Plate gap: 0.005 inches 

 

In the case of CTMP pulping, cooking liquor was made up of sodium hydroxide (NaOH), 

sodium sulfite (Na2SO3), and water. The temperature of the hot-water bath was maintained at 

60°C, and impregnation was carried out overnight for a minimum of 6 hours with intermittent 

manual mixing. Following chemical impregnation, alkaline sulfite treated wheat straw samples 

were collected and left on a cheese cloth for 15 minutes to drain out all free liquor. The sample 

was then weighed to calculate the effective uptake of charged chemicals during the impregnation 

process. Following the chemical impregnation process, the wheat straw sample was collected and 

taken for primary refining using a TMP unit described below. Table 5-3 describes the pulping 

conditions used during the CTMP pulping of wheat straw. 
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Table 5-3: Process conditions used during the CTMP pulping of wheat straw 

Pulp Tag CTMP1 CTMP2 CTMP3 CTMP4 CTMP5 CTMP6 CTMP7 

Pretreatment Process 

Hot water wash Yes Yes Yes Yes Yes Yes Yes 

EDTA charge (%) - - - - - 0.5 0.5 

Total chemical charged during chemical impregnation process 

Na2SO3 Charge (%) - - - - - - 3.0 

NaOH charge (%) 4.0 6.0 6.0 8.0 8.0 6.0 6.0 

Na2SO3 charge (%) 10.0 10.0 12.0 8.0 12.0 12.0 12.0 

Effective uptake of charged chemicals 

NaOH (%) 1.7 2.8 2.7 3.8 3.8 2.6 2.7 

Na2SO3 (%) 4.2 4.8 5.3 3.8 5.7 5.2 5.5 

Preheating 15 PSI (120°C) for 4 minutes 

Primary Refining Pressurized (15 PSI), Plate gap: 0.005 inches 

Secondary 

Refining 
Atmospheric Refining, Plate gap: 0.005 inches 

 

The chemically treated wheat straw sample was refined in two steps: primary and 

secondary refining. Primary stage refining, carried out with wider plate gaps, defibrized the straw 

structure, and a coarser pulp was obtained with higher pulp freeness. Freeness of pulp after 

primary stage refining was set between 600 – 700 mL CSF. Coarser pulp obtained after primary 

stage refining was washed, centrifuged, fluffed, and stored for secondary stage refining. Freeness 

of pulp was measured after primary and secondary stage refining. In the case of APMP pulping, 

chemically treated wheat straw was directly processed through a Bauer double disc refiner (The 

Bauer Bros. Co., Model No. 148-2, Serial No. 38525) running at 3600 revolutions per minute. 

Both primary and secondary refining was carried out under atmospheric conditions, and thus 

produced APMP pulp was received on a 200-mesh screen. Apart from the usage of different 

pretreatment chemicals, one significant difference between CTMP and APMP processes lies in 
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refiner configuration. While it is recommended to use atmospheric refining in APMP pulping to 

achieve higher brightness of pulp, CTMP pulping is typically done under pressurized refining 

(Cort and Bohn 1991). Thus, primary refining under CTMP pulping was conducted in a Sprout-

Waldron TMP unit (Koppers Company Inc., Sprout-Waldron Division, Model 12-1PC, Serial 

No. 84-1287, 2900 RPM). TMP unit was first heated to 120°C (15 PSI saturated steam pressure) 

by direct application of steam for 5 minutes to bring the equipment to an equilibrium condition. 

The pressure was released, and the chemically pre-soaked wheat straw sample was loaded to a 

pre-heating vessel where it was heated to the same temperature (120°C - 15 PSI saturated steam 

pressure) for 4 minutes at desired final temperature. Following preheating time, wheat straw was 

fed to the refiner unit using a screw feeder, and refining was carried out under the same 

pressurized conditions for further 10 minutes. After the completion of 10 minutes, the pressure 

was released, and primary CTMP pulp was collected for further processing. Same as APMP 

pulping, the primary pulp was centrifuged, fluffed, and stored for secondary refining. Secondary 

refining of CTMP pulp was carried out in the Bauer double disc refiner at atmospheric pressure 

(same as APMP). In order to evaluate the impact of temperature (pressure) during preheating and 

refining on pulp’s properties, the pressure was also varied to 5 PSI, 10 PSI, and 25 PSI during 

the primary refining in CTMP pulping, and these pulps have been named as CTMP8, CTMP9, 

and CTMP10. 

Following secondary refining, both APMP and CTMP wheat straw pulps were passed 

through a Pulmac Master Screen (0.01 inches slotted screen) to remove the coarser shives 

present in the pulp and to calculate the screened yield of the pulping process. However, 0.01 size 

screen was not effective in removing all the shives, and some finer shives were still present in the 

pulp, which became more prominent in the dry state when tissue handsheets were prepared from 
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the 10 cut (0.01 inches) screened pulp. Hence, a narrower screen size (4 cut – 0.004 inches) was 

used to remove all the shives before making the tissue handsheets for the measurement of 

physical properties.  In summary, 10 cut screen was used to calculate the screened yield of the 

pulping process and 4 cut screen was used to prepare the pulp for making tissue handsheets. 

5.3.2.2. Characterization of pulp samples 

Following APMP and CTMP pulping of wheat straw, pulp samples were characterized in 

terms of the pulping yield (%), ISO brightness (ISO 2470-1 2016), and pulp freeness (Tappi T 

227 om-09). Pulping yields were estimated gravimetrically by comparing samples’ oven-dried 

weight before and after the treatment process. After the initial characterization of the pulps, 

morphological properties such as fiber length, width, coarseness, and fines content were 

measured using an optical fiber quality analyzer (HiRes FQA – OpTest Equipment Inc.).  

Chemical compositional analysis of all the raw fibers and pulp samples was performed to 

determine the structural carbohydrates, lignin, extractives, and ash content following NREL 

(National Renewable Energy Laboratory) and Tappi procedures. Solvent extractives, Klason 

lignin (acid-insoluble lignin), and ash content were estimated according to Tappi T204, Tappi 

T222 om-11, and Tappi T211 om-02, respectively (Tappi T211 om-02 2002; Tappi T 222 om-02 

2006; Tappi T 204 cm-97 2007). Cellulose and hemicellulose content was determined following 

two-stage acid digestion procedures as described in NREL report NREL/TP-510-42618 (Hames 

et al. 2008).  

5.3.2.3. Handsheet preparation  

Shives-free (screened with 0.004 inches round screen) APMP and CTMP pulps were 

used to prepare tissue handsheets of basis weight 30 g/m2 using a modified version of Tappi 

standard T 205 sp-02 (2006) as previously described by (De Assis et al. 2019; Kumar et al. 
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2022). To improve the quality of light weight tissue handsheets, NBSK market pulp was mixed 

with the wheat straw mechanical pulps to get a final composition of 85% unrefined wheat straw 

mechanical pulps and 15% NBSK market pulp refined at 1000 PFI revolutions (~640 mL CSF 

freeness). A lab-scale PFI mill refiner (PFI Mill – Nº312, The Norwegian Pulp and Paper 

Research Institute, Oslo, Norway) was used to refine the NBSK market pulp according to Tappi 

standard T248 sp-00 (2000) before blending it with the wheat straw mechanical pulps. Freeness 

(Canadian Standard Freeness) of the resulting pulp furnish was measured according to Tappi T 

227 om-99 (1999) before making the handsheets.  

5.3.2.4. Handsheet properties measurement 

Paper properties most relevant for tissue papers, such as bulk, tensile strength, softness, 

and water absorbency, were measured. The average value of at least five measurements was 

taken for tensile strength and softness. The average value of two measurements was taken for 

water absorbency, and the average value of 10 handsheets was taken for bulk/density. The basis 

weight was measured according to ISO 12625-6 (2005), the bulk of the handsheet was measured 

using ISO 12625-3 (2014), tensile strength was measured according to ISO 12625-4 (2005), and 

water absorption capacity per unit mass of fiber was measured according to ISO 12625-8 (2016). 

A universal Instron tensile tester (Instron model 4443, Canton, MA) was used for measuring the 

tensile strength and the basket immersion test method was used for measuring the water 

absorption capacity. The softness of the handsheets was measured with a Tissue Softness 

Analyser (TSA Softness) using methods as described in the literature (De Assis 2018; Wang et 

al. 2019; Kumar et al. 2022).  
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5.4. Results and discussion 

5.4.1. Effect of alkalinity and hydrogen peroxide charge during chemical impregnation in 

APMP pulping 

In the first part of the investigation on APMP pulping of wheat straw, a simpler chemical 

impregnation process was employed in which no chelating agents or peroxide stabilizers were 

used. Hot water wash at 70°C in a water bath was used as a standard pre-treatment method in all 

three trials. Table 5-4 presents the effects of soda and hydrogen peroxide charge during the 

chemical impregnation process on final APMP wheat straw pulps. Digester (chemical 

impregnation) yield varied between 74.9 – 79.8%, and the final screened yield of pulp varied 

between 53.3 – 58.6%. The difference in chemical impregnation yield and screened yield of pulp 

indicates that a large amount of fines were lost during the pulp processing stage (refining and 

screening). The screened yield of pulps obtained in this work is lower than previously reported 

by Pan and Leary (2000a) with the APMP pulping of wheat straw. Pan and Leary reported 

Figure 5-1: Schematic of work plan designed for carrying out APMP and CTMP pulping of 

wheat straw and evaluating the tissue making properties of resulting high-yield pulps 
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pulping yield between 80 – 90% but observed a significant loss when soda charge increased 

above 6% on o.d. fiber weight. However, it was not clarified whether the reported yield is a 

digester or screened yield, and the soda charge used during this work was equal to or higher than 

6%, which can explain the lower yield values obtained in this work. Obtaining a higher pulp 

brightness just after the pulping process has been reported as one of the major advantages of 

APMP pulping over traditional CTMP pulping (Cort and Bohn 1991; Xu and Sabourin 1999). 

However, the final brightness of APMP pulps varied between 36.4 – 37.8% ISO, which was 

lower than the brightness value reported in the literature (Pan and Leary 2000a; Zhao et al. 

2004). However, previous works with APMP pulping have always used a certain amount of 

chelating agents (EDTA, DTPA) and peroxide stabilizers to improve the effectiveness of 

hydrogen peroxide during chemical impregnation (Xu and Sabourin 1999; Pan and Leary 2000a, 

b). A higher alkali charge and no use of chemical additives might be the reason for the lower 

brightness of APMP wheat straw pulps obtained in this work. Though brightness values of three 

wheat straw APMP pulps were really close to each other, it seems that increasing alkali charge 

had a negative impact on pulp brightness and an increased amount of hydrogen peroxide was not 

able to restore the loss in brightness. There is no previous reference of pulp freeness in APMP 

pulping of wheat straw. However, the final freeness of pulp samples was in the target range of 

500-600 mL CSF and higher than the freeness of semi-bleached wheat straw soda pulp or 

bleached wheat straw soda pulp as reported by (De Assis et al. 2019). 
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Table 5-4: Effect of different alkali and peroxide charge on APMP pulping of wheat straw 

Pulp Tag APMP1 APMP2 APMP3 

Chemical Charge 
(6%NaOH + 

6%H2O2) 

(8%NaOH + 

6%H2O2) 

(8%NaOH + 

8%H2O2) 

Yield – Hot water wash (%) 92.4 

Yield – Chemical 

impregnation (%) 
79.8 75.6 74.9 

Screened yield (%) 58.6 53.3 55.5 

Rejects (%) 4.7 2.9 3.2 

Pulp Freeness – Primary 

refining (mL CSF) 
660 620 635 

Pulp Freeness – Secondary 

refining (mL CSF) 
495 555 530 

Pulp brightness (% ISO) 37.8 36.4 36.9 

 

Table 5-5 presents the morphological properties of APMP wheat straw samples in terms 

of their length weighted fiber length, fiber width, and length weighted fines content as measured 

by FQA (OpTest Equipment Inc.). The average fiber length of APMP pulps samples varied from 

0.95 – 1.03 mm, which is similar to values reported in the literature with wheat straw soda pulp 

(De Assis et al. 2019). However, the measured fiber width (18.0 – 18.9 µm) was higher than 14.8 

and 16.5 µm, as reported with the wheat straw soda pulp. A certain amount of shives present in 

the wheat straw APMP pulp might be the reason for the higher average fiber width as measured 

by the FQA equipment.  Higher fines content in non-wood pulps is a major quality concern 

preventing their use in tissue-making furnish (De Assis et al. 2018). However, the fines content 

of screened APMP wheat straw pulp varied between 5.6 – 5.9%, which is lower than the fines 

content reported in wheat straw soda pulp by de Assis et al. (2019). Significant losses of fines 

were observed during the pulp processing stage, and this could be the reason for the lower fines 

content of the final pulp in this study. It can be concluded by analyzing the results on 
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morphological properties in Table 5-5 that the chemical charge studied in this work did not have 

a significant impact on the morphological properties of obtained APMP pulps. The evaluated 

chemical charge in this study seemed enough to retain the longer fiber fractions and prevent 

excessive fines creation during the mechanical refining stage.  

 

Table 5-5: Morphological properties of unrefined APMP wheat straw pulp samples and their 

comparison against the benchmark BEK market pulp 

Pulp Tag APMP1 APMP2 APMP3 BEK 

Market 

Pulp Chemical Charge 
(6%NaOH + 

6%H2O2) 

(8%NaOH + 

6%H2O2) 

(8%NaOH + 

8%H2O2) 

Length weighted fiber 

length (mm) 
0.95 1.03 1.01 0.81 

Fiber width (µm) 18.9 18.0 18.3 16.4 

Length weighted fines (%) 5.6 5.7 5.9 4.5 

 

Following the initial characterization of pulps, tissue handsheets were prepared with the 

wheat straw APMP pulps and benchmark BEK market pulp by blending 15% NBSK market pulp 

(1000 PFI refining, 640 mL CSF) in each pulp. No mechanical refining was done on either 

APMP pulps or benchmark BEK pulp. Table 5-6 presents the tissue-making properties of APMP 

wheat straw pulps and BEK market pulp. All three APMP mechanical pulps have higher tensile 

strength, higher bulk, and higher water absorption capacity. The higher tensile strength of wheat 

straw pulps can be due to their longer fiber length (~ 1.0 mm) than BEK market pulp (0.81 mm), 

as longer fibers can form inter-fiber bonds with multiple fibers and provide a superior tensile 

strength in a tissue paper (De Assis et al. 2018). It was remarkable to observe that higher lignin 

content generally present in mechanical pulps does not significantly impact the bonding between 

wheat straw fibers. Nevertheless, increasing the chemical charge did result in higher tensile 
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strength and reduced bulk of the paper web (Table 5-6). Similar to the tensile strength, all wheat 

straw APMP pulps have higher bulk which also results in higher water absorption capacity of the 

paper webs (De Assis et al. 2019; Zambrano et al. 2021a; Kumar et al. 2022). Softness is one of 

the most important properties of hygiene tissue papers, and BEK fibers are specifically added in 

tissue making furnish to impart superior softness properties in the final tissue paper (De Assis et 

al. 2018).  The softness of wheat straw APMP pulps, as denoted by the TS7 values in table 5-6, 

was worse than the benchmark BEK pulp in all cases. Increasing the chemical charge even 

worsened the softness profile of APMP wheat straw pulps. The softness of tissue paper is a 

complex function of fiber and paper web’s properties such as fiber flexibility, number of fibers, 

free fiber ends, surface roughness, and paper compressibility (Hollmark and Ampulski 2004; 

Wang et al. 2019; Pawlak et al. 2022). Although all mechanical pulps have a higher bulk than the 

BEK, it appears that high lignin containing rigid and stiff fibers in APMP wheat straw pulps 

were not very effective in dampening the amplitude of vibrations generated by rotors of TSA 

equipment, thus generating higher values of TS7 and worse softness (Prinz et al. 2021; Kumar et 

al. 2022). Based on results from the characterization of pulps (Table 5-5) and measurement of 

tissue-making properties (Table 5-6), it was concluded that the chemical charge of 6% sodium 

hydroxide and 6% hydrogen peroxide (APMP1) provided the best combination of pulping yield, 

brightness, and softness. Hence, APMP1 pulp was selected for further optimization by using 

additional chemical additives such as a chelating agent, peroxide stabilizers, and two-stage 

chemical impregnation, as described below. 
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Table 5-6: Tissue making properties of APMP wheat straw pulps and their comparison against a 

benchmark BEK market pulp 

 BEK Wheat Straw APMP Pulps 

Pulp Tag Benchmark APMP1 APMP2 APMP3 

Chemical Charge Market Pulp 
(6%NaOH + 

6%H2O2) 

(8%NaOH + 

6%H2O2) 

(8%NaOH + 

8%H2O2) 

Pulp Freeness (mL) 673 (+/- 2)1 578 (+/- 4) 540 (+/- 5) 554 (+/- 5) 

Bulk (cm3/g) 4.55 (+/- 0.20) 6.47 (+/- 0.19) 6.08 (+/- 0.13) 6.13 (+/- 0.17) 

Tensile Index (Nm/g) 11.2 (+/- 1.5) 19.3 (+/- 1.8) 27.2 (+/- 2.1) 24.4 (+/- 2.7) 

Water absorbency (g/g) 5.8 (+/- 0.1) 6.7 (+/- 0.2) 6.3 (+/- 0.1) 6.5 (+/- 0.1) 

Softness – TS7 (dB)2 19.8 (+/- 2.5) 25.7 (+/- 3.1) 39.4 (+/- 4.0) 36.1 (+/- 5.5) 

1 Values in the brackets represent one standard deviation from the mean 
2 Lower values of TS7 indicate better softness properties and vice versa 

 

5.4.2. Effect of using additional chemical additives during APMP pulping on pulp 

properties 

The objective of using additional chemical additives during the APMP pulping of wheat 

straw was to evaluate if the tissue-making properties of pulps can be improved by applying 

different pre-treatment or chemical impregnation methods before the two-stage refining process. 

EDTA (0.5% on o.d. Fiber) was used as a chelating agent during the pre-treatment stage, and 

sodium silicate was used as a peroxide stabilizer during the chemical impregnation stage with or 

without EDTA as described in Table 5-1 and Table 5-7. The total chemical charge in terms of 

soda (6.0% on o.d. fiber) and hydrogen peroxide (6.0% on o.d. fiber) during the chemical 

impregnation stage was kept constant in all subsequent trials. Since chelation was done at pH 5, a 

control pulp was also prepared by pre-treating the wheat straw with hot water at pH 5 but 

without EDTA to separate the effect of acidified water and EDTA charge. Table 5-7 and Table 
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5-8 present the results of using additional chemical additives during APMP pulping on the final 

pulp’s properties. 

Pre-treating wheat straw fibers with 0.5% EDTA on o.d. fiber before the chemical 

impregnation had the most pronounced effect on brightness. The brightness of base pulp 

(APMP1) increased by at least 10 units to 49.4% ISO brightness from 37.8% achieved earlier. 

Increasing the EDTA charge to 1.0% did not provide any additional benefits in brightness. 

Acidic pre-treatment of wheat straw samples at pH5 (without any chelating agent) had a minor 

impact on brightness. Previously, Pan and Leary (2000b) showed that a simple acid washes 

without any chelating agent was very effective in enhancing the brightness of APMP wheat straw 

pulp to 53 – 54% ISO brightness. However, this gain in brightness was mainly observed at pH 

less than 2, which was not evaluated in this study due to the anticipated complexity of running an 

industrial pulping process in acidic conditions. Apart from chelating agents, sodium silicate and 

magnesium sulfate are widely used as peroxide stabilizers during the bleaching process (Pan and 

Leary 2000a).  In this work, sodium silicate (3.0% charge on o.d. fiber) was added as a peroxide 

stabilizer during the chemical impregnation stage, and its effect on pulp’s properties was 

evaluated. 

Interestingly, when sodium silicate was used alone (no EDTA pre-treatment), it was 

effective in increasing the brightness of base pulp from 37.8% to 44.9% ISO. However, when 

sodium silicate was used during chemical impregnation on EDTA pre-treated wheat straw fibers, 

there was no synergistic effect of chelating agent and peroxide stabilizer on the brightness gain 

of final pulp. In fact, the final brightness of APMP7 pulp is 48.9% ISO, which is lower than that 

achieved with EDTA pre-treatment alone. Pan and Leary (2000a, b) reported similar 

observations that no significant enhancement in brightness was observed with sodium silicate 
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and magnesium sulfate as peroxide stabilizers during APMP pulping on a DTPA 

(diethylenetriaminepentaacetic acid) pretreated wheat straw. Wheat straws or other cereal straws 

contain a significant amount of peroxide-resistant chromophores, and it appears that there is a 

limited brightness gain that could be achieved using hydrogen peroxide alone as a bleaching 

agent (Billa et al. 2000; Pan et al. 2001, 2003). Pan et al. (2001, 2003) used stronger oxidizing 

agents such as peroxymonosulfate (PMS), dimethyldioxirane (DMD) to increase the brightness 

of wheat straw mechanical pulps. 

 

Table 5-7: Effect of a chelating agent (EDTA) and peroxide stabilizers (sodium silicates) on 

APMP pulping of wheat straw 

Pulp Tag APMP1 APMP4 APMP5 APMP6 APMP7 

pH of pretreating solution 7 5 5 7 5 

EDTA charge (%) - - 0.5 - 0.5 

Na2SO3 Charge (%) - - - 3.0 3.0 

Cooking chemical charge      

Yield - Chemical impregnation 

(%) 
79.8 77.9 78.2 75.8 76.4 

Screened yield (%) 58.6 62.7 62.5 64.3  

Rejects (%) 4.7 2.7 3.1 1.2 1.5 

Pulp Freeness – Primary refining 

(mL CSF) 
660 640 640 570 610 

Pulp Freeness – Secondary 

refining (mL CSF) 
495 530 535 455 470 

Pulp brightness (% ISO) 37.8 38.8 49.4 44.9 48.9 

 

Table 5-8 compares the tissue-making properties of APMP wheat straw pulps prepared 

using additional chemical additives with the base case pulp prepared using only sodium 

hydroxide and hydrogen peroxide. There was no clear trend or significant differences in the 
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physical properties of all APMP wheat straw pulps, except the addition of 3% sodium silicate 

during chemical impregnation (APMP6, APMP7) seems to increase the tensile strength of pulps 

which leads to a proportional decrease in softness and water absorbency. Commercial sodium 

silicate samples contain a certain amount of sodium hydroxide, and it appears that the addition of 

3% silicate is working as an additional alkali during the process (Pan and Leary 2000a). The 

corresponding decrease in freeness and bulk corroborates this hypothesis, which is also resulting 

in an increased tensile index of pulps. Though pretreatment with 0.5% EDTA had the highest 

impact on pulp brightness, tissue-making properties of APMP1 (base case) pulp and APMP5 

(0.5% EDTA treated) are almost identical. Hence, it can be summarized that additional chemical 

additives such as a chelating agent or peroxide stabilizers can be used to improve the brightness 

of pulp during APMP pulping, however, added chemical additives do not necessarily improve 

the tissue-making properties of the pulp. In fact, using sodium silicate had an inverse impact on 

softness and water absorbency, two of the most essential properties desired in hygiene tissue 

products. 
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Table 5-8: Tissue making properties of APMP wheat straw pulps prepare using additional 

chemical additives (EDTA, sodium silicate) and their comparison against the base case APMP 

pulp 

Pulp Tag APMP1  APMP5 APMP6 APMP7 

Chemical Charge (6%NaOH + 6%H2O2) 

Chemical additives 
No (Base 

Case) 
0.5% EDTA 

3% Sodium 

Silicates 

0.5% EDTA + 3% 

Sodium Silicates 

Pulp Freeness (mL) 578 (+/- 4) 1 580 (+/- 1) 520 (+/- 5) 525 (+/- 5) 

Bulk (cm3/g) 6.47 (+/- 0.19) 6.95 (+/- 0.18) 6.23 (+/- 0.46) 5.80 (+/- 0.19) 

Tensile Index (Nm/g) 19.3 (+/- 1.8) 18.5 (+/- 0.5) 24.6 (+/- 1.6) 33.0 (+/- 1.7) 

Water absorbency (g/g) 6.7 (+/- 0.2) 6.7 (+/- 0.1) 6.0 (+/- 0.1) 5.7 (+/- 0.3) 

Softness – TS7 (dB) 2 25.7 (+/- 3.1) 23.1 (+/- 2.2) 25.9 (+/- 3.0) 31.2 (+/- 1.5) 

1 Values in the brackets represent one standard deviation from the mean 
2 Lower values of TS7 indicate better softness properties and vice versa 

 

5.4.3. Two-stage chemical impregnation approach in APMP pulping 

Xu and Sabourin (1999) demonstrated that chemical impregnation is the most crucial 

process in an APMP pulping sequence, and an improvement in brightness and pulp properties 

can be achieved using multi-stage chemical impregnation with an optimum distribution of 

chemicals in each stage. A similar approach was used to evaluate the impact of the two-stage 

chemical impregnation strategy during the APMP pulping of wheat straw. Xu and Sabourin 

(1999) conducted refining after the completion of the second stage chemical impregnation 

process; however, in this study primary refining was incorporated in-between two chemical 

impregnation stages. Primary refining was conducted on the partially impregnated wheat straws 

from the first stage, which was followed by the second stage of chemical impregnation and 

secondary refining to obtain the final pulp (Table 5-2). The idea behind this strategy was to open 
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the fibrous structure using primary refining so that the efficiency of chemicals charged in the 

second stage of chemical impregnation could be enhanced. 

Table 5-9 summarizes the results from the two-stage chemical impregnation strategy 

during the APMP pulping on wheat straw. It can be observed that the brightness of pulp 

improved using the two-stage distribution of charged chemicals in all cases. However, brightness 

gain was minimal when no pre-treatment process was used (APMP8) with the assumption that 

the alkali charged in the first stage will wash away impurities interfering with the peroxide 

bleaching in the second stage. A simple hot water pretreatment followed the equal distribution of 

total charged chemical in two stages (APMP9) improved the pulp brightness to 45.1% ISO from 

the base case brightness of 37.8% ISO obtained with APMP1. Results from APMP8 and APMP9 

further reinforce the importance of hot-water pretreatment in APMP pulping of non-wood fibers 

(Pan and Leary 2000a). In APMP10 pulping, the total charged chemicals were preferentially 

distributed, with the majority of sodium hydroxide (66.66%) applied in the first stage and the 

majority of hydrogen peroxide (66.6%) applied in the second stage. Preferential distribution of 

cooking chemicals did improve the brightness from 45.1% to 46.3% ISO; however, the 

brightness gain was minimal. In APMP11, a similar preferential distribution of chemicals as 

APMP10 was followed, but the wheat straw was pre-treated with 0.5% EDTA, and sodium 

silicate was used during the chemical impregnation stages. The use of EDTA and sodium silicate 

during the two-stage chemical impregnation provided the highest brightness (49.7% ISO) among 

all APMP pulps. However, the final brightness was in a similar range to that obtained with 

EDTA and silicates in a single-stage chemical impregnation, which again validates that there is 

an upper limit on the brightness that can be achieved with hydrogen peroxide bleaching of wheat 

straw pulps. In summary, two-stage chemical impregnation provided an improvement in 
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brightness when no chemical additives were used during the APMP pulping. However, when 

additional chemical additives such as EDTA and sodium silicate were used, brightness gain was 

similar to that achieved in the single-stage chemical impregnation with chemical additives. 

 

Table 5-9: Effect of two-stage chemical impregnation process in APMP pulping of wheat straw 

Pulp Tag APMP1 APMP8 APMP9 APMP10 APMP11 

Pretreatment Hot water No Hot water Hot water  0.5% EDTA 

Screened yield (%) 58.6 55.8 54.4 53.4 59.5 

Rejects (%) 4.7 7.2 7.9 9.7 4.4 

Pulp Freeness – Secondary 

refining (mL CSF) 
495 560 560 590 445 

Pulp brightness (% ISO) 37.8 41.9 45.1 46.3 49.7 

 

However, one noticeable difference between single-stage and double-stage chemical 

impregnation was that double-stage chemical impregnation generated more rejects or shives in 

the final pulp leading to lower screened yields (APMP8, APMP9, & APMP10). The total 

charged chemicals in terms of sodium hydroxide and hydrogen peroxide were the same in double 

and single-stage chemical impregnation, but the distribution of chemicals in two stages with the 

same liquor–straw ratio (10:1) in each stage resulted in dilution or lower concentration of 

cooking liquors in each individual stage. To mitigate this problem, the liquor – straw ratio was 

altered in APMP11, where a liquor – straw ratio of 8:1 was used in the first stage, and a liquor – 

straw ratio of 6:1 was used in the second stage. Changing the liquor – straw ratio reduced the 

shives content in APMP11, and reject content was similar to that obtained in APMP1 (base case 

pulp). However, the overall reject content in APMP11 was still on the higher side compared to 
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APMP pulps prepared with chemical additives and a single-stage chemical impregnation (Table 

5-7).  

5.4.4. CTMP pulping of wheat straw 

CTMP pulping of wheat straw was conducted as an additional chemi-mechanical pulping 

process and an alternative method to APMP pulping. The target of the CTMP pulping process 

was to optimize the process conditions to obtain well-separated pulp fibers while preserving the 

long fiber fractions in the pulp. In the first step of CTMP trials, cooking chemicals charged for 

impregnating the wheat straw during the chemical impregnation stage were varied (CTMP1 to 

CTMP7), and their effect on pulp’s properties were evaluated. Pre-heating temperature 

(pressure) was fixed at 120°C (15-PSI steam pressure), pre-heating time was fixed at 4 minutes, 

and pressurized primary refining was conducted at the same temperature (pressure) as in the pre-

heating stage. The gap between refiner plates was fixed at 0.005 inches in all CTMP trials.  In 

the second step of CTMP trials, a fixed chemical charge was selected based on results obtained 

in the first step of CTMP pulping, and pre-heating and refining stages were conducted at 

different temperatures and pressure. 

Table 5-10 presents the results of CTMP pulping on the wheat straw when the chemical 

charge in terms of sodium hydroxide and sodium sulfite was changed during the chemical 

impregnation stage. Due to the nature of TMP equipment used for carrying out the pre-heating 

and primary refining during the CTMP pulping, it was not possible to quantify the screened yield 

and reject the content of the process accurately. Unlike APMP pulping, where wheat straw fibers 

were transferred to the refiner manually, a screw feeder connecting the pre-heating vessel and 

refiner in the TMP unit was used to feed the pre-heated wheat straw fibers for primary refining. 

However, the feeding process was not very efficient, and there was always some material 
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remaining at the bottom of the pre-heating vessel at the end of the process. Hence, chemical 

impregnation yield has been calculated as an indicator of the digester yield of the process.  The 

chemical impregnation yield of CTMP pulps varied between 69.1 – 80.6% depending on the 

nature and amount of charged chemicals. Sodium hydroxide charge has the maximum effect on 

chemical impregnation yield, and as the amount of soda charge increased chemical impregnation 

yield mainly centered around 70 – 74% in most cases. CTMP1 had the highest chemical 

impregnation yield when the effective uptake of soda charge was 1.7% on o.d. fiber. However, 

CTMP1 pulp had a significantly higher amount of shives or uncooked fibers in the final pulp. 

Freeness of the pulp after primary refining was used as an indicator of the extent of refining 

received by fibers. It can be observed that the freeness of CTMP1 pulp containing high shives 

content was significantly higher than all other CTMP pulps. Since conditions during the primary 

refining (plate gap, inlet consistency, pre-heating temperature, pre-heating time) were kept 

constant, any changes in pulp properties were attributed to effects arising from the chemical 

impregnation stage. Freeness after the secondary refining was measured after removing the 

shives, and the freeness of the final shives-free pulp decreased by 100 – 150 mL in all cases. It 

was attempted to maintain the same refining conditions during all trails, the difference in 

freeness drops between different pulps is difficult to ascertain. 
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Table 5-10: Effect of different chemical charges during the chemical impregnation stage in 

CTMP pulping of wheat straw 

Pulp Tag CTMP1 CTMP2 CTMP3 CTMP4 CTMP5 CTMP6 CTMP7 

Yield – Pretreatment 

(%) 
92.4 91.6 

Yield – Chemical 

impregnation (%) 
80.6 73.1 74.0 70.6 71.3 72.4 69.1 

Freeness – Primary 

refining (mL CSF) 
735 620 580 610 585 590 555 

Freeness – 

Secondary refining 

(mL CSF) 

600 535 520 450 505 420 390 

Pulp brightness (% 

ISO) 
31.3 33.4 34.6 32.6 36.2 33.7 34.9 

 

The brightness of CTMP pulps varied from 31.3 – 36.2% ISO; however, there was no 

clear correlation between charged chemicals and the final brightness of the pulp. The final 

brightness of CTMP pulps revolved around 33 – 34% ISO, except in CTMP1 and CTMP 5 when 

the brightness was either too low (31.3% ISO) or too high (36.2% ISO) than average brightness 

values. The highest brightness of 36.2% ISO was obtained when sodium hydroxide uptake and 

sodium sulfite uptake were highest at 3.8% and 5.7%, respectively. On the other hand, the lowest 

brightness in CTMP pulping was obtained when sodium hydroxide uptake was lowest at 1.7% on 

o.d. fiber. It appears that the mechanism of brightness gain in CTMP pulping is different from 

APMP pulping. In APMP pulping soda charge had negative impacts on brightness, and 

brightness gain was mainly dependent on the oxidation of chromophores by hydrogen peroxide 

(Zeronian and Inglesby 1995). Based on brightness data obtained during CTMP pulping, it can 

be concluded that increased delignification by increasing soda charge during the chemical 

impregnation stage enhanced brightness to a certain extent, while the role of sodium sulfite was 
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to prevent the alkali darkening of the pulp (Tutus and Usta 2004). CTMP6 pulp was prepared 

with EDTA pretreatment followed by alkaline sulfite impregnation, while CTMP7 pulp was 

prepared with EDTA pretreatment and sodium silicate during the alkaline sulfite impregnation. It 

can be observed that additional chemical additives had no significant impact on pulp brightness 

during the CTMP pulping.  

FQA (fiber quality analysis) was done on selected CTMP pulp samples to obtain their 

morphological properties and benchmark them against the APMP and BEK pulps. Table 5-11 

presents the comparison of morphological properties between different pulps. Except in CTMP1, 

fiber length, fiber width, and fines content of CTMP pulps looks similar to APMP pulps. Higher 

fiber length and higher fiber width of CTMP1 pulps might be because of certain shives content 

still present in the pulp even after screening. The presence of shives and lower amount of fines 

content in CTMP1 also explain the higher measured freeness of this pulp from the rest of CTMP 

pulps. It can be summarized from table Table 5-11 that different chemical charges did not have a 

significant impact on the morphological properties of CTMP pulps, and the amount of charged 

chemicals was sufficient to soften the straw structure before refining to preserve the longer fiber 

fractions.  
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Table 5-11: Morphological properties of CTMP wheat straw pulp samples obtained after 

secondary refining and Pulmac screening, and their comparison against the APMP and BEK 

market pulp 

Pulp Tag CTMP1 CTMP2 CTMP4 APMP1 BEK 

Market 

Pulp Chemical Charge 
1.7% NaOH + 

4.2% Na2SO3 

2.7% NaOH + 

5.3% Na2SO3 

3.8% NaOH + 

3.8% Na2SO3 

(6%NaOH 

+ 6%H2O2) 

Length weighted fiber 

length (mm) 
1.16 1.08 1.02 0.95 0.81 

Fiber width (µm) 19.2 18.1 18.1 18.9 16.4 

Length weighted fines 

(%) 
2.9 4.4 4.4 5.6 4.5 

 

Similar to the APMP pulping, shives-free CTMP pulp (screened with 0.004 inches) was 

used to prepare the tissue handsheets for comparison as described previously. NBSK market pulp 

refined at 1000 PFI revolutions (640 mL CSF) was mixed with CTMP pulps to have a pulp blend 

of 85% CTMP pulps and 15% NBSK market pulp on oven dry basis. Table 5-12 presents the 

tissue-making properties of all CTMP pulps prepared in the first step using different cooking 

chemical charges and the same refining conditions.  Freeness of all CTMP pulps was lower than 

the benchmark BEK market pulp. The bulk and water absorbency of CTMP pulps was in a 

similar range to the BEK benchmark pulp. However, all CTMP pulps have significantly higher 

tensile strength and inferior softness (higher value of TS7) than the benchmark BEK pulp. 

CTMP1, which has the lowest effective soda uptake of 1.7%, provided the lowest tensile index 

but the highest bulk, water absorbency, and softness (lowest TS7) properties. When soda uptake 

increased, the tensile index of CTMP pulps increased, and all other measured properties (bulk, 

water absorbency, and softness) decreased proportionally. CTMP7 pulp prepared with the 

addition of 3% sodium silicate in cooking liquor had the lowest chemical impregnation yield 
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(Table 5-10) and provided the highest tensile index and lowest bulk, water absorbency, and 

softness among all CTMP pulps.  

 

Table 5-12: Tissue making properties of CTMP wheat straw pulps and their comparison against a 

benchmark BEK market pulp 

Pulp Tag 
BEK – 

Benchmark 

Pulp 

CTMP Wheat Straw Pulps 

CTMP1 CTMP2 CTMP3 CTMP4 CTMP5 CTMP6 CTMP7 

Pulp Freeness 

(mL) 
673 

(+/- 2)1 
623 

(+/- 6) 
540 

(+/- 5) 
530 

(+/- 10) 
510 

(+/- 5) 
522 

(+/- 5) 
435 

(+/- 4) 
410 

(+/- 8) 

Bulk (cm3/g) 
4.55 

(+/- 0.20) 
4.68 

(+/- 0.10) 
4.50 

(+/- 0.07) 
4.55 

(+/- 0.11) 
4.26 

(+/- 0.19) 
4.60 

(+/- 0.09) 
4.34 

(+/- 0.13) 
4.22 

(+/- 0.10) 

Tensile Index 

(Nm/g) 
11.2 

(+/- 1.5) 
28.1 

(+/- 0.6) 
38.7 

(+/- 1.5) 
36.6 

(+/- 3.4) 

40.5 
(+/- 1.6) 

37.6 
(+/- 0.8) 

35.3 
(+/- 2.1) 

42.3 
(+/- 2.6) 

Water 

absorbency (g/g) 
5.8 

(+/- 0.1) 
5.92 

(+/- 0.2) 
5.74 

(+/- 0.1) 
5.83 

(+/- 0.2) 
5.65 

(+/- 0.1) 
5.78 

(+/- 0.1) 

5.2 
(+/- 0.1) 

4.8 
(+/- 0.1) 

Softness – TS7 

(dB)2 
19.8 

(+/- 2.5) 
28.0 

(+/- 2.2) 
39.7 

(+/- 3.4) 
33.6 

(+/- 2.5) 

44.5 
(+/- 1.8) 

39.7 
(+/- 4.0) 

43.7 
(+/- 4.5) 

49.4 
(+/- 3.6) 

1 Values in the brackets represent one standard deviation from the mean 
2 Lower values of TS7 indicate better softness properties and vice versa 

 

In the second step of CTMP pulping, the chemical charge on wheat straw fiber was kept 

constant, and temperature (or pressure) during the preheating and primary refining stage was 

varied on selected CTMP pulps to observe its effect on pulp properties. CTMP1 pulp with the 

lowest soda uptake had the highest shives content when primary refining was conducted at 15 

PSI (~120°C) pressure. However, it produced the best combination of softness, water 

absorbency, and tensile properties among all CTMP pulps. Hence, CTMP8 pulp was produced 

with the same cooking chemical charge, but the pressure during the preheating and primary 

refining was increased to 25 PSI (~130°C). However, increasing preheating and refining pressure 

did not have any significant impact on pulp’s properties. CTMP8 pulp had very high shives 
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content and measured freeness after primary refining was 710mL CSF, indicating coarser nature 

of the pulp. Furthermore, the tissue-making properties of CTMP8 pulp closely resemble that of 

CTMP1 pulp. It appears that a minimum amount of soda charge is required during the chemical 

impregnation stage in CTMP pulping to produce pulps with acceptable shives content and pulp 

freeness. When the soda charge in the original liquor was increased to 6.0% on o.d. fiber (2.7% 

effective uptake) in the first set of trails, obtained CTMP wheat straw pulps had freeness and 

shives content in an acceptable range. Hence, CTMP3 pulp with the next higher soda charge was 

selected for further optimization by changing the pressure during preheating and primary refining 

stage. CTMP9 and CTMP10 pulps were produced with the same chemical charge as CTMP3, but 

the pressure (or temperature) during the preheating and primary refining was successively 

reduced to 10 PSI (~115°C) and 5 PSI (~108°C), respectively. Table 5-13 presents the complete 

set of results on pulp’s properties when pressure during the preheating and primary refining was 

varied at a constant chemical charge. It was surprising to observe that when pressure (or 

temperature) was reduced in CTMP9 and CTMP10 pulping, the freeness of both pulps decreased 

compared to CTMP3. The decrease in pulp freeness resulted in an increased tensile index and 

inferior water absorbency and softness properties. 
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Table 5-13: Effect of changing pressure (temperature) during preheating and primary refining in 

CTMP pulping on final pulp’s properties. 

Pulp Tag CTMP3 CTMP9 CTMP10 CTMP1 CTMP8 

Effective uptake of 

charged chemicals (%) 
2.7% NaOH + 5.3% Na2SO3 1.7% NaOH + 4.2% Na2SO3 

Pressure in preheating 

and primary refining 
15 PSI 

(~120°C) 

10 PSI 

(~115°C) 

5 PSI 

(~108°C) 

15 PSI 

(~120°C) 

25 PSI 

(~130°C) 

Pulp brightness (% ISO) 34.6 33.6 34.1 31.3 32.9 

Pulp Freeness (mL) 
530 

(+/- 10) 1 

470 
(+/- 5) 

410 
(+/- 5) 

623 
(+/- 6) 

540 
(+/- 8) 

Bulk (cm3/g) 
4.55 

(+/- 0.11) 
4.54 

(+/- 0.17) 
4.49 

(+/- 0.08) 
4.68 

(+/- 0.10) 
4.59 

(+/- 0.14) 

Tensile Index (Nm/g) 
36.6 

(+/- 3.4) 
35.7 

(+/- 2.1) 
40.8 

(+/- 2.8) 
28.1 

(+/- 0.6) 
31.2 

(+/- 1.8) 

Water absorbency (g/g) 
5.83 

(+/- 0.2) 
5.66 

(+/- 0.1) 
5.60 

(+/- 0.1) 
5.92 

(+/- 0.2) 
5.8 

(+/- 0.1) 

Softness – TS7 (dB) 2 
33.6 

(+/- 2.5) 
39.1 

(+/- 3.7) 
44.8 

(+/- 2.2) 
28.0 

(+/- 2.2) 
30.1 

(+/- 1.8) 

1 Values in the brackets represent one standard deviation from the mean 
2 Lower values of TS7 indicate better softness properties and vice versa 

 

5.4.5. Comparison of APMP pulping with CTMP pulping for wheat straw 

Chemical composition analysis of raw biomass and pulp samples was conducted to 

observe the effect of different pulping conditions used during the APMP and CTMP process on 

wheat straw. Results from the chemical composition analysis on biomass, APMP pulps, and 

CTMP pulps have been presented in Table 5-14 as a percentage of the dry weight of respective 

samples. Process conditions used during the APMP and CTMP pulping process resulted in a 

certain amount of delignification in the biomass, and relative lignin content in all pulp samples 

decreased as compared to starting wheat straw biomass. The extent of delignification was 

dependent on the process conditions used during each pulping trial. The relative amount of lignin 

content in APMP pulps varied between 14.6 - 18.8%, and the relative amount of lignin content in 
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CTMP pulps varied between 12.8 – 18.6%. Similar to lignin, pulping conditions used during the 

APMP and CTMP pulping were able to remove the ash and ethanol-benzene extractives from the 

biomass. Overall, CTMP pulps have lower lignin and ash content than APMP pulps. Removal of 

lignin, ash, and lipophilic extractives from the biomass during the pulping process resulted in a 

relative increase in cellulose and hemicellulose (xylose, galactose, arabinose, and mannose) 

content in all final pulps. However, it is difficult to ascertain if pulping conditions used during 

the APMP and CTMP process had any impact on cellulose or hemicellulose removal from the 

starting biomass. Hence, the chemical compositional values presented in Table 5-14 have been 

adjusted as per the pulping yield of each process and presented in Figure 5-2 to observe relative 

losses of individual chemical constituents during the process compared to starting raw biomass. 

For simplification, different hemicelluloses such as xylan, galactan, arabinan, and mannan have 

been combined as total hemicellulose in Error! Reference source not found. 
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Table 5-14: Chemical composition of wheat straw biomass, APMP pulps, and CTMP pulps 

(expressed as percentage of dry weight of materials) 

Samples 
Glucose 

(%) 

Xylose 

(%) 

Galactose 

(%) 

Arabinose 

+ Mannose 

(%) 

Total 

lignin 

(%) 

Ethanol -

Benzene 

Extractives 

(%) 

Ash 

(%) 

Wheat 

straw 
Biomass 37.5 15.9 0.80 3.00 23.5 5.40 4.40 

APMP 

Pulps 

APMP1 45.4 18.1 - 3.10 18.8 - 1.80 

APMP5 44.2 19.6 - 2.50 19.5 - 1.30 

APMP6 47.8 18.9 - 2.60 16.8 - 1.50 

APMP7 45.0 17.0 - 2.40 16.5 - 1.40 

APMP11 49.7 18.2 - 2.6 14.6 - 1.70 

CTMP 

Pulps 

CTMP1 43.4 16.9 - 2.20 18.6 - 1.30 

CTMP2 52.0 17.8 - 2.50 12.9 - 0.80 

CTMP3 51.5 16.6 - 2.50 13.8 - 0.80 

CTMP4 52.6 17.2 - 2.40 13.7 - 0.90 

CTMP5 54.7 16.9  2.40 12.8  0.60 

 

It can be observed from the Figure 5-2 that the cellulose content was relatively 

unchanged during APMP and CTMP pulps, irrespective of the process conditions used. 

However, a significant amount of hemicellulose, lignin, extractives, and ash was removed from 

the starting biomass. Depending on pulping parameters, APMP pulping resulted in 14.0 – 26.2% 

removal of hemicelluloses, 36.4 – 55.8% removal of lignin, and 68.0 – 77.3% removal of ash 

content from the starting wheat straw biomass. Compared to APMP pulping, pulping conditions 

used during the CTMP pulping resulted in 24.8 – 36.0% removal of hemicelluloses, 38.6 – 

64.4% removal of lignin, and 77.1 – 91.1% removal of ash content from the starting biomass. 
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Increasing soda charge during the chemical impregnation stage in CTMP pulping resulted in 

increased removal of hemicellulose and lignin. Apart from CTMP1, when soda uptake of 

biomass was lowest, all CTMP pulping conditions used during this investigation removed more 

than 30% of hemicelluloses, more than 60% of lignin, and more than 85% of ash content from 

the wheat straw. Comparison among APMP pulping shows that pulp prepared with the two-stage 

chemical impregnation stage had the lowest lignin content (highest delignification). Ethanol – 

benzene extractive was not measured on the pulp samples, and it was assumed that process 

conditions used during both pulping trials resulted in the complete removal of extractives from 

the biomass. By analyzing the results from Table 5-14 and Error! Reference source not found. 5-

2, it can be summarized that process conditions used during the CTMP pulping resulted in higher 

delignification and more hemicellulose and ash removal than the APMP pulping. Pulping yield 

obtained during the CTMP and APMP pulping process also corroborates the findings obtained 

from the chemical compositional analysis of pulp samples. 
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A complete comparison of tissue-making properties between APMP and CTMP pulps 

and their benchmarking against the BEK market pulp has been presented in Figure 5-3. It can be 

observed from Figure 5-3a that APMP pulps produced bulkier tissue sheets than CTMP pulps at 

similar pulp freeness. As freeness of both types of pulps decreased as a function of pulping 

conditions, there was a proportional decrease in the bulk of the handsheets. However, the 

freeness of APMP pulps was mainly concentrated in the range of 525 – 600mL CSF and the 

freeness of CTMP pulps varied between 400 – 625mL CSF. Freeness of both APMP and CTMP 

pulps was lower than the benchmark BEK pulp; however, APMP produced bulkier tissue sheets 

than BEK, and the bulk of CTMP pulps was in a similar range to that of BEK market pulp. 

Figure 5-3b compares the tensile index of APMP and CTMP pulps, and it can be observed that 

CTMP pulps have higher tensile strength than APMP pulps at similar pulp freeness. Lower bulk 

Figure 5-2: Changes in the relative amount of chemical constituents of wheat straw biomass 

during the APMP and CTMP pulping process. Chemical composition values of APMP and 

CTMP pulps have been adjusted as per the chemical impregnation yields obtained for each 

process conditions to track the losses of chemical constituents compared to the starting biomass 
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or densification of handsheets in the case of CTMP pulps results in higher tensile strength for 

CTMP pulps than APMP pulps. It can also be observed that both APMP and CTMP pulps 

produce significantly higher tensile strength than the benchmark BEK market pulp. Figure 5-3c 

and Figure 5-3d compare the water absorbency and softness of APMP and CTMP pulps as a 

function of the tensile index obtained in Figure 5-3b. As the tensile index of pulps increased as a 

result of different pulping conditions, water absorbency and softness (inverse of TS7) of all pulps 

decreased proportionally. 

In most cases, APMP pulps produced higher water absorbency and better softness than 

CTMP pulps at the detriment of tensile strength. Water absorbency and softness of CTMP pulps 

were only comparable to APMP pulps when effective soda uptake was lowest at 1.7% NaOH on 

o.d. fiber in the case of CTMP1 and CTMP8. When the soda charge increased and effective soda 

uptake reached 2.7% NaOH on o.d. fiber or higher, the tensile index of CTMP pulps increased 

significantly, and it resulted in a proportional decrease in water absorbency and softness 

properties. It appears that there is a compromise between shives content and tissue properties of 

pulps in the case of CTMP pulping. Pulping conditions that seem to favor tissue properties 

produced higher shives content in the final pulp. When pulping conditions were modified to 

reduce the shives content in the pulp, it worsened off bulk, water absorbency, and softness during 

the CTMP pulping.  
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5.5. Conclusion 

Two different concepts in chemi-mechanical pulping, APMP and CTMP pulping, were 

carried out on wheat straw fibers to evaluate the most suitable mechanical pulping pathway for 

producing high-yield pulps from non-woody biomasses for hygiene tissue applications. Pulping 

conditions during APMP and CTMP pulping were varied to observe their response pulp’s 

Figure 5-3: Tissue making properties of different APMP and CTMP pulps and their comparison 

against the benchmark BEK pulp. (a) comparison of handsheet bulk as a function of pulp 

freeness; (b) comparison of tensile index as a function of pulp freeness; (c) Comparison of water 

absorbency as a function of tensile index of pulps; (d) comparison of softness properties (TS7) as 

a function of tensile index of pulps. Error bars in graphs represent one standard deviation below 

and above the mean values. 
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properties, and tissue-making properties of APMP and CTMP pulps were benchmarked against 

the BEK market pulp (the most common source of short fibers in hygiene tissue papers). 

Digester yield during APMP pulping of wheat straw varied from 75.2 – 79.8% depending 

on cooking chemicals and the chemical charge during the chemical impregnation stage. Digester 

yield in CTMP pulping was lower than the APMP pulping, and it varied from 69.1 – 80.6% for 

pulping conditions used in this study. Compared to digester yield, the screened yield of final 

APMP pulps varied between 53.3 – 64.3% using a single-stage chemical impregnation strategy 

and 53.4 – 59.5% using a two-stage chemical impregnation strategy. A significant loss in fines 

content was observed during the pulp processing steps (refining, screening), which resulted in a 

lower screened yield of APMP pulps. The screened yield of CTMP pulps was not possible to 

calculate due to the inefficiency of the TMP unit used for carrying out the CTMP pulping 

process. The final brightness of APMP pulps varied from 36.4 – 37.8% ISO when sodium 

hydroxide and hydrogen peroxide was used as pulping agents without using any additional 

chemical additives. However, the brightness of APMP pulps can be increased up to 49.7% ISO 

by using additional chemical additives such as EDTA (chelating agent), sodium silicate 

(peroxide stabilizer), or by employing a multi-stage chemical impregnation strategy. 

Pretreatment of wheat straw with 0.5% EDTA as a chelating agent had the highest impact on 

brightness during the APMP pulping, whereas sodium silicate as a peroxide stabilizer had 

minimal impact on the brightness of APMP pulps. The brightness of CTMP pulps was lower 

than the APMP pulps, and it varied from 31.3 – 36.2% ISO for all pulping conditions used in this 

study. Using EDTA and sodium silicate had no impact on pulp brightness during the CTMP 

pulping. Thus, the APMP pulping produced pulps with higher yield and brightness than the 
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CTMP pulping. However, results from APMP pulping were sensitive to the type of pretreatment 

and chemical impregnation strategies used during the process.  

Analysis of the tissue-making properties of APMP and CTMP wheat straw pulps show 

that neither pulp could match the performance of benchmark BEK pulp in terms of pulp freeness 

and handsheet softness. However, both pulping methods produced pulps with the superior tensile 

strength to the benchmark BEK pulp. Apart from the tensile index, APMP produced bulkier 

handsheets with superior water absorption capacity than the BEK pulp. In comparison, the bulk 

and water absorption capacity of CTMP pulps were in a similar range to that of BEK pulps. 

Comparison between APMP and CTMP pulps show that APMP pulps have higher bulk and 

water absorption capacity than the CTMP pulps, whereas CTMP pulps have a higher tensile 

index at given pulp freeness than the APMP pulps. 

In most cases, APMP pulp produced higher water absorption capacity and better Softness 

properties than CTMP pulps at a given value of the tensile index in the tissue sheet. However, 

there appears to be a compromise between shives content and tissue properties of pulps in the 

case of CTMP pulping. Pulping conditions that favor tissue properties produced higher shives 

content in the final pulp during CTMP pulping. When pulping conditions were modified to 

reduce the shives content in the pulp, it worsened off bulk, water absorbency, and softness 

properties of the handsheets. 
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6. CONCLUSIONS AND FUTURE WORKS 

6.1. Conclusions 

Sustainability megaforces, government regulations, consumer perception, and changing 

market dynamics are stimulating a growing trend in the pulp and paper industry to utilize non-

wood fibers as a potential substitute for wood fibers. However, there are large numbers of non-

wood fibers available in nature, and each fiber presents a different technical and economic 

profile. For effective utilization of non-wood fibers, it is essential to understand the values 

offered by each specific fiber and utilize their idiosyncratic characteristics in strategic potential 

applications. Furthermore, the current technologies being used in the pulp & paper industry have 

been developed to process woody biomasses and processing non-wood fibers using the same 

technologies is a challenge that needs to be addressed. The industry needs to modify or develop 

new process capabilities that are suitable for non-wood fibers.  

Hence, chapter 2 systematically reviews factors that are of significance regarding the use 

of natural non-wood fibers in the specialty papers and nonwoven industry. In this regard, a 

discussion was presented about the physicochemical properties, processing techniques, current 

area of applications, and supply-side factors related to non-wood fibers. The literature review 

showed a growing interest in utilizing non-wood fibers to replace wood-based pulps or oil-based 

synthetic fibers in strategic applications within specialty paper products and non-woven 

industries. Some specific specialty paper products such as tea bags, coffee filters, cellulosic 

sausage casing, cigarette papers, and security papers were exclusively manufactured using the 

long, thin, and high strength cellulosic fibers from abaca, sisal, jute, hemp, flax, and cotton. 

However, high demand and limited supply of pulps from these natural non-wood fibers forced 

specialty papermakers to look for alternative substitutes such as softwood pulps or oil-based 
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synthetic fibers. The literature review also highlighted the need to develop a pulping process 

suitable for these non-wood fibers to obtain pulps at a reasonable cost to compete against the 

wood pulps and synthetic fibers.  

Chapter 3 evaluated the feasibility of upgrading agricultural residue fibers obtained from 

the processing of fiber crops such as fique, abaca, and sisal as a cost-effective and sustainable 

substitute for NBSK pulp for producing high-performance tissue products. This study 

demonstrated that a simple mechanical cleaning and mild pulping and bleaching processes can 

be used to upgrade the fique residue fibers into high-quality pulps suitable for the manufacturing 

of tissue papers. A comparison of physical properties against the NBSK market pulp indicates 

that fique residue bleached pulp has similar fiber morphology and comparable strength properties 

in terms of tensile strength (+6%) and tear strength (+10%), but superior bulk (+12%), water 

absorbency (+28%), and softness (-29 % TS7 values) than NBSK pulp. SEM micrographs 

showed that the compressive forces acting during the refining process easily collapsed the thin 

cell walls of NBSK pulp into a flat ribbon-like structure. In contrast, fibers from the fique residue 

pulp were less flexible and conformable. A fiber blend of 70% BEK and 30% fique residue pulp 

(refined at 1000 PFI revolutions) showed superior tensile strength (+21%), tear strength (+54%), 

bulk (+ 5.5%), water absorbency (+1.5%), and softness (-8.7% TS7 values) over a similar fiber 

blend of BEK and NBSK pulp. Refining fique residue pulp to 2000 PFI revolutions provided 

further improvement in strength properties (+47.2% tensile strength, +82.1% tear strength) but 

had negative impacts on water absorbency (-7.3%) and softness (+20.4% TS7) compared to the 

benchmark pulp blend of BEK and NBSK. Thus, fique residue pulp can be used in different 

hygiene tissue grades by either manipulating the amount of reinforcing fibers or by changing the 

refining energy imparted to the fibers. Tissue products such as bath and facial tissue, where 
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softness is the most desirable property, lower refining energy, and lesser amount of fique residue 

pulp (20 – 30 wt. %) can be used to provide the optimum balance in final tissue properties. 

Compared to that, tissue products such as kitchen towels and napkins require higher strength 

properties. Therefore, it will be desirable to use higher refining energy or a higher amount of 

reinforcing pulps (>30% fique residue pulp) to impart higher strength properties while providing 

sufficient softness and water absorption capacity. 

Specialty paper products are manufactured to have some unique properties to serve a 

specific purpose.  Specialty paper products such as tea bags, coffee filters, sausage casings, 

cigarette paper, and currency paper demand a unique combination of morphological and 

chemical properties in fiber furnish that cannot be met by common papermaking wood fibers 

such as northern softwood pulps (NBSK). Hence, chapter 4 investigates the possibility of 

utilizing decorticated fique fibers from Colombia in specialty paper products. A soda pulping and 

three-stage ECF (elemental chlorine free) bleaching was used to convert the decorticated fique 

fibers into fully bleached pulps. Morphological and papermaking properties of fique unbleached 

and bleached pulps were compared against the specialty pulps of abaca, sisal, and NBSK at 

different refining conditions. An analysis of the chemical composition showed that decorticated 

fique fiber bundles (60.2%) have similar cellulose content as abaca (63.0%) and sisal (59.9%). 

However, lignin content of fique fibers (14.1%) was comparable to abaca (13.3%) but higher 

than sisal (9.6%). Owing to the similar chemical compositions of starting materials  all three 

fibers provided a very comparable yield (total yield of 50 – 50%) of final bleached pulps. Similar 

to abaca and sisal, fique can be easily delignified to produce final bleached pulps with ISO 

brightness up to 87%. A comparison of morphological properties showed that fique bleached 

pulp has longer fiber length (~2.7 mm) than sisal (2.3 mm) and NBSK market pulp (2.4 mm) but 
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shorter fiber length than abaca bleached pulp (3.9 mm). Similarly, fique bleached pulp (26.6 µm) 

has comparable fiber width to NBSK market pulp (25.8 µm) but significantly wider fibers than 

abaca (19.9 µm) and sisal (19.0 µm) bleached pulps. SEM micrographs of refined pulps indicates 

abaca and NBSK pulps showing two different and extreme behavior during the refining. On the 

one hand, abaca bleached pulps showed extensive external fibrillation with little or no collapse in 

fiber lumen (internal fibrillation). On the other hand, NBSK market pulp showed no external 

fibrillation (smooth fiber surface) but completely collapsed lumen (an indicator of internal 

fibrillation). The response of fique and sisal bleached pulps to refining was in between these two 

extreme pulp behaviors, with both pulps showing some degree of fiber collapse and external 

fibrillation. A comparison of strength properties showed abaca pulps having highest zero-span 

tensile strength, tensile strength, and tear strength among all pulps at all refining levels. The 

superior strength properties of abaca pulps can be attributed to its high pulp viscosity (48 cP), 

and the longest fiber length (~3.9 mm) among all pulp samples. Physical properties of fique 

pulps most relevant for applications in specialty paper (strength, air permeability) seems to fall in 

between abaca and sisal. Fique has better strength properties than sisal pulp and better air 

permeability than abaca pulp. NBSK market pulp can be refined to achieve higher tensile 

strength but its tear strength and air permeability decreased proportionally with refining. NBSK 

market pulp had the lowest tear strength and air permeability among all pulps at all refining 

levels. Results from this study indicates that fique shouldn’t be used as a direct replacement to 

the abaca pulp in these specialty paper products. However, it can be used as complimentary pulp 

to the abaca to lower the cost of raw materials for these products. Fique can successfully replace 

sisal and NBSK with better combination of strength and air permeability properties in most of 

specialty paper products. 
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Results obtained in chapters 3 and 4 demonstrate that the strategic selection of niche 

applications can be used to best suit the unique value proposition presented by different non-

wood fibers. However, pulping process, an important unit operation in the pulp and paper 

industry, is the biggest challenge hindering the use of non-wood fibers in the industry. Current 

pulping processes applicable to non-woody biomass are not economically viable and make these 

pulps economically uncompetitive against the wood pulps. Acknowledging this challenge, 

chapter 5 aims to develop a small-scale low chemical intensive pulping process suitable for non-

wood fibers. In this context, two different concepts in chemi-mechanical pulping, APMP and 

CTMP pulping, were investigated on wheat straw fibers to evaluate the most suitable mechanical 

pulping pathway for producing high-yield pulps from non-woody biomasses for hygiene tissue 

applications. Pulping conditions during APMP and CTMP pulping were varied to observe their 

response to the final pulp’s properties, and the tissue-making properties of obtained APMP and 

CTMP pulps were benchmarked against the BEK market pulp (the most common source of short 

fibers in hygiene tissue papers). Digester yield during APMP pulping of wheat straw varied from 

75.2 – 79.8% depending on cooking chemicals and the chemical charge during the chemical 

impregnation stage. Digester yield in CTMP pulping was lower than the APMP pulping, and it 

varied from 69.1 – 80.6% for pulping conditions used in this study. Compared to digester yield, 

the screened yield of final APMP pulps varied between 53.3 – 64.3% using a single-stage 

chemical impregnation strategy and 53.4 – 59.5% using a two-stage chemical impregnation 

strategy. The final brightness of APMP pulps varied from 36.4 – 37.8% ISO when sodium 

hydroxide and hydrogen peroxide was used as pulping agents without using any additional 

chemical additives. However, the brightness of APMP pulps can be increased up to 49.7% ISO 

by using additional chemical additives such as EDTA (chelating agent), sodium silicate 



   

195 

 

(peroxide stabilizer), or by employing a multi-stage chemical impregnation strategy. The 

brightness of CTMP pulps was lower than the APMP pulps, and it varied from 31.3 – 36.2% ISO 

for all pulping conditions used in this study. Using EDTA and sodium silicate had no impact on 

pulp brightness during the CTMP pulping. Thus, the APMP pulping produced pulps with higher 

yield and brightness than the CTMP pulping. Analysis of the tissue-making properties of APMP 

and CTMP wheat straw pulps show that neither pulp could match the performance of benchmark 

BEK pulp in terms of pulp freeness and handsheet softness. However, both pulping methods 

produced pulps with the superior tensile strength to the benchmark BEK pulp. Apart from the 

tensile index, APMP produced bulkier handsheets with superior water absorption capacity than 

the BEK pulp. In comparison, the bulk and water absorption capacity of CTMP pulps were in a 

similar range to that of BEK pulps. Comparison between APMP and CTMP pulps show that 

APMP pulps have higher bulk and water absorption capacity than the CTMP pulps, whereas 

CTMP pulps have a higher tensile index at given pulp freeness than the APMP pulps. In most 

cases, APMP pulp produced higher water absorption capacity and better Softness properties than 

CTMP pulps at a given value of the tensile index in the tissue sheet. However, there appears to 

be a compromise between shives content and tissue properties of pulps in the case of CTMP 

pulping. Pulping conditions that favor tissue properties produced higher shives content in the 

final pulp during CTMP pulping. When pulping conditions were modified to reduce the shives 

content in the pulp, it worsened off bulk, water absorbency, and softness properties of the 

handsheets. 
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6.2. Future Works 

Limitations of the research works conducted in this thesis and proposed suggestions for 

future works to remove these limitations and further improve the knowledge base in the field of 

non-wood fibers have been presented below. 

Literature review conducted in the chapter 2 is mainly focused on aspects related to 

potential applications of non-wood fibers into specialty paper and non-woven applications. 

However, textile industry and the bio-based composite materials have emerged as a potential 

new field of applications to replace currently used oil-based synthetic materials with the natural 

non-wood fibers. Secondly, literature review did not go into details regarding current 

technologies being used in the industry to obtain fiber bundles from bast and leaf based plants 

such as flax, hemp, jute, abaca, sisal, and fique. Currently used technologies such as retting, fiber 

decortication have been developed long time ago and produces fiber with low yields and 

inconsistent quality. Renewed focus on utilizing non-wood fibers have seen numerous research 

in to developing or modernizing older techniques to obtain consistent and better quality fibers 

with improved fiber yields. Any literature review on current state of the art technologies or 

research work to improve the existing technologies will help improve the knowledge base 

regarding these fibers and accelerate their adoption in the industry.  

The chapter 3 compares the technical feasibility of utilizing agricultural residue from 

fique fibers into hygiene tissue industry as a sustainable and cost-effective substitute to the  

northern-softwood pulps (NBSK). A comparison of physical properties important for issue 

papers showed bleached pulps from fique residue fibers having similar or better properties than 

the NBSK market pulps. However, NBSK market pulp is one of the most common pulp furnish 

being utilized in the tissue industry along with bleached eucalyptus pulp. Tissue manufacturers 
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need assurance of a potential long-term supply of pulps from fique residue in order to consider 

replacing NBSK pulp with the fique residue bleached pulps. However, a lack of knowledge 

about the fique fibers within the pulp and paper industry and the absence of any suitable pulping 

technologies to obtain pulp at a reasonable cost hinders the prospective adoption of fique fibers 

by the hygiene tissue industry. Future works involving techno-economic and life-cycle analysis 

along with physical properties data provided in this study would provide a complete picture 

about fique fibers to the pulp and paper manufacturers for utilization in hygiene tissue papers. It 

is also important to note that comparison of physical properties against the NBSK market pulp 

was made on uncrepe tissue handsheets prepared in the lab. Creping is one of the most important 

unit operation used within the tissue industry, which provides tissue papers their characteristic 

properties to separate them from other grades of paper. A comparison of physical properties on 

creped tissue handsheets made with fique residue bleached pulps and NBSK market pulp will 

provide further insight regarding suitability of pulp from fique residue into hygiene tissue papers.  

Similar to chapter 3, soda pulps from decorticated fique fibers showed promising 

properties against the specialty pulps of abaca, sisal, and NBSK market pulp for utilization into 

specialty paper products. However, Due to technical limitations, all comparison was made on lab 

handsheets prepared using standard Tappi method. Conversion of handsheets into actual products 

such as tea bags and coffee filters and characterizing the each pulps in terms of application 

related properties such brewing time, ease of convertibility, etc. will further evaluate the 

feasibility of utilizing fique fibers for specialty paper applications. Refining studies conducted in 

this study showed interesting behavior by different pulps. On the one hand, abaca bleached pulps 

showed extensive external fibrillation with little or no collapse in fiber lumen (internal 

fibrillation). On the other hand, NBSK market pulp showed no external fibrillation (smooth fiber 
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surface) but completely collapsed lumen (an indicator of internal fibrillation). The response of 

fique and sisal bleached pulps to refining was in between these two extreme pulp behaviors, with 

both pulps showing some degree of fiber collapse and external fibrillation. Different behavior 

shown by pulp samples during the refining was explained mainly on the basis of differences in 

their morphological properties. However, a separate and controlled experimental works are 

required to fully understand and then predict the behavior of pulps during refining. Furthermore, 

utilization of wet strength agents is an important aspect of converting specialty pulps from abaca 

and sisal into specific applications such as tea bags, and coffee filters where paper products are 

expected to retain their structural integrity when used in aqueous conditions. In the work 

reported in this thesis no wet strength agents was used with any of the pulp. Similar to chapter 3, 

a comprehensive and comparative study involving long-term supply, potential pulping sites, 

techno-economic analysis considering harvesting, transportation, and papermaking process will 

add knowledge for specialty papermakers to make informed decisions about sourcing the best 

suitable pulp for specialty paper products. 

In chapter 5, a high level APMP and CTMP pulping was conducted to evaluate their 

feasibility to process wheat straw for hygiene tissue applications. Both, APMP and CTMP pulps 

were characterized in terms of chemical composition, process yields, brightness, and tissue 

making properties. Wheat straw was selected as a representative of non-wood fibers due to its 

wide availability. However, there are numerous non-wood fibers (such as hemp, bamboo, 

bagasse, switchgrass, biomass sorghum) and pulping parameters need to be adjusted for different 

potential fibers to obtain suitable pulps. Additionally, pulping parameters need to be optimized 

for each non-woody feedstock to obtain a balance of process cost and tissue-making properties of 

the final pulp. The APMP and CTMP pulping produced unbleached and semi-bleached pulps 
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from the wheat straw. Hence, a detailed study concerning the bleachability APMP and CTMP 

pulps should be considered to obtain fully bleached pulps from non-woody biomass as required 

for several hygiene tissue applications. The spent cooking liquor obtained from the APMP and 

CTMP pulping of wheat straw was discarded after initial analysis of pH and residual chemicals. 

However, a detailed analysis of BOD (biochemical oxygen demand) and COD (chemical oxygen 

demand) charge for the spent liquor is required to design the effluent treatment plant associated 

with the pulping unit. No such analysis was conducted in this study. Furthermore, cooking liquor 

of sodium hydroxide (NaOH) can be substituted with potassium hydroxide (KOH) and/or 

ammonium hydroxide (NH4OH) in APMP and CTMP pulping process so that the spent cooking 

liquor can be utilized as a fertilizer instead of a process waste. However, a detailed analysis is 

required to consider any trade-offs between pulp performance and utilization of spent cooking 

liquor as a value added products. 
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APPENDIX A: Supplementary information to Chapter 3 

HIGH-PERFORMANCE SUSTAINABLE TISSUE PAPER FROM AGRICULTURAL 

RESIDUE: A CASE STUDY ON FIQUE FIBERS FROM COLOMBIA 

 

 

Figure A-1: Zero span tensile strength (expressed as breaking length) of fique residue and NBSK 

pup measured at different pulp freeness. Error bars represent one standard deviation. 
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Figure A-2: Tensile stiffness of fique residue bleached pulp and NBSK pulp at different pulp 

freeness. Tensile stiffness was measured from the stress-strain curve generated during the tensile 

testing by the Instron. Error bars represent one standard deviation. 

Figure A-3: Surface smoothness/roughness (TS750) of individual pulps plotted against the 

tensile index of tissue handsheets. A lower value represents smoother surface. Error bars 

represent one standard deviation. 
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Figure A-4: Surface smoothness/roughness (TS750) of pulp blends plotted against the tensile 

index of tissue handsheets. A lower value represents smoother surface. Error bars represent one 

standard deviation. 

Figure A-5: Correlation between Surface softness (TS7) of individual reinforcement pulp with 

the bulk of tissue handsheets. A lower value represents softer sheet. Error bars represent one 

standard deviation. 
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APPENDIX B: Supplementary information to Chapter 4 

UNDERSTANDING THE POTENTIAL OF DECORTICATED FIQUE FIBERS FROM 

COLOMBIA IN SPECIALTY PAPER PRODUCTS 

 

 

 

 

 

 

 

 

 

 

 

Figure B-1: Comparing burst strength of unbleached and bleached pulp samples from fique, 

abaca, sisal, and NBSK market pulp. Error bars indicate one standard deviation above and 

below the mean value.  


