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Abstract

The global textile fiber output increased five times from 1975 to 2020. Also, in 2010,
the combined demand for man-made and natural fibers was projected to increase by
84% within 20 years. Clothing materials are largely made from cotton or petroleum-
based synthetic fibers; both sources, however, have adverse environmental impacts.
Thus, cotton requires vast amounts of land, water, fertilizers and pesticides, and
synthetic fibers are not biodegradable. This scenario has raised the need for further
exploration of cellulose polymers as sustainable sources for the textile industry. Cel-
lulose, the most abundant renewable organic material on earth, is an outstanding
polymer that by chemical derivatization or modification can offer a broad range of
applications. Dissolving-grade pulp (DGP), which consists of highly pure cellulose,
is the most suitable material for manufacturing cellulose derivatives and regener-
ated fibers. The latter are typically obtained by using the viscose process, which
has considerable adverse environmental impacts. Although the textile industry has
progressed substantially, further efforts are still needed to make its entire produc-
tion chain more sustainable. This article provides an in-depth introduction to the
potential of fibers with a high cellulose content, known as dissolving-grade pulps. It
reviews the properties of DGP, the cooking and purifying methods typically used to
obtain it, and the process by which paper-grade pulp can be converted into dissolv-
ing-grade pulp. Also, it discusses traditional and recently developed technologies for
producing regenerated cellulose fibers. Finally, it examines the potential for recover-
ing cellulose from textile waste as a novel sustainable practice.
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Introduction

The textile and fashion industry constitutes one of the largest industrial sec-
tors (Van Woensel and Lipp 2020). According to the Forests for Fashion report
(UNECE/FAO 2019), the global fashion industry is valued at over 2.4 trillion
dollars, employing more than 75 million people worldwide. However, the envi-
ronmental footprint of the clothing life cycle remains controversial. Some stud-
ies indicate that textile industry contributes to 8—10% of global greenhouse gas
(GHG) emissions and accounts for 20% of all wastewater pollution (de Oliveira
et al. 2021); others, however, suggest smaller contribution, near 2-3% of GHG
emissions on a global scale and 4-5% in European households (Sohn et al. 2021).
Despite these controversial statistics, textile industry certainly has a high environ-
mental impact, not only through the cultivation of crops and raw materials, but
also through the manufacturing processes used to spin raw material into yarns,
weave them into fabrics and apply finishing and chemical treatments to the fab-
rics. In fact, these processes consume large amounts of water and chemicals, are
energy intensive, and contribute to carbon emissions. According to the Pulse of
the Fashion Industry report (Kerr and Landry 2017), the global textile and cloth-
ing industry used 79 billion cubic meters of water in 2015, while the overall needs
of the EU’s economy amounted to 266 billion cubic meters in 2017 (§ajn 2019).

The “fast fashion” business model, based on rapid changes in clothing lines
and trends, has further intensified the problem by promoting irresponsible con-
sumption that leads to vast amounts of underused materials being discarded each
year. Also, this phenomenon has promoted the use of low-cost synthetic fibers
and shortened the lifespan of clothing as a result.

Approximately 24 million metric tons of textile fibers were produced world-
wide in 1975. That amount increased nearly five times by 2020, where it reached
108 million metric tons (Statista) (Fig. 1). This increase in demand is explained
by population growth, improved standard of living and the “fast fashion” phe-
nomena. The latest forecast suggests that total fiber demand, including natural
fibers, is going to increase from 72.5 million tons in 2010 to about 133—156 mil-
lion tons in 2030, in parallel with an increase in per capita consumption from
10.5 to 15.5-17 kg per person per year (i.e., an average annual growth rate of
3.1%) (Bywater 2011; Hammerle 2011; Sixta et al. 2013). According to European
Environment Agency (2019), the amount of clothes per person bought in the EU
increased by 40% from 1996 to 2012, associated with a fall in prices and a short-
ening in clothing life. As reported in Textiles and the environment: the role of
design in Europe’s circular economy (European Environment Agency 2022), the
EU-27 produced 6.9 million tons of finished textile products in 2020 and used 6.6
million tons of textiles. Another 8.7 million tons of finished textile products were
imported from China, Bangladesh, and Turkey, mainly (European Environment
Agency 2019).

Textile fibers can be Natural or Man-Made Fibers (MMF) (Fig. 2). Natural fib-
ers are classified as plant-based, animal or mineral according to their origin. All
three types are renewable, biodegradable, lightweight, strong, and mechanically
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Fig. 1 Evolution of the global output of textile fibers and chemical fibers, which include synthetic fibers
such as polyesters or polyamides, and man-made cellulose fibers such as viscose or rayon. Data from

Statista. https://www.statista.com/statistics/263154/worldwide-production-volume-of-textile-fibers-since-
1975/. Accessed February 2023
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Fig.2 Classification of textile fibers and examples of various types of fibers. Natural fibers can be
divided into vegetable, mineral and animal or protein. Man-made fibers can be classified as regenerated
fibers, synthetic fibers and inorganic fibers. Adapted from Sinclair (2015)

recyclable. According to the report Mapping the clothing impacts in Europe:
the environmental cost by European Clothing Action Plan (Gray 2017), cotton
accounts for 90% of all natural fibers and more than 43% of all clothing fibers
used in the EU. However, cotton is considered especially problematic because it
requires vast amounts of land, water, fertilizers and pesticides, although organic
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cotton can drastically reduce the environmental impacts as it requires less water
(Pepper 2017). However, since the textile consumption is expected to continue
increase annually, cotton cultivation will not be able to cover the future demands
and create a “cellulose-gap” by 2030 as a result (Hammerle 2011).

Man-made synthetic fibers currently dominate the textile market with around 70
million tons (nearly 63% of the global fiber production) in 2019 (Exchange 2020;
Mendes et al. 2021). The most common synthetic fibers, which are made from fos-
sil fuels and are not biodegradable, include polyester or polyethylene terephthalate
(PET) with 16% of all fibers used in clothes, polyamide (often called nylon); acrylic
and modacrylic; polypropylene; polyethylene; elastanes (known as spandex in the
USA) and speciality high-tenacity fibers such as the high-performance aramids and
UHMWPE (Ultra High Molecular Weight PolyEthylene) (Gray 2017). These fibers
have smaller water footprint, since they require less water and agricultural land than
cotton. Also, their fibers are more durable, can be washed at lower temperatures, dry
quickly and rarely need ironing. Although their production depends on oil feedstock
and requires intensive energy, all can be recycled into new fibers.

Man-made fibers derived from natural polymers such as cellulose have been
obtained for centuries by dissolving and regenerating biomass. The global produc-
tion of man-made cellulosics (MMCs) more than doubled from 1990 to 2017 (§ajn
2019). In 2019, the annual output of man-made cellulose (MMC) was 7.1 million
tons (about 6.4% of the total fiber production), while cotton and synthetic fibers con-
tributed to 23.2% and 62.9% (52.2% polyester and 10.7% from others), respectively
(Exchange 2020). In the EU market of textiles, only about 9% was wood fiber based
(Sajn 2019), but cellulosic fibers are still absolutely necessary for some textile appli-
cations due to their unique absorbency and moisture management (Mendes et al.
2021). Man-made fibers include acetates, nitrates and ethers, but the most com-
monly used is viscose, which is also known as rayon. Recently, the textile indus-
try has developed novel materials that are more sustainable, such as Lyocell (also
known under the brand name of Tencel™), Bemberg™ (the brand name for cupro,
made from the fuzz around the cotton seed, which is not normally used as fiber),
Pifiatex® (from waste leaves of pineapple plants), and Lyohemp® (from the bast
fibers of hemp).

Inorganic man-made fibers are obtained from materials such as glass, metal, car-
bon or ceramics, and often used to reinforce plastics to form composites.

Based on recent statistics, around 73% of the world’s used textiles end up in land-
fills or incinerators, thus resulting in a huge loss of resources and economic value.
In fact, clothing textile waste has been estimated to result in US$ 500 billion losses
of value each year (de Oliveira et al. 2021). Globally, less than half of used clothes
are collected for reuse or recycling when they are at the end of their life cycle, but
only 1% is recycled into new clothes (Ellen Macarthur Foundation 2017). This is
explained because in most cases, textile waste is a blend of natural and synthetic
fibers, (particularly cotton/polyester mixtures) that makes fractionation and/or sepa-
ration rather complex. Moreover, the lack of traceability and automatic technolo-
gies for sorting collected waste textiles, the need for pretreatments to remove colors
during cleaning and discoloration of fibers from dyes and pigments, and the diffi-
culty in separating finishing additives that are added to fibers in order to give them
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added properties are some of the common challenges that hinders the recyclability
in post-consumer textiles (Kahoush and Kadi 2022). Clothes continue to be recycled
mechanically, usually cut up and shredded, which means that resulting fibers have
lower quality, affecting mechanical properties. Therefore, they are unsuitable for res-
pinning and manufacturing new clothes. Although technologies for chemical recy-
cling that produce virgin fibers of high quality are available for polyester and nylon,
they are still economically unfeasible for cotton and blends (§ajn 2019).

In order to influence the change of textile recycling, the waste directive UE
2018/851 will require EU countries to collect waste textiles separately by 2025. This
measure is expected to increase the fraction of collected post-consumer textiles and
reduce the amount of clothes that are sent to landfills or being incinerated.

The transition to a circular economy will require textile industry to address the
problems posed by fast fashion practices (i.e., over-production), adopt sustainable
processes to transform raw material into textile fibers (i.e., fiber production), and
invest in effective methods for recovering and valorizing waste materials by using
them as a feedstock for other purposes (i.e., establish recycling initiatives). Since
lignocellulose is the most abundant biodegradable polymer on Earth, adopting this
natural material as a source for textile fibers can greatly help reduce the dependence
on oil and allow sustainability concerns to be addressed.

This review provides an in-depth introduction to the potential of cellulose as a
source of textile fibers. Thus, it discusses dissolving pulp properties and manufactur-
ing processes, including upgrading processes from paper source. Also, it describes
the uses and applications of dissolving pulps as textile regenerated cellulose fibers,
highlighting the novel processes based on environmentally friendly technologies,
and identifies needs for future research into effective textile waste recycling strate-
gies for obtaining high value-added products.

Methodology

We searched the Web of Science, Scopus and Google Scholar databases. The key-
words used were “dissolving pulp,” “upgrading dissolving pulp,” “textile fibers,”
“hemicellulose removal,” “man-made fibers,” “regenerated cellulose,” “viscose,”
“ionic liquid” and “cellulose dissolution.” Articles and reviews were screened and
analyzed for results and relevant findings. As shown in Fig. 3, dissolving-grade pulp
has been a topic of interest during last 10 years as demonstrated by different studies
reported in the literature.

2 <

Biomass components

Lignocellulose is comprised of three polymers namely lignin [CoH,;;05(OCH3),9_ 71,
hemicellulose (CsHgO,),,, and cellulose (C¢H,(Os),, accompanied by minor amounts
of other compounds such as proteins, ash, and pectin (Fig. 4) (Sjostrom 1993; Fengel
and Wegener 2011; Habibi 2014). The three components are covalently linked to form
a complex and tridimensional network known as “lignin-carbohydrate complexes”
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Fig. 3 Publications with the topic of “dissolving-pulp” OR “dissolving-grade pulp” OR “upgrading dis-

solving pulp.” Document types: Review article or article or meeting or others (no patents are included).
Database: SCOPUS. Total documents: 936. Accessed May 2023
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Fig.4 Structure of lignocellulosic biomass components. Creative Commons Attribution License (CC
BY). Source: https://www.frontiersin.org/articles/10.3389/fenrg.2018.00141/full. (Baruah et al. 2018)

(LCCO). For this reason, lignocellulosic materials are considered as a lignocellulosic
matrix rather than individual fractions.

Lignocellulosic biomass consists of a large number of cells that can be imagined
as hollow tubes with multilayered walls. The so-called compound middle lamella
(CML) connects individual cells together. CML, which is amorphous and lignin
rich, is the area between neighboring cells rather than a part of the cell wall. The true
cell wall is an open network of microfibrils embedded in an amorphous material. It
is subdivided into three separate layers: S1, S2, and S3 (Fengel 1971). Cellulose is
the main component and is presented in S2 layer, whereas hemicellulose is found in
the cell wall. Cellulose forms highly ordered elementary fibrils approximately 3 nm
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across, that in turn organize into bundles that form microfibrils with amorphous pol-
ysaccharides between them.

Cellulose

Nature produces about 10''-10' tons of cellulose each year (Hon 1994; Rosenau
et al. 2001; Habibi 2014; Heinze et al. 2018). In fact, this component can be obtained
from different natural sources including wood, plants, algae and tunicates (marine
animals), and can also be produced by bacteria.

From a chemical point of view, cellulose is a linear homopolymer composed of
anhydro-f-D-glucopyranose units (AGU) that are linked together by (1-p-4) glyco-
sidic bonds. Cellobiose, consisting of two AGUs molecules, is the repeating unit
in the polymer (Sjostrom 1993; Fengel and Wegener 2011). The number of AGU
determines the length of cellulose chain, (i.e., its degree of polymerization, DP);
however, the DP in cellulose is greatly dependent on the origin and the method of
isolation.

Each AGU unit has two secondary hydroxyl groups at C2 and C3, and a primary
hydroxyl group at C6. One end contains an alcoholic OH group at C4 (non-reducing
end), while on the other end, C1 is part of an aldehyde group with reducing activity.
These hydroxyl groups are responsible for forming both intra- and intermolecular
hydrogen (H)-bonding network (Fig. 5).

Hydrogen bonds are responsible for the structure of cellulose, and also for its
insolubility in water and common organic solvents. The characteristic rigidity is
via co-crystallization of multiple chains into parallel structures forming elemen-
tary fibrils that further organize themselves as microfibrils (Fig. 6) (Kontturi et al.
2006; Fengel and Wegener 2011; Gandini 2011; Moon et al. 2011). However, the
fundamental reason behind cellulose almost non-dissolving properties remains
controversial.

The supramolecular model of cellulose is based on the organization of cellulose
chains (Fig. 6). During its biosynthesis, cellulose chains aggregate into microfi-
brils that are micrometers long and 5-20 nm in cross- sectional width (Klemm
et al. 2005). The fibrils contain both ordered and disordered components (Atalla
and VanderHart 1999; Viétor et al. 2002). Amorphous or less ordered regions are

Fig.5 Intramolecular (a) and Intermolecular (b) hydrogen bonds in cellulose (Lin and Dufresne 2014)
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Fig. 6 Breakdown of softwood from the cellular to nanoscale. A Creative Commons Attribution license
(CC BY). Source: https://www.nature.com/articles/s41598-020-66916-8. (Jakes et al. 2020)

consequence of tilts and twists in microfibrils, hindering correct packing of cel-
lulose. These “defects” create regions where cellulose is not well-packed and are
thus more accessible to chemicals and reactants. Crystalline regions where cel-
lulose is tightly packed are present between the amorphous zones where intermo-
lecular hydrogen bonds are properly formed and stabilize the structure as a result.
Variations in hydrogen-bonding networks and molecular orientation result in dif-
ferent cellulose polymorphs or allomorphs, depending on the source, extraction
method and pretreatment used (Atalla and VanderHart 1999; Viétor et al. 2002).

Crystalline cellulose exists in the polymorphs of cellulose I, II, III, IV (Ishi-
kawa et al. 1997; O’Sullivan 1997; Moon et al. 2011). Cellulose I, which is the
form found in nature, is produced by trees, tunicates, algae, plants and bacteria.
This cellulose form consists of sheets stacked together by H-bonds, and Van der
Waals interactions contribute significantly to the stiffness and specific structure
of cellulose (Wada et al. 2010). Cellulose I occurs in two allomorphs, Ia and 1p,
with different parallel crystalline structures and different arrangement of cellu-
lose molecules in the unit cell (Nishiyama et al. 2003). Cellulose I is thermody-
namically metastable and can be converted to either cellulose II or III.

Cellulose II is the most stable form of technical relevance and can be pro-
duced by regeneration (solubilization and precipitation) or mercerization (with
aqueous sodium hydroxide treatments) (Klemm et al. 2005). Mercerization typi-
cally occurs at NaOH concentrations above 8-9% (Sixta 2008) and the conver-
sion is rapid. Under these concentrations, the most severe changes materialize in
the crystallinity which depend not only on alkalinity but also on treatment time
(Borysiak and Doczekalska 2008). During this conversion, cellulose II forms
antiparallel chains. Thus, every second chain is of opposite polarity to the next
and there is one more hydrogen bond per glucose residue than in cellulose 1.

@ Springer


https://www.nature.com/articles/s41598-020-66916-8

Wood Science and Technology

Cellulose IIT can be formed from Cellulose I or II through liquid ammonia or
organic amine treatments, and subsequent thermal treatments lead to Cellulose IV.
The crystalline regions of cellulose are interspersed with less ordered paracrystalline
or amorphous areas, resulting from imperfect packing and interactions with other
non-cellulosic polysaccharides. Those amorphous areas are found on the surface
(Larsson et al. 1997), but also along cellulose microfibrils (Wada et al. 2004).

Hemicellulose

Hemicellulose, which is the second most abundant polysaccharide in plant biomass
in mass terms after cellulose, forms an amorphous matrix with lignin in which cel-
lulose microfibrils are embedded. The monosaccharides constituting hemicellulose
include pentosans (D-xylose and L-arabinose), hexosans (D-glucose, Dp-galactose,
L-galactose, D-mannose, L-rhamnose, L-fucose) and uronic acids (D-glucuronic
acid, p-galacturonic acid). Generally, the units of main chain are linked together
by B-(1-4) linkages, although some species combine -(1-4) and pB-(1-3) linkages
(Sjostrom and Westermark 1999). The composition and relative amount of hemicel-
lulose in the cell wall vary depending on the type of wood and non-wood species.
Hemicelluloses are associated with cellulose microfibrils by hydrogen bonding and
to other cell wall constituents via covalent linkage (Fengel 1971; Sjostrom 1993;
Fengel and Wegener 2011). Hemicellulose contributes to the strength formation
of cell wall in association with cellulose microfibrils and to bring flexibility to the
structural assembly of cell wall components. The presence of hemicelluloses also
inhibits the coalescence of cellulose microfibrils, thereby improving fibrillation of
cellulose into nanosized fibrils. Hemicellulose possesses side groups on the chain
molecules (in the amorphous form), making them easy to dissolve and degrade in
acid and alkaline solutions (Olszewska 2013).

Lignin

Lignin, an aromatic heteropolymer, is composed of 4-phenylpropane structural units
(guaiacylpropane, G; syringylpropane, S; and hydroxyphenylpropane, H) bound by
ether and carbon—carbon bonds (Hammel 1997).

The composition of lignin depends on its botanical origin. Thus, softwood lignin
has mainly G units, whereas hardwood lignin contains G and S units, and non-wood
lignin H, G and S units, in different proportions. S units are known to be more reac-
tive than G units, making lignin rich in S units easier to remove by pulp delignifica-
tion (Del Rio et al. 2001).

Lignin represents between 25 and 33% of dry softwood biomass and about
18-34% of hardwood biomass. It is produced by maturing cells and it is located
between fibrous walls mainly in intercellular regions (middle lamella), creating a
stiff and cohesive structure (Fengel and Wegener 2011). The covalent union between
lignin, cellulose and hemicellulose means that lignin removal involves degradation
of carbohydrates.
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Extractives

In addition to the above-described major constituents, wood and non-wood materi-
als also contain small quantities of extractives, between 2 and 10% depending on
the particular wood species. Extractives, which are mainly resin and fatty acids and
esters (Gullichsen et al. 1999), are partly soluble in water or organic solvents, but
they can pose significant challenge in wood pulping. In fact, extractives released
from fibers can form colloidal pitch and deposit in water circuits, leading to produc-
tion problems (Gutiérrez et al. 2001).

Cellulose sources: wood and non-wood fibers

Wood and plant fibers differ in their cellulose content, with wood having generally
40-50% w/w of cellulose, and plant fibers are in the range of 30-75% w/w. Wood
fibers have higher content of hemicellulose and lignin compared to plant fibers,
mainly for lignin, which shows a content of about 30% w/w in wood fibers and only
about 5% w/w in plant fibers. In addition, wood fibers exhibit lower cellulose crys-
tallinity with typical values in the ranges of 55—70, whereas plant fibers have values
in the range of 90-95% w/w (Madsen and Gamstedt 2013).

Wood fibers can be classified into softwood or hardwood fibers. Softwood is
obtained from conifers and is long and resistant. These kinds of trees have a large
proportion of fibers in wood, while other components are practically not present.
Examples of softwoods would be trees such as pine, spruce or firs. Hardwood is
obtained from homonym plants and, in evolutive terms, is newer organisms than
conifers. Fibers are shorter than softwoods, are accompanied by other elements
besides fibers, such as vessels, which play important roles in plant vital functions.
Examples of hardwoods would be trees such as beech, eucalyptus or birch. Soft-
wood hemicellulose consists of both pentosans and hexosans, while hardwood hemi-
cellulose consists mainly of pentosans. Broadly, the pentosans content in softwoods
is about 7-10%, and in hardwoods, it ranges from 19 to 25%, depending on wood
species (Li et al. 2018).

Under the non-wood fiber source, a heterogeneous range of plants with widely
differing characteristics is included. The main sources of non-woody raw materials
are agricultural residues from monocotyledons, including cereal straw and bagasse,
or plants grown specifically for the fiber, such as bamboo, reeds, and some other
high-fiber content plants such as flax, hemp, kenaf, coir, jute, sisal, ramie or abaca
(Marques et al. 2010). These non-woody plant-based fibers held a market share
of approximately 5.8% of the total global fiber production volume in 2019, which
corresponded to a global production volume of around 6.5 million tons (Exchange
2020).

Cotton is another sort of non-wood fiber that mainly supplies the textile industry.
The cotton plant is an annual shrub, which grows in the subtropical and tropical
regions of north and south of the Equator. The cotton flowers seed capsules consist
of 3040 oil-containing seeds, each capable of producing about 5,000 up to 20,000
single seed hairs (i.e., cotton fibers) (Heinze et al. 2018), and are basically comprised
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of lint and linters. The lint (staple cotton) is the long-fiber population, and linters are
the short and thick-walled fibers of the fuzz (Heinze et al. 2018). Although the main
purpose for growing cotton was and still is to obtain the staple cotton fiber (lint) for
the textile industry, cotton linters as by-product are considered a valuable cellulose
raw material (98%) and these high-quality fibers are mainly used in special applica-
tions such as the production of cellulose derivatives, regenerated cellulose, or the
manufacture of high value-added papers (Sczostak 2009).

As can be seen in Fig. 7, OECD-FAO (2023) estimates that the cotton production
will continue to increase by approximately 1.7%/yr up to 2032, but the consumption
of other fibers is expected to grow at faster rate. Actually, the cotton consumption is
forecast to grow at 1.98%/yr, which is slower than production projections.

Dissolving-grade pulp

Dissolving-grade pulp is a highly pure pulp with a high a-cellulose content (over
90%) and low levels of hemicellulose (<4%), lignin and extractives.

Initially, it was thought that only cotton and softwoods were suitable for obtain-
ing dissolving pulps, but broader range of hardwoods have also proved suitable and
economically attractive for this purpose since the 1940s (Kopcke 2010). At present,
about 85% of dissolving pulp is made from softwood, followed by hardwood, and
lastly cotton linter with approximately 10% (Sixta 2008; Sixta et al. 2013). Among
softwoods, the Pinus, Picea, Larix, Cedrus and Tsuga genus are the most employed
in the production of dissolving pulp; and from hardwoods include Eucalyptus,
Fagus, Betula, Populus, Acacia, Quercus and Acer genus (Mendes et al. 2021).

----- Cotton Production Cotton Consumption

30000

Projections

28000

26000

24000

22000

20000

World cotton trends (Ktonnes)

18000

16000
2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030
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Fig. 7 Evolution and projections of world cotton production and consumption. Data from: Compare your
country: http://www.compareyourcountry.org/agricultural-outlook/en/2/CT/all/default/all/CT Accessed:
June 2023
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In recent years, investigations have been focused on the use of non-wood raw
materials, such as bamboo (Ma et al. 2011; Batalha et al. 2012; Wu et al. 2014,
2017; Basit et al. 2018), bagasse (Andrade and Colodette 2014), jute (Nayeem et al.
2017; Sarkar et al. 2018), hemp (Zhang et al. 2006; Paulitz et al. 2017) and corn
stalk (Behin and Zeyghami 2009) as potentially suitable raw materials for the pro-
duction of dissolving pulps (Mendes et al. 2021). This is particularly of interest in
Asian countries, since the production of dissolving pulp from bamboo has a market
in China (Ma et al. 2011; Ji and Zhao 2015). However, the reactivity of bamboo-
based dissolving pulp, obtained under similar pulping and bleaching conditions to
wood-based dissolving pulps, is somewhat lower (Fu et al. 2012; Chen et al. 2016).

The worldwide production of dissolving pulp has increased since the beginning
of the twenty-first century from a total output of 2.77 million tons in 2000 to 5.79
million in 2010, and reaching 8.86 million in 2020 (i.e., an increase by 50% rela-
tive to 2010) (FAO 2021) (Fig. 8). This growth can be attributed to various factors
including (1) an increased consumption and production of regenerated textile fib-
ers due to the interest in using cellulose as an alternative to petroleum-based prod-
ucts; (2) changes in fashion leading to low prices and shorter product lifespans; (3)
a shortage of land for expansion resulting from competition with food crops; and (4)
environmental concerns related to water-intensive cotton irrigation.

Asia is currently the main producer, which contributes in 34.3%, followed by
America (28.4%), Europe (24%) and Africa (13.3%) (FAO 2021).

Dissolving pulp can be chemically modified to obtain cellulose-based man-made
materials, such as regenerated fibers or regenerated films (viscose, lyocell, cello-
phane), cellulose esters (acetates, nitrates, propionates, butyrates), cellulose ethers
(carboxy methyl cellulose, methyl cellulose, ethyl cellulose, hydroxy ethyl cellu-
lose, cyanoethyl cellulose), and micro- and nanocellulose (Sixta 2008; Miao et al.
2014; Wang et al. 2014; Chen et al. 2016; Stepan et al. 2016) (Fig. 9). Although the
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Fig. 8 Evolution of dissolving wood pulp production. Data from FAO: https://www.fao.org/faostat/es/#
data/FO. Accessed June 2023
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end-uses are very extensive, about 70% of the global dissolving pulp production is
used for commodity applications, specifically viscose (rayon fibers) for the textile
industry, while the rest of the production is used for manufacturing cellulose deriva-
tives (Kumar and Christopher 2017; Yang et al. 2019).

Properties of dissolving-grade pulp

The most relevant quality-related characteristics of dissolving pulps are its
a-cellulose content, alkali solubility, degree of polymerization, molecular weight
distribution (MWD), and reactivity (Chen et al. 2016; Mendes et al. 2021):

a-cellulose content

Dissolving pulp is required to have a high purity, with a-cellulose content above
90%. Specifically, a-cellulose refers to the residual portion which is resistant to
17.5% NaOH (Tappi T-203cm-09). This a-cellulose has a high molecular weight.
In general, hemicellulose is soluble in 18% NaOH (S18), whereas low-molecular
weight cellulose (degraded cellulose) and hemicellulose are dissolved in 10% NaOH
(S10) (Tappi T-235cm-00).

The hemicellulose content of DGP should ideally remain below 4%. For instance,
a typical rayon grade dissolving pulp has a purity as a-cellulose of 92-94% in acid
sulfite (AS) pulps and may reach up to 94-96% in pre-hydrolysis kraft process
(PHK) hardwood pulps (Sixta 2008; Li et al. 2015b; Chen et al. 2016; Yang et al.
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2019). Cellulose acetate must contain low residual hemicellulose since as amounts
as low as 2.8% can severely affect acetate filterability (Zhao et al. 2017).

According to Yang et al. (2019), dissolving pulp should contain as little hemi-
cellulose as possible because (1) the presence of remaining hemicellulose on fiber
surface reduces its area and as a result the accessibility of cellulose to reagents; (2)
hemicellulose is amorphous and has greater sensitivity to alkaline solution, which
increases alkali viscosity and then the viscous alkali solution has difficulty in dif-
fusing into cellulose microfibrils to react with cellulose, forming less homogeneous
alkali celluloses; (3) it contains a large number of short chains and reducing ends
that consume part of the oxygen, extending the pre-aging time required during the
viscose process; (4) during the viscose process, carbon disulfide can react faster with
amorphous hemicellulose than with cellulose, thus causing incomplete xanthation
of cellulose and obtaining a poor final dissolution of cellulose xanthate (Christov
and Prior 1993; Ibarra et al. 2010a); (5) hemicellulose can decrease the mechanical
strength of the end-products (Strunk et al. 2012a); and (6) hemicelluloses (particu-
larly xylose) also cause discoloration of viscose products (Sixta 2008).

Degree of polymerization (DP) and molecular weight distribution (MWD)

In most situations, pulps with lower degree of polymerization values exhibit higher
cellulose dissolution (Wang et al. 2006; Evangelina Vallejos et al. 2022). A uniform
MWD of the dissolving pulp is desirable in order to ensure homogenous reactions
during the viscose process and provides improved mechanical properties of the final
viscose fibers (Yang et al. 2019). The polydispersity index (PDI) is a parameter that
determines the width of the MWD and is expressed by the ratio of the weight-aver-
aged molecular weight and the number-averaged molecular weight of each sample
(DPw/DPn). PDI is normally larger for AS than it is for PHK dissolving-grade pulps
(Strunk et al. 2011; Testova et al. 2014; Duan et al. 2015b; Chen et al. 2016). This
explains the lower yield of viscose fibers from AS than PHK due to the loss of low-
molecular weight cellulose fraction in the dope preparation.

In general, the viscosity of dissolving pulp after cooking is about 600-800 mL/g,
but the desirable level falls in the range of 400-600 mL/g. For viscose production,
a moderate reduction in viscosity is a pre-requisite for better processability and
end-product quality (Henriksson et al. 2005). Although the viscosity will further
decrease to 200-250 mL/g during the downstream viscose process (Strunk et al.
2012b), very low viscosity can complicate filtration and reduce the physical strength
of the final products (Chen et al. 2016). Therefore, it is essential to control DGP
viscosity.

Reactivity and accessibility

The most complex challenge with cellulose polymer is achieving its dissolution
because the highly crystalline and packed regions make it difficult.

As mentioned earlier, dissolving pulp is mainly used for the production of regen-
erated cellulose. In the mercerization of dissolving pulp, the crystalline region of
cellulose must be accessible to the aqueous alkali in order to achieve the substitution
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of CS, reactant in the following step (Fischer et al. 2009; Kopcke 2010). The degree
of conversion and its reaction rate depend strongly on the availability of the hydroxyl
groups to react with CS, under predefined alkaline conditions (Fock 1959; Ponni
2014; Ponni et al. 2014; Tian et al. 2014).

In fact, reactivity relates to the accessibility of OH groups in the pulp and is
influenced by a number of complex factors (Sixta 2008; Strunk et al. 2011; Li et al.
2018; Mendes et al. 2021). The fiber-related factors include fiber morphology, such
as fiber length, width and cell wall thickness. For the microfibril or cell wall struc-
ture level, the influential factors comprise the microfibril characteristics (e.g., their
angles and orientations), the pore structure of cell wall (pore volume, pore diameter,
and pore distribution). Finally, the molecular factors include the chemical compo-
sition of raw material (species) and their distribution in the fiber/microfibril struc-
tures, the molecular weight and its distribution, the cellulose structure, the crystal-
linity and the ratio of cellulose I and cellulose II, and the contents and distribution of
functional groups—which depends on the specific pulping method used (Henriksson
et al. 2005; Sixta 2008; Duan et al. 2015a; Li et al. 2018). For example, reactivity
decreases with increasing the degree of crystallinity, the dimensions of the crystal-
lites and the fibril aggregates (Engstrom et al. 2006; Strunk et al. 2011; Ferreira
et al. 2020). Therefore, increasing cellulose accessibility requires pores to be opened
up, and fibril aggregates and highly ordered regions to be altered (Krissig 1993).
The greater the reactivity is, the lower will be the consumption of reagents (CS, and
NaOH) during cellulose xanthogenation and the easier its dissolution in the aqueous
alkaline solution (the so-called dope) (Ibarra et al. 2010a; Gondhalekar et al. 2019;
Arce et al. 2020). Thus, high reactivity of dissolving pulps avoids many operational
problems during the production of viscose (Chen et al. 2016).

The accessibility and reactivity are usually affected by microfibril coalescence
(i.e., aggregation) during processing of the cellulosic material. The most widely
accepted explanation for this phenomenon is the formation of exceptionally strong
hydrogen bonds between the adjacent cellulose microfibrils (Newman 2004; Ponni
2014). Hydrogen bond formation is considered to occur mainly in the amorphous
regions of cellulose. However, cross-linking between crystalline cellulose domains
in adjacent cellulose microfibrils is considered another possible mechanism for the
irreversible hydrogen bonding. Another approach to cellulose microfibril coales-
cence is the formation of lactone bridges (i.e., bonds between hydroxyl and carboxyl
groups) (Fernandes Diniz et al. 2004; Ponni 2014).

The term hornification describes the physicochemical changes in chemical pulp
fibers during drying (Fernandes Diniz et al. 2004). The removal of water from the
cell walls of chemical pulp fibers causes almost all of the pores to collapse and lead
to fibril aggregation, affecting negatively the reactivity of dissolving pulp. Coales-
cence in cellulose microfibrils can be induced by a number of factors and treatments.
One is removal of lignin and hemicellulose from cell walls during chemical pulping.
Dissolution of these components causes the formation of large pores that collapse
when water is removed, thereby resulting in massive hornification (Maloney and
Paulapuro 1999). The presence of hemicellulose has shown to avoid the hornifica-
tion (Oksanen et al. 1997). Rebuzzi and co-authors (Rebuzzi and Evtuguin 2005)
found that the presence of 4-O-methylglucuronoxylan (GX) control the extent
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of fibrils aggregation in pulp and reduce pulp hornification as a result. However,
since dissolving pulp is characterized by low amount of hemicellulose, its removal
makes the pulp prone to hornification. The changes induced by hornification reduce
swelling and alter the strength properties (Maloney and Paulapuro 1999, 2000). The
loss of strength is due to the stiffening of the fibers, which decreases the fiber—fiber
bonding area (Maloney and Paulapuro 1999).

Reactivity affects the processability of dissolving-grade pulps in the viscose pro-
cess, which has traditionally been assessed through filterability in the Treiber test
(Treiber et al. 1962). The test reproduces the steps followed to convert pulp into
viscose dope and measures the filtering time (s). The shorter the time is, the better
is the viscose filterability. However, measuring filterability is a labor-intensive, time-
consuming process that requires special equipment and relatively large amounts of
pulp, so it is difficult to conduct on a laboratory scale (Ferreira et al. 2020). The
Chinese Technical and Engineering Association uses an alternative method called
“Chinese filterability test” that excludes several intermediate dope preparation steps.
This method is commonly used in China and widely accepted, as China is a major
viscose producer (Chen et al. 2016).

Fock’s test is another method that evaluates the amount of pulp that is dissolved
in the viscose-like solution; therefore, the results are strongly influenced by pulp vis-
cosity and by the amount of hemicellulose that is alkali-soluble. It is reported that,
in most situations, Fock Reactivity increases with decreasing intrinsic viscosity in
AS and PHK dissolving pulps (Engstrom et al. 2006; Strunk et al. 2011; Testova
et al. 2014). High values of Fock solubility indicate high pulp reactivity. Fock reac-
tivity should be at least 50% and values above 60% allow high viscose production to
be achieved (Mendes et al. 2021). Importantly, Fock Reactivity (FR) and Chinese
Filterability (CF) show a relationship to each other (Duan et al. 2015b).

The AS pulp is more accessible than the PHK pulp, supporting the conclusion
that the former exhibits higher reactivity than the latter. Interestingly, the reactivity
of hardwood PHK pulp was lower than that of softwood PHK pulp, even if the raw
materials are processed identically (Ibarra et al. 2010a; Strunk et al. 2011). Bamboo
dissolving pulp exhibits lower reactivity in comparison to wood dissolving pulps.
The chemical composition of bamboo (specifically, its cellulose, hemicellulose and
lignin contents) is similar to that of some hardwood and softwood species (Fu et al.
2012; Batalha et al. 2012); however, its fibers contain more vessels and multiple lay-
ers, and its secondary cell walls are more complex, all of which results in a lower
reactivity (Fu et al. 2012; Chen et al. 2016). Wu et al. (2014) improved reactivity
of bamboo dissolving pulp with a beating post-treatment. The beating increased the
number of available hydroxyl groups, and the accessibility of chemicals to cellulose
as a result.

Production of dissolving-grade pulp
Cotton is the only natural cellulose source that meets the characteristics of dissolv-

ing pulp: high a-cellulose content (over 90%), and low contents in hemicelluloses
(<4%), lignin and extractives. Cotton linters as extracted from seeds additionally
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contain other compounds that are not desired. Therefore, they require mechanical
and chemical purification stages including (1) cleaning to eliminate physical impuri-
ties; (2) alkaline digestion in caustic soda in order to dissolve pectins, proteins and
fats, while adjusting the DP; (3) bleaching (optional); and (4) finishing and drying
if required for the intended end use. Moreover, issues related to the large land area
required for farming and significant water consumption for irrigation result in high
economic costs. Further, the so-called cotton gap has promoted the utilization of
dissolving-grade fibers obtained from wood.

Dissolving pulp from wood source is produced by the acid sulfite process or pre-
hydrolysis kraft process. Formerly, the AS process was the dominant process cover-
ing approximately 65% of the total dissolving pulp production and the PHK process
for about 25% (Sixta 2008). By 2014, however, the AS process accounted for about
42% and the PHK process for about 56% of the global dissolving pulp production
(Chen et al. 2016), a share that remains today. Importantly, dissolving pulp is more
expensive to obtain than paper-grade pulp in terms of chemical consumption, pro-
duction rate, inventories and storage space. It requires more extensive pulping and
bleaching (Hillman 2006; Yang et al. 2019), and dissolving pulp yields are lower
(30-38%) compared to kraft paper pulp (46-48%) (Mateos-Espejel et al. 2013; Kal-
lio 2021).

The acid sulfite cooking is carried out using a strongly acidic cooking liquor (pH
1.5-2.0), containing an aqueous solution of sulfur dioxide and calcium, sodium mag-
nesium or ammonium bisulfite. The cooking temperature is kept within a range of
125-145 °C and the cooking time is up to 7 h (Mboowa 2021). This process breaks
down wood by dissolving lignin and cleaving the lignin bonds through the formation
of sulfonate groups. Hemicellulose is hydrolyzed into soluble sugars, but cellulose
remains unaffected. Therefore, hemicellulose, lignin and other minor components
are removed from wood chips in the same process step and all components remain
dissolved in the spent sulfite liquor (SSL), which can be then converted to high
value-added products such as lignosulfonates, vanillin, xylitol, and ethanol (Lawford
and Rousseau 1993; Magdzinski 2006) or burned for energy production. The brown
stock is submitted to further purification steps, such as hot alkali extraction or vari-
ous bleaching steps, to reach high-purity dissolving pulp (Chen et al. 2016).

The PHK process combines an acidic pretreatment (pre-hydrolysis) to extract
hemicelluloses from the wood chips and hydrolyze them to soluble sugars, followed
by kraft cooking under alkaline conditions in order to remove most of the lignin
(Sixta 2008). Pre-hydrolysis stage removes most of hemicelluloses and a portion of
lignin from the wood chips, due to auto-hydrolysis initiated by the generation of ace-
tic acid. Also, a small amount of cellulose is hydrolyzed into short chains. The kraft
cooking step removes most lignin present in the wood chips while hemicellulose and
a fraction of cellulose are degraded and easily dissolved in the liquor. After cooking,
the residual lignin is further removed from the pulp via multi-stage bleaching stages
in order to achieve the desired purity of the dissolving pulp (Chen et al. 2016).

Besides differences in pulping process, differences in properties of both AS and
PHK dissolving pulps have also been reported. For example, Sixta (2000) compared
the properties of laboratory TCF bleached AS and PHK hardwood pulp, and found
the former to have higher viscosity, higher content of low-molecular weight (MW)
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fraction, as well as broader molecular weight distribution. Additionally, PHK pulp
exhibited higher a-cellulose content but lower reactivity. In the same line, Duan
et al. (2015a) comparatively evaluated the properties of dissolving pulps obtained
from the AS and PHK processes, in terms of purity, MWD, porosity, surface area,
accessibility and reactivity. Overall, the PHK pulp had higher a-cellulose con-
tent, lower S10/S18 content, narrower MWD and lower polydispersity index (PDI)
(3.8-4.5 vs 7.6-8.5) in comparison to AS pulps. These differences can be explained
by different reaction mechanisms in the acid and alkaline pulping processes (Janzon
et al. 2008; Duan et al. 2015a). Thus, in the AS pulping, acid hydrolysis reaction
moves from the primary wall to the inner wall. The cleavage of glycosidic bonds
under acidic conditions follows a non-uniform reaction and occurs randomly, result-
ing in a strong degree of polymerization across the cell wall, where the primary wall
is largely destroyed (Sixta 2008; Duan et al. 2015a). In contrast, the PHK process
contributes to a more uniform DP across cell walls thanks to the good swelling prop-
erties in the alkaline solution, thus resulting in a uniform impregnation and reaction,
and keeping primary walls undamaged (Sixta 2000). Moreover, the broad MWD of
the AS pulp relative to PHK pulp is associated with the higher amount of short-
chain cellulose and higher alkali solubility of the AS pulp, even at a similar viscos-
ity level (Strunk et al. 2011).

Regarding the wood raw materials that can be used for dissolving pulp, some
softwood and hardwood species that are rich in extractives, such as tannins, poly-
phenols, pigments, resins and fats, are unsuitable for the AS process, because they
can react with lignin to form condensed structures that will prevent the subsequent
delignification (Sixta 1998). Moreover, taxifolin can decrease the stability of sulfite
cooking liquor due to its conversion to thiosulfate (Chen et al. 2016).

Other methods such as the Organosolv process have been investigated for pro-
ducing DGP but are not used on an industrial scale (Vila et al. 2004). Organosolv
pulping involves hydrolyzing and delignifying wood with an organic solvent (mostly
alcohol-water mixture), to increase the digestibility of cellulosic fraction. It has
been investigated for several woody and non-woody biomasses and the process is
effective for hemicelluloses/lignin degradation and cellulose crystallinity reduction
(Geng et al. 2012; Garcia et al. 2014). For economic and environmental reasons, the
organic solvent must be recovered in most cases; additionally, the process is chal-
lenging, since a volatile and flammable solvent is used and requires to operate at
high pressure (Baruah et al. 2018). Alternative solvents including glycols, phenols,
esters, organic acids, acetone and amines able to work at similar pressure levels to
those of conventional pulping processes (e.g., Kraft process) have been proposed as
replacements (Rodriguez et al. 2018).

Purification treatments
After pulping process, some purification stages must be conducted in order to obtain
a high-quality dissolving pulp. Such improvements on pulp quality are needed to

meet the requirements of commonly obtained products such as viscose, acetates, cel-
lulose nitrate or cellulose ether, among others (Ji and Zhao 2015; Arce et al. 2020).
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These purification treatments can be applied before or after bleaching treatments.
The bleaching treatment is intended not only to enhance brightness, but also to
increase purity, removing lignin and hemicelluloses, modifying the reactivity and
adjusting the viscosity and molecular weight distribution of the cellulose (Liu et al.
2016) (Fig. 10). For the production of conventional dissolving pulp from PHK pro-
cess, no additional purification steps are required for the removal of residual hemi-
celluloses. In contrast, the sulfite process typically includes hot caustic extraction
(HCE) for purification of standard bleached dissolving pulp for viscose production
(Sixta 2008; Syed et al. 2013; Kumar and Christopher 2017; Loureiro et al. 2021).
Cold caustic extraction (CCE) is used in the production of dissolving pulp, when
high purity is required, for example for cellulose acetate production (Sixta 2008).
For instance, a typical viscose grade hardwood pulp may contain up to 5% of resid-
ual xylan, but the residual xylan content in acetate-grade pulps should not exceed
2% (Sixta 2008; Testova et al. 2014).

Hot caustic extraction (HCE) as a post-treatment has been used for the pro-
duction of dissolving pulps since the early 1940s (Hinck et al. 1985). HCE is
an alkaline treatment that selectively removes short-chain hemicelluloses (par-
ticularly determined as S10 and S18 fractions). It uses low alkalinity (0.4—1.5%
NaOH), high temperature (70-135 °C), and is based on chemical reactions such
as alkaline peeling reactions of the polysaccharides and glycosidic bond cleavage.
The efficiency of purification mainly depends on the sodium hydroxide concen-
tration and temperature (Sixta 2008). In the case of HCE, fiber swelling is lim-
ited due to low alkali concentration, so hemicelluloses in the deep wall cannot be
removed, although high cellulose yield loss is found due to elevated temperature
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Fig. 10 Conventional routes to obtain Dissolving Pulps (Schild and Sixta 2011)

@ Springer



Wood Science and Technology

conditions (Loureiro et al. 2021). HCE is largely used to obtain sulfite pulp and
is not appropriate for kraft cooking since the carbohydrate degradation reactions
follow the same mechanisms as alkaline cooking (i.e., oxidation of reducing-end
groups) albeit under less severe conditions (Schild and Sixta 2011; Syed et al.
2013; Arnoul-Jarriault et al. 2015; Chen et al. 2016; Liu et al. 2016; Loureiro
et al. 2021). HCE is not selective as CCE, and both, hemicelluloses and cellu-
lose, are degraded by the alkaline peeling reaction mechanism. Generally, sodium
hydroxide is entirely consumed by the neutralization of hydroxycarboxylic acids.
Therefore, the alkaline lye cannot be recovered in the process, and hemicelluloses
are not available for further valuable usage.

The CCE stage was first implemented on industrial scale during the early 1930s
to produce high-quality dissolving pulps for nitration (Wallis and Wearne 1990).
Cold caustic extraction involves fiber swelling and the extraction (dissolution) of
short-chain carbohydrates, mainly hemicelluloses from the inner fiber to the bulk
phase. CCE stage can be applied to dissolving pulps obtained from PHK and AS
pulping processes. The typical process is conducted at 20—45 °C, and very high con-
centration of NaOH (8-10% in the liquor) is used, which requires an efficient recy-
cling process of sodium hydroxide and additional washing, and heat-transfer capac-
ity on an industrial scale (Loureiro et al. 2021). The cold caustic extraction becomes
interesting because it provides both, high-purity dissolving pulps and high-quality
hemi-caustic-lyes. Hemicelluloses in the CCE-lye are recovered in oligomeric and
polymeric form as no further degradation reactions occur in the lye (Sixta 2008).
The CCE stage is essentially a physical phenomenon and it is mainly influenced
by the morphology of the fiber wall. Thus, the mechanism is explained by fiber
swelling where a physical interaction between fiber and aqueous sodium hydroxide
occurs, and the solubilization where the hemicelluloses diffuse through the pores
of the fiber wall, from interior to exterior and then into the bulk solution. The sol-
vent only penetrates into the accessible space between the microfibrils and the amor-
phous zones, but increased sodium hydroxide concentrations (above 8-9 wt%) can
induce intracrystalline swelling through the cellulose fibrils. The conversion from
cellulose I to cellulose II starts at 8—10 wt% alkali concentrations and is quantita-
tive at 17-18 wt% (Sears et al. 1982; Klemm et al. 1998), slightly depending on the
cellulosic raw material (Hirota et al. 2012). It is essential to keep the NaOH concen-
tration low in order to ensure selective extraction of hemicellulose while avoiding
the formation of cellulose II, which considerably affects cellulose accessibility—the
latter has closer and denser structure due to its extensive intermolecule hydrogen
bonding—and gives lower reactivity toward xanthation and acetylation (Sixta 2008).
NaOH concentrations around 10 wt% at moderate temperature (20-40 °C) are usu-
ally sufficient to largely remove the hemicelluloses, which are mainly located in the
intercrystalline areas. Arnoul-Jarriault et al. (2015) described the formation of cellu-
lose II increased with the concentration of caustic soda and was correlated with the
extraction of hemicellulose.

CCE stage consistently gives higher pulp yields than HCE. Also, CCE treated
pulp has a narrow molecular weight distribution because the removal of hemicellu-
loses is based on physical swelling/solubilization mechanism without any degrada-
tion of the residual carbohydrates (Schild and Sixta 2011).
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Figure 11 shows the mechanism of CCE and a combined mechanical refining and
CCE treatment.

Other purification treatments such as enzymatic removal of residual hemicellu-
lose by xylanases and combinations of caustic extraction and xylanase treatments
have been explored; all, however, have shown limited effectiveness on dissolving
sulfite pulps as they remove xylan by 50% at most (Christov and Prior 1993; Giib-
itz et al. 1997). Christov and Prior (1993, 1996) confirmed that while dependent
on treatment time and xylanase charge, enzyme hydrolysis of pulp xylan is limited
mainly by the partial inaccessibility of the substrate. This may result from a num-
ber of factors such as enzyme size (Stone and Scallan 1968), fiber porosity (Wong
et al. 1988), median pore size (Suurnikki et al. 1997), and accessible surface area of
pulp (Stone et al. 1969). Hemicellulose removal from dissolving pulp was improved
when xylanase was complemented with another hydrolytic enzyme such as man-
nanase and endoglucanase (Giibitz et al. 1997). Also, combination of a mechanical
refining and xylanase treatment have also been proposed to remove hemicelluloses
from pre-hydrolysis kraft-based dissolving bamboo pulp, where fibrillation and dis-
ruption of fiber caused by mechanical forces enhanced the xylanase access to xylan
(Zhao et al. 2017).

Quintana et al. (2015a, 2015b) studied the application of cold caustic extraction
(CCE) stage and an endoglucanase treatment on a fully bleached softwood acid
sulfite pulp and biobleached sulfite pulp in order to simultaneously improve cellu-
lose reactivity and reduce hemicellulose content. They used two types of endoglu-
canases at two different doses, both independently and before or after CCE. Based
on the results, it was shown that CCE reduced the hemicellulose content and this
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Fig. 11 Schema of the combined mechanical refining and CCE concept for enhancing the hemicelluloses
removal from a softwood sulfite pulp. a Original pulp fiber sample, b sample after conventional CCE
(8-10% NaOH) treatment, ¢ sample after mechanical refining and d sample after combined mechanical
refining and CCE (4% NaOH. Reprinted from Publication Bioresource Technology, Vol. 192, Li Jian-
guo et al., Mechanical pretreatment improving hemicelluloses removal from cellulosic fibers during cold
caustic extraction, 501-506, Copyright (2015), with permission from Elsevier (Li et al. 2015a)
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reduction was slightly improved with the combination of endoglucanase pre- or
post-treatment. The best results in terms of Fock solubility were obtained with an
endoglucanase treatment alone, whereas a cold caustic extraction by itself signifi-
cantly diminished the values with respect to original pulp. This adverse effect was
improved followed by endoglucanase treatment, but the results were still poorer than
endoglucanase treatment alone. Friebel et al. (2019) also studied the optimization
of caustic extraction of beech acid sulfite pulp using an oxygen-cold caustic extrac-
tion-ozone-peroxide (O-CE-Z-P) bleaching sequence, at a variable temperature and
sodium hydroxide concentration in order to identify the conditions maximizing the
xylan extraction yield. The bleaching sequence gave a dissolving pulp in outstanding
purity with minimal cellulose degradation.

Upgrading dissolving pulp from paper or non-wood pulp

In China, cotton linter was the dominant raw material for the production of dissolv-
ing pulp accounting for 49.6% of the production, while 44.4% came from wood-
derived dissolving pulp and the remaining was made from bamboo and other non-
wood materials (Liu et al. 2016). However, in 2014, the production from cotton
linters started to fall due to high prices and limited availability of this feedstock.
Market settings in favor of wood-based dissolving pulps were the shortage of land
for cotton expansion, in competition with land used for food production, and envi-
ronmental concerns arising from the increased water and land requirements of cot-
ton relative to woody biomass (Kumar and Christopher 2017).

The global output of cellulose fibers for the textile industry was 4.4 million tons
in 2010, and rose to 7.3 million in 2022, only about 6.4% of the total fiber out-
put, however. The growth rate of wood-based textile fibers relative to total fiber
production was about 6.45%/year from 2010 to 2022 (Statista). If the demand for
wood-based textile fibers continues at its current pace, then the annual production
is expected to be 15 Mt higher in 2035 than it was in 2018, reaching a production of
23.5 Mt. On the other hand, if the demand grows at the same rate as GDP, the tex-
tile industry would consume 6-11Mt/year more of these pulps in 2035 than it did in
2018. Consequently, new investments in production facilities will be needed to cover
the growing demand, because the demand growth ratio is higher than what has been
projected for cotton and chemical textile fibers (Kallio 2021).

A variety of solutions including conversion of paper pulp mills to mills that can
produce both paper and dissolving pulps depending on the needs of market have
been proposed to increase the supply of dissolving pulps (Loureiro et al. 2021).
However, this conversion still represents a major technical challenge, particularly for
continuous operation (Mateos-Espejel et al. 2013; Arnoul-Jarriault et al. 2015). In
China, about 14% of dissolving pulp was produced on a mill converted from paper
grade in 2014 (Liu et al. 2016). Stora Enso (2019) converted a kraft pulp mill to
dissolving pulp in Finland, and so did Risi (2013) in Canada and Sappi (2020) in
the USA (Kallio 2021). While some mills have successfully transitioned, Greenfield
mills would be also needed in order to meet the expected demand. In any case, the
costs would be higher than converting existing paper mills (Kallio 2021).

@ Springer



Wood Science and Technology

One other way of obtaining highly purified pulp is by directly subjecting paper
kraft pulps to pre- or post- purification stages. Conventional Kraft pulping offers the
highest cellulose yield, but after cooking contains around 20% of hemicelluloses,
which exceeds the standards for dissolving pulps (Sixta 2008). Extracting hemicel-
lulose from paper kraft pulp enables to produce a broad range of products ranging
from high-alpha dissolving pulps to high-yield paper-grade pulps; also, hemicellu-
lose fraction may be processed as a value-added product. Therefore, the main chal-
lenges in upgrading paper pulp to dissolving-grade pulp are quantitative removal of
hemicellulose, increasing the reactivity of the pulp and ensuring better control of its
viscosity.

As can be seen from Fig. 12 and Table 1, upgrading paper pulp to dissolving-
grade pulp has aroused great scientific interest as demonstrated by many studies
reported in the literature.

Hemicellulose removal

So far, CCE and HCE have only been applied as post-treatment to PHK process and
sulfite process, respectively, in order to achieve very high pulp purity as requested
for the production of acetate-grade pulp (Sixta 2008). As shown in Table 1, sev-
eral researchers have applied CCE directly to paper pulp and the cellulose yield of a
paper-grade pulp can be retained while substantial amounts of short-chain material
are removed.

Experimental studies have confirmed successful extraction of xylan by using
CCE to meet the specifications of viscose grade pulp, with a xylan content below
5%. However, glucomannan can only be extracted by 50%—compared to 90% xylan.
This difference in behavior may be related to the presence of carboxyl groups in

M Dissolving pulp B Up-grading dissolving pulp

Number of publications

15
10
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Fig. 12 Publications with the topic of (“dissolving-pulp” OR “dissolving-grade pulp” OR “upgrading
dissolving pulp”), separating the once referred to upgrading dissolving pulp. Document types: Review
article or article or meeting or others (no patents are included). Database: SCOPUS. Total documents:
936, and 298, respectively. Accessed May 2023
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xylan molecules, which are responsible to improve the solubility in sodium hydrox-
ide solution (Schild and Sixta 2011). For instance, Arnoul-Jarriault et al. (2015)
studied two different hemicellulose removal strategies with the purpose to convert a
softwood kraft paper pulp into a dissolving pulp. First, they examined the influence
of CCE conditions such as NaOH load and temperature, and found both variables
to have a substantial impact on xylan and glucomannan removal. Under the best
experimental conditions (11% w/w NaOH and 85 °C), 80% of the xylan and 45%
of the glucomannan in the pulp fibers were removed, which led to a final hemicel-
lulose content of 5.4%. Although this value is on the higher side of common levels
for dissolving pulp grades, it was observed that most of the cellulose was converted
to cellulose II. They then used a combination of a hot acid treatment (A) at 150 °C
and subsequent hot alkaline extraction (HCE) with 12% of NaOH on pulp at 110 °C.
Under these conditions, a 63% extraction rate was achieved, that led to a residual
hemicellulose content of approximately 6%. Importantly, this process did not con-
tribute to the formation of cellulose II, but cellulose chains suffered a severe depo-
lymerization and the hemicellulose content was in the upper range suitable for some
dissolving pulp applications.

In contrast to xylan from pre-hydrolysis process, alkaline extracted xylan shows a
high molecular weight, a high yield and purity (Schild and Sixta 2011). By contrast,
residual resistant xylan presented a lower content of functional groups and a higher
molecular weight which remained entrapped in the cellulose matrix. Using higher
concentrations of alkali (>10%) will convert cellulose I into cellulose II, which is
not desired because the latter has lower reactivity. Therefore, additional purification
steps such as xylanase and cellulase stages that selectively degrade residual xylan
and depolymerize the cellulose macromolecules are required when aiming for high-
purity cellulose with a low uniformity (Hutterer et al. 2017). Interestingly, Kopcke
(2010) succeeded in removing hemicellulose while avoiding the formation of cellu-
lose IT with a xylanase pretreatment followed by mild alkali extraction (7% NaOH).

Xylanases (EC 3.2.1.8) are hydrolytic enzymes that catalyze the hydrolysis of
xylans. They exhibit different behaviors in terms of endo- and exo-activity depend-
ing on the host organism as well as on the structure of the xylan substrate. The
endoxylanase activity (endo-f-1,4 xylanases) randomly cleaves the xylan back-
bone, releasing oligomeric xylan substrates. On the other hand, the exo-activity
(B-xylanases) results in the release of xylose monomers from reducing ends of xylo-
oligomers in addition to xylan. Additionally, the removal of co-crystallized xylan,
which acts as a physical barrier to the flow of reagents, aids the penetration of subse-
quent bleaching agents (Hutterer et al. 2017).

Kopcke et al. (2008) and Gehmayr and Sixta (2010) demonstrated the effec-
tiveness of xylanase treatment followed by an alkali extraction and an endoglu-
canase stage at the end of the bleaching sequence to convert birch and eucalypt
kraft paper pulps into high-quality dissolving pulps with hemicellulose content of
2-4% and 65-70% reactivity—which are comparable to the values for commer-
cial sulfite dissolving pulp used in the viscose process. Beltramino et al. (2015)
applied xylanase to modify sisal fibers to produce fibers with high cellulose con-
tent. The xylanase enzyme seemed to have found a limit in degrading xylans in
sisal fibers, reaching a final content approximately 12% (initial 16%). To address
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this, a posterior alkaline extraction (4% w/v NaOH) was proposed, reaching
a final content of 8.1%. Importantly, the combined treatment resulted in higher
xylan removal than alkaline extraction alone.

Kaur et al. (2016) used xylanase to treat mixed hardwood kraft wood, leading
to the solubilization of 29% of all pentosans present in the starting material (Yang
et al. 2019). The efficiency of the xylanase treatment can be further enhanced
by combining it with the mechanical refining process, which helps to increase
the accessibility of xylan inside the fiber wall. While a single xylanase treatment
may have limited effectiveness in removing hemicellulose, many studies in the
literature (Kopcke 2010; Ibarra et al. 2010b; Gehmayr and Sixta 2011) support
the application of xylanase as a pretreatment stage to enhance the hemicellulose
removal in the subsequent alkali extraction stages or other purification treatments.

Loureiro et al. (2021) upgraded oxygen-delignified (ODL) paper-grade euca-
lyptus kraft pulp into dissolving pulp, without the use of a pre-hydrolysis step
before kraft pulping. Various xylanases were used in combination with lytic pol-
ysaccharide monooxygenases (LPMO), a relatively recently discovered class of
enzymes, to increase pulp purity. Purification was combined with hot and cold
caustic extraction. The purification process was complemented with hot and cold
caustic extraction. The bleaching sequence and the purification stages provided
dissolving pulp that met the specifications for the manufacture of viscose: 2.8%
xylan; viscosity of 8.5 cP; 92.4% ISO brightness; and 70% Fock’s reactivity.

An alternative purification method uses solvent systems containing metal com-
plexes that have been found to selectively dissolve hemicellulose (Roselli et al.
2014). Nitren (tris(2-aminoethyl)amine nickel complex) dissolves xylan selec-
tively in a simple manner: the pulp is extracted at 30 °C for 1 h, followed by
filtration of the dissolved hemicelluloses. It can dissolve both xylan and cellulose,
but the complexation of xylan is more favored than cellulose, as xylan can be
solubilized at lower nitren concentrations (Burger et al. 1995; Saalwichter et al.
2000; Janzon et al. 2008). Puls et al. (2006) demonstrated the selective removal
of xylans from hardwood paper pulps by nitren-extraction. These pulps feature a
high purity level, high molar masses, a narrow molar mass distribution and the
standards contents of carbonyl and carboxyl groups, while maintaining the cellu-
lose I structure (Janzon et al. 2008). The extraction of hardwood pulps with 5-7%
nitren solution results in a cellulose purity level of 93.6-95.9%, which is suitable
for high-quality applications of dissolving pulps. Nevertheless, the production
and recovery of nitren present some difficulties due to carcinogenic properties of
many nickel compounds and allergic reactions caused by Ni itself. Another draw-
back is that nickel can easily contaminate the extracted pulp. Washing with lactic
acid in two cycles with a total washing time of 60 min was necessary to reach a
nickel concentration of 12 ppm in the final eucalypt pulp as reported by (Janzon
et al. 2006; Sixta et al. 2013). Another cellulose solvent, Cuen (copper ethylen-
ediamine complex), can also be used for purification of dissolving pulps (Burger
et al. 1995; Puls et al. 2006). However, cuen is less selective in xylan removal
as it also dissolves some of the cellulose, which affects the desired pulp purity
(Puls et al. 2006). Most of the reported methods seem to be capable of converting
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paper-grade pulp to dissolving pulp, with various degree of success, but their
impact on cellulose accessibility and reactivity requires detailed examination.

Ionic liquids (ILs) salts with an imidazolium derived cationic moiety have also
proved good dissolution properties toward lignocellulosic biomass or even complex
biopolymer matrices (King et al. 2009; Sun et al. 2009; Hummel et al. 2010; Maki-
Arvela et al. 2010; Brandt et al. 2013; Roselli et al. 2014). However, the dissolution
capacity of ILs strongly depends on the water content (Mazza et al. 2009; Pinkert
et al. 2009; Zakrzewska et al. 2010; Hauru et al. 2012).

Roselli et al. (2014) studied the extraction of hemicelluloses from paper-grade
birch pulp by means of a 1-ethyl-3-methylimidazolium acetate—water mixture (Fro-
schauer et al. 2013; Roselli et al. 2013; Sixta et al. 2013). Based on the preliminary
study, a novel method called IONCELL was proposed, where hemicelluloses are
extracted with an ionic liquid—water mixture such as 1-ethyl-3-methylimidazolium
dimethylphosphate-water ([emim][DMP]) mixture. Both fractions can be recovered
without yield losses or polymer degradation. IONCELL allowed bleached Eucalyp-
tus urograndis kraft pulp to be refined to high-purity acetate dissolving-grade pulp
and the hemicellulose content was reduced from its initial 16.6% to 2.4 wt%, while
persevering the cellulose I crystal form. The xylan content of the pulp was further
reduced to 1.66 wt%, by adding an endoxylanase pretreatment to the process. ION-
CELL process is under development, as requires additional funding for the piloting
phase, as well as for further upscaling and commercialization activities (IONCELL
2023).

Recently, organic/polar cosolvents can also be added into ionic liquids, forming
so-called organic electrolyte solutions (OES) (Yang et al. 2021a). OES solutions
have several advantages over ionic liquids, including lower viscosity, and tunable
physicochemical properties (Xu et al. 2013; Andanson et al. 2014; Clough 2017;
Yang et al. 2021a). Yang et al. (2021a) explored the removal of hemicellulose in
paper-grade hardwood bleached kraft pulp for upgrading to dissolving pulp. They
used OES consisting of the ionic liquid 1-ethyl-3-methylimidazolium acetate (Emi-
nAc) and a polar organic solvent c-valerolactone (GVL). The resulting dissolving
pulp (solid residue) reached a high cellulose content close to 95%.

Deep eutectic solvents (DES) provide another green solvent to be used for the
conversion of paper-grade pulp to dissolving grade (biomass processing) (Abbott
et al. 2003). These solvents are usually composed of a quaternary ammonium,
phosphonium or sulfonium cation or a metal chloride (Smith et al. 2014), and have
properties similar to those ionic liquids. Chen et al. (2021) investigated the effect
of process conditions of lactic acid/choline chloride (10:1) in treating eucalyptus
wood chips to obtain high-quality dissolving pulps. Chips were directly subjected
to a DES pretreatment, followed by kraft pulping and bleaching. Dissolving pulp
by DES-KP pulping process had an a-cellulose of 94.02% and Fock reactivity of
98.94% versus 89.81% and 60.97%, respectively, for PHK pulp (Chen et al. 2021).

Improving the reactivity

Mechanical treatment is proposed to improve the accessibility of cellulose, by
increasing the fiber pore size, pore volume, fiber swelling and specific surface area.
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Mechanical treatment causes changes in the fiber morphology, fibrillation or cutting
the fibers, and disrupts the tightly packed cellulose structure, making it more readily
available to reactants (Tian et al. 2014; Miao et al. 2015; Li et al. 2018; Zhou et al.
2018; Yang et al. 2019).

PFI, Hollander beating (i.e., valley beating) and ball milling are technologies
used to refine and beat pulp, each based on different principle and having different
effects on cellulose. Mechanical treatments can affect both the internal and the exter-
nal structure of the cellulose fibers. External fibrillation occurs when fine hair-like
strands fray away from the fiber surface, while internal fibrillation occurs when the
cross-linking hydrogen bonds are broken creating new exposed fiber ends and pores
that are expanded under the repeating mechanical actions. Newly generated fiber
ends have additional accessible sites that would lead to an increased accessibility
of cellulose fibers. The extent of external and internal fibrillation can be controlled
by adjusting the refining/grinding conditions (Li et al. 2018). For example, PFI is
reported to cause internal fibrillation and swelling, whereas the Hollander beater has
a greater cutting action, generates fines and external fibrillation (Ngene et al. 2022).

Li et al. (2015a) described that a mechanical refining prior to CCE increased the
total pore volume, the specific surface area and fiber swelling, measured as WRV of
softwood sulfite pulp. All this had a positive effect on the removal of hemicelluloses
in the subsequent CCE stage, which reached a similar hemicellulose removal degree
to conventional CCE process, but lowered the NaOH concentration from 8 to 4%,
and the Fock reactivity was higher than that at conventional CCE processed with 8%
NaOH. Ngene et al. (2022) proposed a new approach involving one-pot simultane-
ous refining and cold caustic extraction treatment with 6% NaOH to remove hemi-
celluloses from hardwood paper pulp. Interestingly, such treatment let to achieve a
xylan removal similar to performing a sequential treatment but at higher NaOH con-
centration (10%). In any case, excessive mechanical treatment should be avoided as
it can decrease pulp viscosity, and thus decrease the strength of the resulting rayon
products (Tian et al. 2014). Also, when pulps are dried for shipment, the new fiber
ends that are generated through the fibrillation effect are induced to form inter- and
intra-fibril/fiber hydrogen bonds and the benefit of mechanical treatments may dis-
appear. One effective strategy is to combine mechanical refining with an enzymatic
and/or a chemical treatment, so that the accessibility of the inner regions of cellulose
fibers to enzymes and other chemicals can be increased, and more importantly, the
increased reactivity can be preserved even after drying (Gronqvist et al. 2014; Miao
et al. 2014; Chen et al. 2016). One major drawback, however, is that mechanical
treatments are usually energy-intensive.

Another strategy of improving the accessibility of cellulose is by using cellu-
lases, a type of enzymes that hydrolyze the 1,4-B-D-glycosidic linkage of the cel-
lulose chains to give glucose oligosaccharides (Ibarra et al. 2010a; Duan et al.
2015b). There are three major groups of cellulases, namely endoglucanases (EC.
3.2.1.4), cellobiohydrolases or exoglucanases (EC. 3.2.1.91), and glucosidases (EC.
3.2.1.21). Endoglucanase cleaves bonds randomly in the amorphous sites of the cel-
lulose, and as a result, new chain ends are created and a rapid reduction in the DP
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is observed. Usually, oligosaccharides of different size and glucose are released as
subproducts. Cellobiohydrolases also called exoglucanases (CBH), attack reducing
and non-reducing ends of the cellulose chains, generating cellobiose units mainly.
CBH can also act on microcrystalline cellulose by means of a peeling mechanism
and rapidly produce soluble sugars while slowly decreasing DP. Glucosidases act on
cellobiose (two glucose units linked by a 1,4-pf-D-glucosidic bond) to give glucose
units (Lynd et al. 2002). The degree of enzymatic hydrolysis is believed to depend
mainly on three variables, namely cellulose crystallinity, specific surface area
and the degree of polymerization of the cellulose. Most cellulases consist of two
domains. One is a catalytic domain, which is responsible for the hydrolysis of the
cellulose chain, whereas the other is a cellulose-binding domain (CBD) that helps
the enzyme bind to the cellulose chain and bring the catalytic domain close to the
substrate (Ek et al. 2009).

In general, cellulases can open the fiber structure, increase the number of pores or
voids and its specific surface area (Miao et al. 2014). Consequently, enzyme-treated
pulp shows increased exposure of crystalline surface, swelling ability and reactiv-
ity. Additionally, cellulase preferentially attacks the cellulose II allomorph, which
is also thought to play a role in the increased reactivity of enzyme-treated pulp.
Some researchers have used pure cellulose, such as cotton and microcrystalline cel-
lulose (MCC, Avicel) as substrates to investigate the underlying mechanism. They
reported that initially the enzyme attacks the outer layer of the cellulose surface,
where the constituent fibers were peeled along their length, layer by layer, like an
“‘onion” (Wang et al. 2006; Penttild et al. 2010). Le Moigne et al. (2010) investi-
gated the peeling effect of enzyme mixtures on the structural changes and alkaline
solubility of two different sulfite dissolving pulps and concluded that the increased
alkaline solubility of the enzymatically peeled substrates at a short time (less than
10 min) were due to a digestion of the primary wall, and a destructive action on the
inside of the fiber (a decreased DP and an increased swelling of fibers). Engstrom
et al. (2006) studied the feasibility of improving the reactivity of dissolving pulp
with monocomponent endoglucanase and found it to decrease the viscosity and to
substantially increase the reactivity.

Reactivity of pulp is strongly dependent on the specific surface area that can be
accessed by the substrates (Zhu et al. 2009). Mechanical treatment can increase the
specific surface area of dissolving pulp due to fiber fibrillation and fines formation.
As confirmed by Tian et al. (2014), however, a mechanical treatment increases the
reactivity only slightly. Combining mechanical treatment as a pretreatment to assist
cellulase treatment provides more reaction sites for cellulase, thus enhancing their
efficiency—and hence the reactivity of DGP (Yang et al. 2019).

Controlling the viscosity
Controlling the viscosity during the viscose process is crucial because too high lev-

els can adversely affect cellulose processability (Henriksson et al. 2005; Engstrom
et al. 2006; Kvarnlof et al. 2006). A pre-aging stage in the viscose process reduces the
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viscosity to around 200-300 mL/g. In the dissolving pulp production, viscosity control
is often carried out in the bleaching process. Endoglucanases also offer the possibil-
ity of reducing the viscosity, shortening or even eliminating the pre-aging stage. These
enzymes target the less ordered cellulose found between and on the surface of fibril
aggregates, as well as located in shorter segments within the fibrils. Attacking these
regions results in fibrils being cut, viscosity lowered and the reactivity increased as a
consequence (Henriksson et al. 2005; Ibarra et al. 2010a).

According to Yang et al. (2019), the reactivity enhancement and viscosity control
of dissolving pulp are closely related. Thus, cellulases react with the cellulose chain to
reduce its DP and increase its specific surface area. As a result, changes in reactivity
and viscosity may occur simultaneously and affect each other. Also, cellulases can be
combined with other methods such as refining, additive assistance or fractionation to
control viscosity. Optimizing the treatment conditions is the key point to obtain high-
reactivity dissolving pulp with desired viscosity (Yang et al. 2019).

Table 1 summarizes the treatments found in the literature to convert kraft paper
pulps to dissolving-grade pulps.

Regenerated cellulose fibers (RCF)

Regenerated cellulose fibers are obtained by dissolving cellulose chemically, but with-
out changing the chemical structure (Jiang et al. 2020). Textile applications require
long fibers. Since the length of wood pulp fibers is insufficiently long, they need to
be processed using continuous spinning and regeneration. Regenerated cellulose fib-
ers offer unique characteristics found in both synthetic and natural fibers. Thus, they
exhibit uniform morphological, mechanical, and physical properties, typical of syn-
thetic fibers, and the biodegradability, CO, neutrality, and low density typical of natural
fibers (Felgueiras et al. 2021).

The regeneration of cellulose can be achieved by derivatization or direct dissolu-
tion (non-derivatization). In the derivatizing process, cellulose is modified before dis-
solution, whereas in non-derivatizing process cellulose is directly dissolved in solvent
without any prior modification. The derivatizing process includes viscose and cellulose
acetate and the direct dissolution includes cuprammonium, lyocell, alkyl imidazolium
ionic liquids as relevant examples (Sayyed et al. 2019).

During derivatization, the chemical structure of the native cellulose is modified by
adding another reagent to replace hydroxyl groups with other functional groups, and
an intermediate compound such as methylol cellulose, cellulose nitrite, cellulose ace-
tate and cellulose xanthate is formed as a result. These intermediate compounds are
subsequently dissolved and processed before being regenerated into fibers. However,
very few derivatives other than cellulose acetate and viscose have been spun into fibers
and commercialized (Sayyed et al. 2019). On the other hand, the technology of direct
cellulose dissolution is straightforward and reduces the use of chemicals by ten times
compared to the viscose process. Moreover, the solvent is easier to recycle as it does
not give any by-products, making it a more environmentally friendly option (Felgueiras
et al. 2021).
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Derivatization
Viscose

The viscose process is an industrial process that involves complex steps. Firstly, cel-
lulose is dissolved in strong sodium hydroxide solution in order to swell the fibers,
and an alkali cellulose (Na-Cell) is formed. This step is known as mercerization and
high concentration of sodium hydroxide is able to convert cellulose I to cellulose II.
Today, industrial mercerization is commonly done in a slurry with 17-19 wt% agq.
NaOH at 45-55 °C (Woodings 2001). The alkali cellulose is pressed to obtain a pre-
cise ratio of alkali to cellulose and then shredded to provide adequate surface area
for uniform reaction in subsequent steps, excess soda being recovered and re-used.
Then, cellulose is aged by means of oxidative reactions in the presence of air (stored
at 40 °C for 4-5 h) with the purpose to reach a desired DP, the feasible limit for
which is 200-400 (Cornell 1960). A high hemicellulose content and low fiber poros-
ity makes the pre-aging treatment difficult. After mercerization, the pulp is treated
with carbon disulfide (CS,) at low temperature and pressure to obtain sodium cellu-
lose xanthate (i.e., sodium salt of cellulose dithiocarbonate). The xanthate product is
still in the fiber state (consistency around 10%), which is dissolved in dilute sodium
hydroxide solution to obtain a viscous orange solution called “viscose.” Finally, the
viscose solution is extruded through a spinnerette with very small holes into a spin-
bath consisting of sulfuric acid, sodium sulfate, zinc sulfate, surfactant and water at
45-55 °C, being cellulose regenerated by the liberation of xanthate groups from its
backbone. Rayon, either in the form of continuous filament (yarns or tow) or cut into
staple, is washed and chemically treated (desulfurized) to remove impurities before
applying a finishing process and packing (LaNieve and Richard 2007). The viscose
process has certain limitations such as the clogging of the viscose filters due to non-
homogeneous dissolution of cellulose or high hemicellulose content. Therefore, a
maximum cellulose dissolution is always desired, but using large amount of CS,
than usual is not good because CS, and also the by-products generated in the reac-
tion (H,S gas and other volatile thio-compounds) are hazardous chemicals that may
cause a negative environmental impact (malodorous, highly volatile, and flammable)
(Vigliani 1954; Nevell and Zeronian 1985). Hence, many attempts have been made
to develop more environmentally friendly processes based on alternative solvents
that can directly dissolve cellulose such as Lyocell, IONCELL, DES, Cuen, among
others (Table 2).

The regenerated cellulose fiber produced via the viscose process is commonly
known as viscose or rayon (Chen et al. 2006; Wang et al. 2016; Kumar and Chris-
topher 2017). Viscose is the dominant man-made cellulose fiber (MMCF), with a
total market share of approximately 79%. Rayon fibers are a polymorph of cellu-
lose II and do not have an organized structure in fibrils, as native cellulose fibers
have. As a result, rayon fiber has an absence of orientation and a lower degree of
crystallinity than cellulose fibers (Mitchell 1949; Mendes et al. 2021). Also, they
are hydrophilic, and their high water retention capacity is an advantage for wet
processing as this requires fast liquid absorption in the end-product (Ramamoor-
thy et al. 2015). Viscose fibers are weaker than cotton fibers (especially when
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wet) and tend to shrink more easily (Ramamoorthy et al. 2015). In comparison to
Lyocell fibers, viscose fibers exhibit lower crystallinity, tensile strength, Young's
modulus, and thermal stability (Ramamoorthy et al. 2015). Viscose fibers are the
regenerated cellulose fibers most widely used by the textile industry to manufac-
ture clothes, linings, furnishing fabrics and household fabrics (Ciechanska et al.
2009). Viscose dope can also be used to produce cellophane films (Wawro et al.
2014), tire cords (Ramamoorthy et al. 2015), synthetic sponges and highly absor-
bent hygienic materials (Ciechanska et al. 2009; Mendes et al. 2021). However,
85% of all viscose production is in the form of staple fibers (Henriksson et al.
2005; Chen 2015).

According to the Global and China Viscose Report (2019), the global output of
viscose fiber reached approximately 5.8 million tons in 2018. China is the largest
producer and consumer of these fibers, with a sales market share close to 65% and
a revenue market share near 61% (2018), followed by India with the sales market
share over 10% (2017). The worldwide market for viscose fiber was valued at 13
290 million USD in 2020 and is expected to reach 18 270 million USD by the end
of 2026.

Modal

Modal fibers are obtained by subjecting beech wood to a modified viscose process
(e.g., using an increased load of CS, for dope preparation, spinning solutions with
higher DP values or using a different spinning bath composition and with addi-
tion of modifiers, which allows greater molecular orientation of fibers) (Albrecht
1981; Schaumann 1996; Ciechariska et al. 2009; Shen et al. 2010; Wang et al. 2016;
Roeder 2017; Mendes et al. 2021).

Modal fibers are commercialized by Lenzing AG under the brand name of TEN-
CEL™ (TENCEL 2023). They have a higher wet modulus, breaking tenacity and
strength (in both wet and conditioned state), a lower water retention capacity, and
higher resistance toward alkalinity relative to conventional viscose fibers (Albrecht
1981; Llaudet 1990; Schaumann 1996). In addition, they are less prone to swell-
ing and exhibit a higher degree of cellulose polymerization and a more developed
fibrillary structure than viscose (Albrecht 1981; Ciechariska et al. 2009; Shen et al.
2010; Wang et al. 2016; Roeder 2017). However, when compared with lyocell fib-
ers, modal fibers have lower crystallinity and thermal stability (Ramamoorthy et al.
2015) (Table 2).

Interestingly, modal fibers exhibit exceptional softness, with long-lasting quality
even after repeated washing, in addition to being silky smooth and gentle to the skin.
Because of their good mechanical and overall comfort properties, these types of fib-
ers are widely used in the production of different woven fabrics, underwear, sports-
wear and knit materials (Llaudet 1990; Roeder 2017; Latif et al. 2019), as well as in
blends compatible with most textile fibers—fabrics made entirely from modal fibers
require heavy ironing because their long fibers tend to pile up.

Modal fibers accounted for around 2.8% of the total MMCF market in 2019, with
an output around 0.2 million tons (Exchange 2020).
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Cellulose acetate

Cellulose acetate fiber is produced by acetylation, a reaction where hydroxyl groups
in cellulose react with an excess of acetic anhydride (typically 5-15 wt%) and acetic
acid in the presence of sulfuric acid. The most common form of cellulose acetate
fibers has one acetate group for each 2-2.5 hydroxyl groups. This cellulose diac-
etate is known as “secondary acetate,” or simply as ‘‘acetate’’ (Fischer et al. 2008).
Prior to the acetylation, cellulose is subjected to adequate shredding and swelling.
Initially, the acetic anhydride reacts with the moisture in the pretreated cellulose,
giving acetic acid and a completely anhydrous reaction medium. During dissolution,
cellulose begins to react with acetic anhydride, in the presence of sulfuric acid as
a catalyst. The initial reaction occurs mainly in the amorphous regions of the cel-
lulose, and sulfate linkages are formed. When acetylation is virtually complete, the
reaction mixture is viscous and clear. Excess acetic anhydride is then stopped with
aqueous acetic acid that helps to remove the residual sulfate linkages by exchange
with acetyl groups, and the presence of water reduces chain degradation (LaNieve
and Richard 2007). The final cellulose triacetate or cellulose acetate should contain
few sulfate groups in order not to impair properties such as color. Cellulose acetate
is then dissolved in acetone, and the cellulose dope solution is filtered to remove
the slightest impurities and lastly extruded through a spinneret with hole diameters
ranging from 30 to 50 Im (Ertas and Uyar 2017). The yarns are produced and the
solvent is evaporated in warm air in the subsequent step. This process is known as
the “dry spinning” method.

Cellulose acetate accounted for around 13% of all MMCF, with a production of
roughly 0.95 million tons, in 2019 (Exchange 2020). It is mainly used to obtain non-
textiles such as cigarette filters (80% share), textiles and apparel (clothing, lining,
felts, carpets) as the second-largest use (Sayyed et al. 2019). Because of its charac-
teristics, softness and pleasant touch, and also good textile processing performance,
cellulose acetate fiber has different textile applications. By contrast, it exhibits poor
tensile strength, abrasion resistance and thermal stability, low durability and high
tendency to gather static electricity. (Sayyed et al. 2019; Felgueiras et al. 2021).
Therefore, for practical applications, cellulose acetate fibers are blended with other,
strong enough fibers such as those of polyester. Quintana and co-authors synthesized
acetylated cellulose films by subjecting biobleached dissolving pulp to a chemoen-
zymatic treatment (Quintana et al. 2018).

Other processes

Different alternative routes to produce man-made cellulose fibers have been inves-
tigated and realized, at least at the pilot plant scale (Protz et al. 2018). The Carba-
Cell® process, based on derivatization, is one of them (Fink et al. 2014). Rather
than the reagent used in the viscose process, CS,, cellulose is reacted with urea
(CO(NH,),) to form an alkali-soluble cellulose carbamate (CC). The cellulose is dis-
solved in an alkali solution previously cooled below 0 °C, which can be then shaped
very similar to conditions to those used for obtaining man-made cellulose fibers in
the viscose process (Teng et al. 2018; Sjahro et al. 2021). Cellulose carbamate is a
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nonionic cellulose derivative rather than a polyelectrolyte like cellulose xanthate. As
a result, the influence of precipitation conditions, especially electrolyte content like
salt concentration as well as the nature of the salt, is much less pronounced in the
CarbaCell® process than they are in the viscose process (Protz et al. 2018). The fact
that both derivatives are alkali-soluble led Protz et al. (2018) to investigate the com-
bination of both cellulose derivatives in solution, shaping the same into man-made
cellulosic fibers and characterizing the resulting filaments. They obtained filaments
very similar in textile physical properties to viscose filaments with a decreased car-
bon disulfide (CS,) input. Vallejos et al. (2022) assessed the possibility of obtain-
ing regenerated cellulose products such as beads and films by cellulose carbamate
solution, using eucalyptus sawdust as a raw material. The sawdust was processed by
soda pulping and TCF bleaching sequence with the purpose to achieve the charac-
teristics of dissolving pulps.

The greatest advantage of the carbamate process is that the cellulose carbamate
is relatively stable at room temperature, so it can be stored with no loss of qual-
ity for over a year and transported without significant degradation (Klemm et al.
2005). Also, the carbamate dissolves much faster in caustic soda than xanthate and,
unlike viscose, it requires no (post-)ripening (Fink et al. 2014). Other significant
advantages of the carbamate process are that it is inexpensive and has low toxicity,
requires low energy consumption and has a low environmental impact (Weifl et al.
2019; Sjahro et al. 2021).

Direct dissolution
Cuprammonium

The cuprammonium process is based on the dissolution of cellulose at a concentra-
tion of ca. 10% in a mixed solution of copper salts, ammonia with sodium hydrox-
ide at low temperature, followed by precipitation of filaments in a coagulation bath
(usually mineral acid solution, consisting of a dilute acid, an alcohol and a concen-
trated cresol solution). Cuprammonium cellulose is passed through small holes in
a spinneret to regenerate cellulose in the form of multifilament yarns (Cook 2001;
Kamide and Nishiyama 2001; Ciechariska et al. 2009; Sayyed et al. 2019). This pro-
cess allows the use of either wood pulp with a-cellulose content>96% or cotton
linters as raw material.

Cuprammonium fibers are extremely fine filaments, also referred to as “cupro fib-
ers” or “ammonia silk” that exhibit higher tensile strength and lower tensile elon-
gation than viscose fibers (Cook 2001; Kamide and Nishiyama 2001; Sayyed et al.
2019). The end uses of cupro fibers include a great variety of products such as chif-
fons, satins, and all manner of very sheer fabrics typically used to produce under-
wear, dress fabrics and linings (Cook 2001; Wang et al. 2016). Cupro fibers exhibit
good tactile feeling to the human skin and can be easily combined with other fab-
rics. The commercial fabric is known by the trade name “Bemberg” and currently
produced by Asahi Kasei Fibers Corporation (Wang et al. 2016). Despite all the val-
uable applications, this process is becoming less used due to environmental impact,
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mainly related to the hazardous chemicals used in the dissolution process (release
copper in the waste stream), and also because of the high costs of the entire pro-
cess due to the environmental regulation that must follow (recover and reuse water,
chemicals with closed-loop) (Sayyed et al. 2019; Mendes et al. 2021) (Table 2).
Cupro fibers have a market share of less than 1% of the total MMCEF, and their only
supplier, Asahi Kasei, manufactured 17 000 tons in 2019 (Exchange 2020).

Lyocell

Lyocell, which uses a polar, aqueous N-methylmorpholine oxide (NMMO) solvent
to dissolve cellulose, appears to be the most promising process as a replacement
for carbon disulfide process. The mechanism involves a direct dissolution of cel-
lulose, so no formation of any intermediate cellulose derivative, such as alkalization
and xanthation in the case of viscose process, is required. The excellent dissolving
capacity of NMMO on cellulose is due to its strong N-O dipoles and basicity, mak-
ing it an excellent hydrogen bond acceptor solvent. In the dissolution process, N-O
bond, which has a stronger basicity than hydroxyl group, interact with the hydrogen
atom on the hydroxyl group of cellulose and form new hydrogen bonds between
NMMO and cellulose. Such bonds replace the intermolecular and intramolecular
hydrogen bonds in cellulose in both crystalline and amorphous regions, thus dis-
rupting the H-bond network of cellulose. This new and re-structural hydrogen bond
network that is established, leads to cellulose dissolution (Zhang et al. 2018; Jiang
et al. 2020).

The Lyocell process starts with thorough mixing of disintegrated dissolving-
grade pulp with a pre-adjusted DP (either paper or dissolving pulp depending on the
fiber use) in an aqueous NMMO solution (Fink et al. 2001). The typical conditions
for cellulose dissolution are 50-60% NMMO, 20-30% water and 10-15% pulp, at
90-120 °C under reduced pressure. In the next step, water is evaporated in a film
truder to obtain a desired dope solution with NMMO:water:cellulose ratio about
76:10:14 (Rosenau et al. 2001; Chavan and Patra 2004; Ciechanska et al. 2009;
Hummel et al. 2015; Zhang et al. 2018; Jiang et al. 2020; Sayyed et al. 2020) that
is degassed, filtered and spun through a spinneret into a coagulation bath consisting
of a highly diluted aqueous NMMO solution to make filaments. Finally, the result-
ing staple fibers are washed, cut, finished and dried (Sixta et al. 2015). Tempera-
ture plays an important role in the process; thus, too low levels result in undissolved
particles, whereas too high levels (>120 °C) degrade cellulose (Sayyed et al. 2020;
Mendes et al. 2021).

The main advantage of the NMMO solvent is the lack of toxicity, and it is biode-
gradable and has no harmful by-products (Chen et al. 2016), in contrast to the envi-
ronmental issues related to carbon disulfide. In addition, it can be recovered by more
than 99% for reuse from large-scale systems (Rosenau et al. 2001). Recycling the
NMMO involves purification by filtration, adsorption, oxidation and ion exchange,
and evaporation (Jiang et al. 2020).

Lyocell fibers known as Tencel® exhibit good mechanical properties (wet and dry
strength, dry and wet tenacity, modulus of elasticity) and also good wearing proper-
ties (gloss and touch). However, they are more prone to wet fibrillation and costlier
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to produce than viscose fibers. Lyocell fibers exhibit a relatively high crystallinity,
high orientation of the fibers, low lateral holds within fibers, quite large pore volume
and a weak intrafibrillar hydrogen bond, which generates a fibrillation effect (Car-
rillo et al. 2004; Chavan and Patra 2004; Ciechariska et al. 2009; Ingildeev et al.
2013; Haule et al. 2016). They possess a smooth surface, quasi-round cross section
as well as a homogeneous, dense fiber bundle structure (Hummel et al. 2015). These
fibers also reveal some unique features such absorption, smoothness, contribute to
breathability, resistance to bacterial growth and are gentle on skin (excellent touch)
with long-lasting comfort (Woodings 1995; Ramamoorthy et al. 2015; Edgar and
Zhang 2020; Jiang et al. 2020; Mendes et al. 2021).

The flexibility of the process in terms of the cellulosic raw materials is another
important advantage. According to Rosenau et al. (2001), the process can in theory
use paper-grade pulp, unbleached chemical pulp, cotton, rayon fibers or even waste
paper, although problems with spinability may be encountered in some cases. As in
the viscose process, certain substances can be added to the solution to tune fibers
properties.

Lyocell process also has some drawbacks such as the side reactions in the cellu-
lose-NMMO-water system during the dissolution of cellulose and the recovery or
recycling of NMMO (viz., radical reactions, heterolytic deoxygenation, Polonowski
type reaction and autocatalytic decomposition) (Rosenau et al. 2001). These side
reactions and the resulting by-product can cause the degradation of cellulose, affect
the final properties of the fibers, cause temporary or permanent discoloration of the
spun fibers, a drop in product performance, a decomposition of NMMO and higher
consumption of stabilizers. So, other alternative direct solvents for cellulose dissolu-
tion can be highly attractive for environmental and economic reasons (Rosenau et al.
2001; Hummel et al. 2015) (Table 2).

Lyocell is the third most used MMCEF type after the viscose and cellulose acetate
processes. It had a market share of around 4.3% and a production volume of 0.3 mil-
lion tons in 2019, and is being estimated to grow faster than other MMCF (Exchange
2020).

lonic liquids

Ionic liquids (ILs) are organic salts that exist as liquids at temperatures usually
below 100 °C and consist of an organic cation and a smaller organic or inorganic
anion (Wang et al. 2016; Cao et al. 2017). Several studies are described in the litera-
ture where ionic liquids (ILs) are used as solvent for cellulose dissolution (Swatloski
et al. 2002; Derecskei and Derecskei-Kovacs 2006; Kosan et al. 2007; Cao et al.
2009; Wang et al. 2012; Roselli et al. 2014; Amini et al. 2021). They have aroused
increasing attention on account of their chemical and thermal stability, non-flam-
mability and low vapor pressure compared with traditional volatile organic solvents
(Laus et al. 2005; Wang et al. 2012; Sixta et al. 2013; Roselli et al. 2014). Fur-
thermore, they are almost completely recyclable (around 99.5%), and the amount of
wastewater produced is much lower than that produced in the viscose process.

The physicochemical properties of IL can be adjusted by selecting an appro-
priate cation—anion combination. IL cations are typically alkyl pyridine, alkyl
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imidazolium, quaternary ammonium, quaternary phosphonium, and alkyl alkoxy-
ammonium (Moniruzzaman and Goto 2011; Cao et al. 2017), whereas IL anions
include chloride, bromide, or more complex structures such as hexafluorophosphate,
trifluoromethyl sulfonate, bis(trifluoromethylsulfonyl)imide, and methylimidazolium
chloride ([Amim]Cl). By far, the most successful families of ILs for cellulose dis-
solution are those based on the alkyl imidazolium cations. First generation ILs such
as [Bmim]Cl and [Amim]CI have proved effective in dissolving cellulose and espe-
cially suitable for cellulose spinning into fibers with good tensile properties. How-
ever, the use of halide-containing ILs is associated with several drawbacks. Thus,
their typically high melting points afford high process temperatures, which cause
severe cellulose degradation unless appropriate stabilizers are added. Furthermore,
halides can easily corrode metal processing equipment (Hummel et al. 2015; Sixta
et al. 2015), which has promoted their replacement with acetates and dialkylphos-
phates. These ILs demonstrate good dissolution characteristics, and it is possible to
prepare cellulose dopes in concentration ranges that exhibit good spinnability using
a dry—wet spinning process (Sayyed et al. 2019). The ability of Carboxylate-based
IL are better solvents to dissolve cellulose and other polysaccharides under mild
conditions than are chloride-based ILs, due to their strong hydrogen bond accept-
ing capacity. They are less viscous than chloride-based IL and have melting points
always below 0 °C. Spinning dopes with high cellulose concentrations (up to 20%)
could be obtained using 1-ethyl-3-methylimidazolium acetate ((EMIM]OAc) with-
out significant gel formation. The resulting fibers have viscoelastic properties com-
parable with those of the NMMO-Lyocell process. Cao et al. (2017) reviewed the
latest studies on ILs for cellulose pretreatment, with special emphasis on imidazo-
lium-based ones.

In the search for non-imidazolium-based ionic liquids, Michud et al. (2014)
identified superbase-based ionic liquid 1,5-diazabicyclo[4.3.0]non-5-enium acetate
[DBNH][OACc] as an excellent cellulose solvent. The studies conducted with the
mentioned superbase-based ionic liquid revealed that the resultant cellulose solu-
tion had a high dissolution power and a low viscosity, with excellent spin stability
resulting in outstanding fiber properties. The authors demonstrated the production of
high-tenacity fibers, spun from a 17 wt% cellulose solution at a temperature below
80 °C, which were used to knit scarf and dress. IONCELL®, which uses the same
dry—jet wet spinning method to obtain rayon fibers, has been deemed an effective
alternative to the viscose and N-methylmorpholine N-oxide (NMMO)-based Lyocell
processes. Their excellent properties make Ioncell-F fibers suitable as a reinforcing
material for composites. However, solvent recovery and recycling still need to be
improved (Michud et al. 2014) (Table 2).

Despite the promising technical performance, IL have aroused major environmen-
tal concerns as regards toxicity and biodegradability. In a recent work, Magina et al.
(2021) evaluated the hazardous impact of ionic liquids and concluded that, based on
available knowledge, there are still no reliable criteria for unequivocal attribution of
toxicity and environmental impact credentials for ILs. Therefore, further investiga-
tions must be conducted to fully understand the mechanisms of dissolution of IL,
and a more comprehensive database on the physicochemical properties of the ILs is
required.
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As far as environmental friendliness and economic viability is concerned, current
technologies for complete removal of IL from cellulose involve extensive washing,
and those for separating the water from the IL involve energy-intensive evaporation.
Such a high energy demand should be reduced. In addition, the high cost of ILs has
so far limited the potential development of using them in other industrial applica-
tions such as catalysis, electrochemistry organic synthesis and polymer chemistry
among others (Wang et al. 2012; Amini et al. 2021).

Other solvents

Other non-derivatizing solvents for cellulose include LiCl/N,N-dimethylacetamide
(LiCl/DMACc), aqueous sodium zincate solution (Biocelsol®), NaOH/thiourea/urea
aqueous solution at a temperature below 0 °C and a cellulose concentration as high
as 6-8% (CelluNova) (Kihlman et al. 2012), a tetra butyl ammonium fluoride/dime-
thyl sulfoxide system (DMSO/TBAF), metal complex solutions, and molten inor-
ganic salt hydrates (Wang et al. 2016). These systems, however, are not commer-
cially viable and are still under development due to some limitations. For example,
the low volatility of LiCI/DMACc solvent causes cost and difficulties in recycling
it. The NaOH/urea system requires further investigation to enhance the dissolving
capacity and the stability of the cellulose solution. In fact, NaOH/thiourea system
solvent cannot dissolve cellulose with a high degree of polymerization or materials
with a cellulose concentration exceeding 10 wt%. Also, the dissolution process is
energy-intensive and the resulting fibers have poor mechanical properties that are
not suitable for textile applications (Alam and Christopher 2017).

Aqueous metal complex solutions are composed of transition metal ions and
nitrous ligands the best known among which are cuprammonium hydroxide (Cuam)
and cupriethylenediamine hydroxide (Cuen). The process generates heavy metal
salts that are difficult to dispose of (Philipp 1993). In the Biocelsol process, the
mechanical and enzymatical pretreatments open, activate and adjust de DP of dis-
solving pulps. Pretreated pulp is dissolved in cold aqueous sodium zincate (NaOH/
ZnO) to obtain a mixture from which fibers are processed by conventional wet spin-
ning. The main drawback of this process is the need to pretreat the pulp (mechani-
cally for up to 5 h followed by a 2-3-h enzymatic hydrolysis with large amount of
cellulolytic enzymes) (Vehvildinen et al. 2008; Gronqvist et al. 2015).

Grongvist et al. (2015) identified more efficient conditions to pretreat cellulose
pulp prior to dissolution. The alkaline solutions prepared from enzymatically treated
pulp in an extruder had lower dope viscosities regarding the cellulose content than
others prepared from state-of-the-art-treated pulp. This enabled the cellulose con-
tent in the dope to be increased to 7% (w/w) without increasing dope viscosity. This
is a critical improvement for the following process steps in which the solution is
regenerated into shaped products such as fibers. A more recent process uses perio-
date oxidation of pulp followed by cross-linking with chitosan to dissolve modified
cellulose in dilute NaOH, and extrusion to obtain cellulosic fibers in the form of
textile fibers (Alam and Christopher 2017). The process uses chitosan as a green
cross-linker by taking advantage of the functionality of its amine groups to assist in
forming covalent bonds. The produced fibers have a low content in aldehyde groups
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(~2 mmol/g cellulose) and water retention values of 1.5-2.0 g/g fibers, compara-
ble to those of cotton yarns. The process can be applied to hardwood and softwood
pulps, and offers substantially higher yields than DGP as a raw material.

Another innovative, technically and economically feasible alternative is the Neo-
Cel process, which comprises dissolution of pretreated dissolving pulp in a con-
tinuous-flow reactor in cold alkali, aided by Zn and additives, after which the spin
dope is coagulated in a sodium carbonate solution. Bialik et al. (2020) conducted an
investigation which included the design, optimization and modelling of a chemical
recovery system for wet spinning of cellulose in sodium carbonate solutions (Neo-
Cel). Based on the results, the system was technically feasible and reduced chemical
makeup.

Yang et al. (2021b) developed an effective method for preparing wood textile
fibers from natural wood. They treated natural wood with a deep eutectic solvent
(DES), which exhibited a highly porous structure and excellent flexibility, so that it
could be easily cut to separate the cellulose fiber bundles and then twisted to obtain
textile fibers. Structural analyses and performance tests showed the satisfactory
results in terms of weaving, tensile and elastic properties, and also of dyeability.
Moreover, the wood textile fibers acquired some washing stability and antibacterial
properties after a simple hydrophobic treatment.

Regenerated cellulose fibers, beyond their extensive use as textile fibers, exhibit
other commercially available applications such as non-woven materials, sponges and
wipes (Zhang et al. 2019; Santos et al. 2021). Other novel applications with great
potential are regenerated cellulose aerogels (RCA), membranes or thin films for
wastewater treatments, scaffolds for tissue engineering or as a reinforcement in com-
posite materials (Wan et al. 2019; Armir et al. 2021; Maharjan et al. 2021; Medeiros
Souza Kataoka et al. 2022).

Environmental impact of regenerated cellulose fibers

Life Cycle Assessment (LCA) is a comprehensive methodology utilized to assess
and quantify the environmental impacts of products, processes or services through-
out their entire life cycle, from raw material extraction to its final stages, such as
disposal or recycling (Rosson and Byrne 2020).

Shen et al. (2010) assessed the environmental impact of man-made cellulose fib-
ers by conducting an LCA on three types of fibers (namely viscose, Modal and Ten-
cel produced by Lenzing AG, an Austrian company) and compared the results with
those for other commodity fibers such as cotton, PET and PP. The study concluded
that Tencel, Modal and Viscose (Austria) exhibited the lowest environmental impact
among all studied fibers. Viscose (Asia) had a lower impact than cotton but com-
parable to that of PET; however, the material was less preferable than PP and other
man-made cellulose fibers. Cotton was identified as the least preferred choice due
to its high ecotoxicity impacts, eutrophication effects, and intensive water and land
use. Angelstam et al. (2016) analyzed the full cradle-to-grave life cycle impacts of a
T-shirt made from cotton or viscose. They focused on chemicals (pesticides, fertiliz-
ers), and water and land use, as these are the impact categories where cotton exhibits
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the heaviest burdens. The results showed that a viscose T-shirt had better environ-
mental performance than one made from cotton.

Felgueiras et al. (2021) discussed the cradle-to-gate life cycle assessment of vari-
ous cellulose fiber production methods by comparing data from different sources.
It was concluded that Lyocell process was the most environmentally friendly pro-
cess for cellulose fiber production available on the market. Furthermore, Schultz
and Suresh (2017) compared the production of man-made cellulose fibers (viscose,
lyocell and flax fibers included) in ten different scenarios, considering a comprehen-
sive set of environmental impact categories. Fibers were assessed by using LCA in
compliance with ISO 14044 and the draft LEO-S-002 standard. All relevant impacts
associated with raw material extraction, dissolving pulp production and staple fiber
production were examined—impacts from the use and end-of-life of MMCF were
excluded, however. The authors concluded that the choice of MMCF raw material
input significantly influenced the life cycle analysis of impacts. While no MMCF
source was deemed environmentally preferable across all impact categories, Sce-
nario 10 (Belgian Flax Production) performed well in most, followed by Scenario 5
(German Production from Recycled Pulp).

In conclusion, LCA provides a useful tool for evaluating the environmental
impacts, providing insights into the most sustainable production methods and guid-
ing the industry toward more eco-friendly choices.

Future prospects

At present, the majority of the raw materials used in global clothing production are
based on virgin feedstock (over 97%), but particularly on synthetic fibers (63%) and
cotton (26%) (Ellen Macarthur Foundation 2017; Haslinger et al. 2019). In Europe,
75% of textiles waste (4.3 million tons) are discarded annually due to the lack of
viable recycling strategies. For that reason, the textile industry is seeking to extend
the lifespan of textiles and promote their reuse in order to reduce the demand for
virgin materials—and minimize the use of water, energy and chemicals along the
production chain as a result. Promoting waste prevention requires both the textile
industry to produce durable textile products that are suitable for long-lasting use,
and consumers to be educated about the importance of preserving natural resources
(Dahlbo et al. 2017). However, when it is no longer possible to reuse textile, recy-
cling textile wastes into high value-added products holds great significance in terms
of environmental protection and resource conservation, due to reduced reliance on
fossil-based sources (Cay et al. 2020).

Zhou and Wang (2021) studied the feasibility of recycling waste cotton fabrics into
biodegradable films for potential applications in food and agriculture. Selected T-shirts,
bed sheets and jeans made of 100% cotton were assessed for solubility in different sol-
vents such as sulfuric acid aqueous solution, NaOH/urea aqueous solution, and LiCl/
DMAc. Similarly, Asaadi et al. (2016) demonstrated the conversion of cellulose-based
waste material, such as cotton, cardboard, and paper, into new, high-tenacity Ioncell
fibers by using [DBNH] [OAc] (Asaadi et al. 2016; Ma et al. 2016, 2018; Haslinger
et al. 2019). Interestingly, [DBNH] [OAc] requires no stabilizing additives; also, it
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allows operation at 30 °C, which is a lower temperature than that required by conven-
tionally spun solutions prepared from NMMO (Haslinger et al. 2018).

A substantial portion of all textiles made today contains blended fibers (interwoven
cotton and polyester, mainly), and due to their heterogeneous nature, the recycling of
these wastes is more difficult. For blended fabrics, recycling techniques are based on
chemical treatments aimed at recovering the constituents (Ouchi et al. 2010; Palme
et al. 2017). However, these treatments use strong acids and high temperatures that pro-
duce toxic effluents and consume large amounts of energy. Researchers have followed
various approaches using different solvents to separate blended components (Haslinger
et al. 2019; Paunonen et al. 2019; Navone et al. 2020; Yousef et al. 2020). For instance,
cotton was isolated from blends with synthetic fibers by taking advantage of the selec-
tivity of ionic liquids (De Silva et al. 2014; Lv et al. 2015; Haslinger et al. 2019; Xia
et al. 2021), subjecting the cellulose to hydrothermal treatment (Hou et al., 2018),
or degrading one of the components (e.g., PET) (Palme et al. 2017). Haslinger et al.
(2019) successfully separated cotton and polyester by using [DBNH] [OAc], a super-
base-based ionic liquid that affords the selective dissolution of the cellulose compo-
nent. After filtration, the resulting cellulose solution can be directly used as a spinning
dope for dry-jet wet spinning to obtain textile grade cellulose fibers (Hummel et al.
2015; Parviainen et al. 2015; Sixta et al. 2015; Stepan et al. 2016) comparable to com-
mercial Lyocell fibers made from high-purity dissolving pulp. The treatment time in
[DBNH] [OAc] was found to reduce the tensile properties (<52%) and the molar mass
distribution (<51%) of PET under certain processing conditions. For example, Yousef
et al. (2020) recovered cotton and polyester fibers from textile waste by removing dyes
with a leaching solution of nitric acid at a concentration lower than 60%, followed by
regeneration of spent acid with activated carbon. The process provided $1629/tons eco-
nomic returns and a 96% recycling rate (Zhou and Wang 2021).

Other recycling approaches involve carbonizing textile waste into biochar (Cay
et al. 2020), extracting cellulose nanocrystals (CNCs) (Huang et al. 2020; Vanzetto
et al. 2021) producing aerogels (Zeng et al. 2019), using activated carbon or pro-
ducing ethanol, biogas or cellulose acetate (Zhou and Wang 2021). Vanzetto et al.
(2021) obtained spherical cellulose nanocrystals (SCNC) by oxidizing recovered
textile waste with TEMPO. The oxidative treatment provided SCNC with a crystal-
linity index close to 80% and crystallite size less than 6 nm were obtained. Similarly,
Huang et al. (2020) directly extracted CNCs from cotton textile waste and evaluated
their application as reinforcing agents of soybean protein isolate films with potential
application in food packaging.

The above-described examples testify that it is possible to obtain a high value-
added product using waste from the textile industry, contributing significantly to cir-
cular economy and sustainable development in the textile industry.

Conclusion
The textile industry is one of the world’s major polluters. In order to achieve a

more environmentally responsible textile sector, it will require using renewable raw
materials, finding sustainable, less toxic solvents, developing more efficient and
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energy-saving manufacturing technologies and following more effective recycling
approaches to reduce post-consumer waste. Certainly, the use of cellulose polymer,
in the form of man-made cellulose fibers, can play an important role in driving this
environmental transition.

In this review, we describe the cooking processes employed to obtain dissolv-
ing-grade pulps (DGP) and highlight those characteristics that make them the most
suitable feedstock for the production of regenerated cellulose fibers and cellulose
derivatives. The high purity of dissolving pulp is reached through purification
stages, although alternative methodologies for upgrading paper pulp to dissolving
pulp were also discussed. While enzymatic treatments are highly effective for puri-
fying this type of pulp, the cost of enzyme is still considered as one of the biggest
difficulties for industrial applications and it is absolutely necessary to increase the
efficiency of enzymes.

The viscose process, which has been in use for over a century, is the well-estab-
lished process for manufacturing regenerated cellulose fibers. Despite a natural and
biodegradable polymer like cellulose is used as a raw material, the process con-
tinues to raise serious environmental concerns due to the use of hazardous chemi-
cals. These concerns have promoted a search for alternative processes involving
direct dissolution of cellulose in recyclable solvents, being the lyocell process the
only direct dissolution process currently commercialized. Lyocell fibers possess
appropriate properties for various textile applications and fulfill the environmental
requirements. However, their high production costs and certain problems have led to
the development of other promising options including advanced ionic liquids, deep
eutectic solvents, alkali-based and concentrated inorganic salt solutions, none of
which, however, is commercially available today.

In conclusion, more sustainable practices are still required, and a collaborative
effort from researchers, industry players, and policymakers is essential to drive the
adoption of sustainable practices by the textile industry.
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