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Biodegradability of Cellulose Fibers, Films, and
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Cellulose fibers are an abundant material that is well known for its
biodegradability. Various forms of cellulose, such as cotton, paper pulp
fibers, and microcrystalline cellulose can be regarded as benchmarks for
biodegradability, when comparing other materials. However, as revealed
by the literature, broad ranges of time and extent of biodegradation have
been reported for cellulose. These large ranges can be attributed not only
to environmental factors but also to the presence of lignin, the degree and
perfection of crystallinity, the size and density of the physical specimens,
and chemical modifications to the cellulose, if any. Studies also have
shown differences in biodegradability associated with the selection of test
methods. Although cellulose is subject to well-known enzyme-promoted
mechanisms of biodegradation, the evolution of plant materials has
favored development of some resistance to decay, i.e. recalcitrance.
Cellulosic materials are clearly less biodegradable than starch. However,
they are more biodegradable than various synthetic or bio-based plastics,
as well as some cellulose derivatives, which persist in ocean water or soils
for very long periods. This review indicates that cellulose biodegradability,
while generally rapid and natural, has a rate and extent that depends on a
complex and sometimes subtle set of environmental and chemical factors.
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INTRODUCTION

This article reviews published findings related to the relative biodegradability of
cellulose fibers, including factors affecting their accessibility to enzymatic attack. Interest
in this topic has been spurred by reports of fibers and related materials remaining either
after conventional wastewater treatment (L6pez Alvarez et al. 2009; Ghasimi et al. 2016;
Libardi et al. 2022), or when cellulosic matter is discharged to other environments as
rinsewater after laundering (Ladewig et al. 2015; Zambrano et al. 2019). In addition, there
have been concerns about slow biodegradation of cellulosic fibers that reach ocean
environments (Zambrano et al. 2020; Nagamine et al. 2022; Royer et al. 2023). Issues to
be reviewed include the rates and extent of cellulose fiber biodegradation under a variety
of conditions, including fresh water, aerobic and anaerobic wastewater treatment
environments, seawater, soil burial, and composting. Literature is examined to shed light
on mechanisms of biodegradation, as well as factors that can promote or inhibit those
natural processes. Common examples of cellulose fibers include sanitary tissue fibers,
cotton and rayon textile fibers, and pulp fibers present in packaging, as well as in printing
and writing papers.

Biodegradability of cellulose fibers can be viewed as a continuum, in which specific
materials exposed to defined environmental conditions can be compared to reference
materials. Such a perspective is illustrated in Fig. 1. In this article the term environmental
will be used broadly, including both natural conditions and those in wastewater treatment
facilities, unless specified.
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Fig. 1. Relative biodegradability of various other polymers compared with that of some different
forms of cellulose and wood
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As an example of a reference material, every year in temperate climates one can
expect masses of leaves to fall from deciduous trees, such that they not only blanket the
ground, but many of them pass into streams and eventually into oceans. The aquatic
biodegradation of leaf litter has been studied (Sakamaki and Richardson 2008; Raposeiro
et al. 2014). It was reported that half a year was sufficient for biological breakdown of

Hubbe et al. (2025). “Cellulose fiber biodegradability,” BioResources 20(1), 2391-2458. 2392



bioresources.cnr.ncsu.edu

REVIEW ARTICLE

leaves placed in tidal flat environments (Sakamaki and Richardson 2008). Raposeiro et al.
(2014) reported between about 15% and 95% mass loss of leaves with no added nutrients
or bacteria in 28 days in the North Atlantic island of Sdo Miguel in the Azores, depending
on the tree species in different fresh-water streams. In addition to such natural reference
points, microcrystalline cellulose (MCC) is often used by researchers as a benchmark from
which to judge the relative biodegradability of other cellulosic materials in selected
environments.

The fact that bioplastics, despite their plant-based origins, are not equally
biodegradable was highlighted in recent work by Kwon et al. (2024), who compared
biodegradation in aerobic water conditions. Pure poly(lactic acid) (PLA) was not
degradable under the studied conditions, whereas poly(p-hydroxybutyrate) (PHB) readily
degraded. Moreover, incorporation of just 25% of PLA into a mix of the two polymers,
followed by melt-bending and extrusion, yielded fibers that showed only 11% degradation.
The differences in biodegradability among bioplastics have been shown to be attributable

to differences in crystallinity, hydrophobicity, and chemistry (Kwon et al. 2023b).

Table 1. Highlights from Studies Considering the Biodegradability of

Microcrystalline Cellulose (MCC)

Highlights from Cited Studies

% Degraded/
test period

Citation

MCC biodegradation was compared in shaken
enzyme solutions with that of Douglas fir wood,
with optional steam-explosion pretreatment.

70% / 2 days

Esteghlalian et al.
2002

MCC biodegradation was compared to that of
sugarcane bagasse in enzyme solutions.

53% / 2 days

Wada et al. 2010

Factors affecting the biodegradation rate of MCC
were studied in enzyme solutions, with discussion
that the data can be used as a reference for other
cellulosic materials.

40-80% / 2 days

Yu et al. 2012b

MCC biodegradation in enzyme solutions was
compared with that of bleached softwood fibers
and bacterial cellulose.

63% / 2 days

Kafle et al. 2015

MCC was found to be more biodegradable than
toilet paper and various other cellulosic fiber types
under aqueous mesophilic and thermophilic
anaerobic conditions of wastewater treatment.

86-91% / (tests
stopped when no
more methane
was generated)

Ghasimi et al. 2016

MCC biodegradation in aerated river water was
used as a reference for cotton, rayon, and
polyester fibers.

84% / 245 days

Zambrano et al. 2019

MCC was used as a reference for studying
biodegradation of fibers released during the
laundering of cellulose and polyester-based
textiles.

80% / 35 days
(lakewater)
100% / 35 days

(activ. sludge)
70% / 35 days
(seawater)

Zambrano et al. 2020

MCC was used as a biodegradability reference
point when comparing three commercial plastics
under aerobic composting conditions.

86% / 60 days

Rossetti et al. 2021

MCC biodegradation was compared to that of
various plastic and cellulosic fibers, including
Lyocell.

100% / 30 days
(marine)

50% / 30 days
(fresh water)

Royer et al. 2021
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Further work showed that mixtures of the more degradable PHB with less
degradable polymers such as PLA and polypropylene gave rise to micro- or nanoplastic
particles, which tend to build up in the tissues of marine organisms (Kwon et al. 2023a,
2024).

Table 1 provides highlights from studies that have considered the biodegradation
of MCC, often in comparison with cellulosic fibers of various types. Other studies have
considered various less-biodegradable classes of material, such as bioplastics (Bhagwat et
al. 2020; Royer et al. 2023) and synthetic plastic items, including fibers and fabrics (Cooke
1990; Li et al. 2010; Zambrano et al. 2020; Kwon et al. 2021; Royer et al. 2021, 2023).

Another aspect to be considered in this article is the different environments in which
biodegradation is important. As shown in Fig. 2, a rough division of categories can be
drawn based on relatively dry to water-saturated environments (e.g. soils, composting, and
landfilling) vs. aqueous environments (e.g. fresh water, seawater, wastewater treatment).
Note that although the figure illustrates the possibility of collecting methane that forms
within landfills, such collection is often incomplete or may be absent. Further information
about composting (Hubbe et al. 2010; Reyes-Torres et al. 2018; Ruggero et al. 2019; Wu
et al. 2022) and wastewater treatment technologies (Hubbe et al. 2016; Srivastava et al.
2022; Wang et al. 2022a) has been published.
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Fig. 2. Seven contrasting environments in which biodegradation of cellulose fibers can be expected
to have different rates and controlling factors. The figure is arranged such that the gentler
environments, with correspondingly slower biodegradation, are towards the top, whereas more
biodegradative environments, often with higher temperatures, appear towards the bottom.

Though broader ranges of cellulosic material are considered in this review, the
primary focus will be on lignin-free fiber-based products, such as cotton and bleached kraft
fibers, the latter of which is the main component of most flushable sanitary paper products.
The distinction can be important, since, as will be described in more detail later, lignin can
substantially slow down biodegradation (Reyes-Torres et al. 2018; Wu et al. 2022).
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Synthetic plastic materials generally were not considered in the literature covered
in this article. A general finding is that many such plastics show much lower rates of
biodegradation, or even no measurable biodegradation under conditions that lead to
substantial degradation of MCC and other cellulosic materials. For instance, Zambrano et
al. (2019) reported about 4% biodegradation of polyester after about 245 days in an
aqueous aerated system. Under the matched conditions, the biodegradation of cotton was
76% and MCC was 83%. Royer et al. (2021) compared seawater biodegradation based on
measurements of fiber diameter. Polyester fibers showed a 5% decrease after 7 months of
exposure, whereas lyocell regenerated cellulose fibers showed a 20% decrease after about
one month. Li et al. (2010) reported about 13% biodegradation of polyester fabric under
conditions giving 23% biodegradation of cotton under large-scale compositing conditions
(ASTM D 5988-03). Royer et al. (2023) reported essentially undetectable levels of marine
biodegradation of polylactic acid (PLA), polyethylene terephthalate (PET), and
polypropylene (PP), under various marine conditions and times that gave substantial
biodegradation of cotton, rayon, lyocell, and modal cellulosic fibers (e.g. about 50% to
70% degradation in 7 days and about 80% in 28 days). In a review article, Cooke (1990)
draws a distinction between so-called biodegradable synthetic plastics, such as aliphatic
polyesters, polyurethanes, some polyamides, polyvinyl alcohol, polyvinyl acetate,
polyacrylates, vs. non-biodegradable ones, including polyolefins, polystyrene, and
aromatic polyesters. Even if a plastic material is prepared from plant materials, as in the
case of PLA, one should not automatically assume that it is biodegradable (Royer et al.
2023). Thus, Bhaghwat et al. (2020) urge testing of each material under the environments
of interest, following available standards when possible.

Various plant-based materials, such as starch, chitin, proteins, hemicelluloses,
lignin, lipids, and natural rubber, generally fall outside of the primary focus of this article.
Attention has been paid to these substances in other reviews, some of which are listed in
Table 2. A general rule, which is supported by entries in this table, is that specific enzymes
are needed, often in combination, to achieve effective biodegradation of each unique
natural polymer.

Table 2. Natural Polymers and Enzymes Associated with their Biological
Degradation

Polymer Type - Associated Enzymes Selected Citations
Natural
Starch Amylases De Souza & Magalhaes 2010;
Farooq et al. 2021
Chitin Chitinases, proteases, chitin deacetylase; Younes & Rinaudo 2015;
chitosanases, lytic polysaccharide Kaczmarek et al. 2019
monooxygenases
Proteins Proteases Tavano 2013; Kim et al. 2014
Cellulose Endoglucanase, cellobiohydrolase, Teeri 1997; Horn et al. 2012;
B-glucosidase Wang et al. 2013a
Hemicelluloses | Xylanases (endo & exo), p-xylosidase, o- Saha 2003; Girio et al. 2010;
arabinofuranosidase, esterases Houfani et al. 2020
Lignin Laccase, peroxidases Datta et al. 2017; Chio et al.
2019; Khan & Ahring 2019
Lipids Lipases, lipoxygenase Shah 2005; Reis et al. 2009
Natural rubber Oygenase, lipoxygenase, peroxidase Rose & Steinbiichel 2005
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Scope of the Problem

The term “cellulose fibers,” which defines the focus of this article, generally will
follow the literal meaning of the words, thus excluding cellulose derivatives such as
cellulose acetate. Cellulose derivatives will be considered only briefly, to show how they
contrast with either natural cellulosic fibers or regenerated cellulose fibers, such as rayon.
A reason to focus on biodegradability of cellulose fibers at this time is that large amounts
are routinely discharged to natural environments.

As illustrated in Fig. 3, two of the most prominent sources are from the flushing of
toilets and the discharge or rinse water from laundering. An average US citizen, in 2018,
used 12.7 kg of toilet paper, whereas lesser per capita amounts were used elsewhere
(Armstrong 2018). Table 3 summarizes reported information of the total amounts of
cellulosic fibers discharged to wastewater treatment systems, with emphasis on toilet paper
as a major source. As reported by Gupta et al. (2018), the relative amounts of cellulose in
various wastewater and sludge specimens can be determined with high accuracy.

Table 3. Reports of Cellulosic Fibers, Mainly Toilet Paper, Routinely Discharged
to Wastewater Treatment Facilities or the Natural Waterways

Highlights from Cited Studies Citation

To test the biodegradability of “very large quantities” of cellulose Edberg & Hofsten 1975
fibers discharged to wastewater, the authors used a bag method,
allowing for long periods of degradation. Cotton strings required
over 70 days to fully biodegrade in water.

Amounts of cellulose present in municipal wastewater, mainly Honda et al. 2000, 2002
attributable to toilet paper, was estimated to be about 400
thousand tons per year in Japan. Sedimentation was suggested
as a way to separate and recover the fibers.

Between 12% and 27% of incoming solids to a wastewater Lépez Alvarez et al. 2009
treatment plant consisted of cellulose.
Between 38% and 43% of incoming cellulose fiber material in a Ghasimi et al. 2016
wastewater treatment plant still remained after the typical aerobic
biodegradation process, depending on the thermal conditions.
Toilet paper was found to be the main source of chemical oxygen | Chen et al. 2017
demand in sewage.
Cellulose constituted about 31% and 33% of the total suspended | Ahmed et al. 2019
solids in wastewater treatment facilities in the Netherlands and
Canada.

Cellulose represents about 25% of the chemical oxygen demand | Khan et al. 2022
of a typical municipal wastewater treatment system.
The content of cellulosic material in municipal wastewater was Libardi et al. 2022
about 21 to 28% by mass, depending on the measurement
method.

Likewise, Table 4 highlights studies that have helped to quantify amounts of textile
cellulose fibers discharged to wastewater. Two factors that tend to promote detachment of
fine particles, including some of the fibers, in the course of laundering are the agitation and
the usage of detergents (Zambrano et al. 2019). As described in a recent review article
(Hubbe et al. 2022), laundry detergents are designed to promote separation between fibers
such as cotton and other attached solids.
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Fig. 3. lllustrate of two major sources of cellulosic fibers in municipal wastewaters. Part of figure
(washing machine) previously published as an original drawing by the author (Hubbe et al. 2022)

Table 4. Reports of Cellulosic Fibers Discharged to Wastewater Due to the
Laundering of Textile Items

Highlights from Cited Studies Citation

Reported that washing of a single garment can release over 1900 | Ladewig et al. 2015
fibers.
An average of 0.3% of the mass of garments was discharged in Hartline et al. 2016
rinsewater from laundering.
A cumulative amount of ca. 0.33% of the mass of cotton Sillanp&a & Sainio 2017
garments was released during five sequential washing cycles.
The amount released per cycle decreased and then stabilized at
less than half the amount of the first cycle.

Cotton clothing released 0.02 to 0.44% of the mass of the Zambrano et al. 2019
garment during accelerated washing.

>80% of the microfibers released from the washing of 50/50 Haap et al. 2019;
polyester/cotton blended fabrics are cotton. De Falco et al. 2020
The greatest proportion of shed cotton fibers were those below Frost et al. 2020

0.2 mm in length.
Commercial nonwoven wipes and meltblown textiles were found Kwon et al. 2022
to release 1 to 65 mg of microfiber material per gram tested in a
standardized laundering test. They released about 4 mg/g
microfiber material in a dry shaking test.

Textile microfibers (i.e. fibers small enough to be released during | Smith et al. 2024
laundering) have been detected in waterways. Published findings
are summarized.

Recent research indicates the pervasive presence of both synthetic and natural
microfibers in natural environments. Suaria et al. (2020) discovered fibers in 99.7% of
samples collected across six oceanic basins, with the majority being dyed. Polymers

Hubbe et al. (2025). “Cellulose fiber biodegradability,” BioResources 20(1), 2391-2458. 2397



REVIEW ARTICLE bioresources.cnr.ncsu.edu

identified were typical of textiles, including 8.2% synthetic, 79.5% cellulosic, and 12.3%
of animal origin. Athey et al. (2020) reported that microfibers constitute 87 to 90% of
anthropogenic particles in lake sediments, with 41% identified as modified cellulose.
Indigo-dyed cotton, common in denim jeans, accounted for 12 to 23% of microfibers
analyzed. Similarly, Miller et al. (2017) estimated that 50% of fibers collected from the
Hudson River, USA, were non-plastic, with cotton fibers identified via FTIR. Challenges
associated with these studies include the fact that the amounts of various fibers initially
entering the water were not known.

As will be discussed in this review, there are several feasible paths by which
cellulosic fibers may reach natural environments, including waterways and eventually the
sea, though the relative amounts are difficult to quantify. Wastewater treatment operations
can be expected to partly biodegrade cellulosic fibers, and most of the rest will end up in
sludge, which is often landfilled, composted, or applied to land as a soil amendment, as
will be discussed later. However, one can expect a wide variation in the operational
efficiency of wastewater treatment, or even its absence, in different regions and situations,
considering different parts of the world, seagoing ships, and overflow of combined
wastewater and stormwater systems during high volume events. In addition, some
cellulosic fibers may come from careless littering, from wind-blown lint, and illegal
dumping, all of which will be hard to quantify.

In addition, uncertainties persist regarding the origin of these cellulosic fibers.
Current high throughput spectroscopic techniques face challenges in distinguishing
between wood-based, cotton, and regenerated cellulose fibers. It is worth noting that these
studies often lack morphological evaluations of the cellulosic fibers to confirm their origin,
highlighting the need for comprehensive analyses to better understand their sources and
pathways into natural environments. Issues related to contamination can interfere with
many kinds of identification methods. For instance, some investigators may be assuming
that any dyed fiber must be cotton; however, dyes and fluorescent whitening agents may
be present in wood pulp fibers.

Circular Economy Issues

While the main focus of this review article is on biodegradability, it is important
not to lose sight of an emerging imperative for industrial processes to move in the direction
of circularity (Corona et al. 2019). In other words, rather than seeking the best ways to
“throw away” materials after their single or multiple uses, society needs to find ways to
employ such materials as building blocks for making other valued items. For instance, there
is increased interest in the reuse of textile fibers at the end of a garment’s or bedsheet’s
useful life (Jia et al. 2020). There also has been consideration of recovering used fibers
from toilet paper and their beneficial use for other purposes (Honda et al. 2002; Ruiken et
al. 2013; Ghasimi et al. 2016; Ahmed et al. 2019; Cipolletta et al. 2019; Li et al. 2019,
2020; Liu et al. 2022). Such issues will be considered further later in this article.

CELLULOSE BIODEGRADATION BASICS

In a broad sense, biodegradation is the natural process by which cellulosic
materials, including cotton and paper pulp fibers, are decomposed in either natural
environments or during wastewater treatment and composting. At the very end of
biodegradation, the main product will be carbon dioxide. However, as discussed in this
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section, other final products such as methane can result if the materials are subjected to
anaerobic conditions. Fiber materials may accumulate in various environments in cases
where biodegradation is sufficiently slow. As noted earlier, the fibers may enter various
environments by such means as industrial discharges (e.g. insufficient wastewater
treatment), flushing (e.g. insufficient treatment of municipal wastewater), and careless
discharges, including littering.

Enzymes, which are complex protein structures, are the main catalysts by which
cellulosic materials break down in natural environments and in wastewater treatment
plants. These catalysts are synthesized by various organisms, mainly bacteria and fungi
(Bhat and Bhat 1997; Esteghlalian et al. 2002; dos Santos et al. 2023). For degradation of
cellulose fibers, the most important category is the cellulases, which will be considered
next. Other enzymes can be important when the fibers contain hemicellulose, lignin, or
possibly additional functional groups as a result of some kind of chemical derivatization or
sizing treatment of the fibers. In addition, many of the wood-derived fibers present in
municipal solid waste will be highly lignified and rich in hemicellulose.

In nature, and in most wastewater treatment operations, the enzymes are supplied
directly by the bacteria and fungi that happen to be present. Because cellulosic material can
be regarded as food for such organisms, the populations of bacteria and fungi may
proliferate, depending on the amounts of such resources that are present. For some
industrial purposes, and also as a means of studying the underlying mechanisms, it is also
possible to isolate and use specific enzymes, such as the cellulase enzymes that catalyze
the breakdown of cellulose.

Teamwork is an important theme to bear in mind when aiming for highly effective
biodegradation, either in a wastewater treatment plant or in a natural environment. As will
be shown, different classes of cellulases work together in a cooperative manner to bring
about suitably rapid and substantial biodegradation of the cellulose (Wang et al. 2013a).
Likewise, biodegradation of the hemicellulose and lignin each require multiple enzyme
types working together to achieve efficient and effective results. In many cases, an
optimized community of bacterial and possibly fungal organisms will have become
acclimated to the cellulosic material present, wherein different microbial members of the
community are specialized in the production of different enzymes (Peng et al. 2016;
Lillington et al. 2020). Libardi et al. (2022) proposed the optimization of a cellulase
mixture, using municipal wastewater as a medium, for effective biodegradation. Though
such a strategy is bound to be effective, the usual practice is just to let nature take its course
in the competition and proliferation of microorganisms to achieve a suitable overall effect
with less direct involvement of technologists or treatment plant operators.

In very general terms, it is well known that the presence of lignin tends to block
access of cellulase enzymes to the fibers surfaces and that enzymatic degradation can be
accelerated by increasing the accessible surface area of the cellulosic materials. However,
as noted by Esteghlalian et al. (2002), it is still not possible to make predictions of
enzymatic hydrolysis rates based on information about lignin levels and the capacity of the
surfaces to adsorb enzymes.

Cellulases
Endo attack

Figure 4 provides an overall scheme of cellulose biodegradation, consistent with
current literature (Teeri 1997; Horn et al. 2012). In this figure, sets of parallel, straight
black lines represent crystalline cellulose domains, whereas non-parallel parts with curves
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in the lines represent non-crystalline nano-scale regions. Little circles with light blue filling
represent non-reducing ends of cellulose chains, whereas back-filled circles represent
reducing ends. Short, barbell-like features with a glycosidic bond connecting a non-
reducing end and a reducing end symbol represent cellobiose. As shown, the
endoglucanases (shown as bright green features) have the job of random cleavage of
cellulose chains in the non-crystalline zones (Wang et al. 2013b). Such cleavage involves
hydrolysis, which entails the addition of a water molecule. Splitting of the glycosidic bond
with a water molecule results in formation of an -OH group on each side of the broken
bond. Thus, they are especially effective at reducing the chain lengths within cellulosic
materials. However, since typical cellulosic materials such as cotton and wood pulps have
quite high levels of crystallinity, e.g. 45 to 87% (Salem et al. 2023), one can expect there
to be a plateau molecular mass remaining, even after extensive endoglucanase action
(Chang et al. 2021). That is because the portions of cellulose chains that lie within the
crystalline domains generally will not be susceptible to attack by endogluconase, which is
represented by the bright green features in Fig. 4.
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Fig. 4. Schematic diagram showing the roles of three classes of cellulase enzyme relative to the
biodegradation of cellulose (adapted from Teeri 1997)

Exo attack

The exoglucanases (shown as CBH2 and CBHL in Fig. 4) have the function of un-
zipping and cleaving off small pieces, mainly cellobiose, starting from the cellulose chain
ends, mainly at the surfaces of crystals. They can be advancing from either reducing or
non-reducing ends of the chains; thus, two different subclasses of such enzyme are needed
(Teeri 1997; Horn et al. 2012; Wang et al. 2013b). Evidence to support the pictorial view
shown in Fig. 4 was obtained by Lee et al. (2000). They showed atomic force images of
“tracks” left by cellobiohydrolase enzymes in the course of traversing the surfaces of cel-
lulose fibers. By contrast, endoglucanase had the effect of smoothing the surfaces and peel-
ing away the loose debris.

Oxidative cleavage-type cellulases

In addition to the well-known endo- and exoglucanase categories, as just described,
a specialized type of cellulase has been reported to have the ability to hydrolyze
intermediate points within the exposed crystalline regions of cellulose, thus creating new
reducing and non-reducing ends of chains that can then be attacked by exoglucanases (Horn
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etal. 2012; Wang et al. 2013b). A key difference is that these oxidative endoglucanases do
not need to extract the cellulose chains from their associated crystal phases to do their work.
The cited work does not give evidence as to whether or not such enzymes play a role when
biodegradation occurs in natural environments.

Solution-phase

Cellulase enzyme systems appear to have evolved in such a way as to be inhibited
by the presence of their reaction byproducts in solution, e.g. cellobiose (Zhao et al. 2004).
Such a strategy makes sense in terms of the survival of specific cellulase-producing
microorganisms. The produced cellobiose presumably can be used as food for the
microorganism itself, after the final hydrolysis to glucose. Thus, the species may benefit
by a mechanism that slows down the usage of the remnant of solid cellulose in the mixture.
The breakdown of the small fragments, such as cellobiose, is catalyzed by another main
category of cellulases, the B-glucosidases (Teeri 1997), which are represented in Fig. 4 as
a bright orange item. The tunnel-like features in these enzymes require the cellobiose or
other small cellulose oligomers to diffuse into the tunnel, whereby the glycosidic bonds
can be cleaved. Because this class of enzymes does not break cellulose chains, it has been
found useful in some modifications of textile fibers (Teeri 1997). This issue merits further
research attention, since textile cellulose fibers that had been treated in this way might be
more susceptible to biodegradation by other cellulase enzymes when they enter the
environment.

Fragmentation effects

In addition to the hydrolytic effects of cellulases, it has been proposed that certain
of them play a role in fragmenting the cellulosic material (Sagib and Whitney 2006). This
type of effect is illustrated schematically in Fig. 5. The large dark green arrow, pointing in
the leftward direction of the figure, represents this type of enzymatic action, which does
not need to involve cleavage of bonds. The cited authors proposed that such ability can
explain some of the differences in biodegradative ability of different cellulases, especially
when attacking different kinds of cellulosic materials. Such observations are consistent
with the findings of Wang et al. (2012), who observed general swelling of cellulose
material in response to cellulase action. Presumably, an enzyme acting in the manner
depicted in Fig. 5 could, at least for a time, increase the thickness of a cellulose particle in
the course of bringing about fragmentation.
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Fig. 5. Schematic diagram suggesting a proposed fragmentation-inducing effect of certain en-
zymes, which would be expected to help open up lignocellulosic structures at the nano-scale,
thus promoting hydrolysis reaction by the same of other enzymes
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Biodegradation of different parts of the cellulose

Having considered the different cellulase components separately, it next makes
sense to envision how the different types of enzymes tend to focus their activity on different
parts of a cellulose particle or fiber. General attack on the amorphous regions (not within
crystalline zones) of cellulose in the fibers is brought about by endoglucanases (Hosseini
and Shah 2011), which break glycosidic bonds at random intermediate points in the chains.
The next category is the exoglucanases (i.e. the cellobiohydrolases), which begin their
degradative work at the ends of cellulose macromolecular chains, mainly focusing on the
crystalline zones (Wang et al. 2013b). It appears that such work is direction-dependent;
some of the exoglucanases have the ability to start at the reducing ends of cellulose chains,
whereas others start at the non-reducing ends. As these enzymes do their work, they break
off small groups, usually as cellobiose (Teeri 1997; Medve et al. 1998; Homma et al.
2013Db) and likely also some cellotriose (Medve et al. 1998).

Depending on the goals of the treatment, different recipes of cellulase enzyme can
be selected. Esteghlalian et al. (2002) proposed that when one’s purpose is to modify the
fiber surfaces for specialized applications, then treatment with single types of cellulase,
e.g. endoglucanase, might be advantageous. However, for purposes of general and efficient
biodegradation of the whole material, a complete “multicomponent” cellulase combination
is preferred. In addition, higher enzyme concentrations and times of treatment are
recommended to achieve complete breakdown. For polishing (depilling or aging) of textile
fabrics, a multicomponent cellulase is also recommended, but with a relatively low dosage
and an optimized exposure time (Esteghlalian et al. 2002).

Enzyme immobilization

It has been widely reported that the progress of a cellulase macromolecule, relative
to its work of breaking down cellulose, can be greatly slowed down if it becomes
immobilized at surfaces (Huang et al. 2022a; Zhao et al. 2023). The phenomenon is widely
referred to as nonproductive binding. In particular, it has been shown that such binding
onto lignin surfaces can impede the action of those enzymes (Berlin et al. 2005). The
phenomenon is illustrated schematically in Fig. 6.

The black feature in the figure represents lignin, and the several cellulase items
resting on the lignin are envisioned as being attached with enough energy such that they
spend much of their time immobilized on those surfaces. In such cases, the binding has
been attributed to non-specific adsorption that is favored by the more hydrophobic nature
of lignin (Huang et al. 2022b). Evidence in support of the binding mechanism is provided
by studies in which increased activity of cellulase was achieved by the addition of
surfactant (Lin et al. 2015). Presumably, the surfactant can enable the release of cellulase
from lignin and thereby free it to do its work on nearby cellulose structures.

A further possible strategy to promote more effective cellulose breakdown has been
to select cellulase strains having lower affinity for lignin surfaces (Berlin et al. 2005). Yet
another approach has been to apply a sulfonate treatment of the fiber material, which is
akin to mild sulfite pulping (Lou et al. 2013; Wang et al. 2013c; Huang et al. 2022b). Such
treatment tends to render the lignin surface more hydrophilic and thus less prone to bind
cellulase.
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Fig. 6. Schematic illustration of the non-productive binding of cellulase to the more hydrophobic
surface of lignin, which has the potential to arrest its interactions with cellulose

Enzyme denaturing

All enzymes are subject to gradual loss of function, i.e. denaturation, over the
course of time, depending on such conditions as increasing temperature. Efforts have been
underway to identify or develop thermo-stable cellulases, with the goal of speeding up the
transformation of underutilized cellulose to sugar, which can be fermented to produce
ethanol and other valuable biofuels or monomers to be used in organic synthesis (Patel et
al. 2019). Certain enzymes, called extremophiles, are able to perform well outside of the
typical thermal ranges of enzymes, though even those enzymes have their limits of heating,
beyond which they break down rapidly (Daniel et al. 2008). Tamo et al. (2020) showed
that such decline could be reduced by encapsulation of cellulase in alginate, thus
immobilizing it. In addition, the hydrolytic effect was enhanced when the cellulase was
encapsulated.

Hemicellulose Biodegradation

Cellulose fibers derived from wood, as is common in toilet paper for instance, will
contain substantial amounts of hemicellulose, often in the range 10 to 25% in the
delignified material (Duchesne et al. 2001; Neto et al. 2004). Though cotton is mostly
cellulose, it can contain about 2% of hemicellulose (Kim and Ralph 2014). Compared to
cellulose, the hemicellulose is low in molecular mass, having a molecular mass in the range
of 10,000 to 40,000 g/mole (Dahlman et al. 2003; Bai et al. 2012). Considering that
anhydroglucose, a common repeat unit in some hemicellulose, has a mass of 162 g/mol,
these values correspond to degrees of polymerization (DP) in a range from about 62 to 247.
By contrast, the DP of cellulose has been reported to be in the range 300 to 1700 in wood
pulps and in the range 800 to 10,000 in cotton and some other plants (Klemm et al. 2005).
The amorphous nature of hemicelluloses and the presence of carboxylic acid functional
groups cause them to swell in water, leading to hydrogel behavior (Gabrielii et al. 2000).
The hemicellulose can be expected to be accessible to enzymes, which require water-filled
passages in the size range of one or more nanometers, depending on the specific case
(Maki-Arvela et al. 2011). Whereas cellulose requires just three classes of enzymes,
complete hemicellulose degradation can require more, due to a somewhat more complex
chemical composition (Houfani et al. 2020). The complexity of hemicelluloses, leading to
several different points of potential enzymatic attack, is illustrated in Fig. 7. The catalyzed
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chemical reaction, in those cases where a pointer is shown acting on an oxygen atom,
generally can be described as the addition of water, i.e. hydrolysis.
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Fig. 7. Sketch of reported points of enzyme attack onto hemicellulose structures. The orange
pointer suggests some main points of enzymatic attack, including various glycosidic bond types
and deacetylation. The text labels in the figure refer to different sugar monomer units or functional
groups present in natural hemicellulose structures.

Aquatic biodegradation was carried out by Kwon et al. (2021), comparing three

types of hemicellulose with two types of lignin and with MCC as the point of comparison.
Results are provided in Fig. 8.
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Fig. 8. Aquatic biodegradation compared for three hemicellulose specimens, two lignin specimens,
and MCC (Kwon et al. 2021). Permission to reuse figure was from the copyright owner, Springer.
The inoculum was biosolids from a wastewater treatment plant.
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As shown, all three of the hemicellulose specimens achieved somewhat higher bi-
odegradation after 27 days (80 to 90%) in comparison to MCC (78%). These findings are
consistent with the relatively hydrophilic and non-crystalline nature of hemicellulose, as
described above. By contrast, conventional MCC has been reported to have a degree of
crystallinity in the range of 48 to 96% (Ardizzone et al. 1999; Eichhorn and Young 2001,
Ibrahim et al. 2013).

Lignin Biodegradation

As was shown in Fig. 8, there was a large contrast between the lignin specimens
and both MCC and the hemicellulose specimens, relative to the observed extents of
biodegradation in an aquatic environment. The two lignin specimens showed about zero
to 4% biodegradation, in comparison to over 78% for the other specimens under the
conditions of testing in that case. These differences can be tentatively attributed to the
relatively dense and hydrophobic nature of lignin. It should be noted that there is no lignin
at all in cotton, and the level is close to zero in common tissue paper products, for which
the fibers are obtained from kraft pulping and bleaching to remove the lignin. However,
there can be roughly 20 to 30% of lignin content in various species of wood and various
non-wood biomass sources.

Fungi are the main source of lignin-biodegrading enzymes in natural environments
(Carvalho et al. 2009). When wood-based papermaking pulp is prepared by mechanical
refining, the cellulose fibrils are often protected by a layer of lignin. This is especially the
case for thermomechanical pulps, for which in ingoing wood chips are treated with steam
under pressure ahead of the mechanical refining process. At the temperatures employed,
above the ambient boiling point of water, the lignin becomes deformable, such that it
becomes the point of separation when the fibers are mechanically pulled apart from each
other (Irvine 1985; Mattsson et al. 2021). Such a manner of separation leaves the resulting
fibers surrounded by a layer of lignin. In theory, treatment with lignin-degrading enzymes,
such as manganese peroxidases and laccases (Bugg et al. 2011), can enable subsequent
action by cellulases (Sun and Cheng 2002; Huang et al. 2022b). However, the hydrophobic
nature and complex, random structure of lignin means that the enzymatic breakdown of
lignin tends to be relatively slow (Datta et al. 2017; Janusz et al. 2017).
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Fig. 9. Representation of some major types of lignin-degrading enzymes
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Figure 9 illustrates the way in which communities of different enzymes can
participate in the biodegradation of lignin (Javaid et al. 2019). Of the major classes of
ligninolytic enzymes, laccase serves the function of generating oxidative free radicals by
the conversion of oxygen to water. Meanwhile, parts of lignin’s complex structure are
subjected to three main groups of heme-type peroxidases, which employ hydrogen
peroxide to oxidize Mn(ll) to Mn(lll), which is temporarily held in chelated form. The
accumulated radical species undergo further reactions, with the help of mediators, leading
to breakdown of connecting linkages within the lignin structure.

In addition to blocking the access of cellulase enzymes to cellulose, the presence of
lignin also can lead to non-productive binding of the cellulase, as noted already (Li et al.
2022). When a cellulase enzyme is essentially immobilized onto the relatively hydrophobic
surface of lignin, it cannot contribute effectively to cellulose decomposition. Products that
do not have lignin, such as cotton, will not have this issue affecting their biodegradation.

Recalcitrance in General

Natural wood-based fibers generally show a resistance to biodegradation, i.e. a
recalcitrant nature, that goes beyond what can be attributed to each of its main components
individually. Factors that can help explain this recalcitrance, in addition to the crystalline
nature of the cellulose, will be considered in more detail later in this article. In general
terms, the factors can be listed as hydrophobicity (mainly due to the lignin), density of the
material (resulting from the details of biosynthesis), and the presence of covalent bonds
between lignin and the polysaccharides, especially the hemicellulose (Tarasov et al. 2018).
It should be noted that both cotton and bleached kraft pulp fibers are generally free of the
concerns just mentioned, which is consistent with their only moderate resistance to
biodegradation. By contrast, the complex, multicomponent nature of natural woody
materials has been proposed as a main contribution to difficulty or slowness in
biodegradation (Carvalho et al. 2009).

Wood extractives, which include lipids, waxes, fats, phenolic compounds, and
alkaloids, are quantified by extracting wood — often in the form of wood chips — by means
of nonpolar solvents (N’Guessan et al. 2023). The levels of wood extractives in the wood
chip types commonly used for production of papermaking pulps are generally rather low,
e.g. about 1 to 4% for trees grown in temperate climates (Shebani et al. 2008). However,
due to their hydrophobic nature, it might be expected that they could tend to either non-
productively bind cellulase enzymes or to cover the fiber surface, thereby blocking the
action of those enzymes. It has been argued, however, that by the time the wood has been
chemically pulped and bleached, almost all of the extractives have been removed (Liu et
al. 2012). In fact, it has been suggested that removal of the extractives may play a
significant role in enabling the work of cellulase enzymes (Auxenfans et al. 2014).
Likewise, Wang et al. (2018) concluded that structural features of the biomass are more
important than factors such as extractives content in affecting rates of enzymatic
hydrolysis. The waxes that are present on the outside of some cotton items, especially
before scouring (Chung et al. 2004), are likewise hydrophobic, thus raising an expectation
that they might tend to bind cellulase enzymes or block their access to the cellulose.

Hubbe et al. (2025). “Cellulose fiber biodegradability,” BioResources 20(1), 2391-2458. 2406



REVIEW ARTICLE bioresources.cnr.ncsu.edu

ENVIRONMENTS

Rates and extents of biodegradation of cellulose fibers depend on many factors, and
these can be grouped together using the labels environments, fiber-related factors, and
conditions that can be adjusted by technologists. These will be considered in this and the
following two main sections. Many studies have been conducted regarding the
biodegradability of cellulosic fibers in wastewater, especially during processes of
wastewater treatment. Other environments of concern include seawater, soil, landfill
facilities, and composting systems. The form of cellulose input to each system will vary,
with a high variety of lignocellulosic materials disposed of in landfills (chemical and
mechanical pulps, wood) and treated in composting systems (i.e., yard waste).

Wastewater and its Treatment Facilities
Wastewater

When cellulosic fibers are flushed or when they are discharged during the rinse
cycle of a washing machine, they are essentially in a fresh-water environment. But as the
suspended matter travels through a drainage system, the conditions may not be optimized
to favor their biodegradation. Nagamine et al. (2022) considered the analogous
environment of river water. The cited authors reported that such an environment was
conducive to initial fragmentation of the cellulose, but complete biodegradation was not
necessarily achieved. The degree of biodegradation in river water increased with the
passage of time, though the rate of biodegradation gradually decreased over the course of
30 days, which was the study period. Based on the results of biological oxygen demand
tests, the river water environment was much more conducive to biodegradation than either
brackish water or seawater, in decreasing order. When the results were analyzed based on
weight loss, there was less difference. The study compared ramie, mercerized ramie, and
fully regenerated cellulose fibers.

Wastewater treatment in general

The first step in a typical wastewater treatment operation involves settling by
gravity, i.e. primary clarification. It can be expected that a majority of the cellulosic fibers
present in the incoming effluent will have been removed from the water already in such an
operation prior to any aerobic or anaerobic stage of treatment. Thus, Ahmed et al. (2019)
found that about 80% of cellulose present in the influent to a typical aerobic wastewater
treatment plant was physically removed by a primary clarifier operation, upstream of the
activated sludge operation. The initial separation from the water phase is settling, by
gravity. This usually happens within a wide, circular tank of wastewater (the clarifier), in
which the incoming flow enters at the center, and the clarified water is collected as it
overflows at the outside edges of the tank. The primary sludge, after it has settled to the
floor of the clarifier, is thickened first by raking and then by pressing. The common fate of
such primary sludge is landfilling, though land application is also used (Chynoweth et al.
1992; Wang et al. 2008). For example, it has been reported that about half of the wastewater
sludge residuals from kraft pulping are placed in landfills, with land application making up
much of the remainder (Meyer 2022). Because primary clarification operations depend on
such fiber attributes as density and size, one can expect roughly equal efficiency of
clarification for various cellulose fibers originating from sanitary tissues, textiles, or other
sources.
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Relative to the potential biodegradation of cellulose fibers, an important aspect of
a wastewater treatment facility is whether the biological treatment stage employs an
aerobic or an anaerobic treatment stage (Hubbe et al. 2016). Each of these options can
allow for at least some cellulose biodegradation, but the operations are quite different, as
described next.

Aerobic activated sludge wastewater treatment

For both municipal and industrial wastewaters in the US, activated sludge systems,
using aeration, are commonly used to reduce the biological demand (BOD) before
discharge of the treated water (Hubbe et al. 2016; Liu et al. 2022). Since cellulosic matter
in wastewater contributes to the BOD, there has been an expectation that such treatment
ought to biodegrade cellulosic materials. A standard BOD test measures the consumption
of oxygen during the microbial metabolism of an aqueous sample (sometimes with
suspended plant materials) over a period of five days. As shown by the examples
highlighted in Table 5, it has been found that such biodegradation is usually only partial in
the case of cellulose fibers. Thus, results of standardized BOD tests generally cannot be
assumed to include more than a fraction of the cellulose that is present in a specimen. As
noted in 1975 by Edberg and Hofsten, full decomposition of cellulose fibers may require
several weeks of retention time before the remaining secondary sludge from the
biodegradation process is settled, thickened, and sent to a landfill (Hubbe et al. 2016). In
practice, wastewater treatment facilities are run in such a way as to emphasize the quality
of outgoing water rather than minimizing the quantity of sludge, which would include
cellulose. Thus, the undegraded portion of cellulose, following a cycle of aerobic
wastewater treatment, is likely to be included within thickened sludge that is hauled to a
landfill or land applied. Based on most of the data in Table 5, activated sludge treatment
can be expected to decompose and remove 60 to 90% of the cellulose remaining after the
primary (settling) stage.

Table 5. Highlights from Studies on the Extent of Cellulose Fiber Biodegradation
in Aerated (Activated Sludge) Wastewater Treatment Facilities

Highlights from the Study Percent Citation

Degraded
96 h at ~ 54 degrees F in aerobic sludge: 19.9% Hurwitz et al. 1961
96 h at ~ 74 degrees F in aerobic sludge: 87.7%
Aerobic treatment for 70 days or more 100% Edberg & Hofsten 1975
Activated sludge treatment for 4 to 5 weeks 60% Verachtert et al. 1982
90 days, for cotton, ramie, and rayon fibers 30 to 60% Niu et al. 2012
Conventional 6 to 7 day activated sludge treatment 70t090% | Ahmed et al. 2019
Cotton & rayon yarns, evaluated after 15 to 30 days >70% Zambrano et al. 2020
Various kinds of cellulosic fibers, 27 days 46 to 90% Kwon et al. 2021
Aerobic wastewater treatment for 3 or 15 days 78 to 90% Kim et al. 2022
Cotton microfibers, tissue, flushable wipes, MCC 60 to 86% Smith et al. 2024

Smith et al. (2024) compared the aerobic environments associated with wastewater
treatment plants, lakewater, and seawater. Their results corresponding to the freshwater
environments (wastewater treatment and freshwater conditions) are given in Figs. 10 and
11, respectively. As shown, the cotton microfibers (those likely to be released from textiles)
achieved the highest levels of biodegradation under each of the conditions of testing,
reaching about 85% and about 96%, respectively. Under the aerobic wastewater treatment
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conditions, the MCC relatively quickly (over about 20 days) reached about 60%
biodegradation, and then it remained at that level until the end of testing (105 days). By
contrast, the tissue paper and the flushable (cellulose) wipes exhibited an initially slower
but more persistent biodegradation, eventually surpassing that of the MCC under the
wastewater treatment conditions. A likely explanation for the different rate behavior of the
MCC is that though it has a smaller particle size, which can favor its biodegradation, it also
typically has a higher degree of crystallinity, which will tend to slow down the process.
Under lakewater conditions, the tissue paper, flushable wipes, and MCC had generally
similar trends. The apparent negative values for biodegradation of the non-flushable wipes
under lakewater conditions may be tentatively attributed to algal growth. Such growth
might account for an increase, rather than a decrease in mass during exposure to lakewater.
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Fig. 10. Biodegradation results for various commonly flushed items under conditions of wastewater
treatment (Smith et al. 2024). Permission to reuse figure obtained from R. A. Venditti, copyright

holder. The PP wipes were mainly comprised of polypropylene but also contained 28% of cellulosic
fibers.
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Fig. 11. Biodegradation results for various commonly flushed items under lakewater conditions
(Smith et al. 2024). Permission to reuse figure obtained from R. A. Venditti, copyright holder. The
PP wipes were mainly comprised of polypropylene but also contained 28% of cellulosic fibers.
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Anaerobic wastewater treatment

Though it requires a higher capital investment, there is interest in anaerobic
wastewater treatment systems due to their tendency to yield less sludge that needs to be
hauled away (Chan et al. 2009), and also the fact that such systems produce methane or
hydrogen (Shen et al. 2015), which can be captured and burned as fuel. The mechanisms
involved in anaerobic biodegradation of cellulose and other components of biomass have
been reported (Li et al. 2018; Peces et al. 2018). Peces et al. (2018) showed that regardless
of the composition of inoculants at the start of anaerobic digestion, over time the microbial
community within bioreactors tended to converge in a predictable, repeatable way. In other
words, the evolution of community composition can be viewed as deterministic rather than
resulting from differences in starting inoculum conditions. On the other hand, anaerobic
biodegradation of cellulose has been shown for specific populations of microbes, such as
those in the rumens of cattle (Zhang et al. 2017). Li et al. (2018) showed that the relative
order of biodegradation, under anaerobic conditions, was hemicellulose > cellulose >
lignin, except that cellulose was the most favorable source when the goal is to produce
methane. A study by Yu et al. (2012a) showed that the anaerobic biodegradation of
microcrystalline cellulose (MCC) proceeds by development of channels in the size range
of 400 to 500 nm within the MCC.

Table 6 summarizes some findings from such systems. Although some of the
numbers shown in Table 6 may appear favorable relative to aerobic systems, Edberg and
Hofsten (1975) pointed out that long treatment times are more commonly employed in
anaerobic treatment systems. Thus, the size of the equipment may have to be suitably
scaled up relative to aerobic treatment to accommodate given amounts of flows and
amounts of incoming solids to be treated. However, operating costs may be lower than in
aerobic systems, since it is not necessary to pump air or to use fountains or sprays.

Toilet paper typically exhibits a lower biochemical methane potential compared to
mixed food waste (Cho et al. 1995; Naroznova et al. 2016), which can be attributed to its
high cellulose content. Despite this, toilet paper can be effectively co-digested alongside
food waste and human feces without diminishing the overall methane yield. Such methane
is regarded as beneficial, since it can be fully captured and used as fuel or in other
applications. This approach has been shown to be feasible for valorizing the primary
organic wastes generated in households (Kim et al. 2019).

Table 6. Highlights from Studies on the Extent of Cellulose Fiber Biodegradation
in Anaerobic Treatment Facilities

Highlights from the Study Percent Citation
Degraded
Sulfite pulps in various anaerobic sludge systems for 70 to 95% Edberg & Hofsten 1975
50 to 125 days
Cotton anaerobically digested as sludge for up to 35 55t0 75% | Verachtert et al. 1982
days
Different materials from a pulp & paper mill compared | 30to 90% | Meyer & Edwards 2014
from various literature sources and time periods
Various papermaking pulps, based on CH4 production | 90 to 95% | Wang et al. 2015
within about 400 days
Toilet paper ~ 7.5 days in a bioreactor making CH4 100% Chen et al. 2017
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Seawater Biodegradation of Cellulose

Although the world’s seas represent a huge area, and a huge volume, there are some
common features, such as salinity and pH, which remain relatively constant. On the other
hand, the sea contains varying temperatures. In particular, the cold temperature and absence
of light deep in the sea can be expected to slow down biological processes. Table 7 lists
highlights from studies dealing with cellulose biodegradation in real or simulated seawater.
As shown in the table, wide ranges of biodegradability have been reported for cellulose
fibers in seawater. Studies involving matched tests in both fresh water and seawater have
indicated substantially lower biodegradation in the seawater (Zambrano et al. 2020;
Nagamine et al. 2020; Miyaji et al. 2023). Possible reasons for the difference include
possible inhibition of enzymatic actions due to salinity (Miyaji et al. 2023), or maybe a
lower availability and concentration of cellulase enzymes in ocean environments.

Table 7. Highlights from Studies on Cellulose Fiber Biodegradation in Seawater

Highlights from the Study Percent Citation

Degraded
Cotton, rayon, & MCC for 35 days 46t0 71% Zambrano et al. 2020
MCC in seawater, 30 days 85% Royer et al. 2021
Cellulose “readily degradable” in seawater No report Wang et al. 2021
Ramie, mercerized ramie, and rayon 30 days, BOD 3t014% Nagamine et al. 2022
Emphasis on comparing lab vs. field data 30t0 100% | 5 Gyres Inst. 2023
Cellulose powder (presumably MCC) for 30 days 12% Miyaji et al. 2023
Bioreactor for 28 days; cotton & regenerated cellulose | 76 to 82% Royer et al. 2023
Cotton microfibers, tissue, flushable wipes, MCC 70 to 78% Smith et al. 2024

Tests by the 5 Gyres Institute (2023) showed essentially complete biodegradation
of paper straws after about 16 weeks in a marine environment. However, tests of bamboo
utensils (forks) showed only about 30% biodegradation in 64 weeks. It is not reported, but
it is possible that the commercial tableware listed above may have contained substances in
addition to cellulose or bamboo. It follows that these cited results will need confirmation.

—e— Cotton Microfibers
Tissue Paper
MCC

—#— Flushable Wipes - Cellulose
—&— Non-Woven Wipes - PP
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Fig. 12. Biodegradation results for various commonly flushed items under seawater conditions
(Smith et al. 2024). Permission to reuse figure obtained from R. A. Venditti, copyright holder. The

polypropylene (PP) non-woven wipes had a main component of polypropylene but also contained
28% cellulose.
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Figure 12, which features biodegradation results from seawater exposure of various
materials, shows a strong contrast between those products that were cellulose based, in
comparison to the non-woven wipes, for which the main component was polypropylene
fibers (Smith et al. 2024). The cellulosic products, which included cotton microfibers,
tissue paper, microcrystalline cellulose, and flushable wipes made from cellulose fibers, all
were between 30 and 50% degraded after five days, followed by more gradual degradation
up to about 30 days, and then a stagnation in the degradation process.

Soil Biodegradation of Cellulose

Due to the possibilities of littering and airborne transportation of dryer lint, etc.,
substantial quantities of cellulose can become subject to degradation in natural soils.
Standard evaluation protocols are available (Tyagi et al. 2022). Table 8 features highlights
from studies dealing with biodegradation in soil.

Table 8. Highlights from Studies on the Extent of Cellulose Fiber Biodegradation

in Soil

Specimens and Key Aspects of the Study Percent Citation

Degraded
Films of regenerated cellulose; weight loss 30 days; 70% Zhang et al. 1996a
kraft paper 55%
Cotton and rayon textiles evaluated after 14 days soil | ~ 100% Salerno-Kochan et al.
burial, based on tensile strength 2001
Cotton evaluated as a control relative to Ag-treated 10% Klemencic et al. 2010
cotton specimens; 12 days soil burial; loss of DP
Textile fabrics, 90 days soil burial 23 to 28% Lietal. 2010
Cotton evaluated after 12 days soil burial based on 20% Simoncic et al. 2010a
DP loss
Softwood mechanical pulp, 14 days; 20% Dobrin et al. 2012
Other wood pulp 57%
TEMPO-oxidized NFC (an experimental material) 2 to 100% Homma 2013a
with different counter-ions for 12 days
All-cellulose composites formed from rayon after 70 38 to 73% Kalka et al. 2014
days of soil burial
Analytical grade cellulose after 29 days in soil 84 to 88% Mistriotis et al. 2019
Cellulose film regenerated in ionic liquid with most of | ~100% Zhao et al. 2019
degradation within three weeks
Cellulose film regenerated from an ionic liquid 100% Ai et al. 2020
completely biodegraded in soil. Evaluations done
after 7 and 14 days
Bacterial cellulose film after 3 and 7 days of burial 50t0 100% | Zahan et al. 2020
Numerous natural cellulosic fibers, with cotton 60 to 100% | Margariti 2021
showing the highest soil biodegradation in 32 days
Cellulose hydrogel nanocomposites were judged to ~100% Das et al. 2023
be fully biodegradable in soil.

Tests by the 5 Gyres Institute (2023) showed that test conditions affect the results
of biodegradability testing. The study considered six types of natural environment, to
which the specimens were exposed. The test locations were Maine, Florida, and California,
and in each case Coastal marine environments were compared with terrestrial environments
relative to their effects on biodegradation. Weight loss, after exposure, gentle cleaning, and
drying, was used as the measure of biodegradation. Fragmentation of the specimens was
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judged visually. Key factors were found to be soil type, temperature, and moisture content.
The synthetic plastics polystyrene and polyethylene showed essentially no biodegradation
over 32 weeks, whereas paper straws were in a similar category to biodegradable
bioplastics.

Landfill

Substantial quantities of cellulosic materials are sent to landfills. Milbrandt et al.
(2024) estimated that in 2019, 110 million tons of used paper and cardboard were managed
domestically in the US, and that approximately 56% was landfilled, 38% was recycled, and
6% was combusted. The authors noted that the landfilled waste represents a loss of value,
and that recycling and energy production (by combustion) can be much better options.
Johnson et al. (2022) estimated that 11.6 million metric tons of cotton waste are generated
annually during production activities in the cotton mill. The authors advocated non-
traditional end uses, including biofuels and composites, as alternatives to landfilling.

Problems inherent in landfill operations include a slow rate of biodegradation (De
La Cruz and Barlaz 2010). Biodegradation rates for all materials including cotton textiles
increase with moisture content. Decay rate constants for municipal solid waste were
estimated to be 0.02, 0.04, 0.08, and 0.12 yr? (proportional amount per year) for dry,
average, wet, and bioreactor conditions, as defined in De La Cruz and Barlaz (2010). In
addition, different portions of the cellulose-based content of a landfill may remain
undecomposed, depending on the material (Barlaz 1998). Undecomposed fractions of
cellulosic materials, based on kg C per dry kg of waste, rose in the order of office paper
(0.05), food waste (0.08), old corrugated containers (0.26), coated paper (0.34), and old
newspapers (0.42), among others. Though methane is evolved from landfills, the process
occurs over years to decades, and not all of the generated methane will be collected.
Methane collection efficiencies, over a 100-year period, have been estimated to range
between about 64% to 88%, when assuming various scenarios corresponding to practices
in the US (Barlaz 2009). Collection efficiency may be lower, depending on the age of the
facility, its location in the world, and local regulations.

Compost

Composting can be a practical way to stabilize various biodegradable wastes to a
form that can be added to soil with beneficial effects, such as moisture retention
(Briassoulis et al. 2010; Hubbe et al. 2010). Composting can be defined as the aerobic
biodegradation of organic materials under engineered conditions. Heat generated by
metabolism during the aerobic degradation typically results in increased temperature
within the pile. Though such heating often accelerates the process, temperatures above
about 60 °C can lead to self-sterilization (MacGregor et al. 1981). A distinction can be
made between industrial composting conditions, in which the interior of the pile rises in
temperature to about 60 °C, compared to home composting, in which such temperature
rises may be lower or in doubt. Table 9 lists highlights from studies in which cellulose
fibers and related materials were subjected to industrial composting. With the exception of
a few studies showing very high degradation levels of nanocellulose films and certain
regenerated cellulose films, the extents of cellulose degradation generally fell within a
range of about 30 to 80%. Within such ranges, some of the highest levels were obtained in
systems that had been inoculated with bacteria, and sometimes also with fungal treatment.
In general, the rates of degradation have been reported to decline with the passage of time.
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Table 9. Highlights from Studies Dealing with the Extent of Cellulose Fiber
Biodegradation under Industrial Composting Conditions

Specimens and Key Aspects of the Study Percent Citation
Degraded
Diverse types of paper in 45 days 36 to 79% Lopez Alvarez et al.
2009

Cotton t-shirts treated with a fabric softener degraded | 50 to 77% Li et al. 2010
faster than untreated cotton after 90 days of
composting.

Filter paper, MCC, biofilms, nanocellulose, etc., were | 70to 100% | Vickman et al. 2015
evaluated over 66 days, with most of the degradation
occurring during the first 30 days.

Bacterial inoculation increased the breakdown of 30 to 70% Zhao et al. 2016
cellulose in compost. Most biodegradation took place
during the first 20 days, with slower degradation
continuing to the end of the study at 36 days.
Inoculation increased cellulose breakdown during 30 to 63% Zang et al. 2018
composting. Higher rates of cellulose breakdown
were observed up to 18 days of composting, followed
by slower rates.

Cellulose films prepared from ionic liquid had been 100% Leppanen et al. 2020
fully degraded after 2 days of composting.
Cellophane was 90% hydrolyzed, and wet-strength
paper was 80% hydrolyzed within the same period.

Bacterial community enhancement promoted 75 to 80% Wang et al. 2022b
cellulose degradation and humus formation.
Bacteria and fungi worked synergistically; however 70% Han et al. 2023

lower biodegradation was observed for hemicellulose
(50%) and lignin (21%) than cellulose.

Cotton fabric specimens composted for 77 days 18 to 62% Alwaya et al. 2024
under laboratory conditions were biodegraded by
18% to 62% and showed no effect related to various
indigo dyes.

Addition of denim to the compost mixture did not Close to Schwarz et al. 2024
have a notable effect on the rate of composting over | 100%
the course of 77 days; however, those specimens
containing non-cellulose fibers left contaminants at
the end of composting.

A delay in cellulose biodegradation can result when other more degradable
substrates (e.g., starch) are present (LOpez Alvarez et al. 2009). The progress of
composting can be expected to be most favorable when the C:N ratio is in the range 25:1
to 50:1 and when there is also a sufficient amount of phosphorus and moisture (Hubbe et
al. 2010). When the mixture is too rich in cellulosic materials, the C/N ratio will be too
high for optimum composting.

FIBER-RELATED FACTORS

The subsections below will consider classes of factors that have been reported to
affect the rate and extent of the biodegradation of cellulose fibers under a variety of
conditions. Factors related to the fibers will be considered here, namely the fiber type, the
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sizes of the cellulosic entities, effects of processing of the fibers, the degree of crystallinity,
and various treatments of the fiber surfaces.

Type of Cellulose Fiber or Particle

Relatively few researchers have attempted to answer questions such as “how does
the biodegradability of one kind of fiber compare to that of another kind of fiber?” The
work of Kwon et al. (2021) carried out such comparisons in aquatic environments. Results
in Fig. 13 show that beached hardwood kraft achieved the highest extent of biodegradation,
about 90%, which was even higher than that of MCC (78%) in the course of 27 days in
fresh water. It is worth noting that not only does the chemical pulping process remove the
hard-to-biodegrade lignin component, but it also renders the fibers porous in the range 2 to
50 nm (mesoporous) (Stone and Scallan 1968), thus allowing better access of enzymes to
the cellulose. Next came bleached softwood fibers (74%), which also have a mesoporous
nature. The slower biodegradation of the softwood fibers compared to hardwood fibers, is
consistent with a larger fiber size. Unbleached fibers from linerboard took longer to start
the biodegradation process, which might be attributed to the presence of considerable lignin
content in the unbleached pulp used to make such products. Mechanical pulp and material
from newsprint were found to have the slowest rates of biodegradation, which might be
attributed to the fact that such pulps have the highest lignin content.
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Fig. 13. Extent of biodegradation of different types of wood-derived pulp fibers (bleached kraft
pulps from hardwood and softwood (SBSK = southern bleached softwood kraft), unbleached kraft
pulp from linerboard, mechanical pulp and such pulp obtained from newsprint paper, all

compared relative to MCC (Kwon et al. (2021). Permission to reuse figure was from the copyright
owner, Springer.

Mizutani et al. (2002) compared the extent of enzymatic degradation of cotton
fibers to that of MCC. The extent of biodegradation of the MCC was higher by a factor of
1.7 in the absence of surfactant and by a factor of 2.1 in the presence of the surfactant. The
type of MCC particles used in the studies had a nominal size of 50 pm.

Smith et al. (2024) compared the biodegradability of cotton microfibers, tissue
paper, flushable wipes, polypropylene-based wipes, and MCC under the conditions
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associated with aerobic wastewater treatment, lakewater exposure, and seawater exposure.
Their results for these three environments are summarized in Table 10. As shown, the
cotton microfibers typically showed the greatest degradation, except that in seawater the
MCC was slightly higher. High, but intermediate biodegradability was observed for the
tissue paper and the flushable (cellulose) wipes, except that the flushable wipes were
superior to the tissue paper and MCC in the lakewater conditions. The polypropylene-based
wipes consistently achieved the lowest biodegradation, even achieving negative numbers
as a result of tests done in lakewater. Positive numbers can be regarded as evidence of
attachment of organic matter, such as algae.

Table 10. Comparative Extents of Biodegradation of Commonly Flushed
Materials after Exposure to Conditions of a Wastewater Treatment Plant,
Lakewater, and Seawater (Smith et al. 2024).

Samples Wastewater Treatment Seawater Lakewater
(110 days) (38 days) (50 days)
Mean bio- Statistical | Mean bio- Statistical | Mean bio- Statistical
degradation groups degradation groups degradation | groups
Cotton 88.2% b 75.8% a, b 96.8% a
microfibers
Tissue 78.6% c 72.7% b, c 58.2% c
paper
Flushable | 75 gos abc |751% c 75.3% b
wipes
PP-based | 14 504 d 22.7% d -14.0% d
wipes
MCC 94.3% a 79.0% a 61.7% c

Note: Materials with different letters for statistical groups were statistically different. The statistical
groups were relabeled to match the order of biodegradability.

Inherent Differences in the Cellulosic Material

To begin to explain the observed differences in the extents of biodegradation of
different types of cellulosic entities, as shown in the previous subsection, it can be
hypothesized, first of all, that the observed differences in biodegradation are due to some
inherent differences in the materials. In particular, it can be proposed that the degree of
crystallinity in the cellulose can be a contributing factor. Likewise, it might be proposed
that biodegradation will be affected by the proportion of lignin or the proportion of
hemicellulose in the specimen.

Crystallinity

The research question to be considered here is whether the literature supports the
idea that the crystalline nature or the degree of crystallinity play a governing role relative
to rates or extents of biodegradation of cellulose. Strikingly high resistance to enzymatic
breakdown was reported in a study of tunicate cellulose (Cheng et al. 2020). As reported
by these authors, tunicate cellulose has an especially high degree of crystallinity (circa
94%). They observed only 7.8% hydrolysis after 96 hours of biodegradation. By contrast,
83% of high-purity cellulose obtained from kraft pulping (i.e. alpha-cellulose) was
degraded over 72 hours under similar conditions. Amorphous cellulose exhibited even
faster and more complete hydrolysis, approaching 100% hydrolysis in just 10 hours. Such
findings can be rationalized based on the explanations given earlier for the functioning of
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the main categories of cellulase. Thus, if it is assumed that endoglucanases are ineffective
in the crystalline regions and that exoglucanases begin their work only from the ends of
cellulose chains, then cellulose having a high crystallinity would be expected to reduce the
extent of biodegradation.

Earlier work by Sazaki et al. (1979) showed that the biodegradability of cellulose
could be greatly facilitated by its dissolution and regeneration, using various chemical
systems. The regenerated cellulose specimens, some of which were textile fiber material,
all were completely hydrolyzed within 48 hours by a fungal cellulase mixture. By contrast,
cryo-milling of the native cellulose yielded only a modest increase in biodegradation
(increasing the hydrolysis extent from 26% to 36%) within that time period. Though such
results show clear differences, three things need to be considered. First, the final crystal
form of the regenerated cellulose will have been changed from the native cellulose | to
cellulose Il in the regenerated cellulose specimens. In the native crystalline form, all of the
chains within cellulose are facing the same direction, whereas in cellulose 11, each adjacent
chain faces in the opposite direction from end to end. Second, the degree of crystallinity of
regenerated cellulose is often lower than it had been in the native form (Armir et al. 2021).
Third, some decrease in degree of polymerization can be expected to result from the
dissolution and regeneration processes (Liu et al. 2011; Dong et al. 2020).

Zhu et al. (2008) compared cellulose specimens that had been decrystallized by ball
milling to different extents. Large and distinct increases in biodegradation rates were found
with decreasing crystallinity. However, once again, it is to be expected that decreased
crystallinity was not the only change induced in the cellulose. A ball-milling process, with
its intensive damage to the cellulose crystals, can be expected to decrease the molecular
mass as well (Ling et al. 2019). A consequence of a lower molecular mass is a higher
number of ends of chains, which presumably will provide more starting points for
exoglucanase.

In summary, although several studies have shown strong correlations between
decreasing cellulose crystallinity and accelerated biodegradation, other factors such as
molecular mass and the type of the cellulose crystals may also contribute to the increased
biodegradability.

Lignification

Compared to the other main components of woody material, lignin has a more
hydrophobic nature, a more complex assortment of links between the subunits, and a high
proportion of aromatic groups (Li et al. 2016). It has been found that plant materials having
higher content of lignin tend to be slower to biodegrade (Huang et al. 2022b). For instance,
Renouard et al. (2017) reported that coconut coir fibers, which have a high lignin content,
are less easily biodegraded in soil in comparison the flax fibers, which have a higher
proportion of cellulose. In the work of Nagamine et al. (2022), the initial ramie fibers,
which may be assumed to have lignin content, were over 8% degraded in 24 days, whereas
the mercerized ramie and regenerated cellulose from ramie, which were free of lignin, were
degraded by about 15% and 52%, respectively, in the same period. Kwon et al. (2021)
compared the biodegradability of the main components of woody materials in aquatic
media. Under matched conditions of 27 days of wastewater biodegradation, specimens of
hardwood and softwood lignin showed less than 3% biodegradation, based on oxygen
consumed, whereas specimens of cellulose and hemicellulose showed 75 to 87%
degradation. The strong contrast in these numbers suggests that lignin is more difficult to
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degrade. Another factor to consider is the concentrations and activities of lignin-degrading
enzymes present in agueous systems.

Some exceptions to the rule have been reported, in which lignin levels were not a
good predictor of slower biodegradation. For instance, in anaerobic systems, hardwoods
have been reported to degrade faster than softwoods, despite similar lignin levels (Wang et
al. 2011). Grass is high in lignin, but it degrades faster than wood (Eleazer et al. 1997).
The latter finding is likely explainable by the much smaller particle size, which implies
greater accessibility. Here the word “size” refers especially to the thickness of a blade of
grass, which will determine the approximate surface area that will be immediately
accessible to enzymes, especially in the early stages of biodegradation.

Mansfield et al. (1999) suggested that in addition to the chemical composition, the
inherent complexity of the intertwined cellulose, hemicellulose, and lignin components in
plant-based materials is responsible for higher resistance to biological breakdown, in
comparison to the individual parts. Thus, the biodegradation process can be expected to
depend on a gradual loosening of the material’s structure, eventually enabling different
enzymes to access and cleave different kinds of bonds holding the material together. In
principle, the overall progress could be blocked at various points due to the need for a
specific enzyme capable of breaking a certain kind of linkage.

Hemicellulose

Tests by Kwon et al. (2020) showed that three types of hemicellulose (switchgrass,
hardwood, and softwood) reached 82 to 90% biodegradation in 27 days of aquatic
exposure. These values were slightly higher than the results obtained for MCC (about 77%
and much higher than for lignin (3% or less). Such results are consistent with the
hydrophilic and non-crystalline nature of hemicellulose.

Size of Cellulosic Entity

If one assumes that cellulolytic enzymes will mainly or initially operate at the
outside surfaces of cellulosic material, then it follows that there should be a correlation
between size of the cellulosic particle and the rate of biodegradation. Here, “size” refers to
the external dimensions. In cases where the material is dense and non-porous, the square
of the smallest main dimension would be expected to be roughly proportional to the
accessible surface area, depending on such factors as roughness. However, whether or not
such a relationship is observed can help to shed light on whether any pores in the material
are sufficiently large to allow access to the enzymes. Kraft pulp fibers are known to be
mesoporous, due at least in part to the spaces left behind when removing lignin; therefore,
it makes sense to consider them separately from other kinds of cellulosic fibers. Published
findings related to such questions will be considered here, starting with lignin-containing
natural fibers.

As illustrated in Fig. 14, a relatively dense piece of lignocellulosic materials would
be expected to begin to biodegrade at its outer surface, and progress into the interior might
then depend on a gradual process of degradation of successive layers. In general, thinner
fibers or fibrils will be expected to expose greater surface area. Likewise, any
fragmentation of fibers that results in thin sheets or fibrils can be expected to greatly
increase the accessible surface area.
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Fig. 14. Sketch of expected layer-wise degradation of dense lignocellulosic materials, depending
on their dimensions

A practical way to decrease the effective size of wood-based fibers, whether they
still contain lignin or not, is by mechanically refining them, i.e. subjecting them to repeated
shearing and compression in the wet state (Gharehkhani et al. 2015). Chen et al. (2015)
carried out such an enzymatic procedure with recovered newspaper fibers. Since
newspapers are commonly made by mechanical separation of softwood fibers, without
removing the lignin, the cell walls are expected to be relatively dense and inaccessible to
enzyme access, in the natural state. Refining of the recovered fibers was found to increase
the amount of sugar produced during subsequent enzymatic saccharification. Such results
are consistent with the idea that refining will increase the effective surface area of the
material, just as if the material had been broken into smaller pieces. Likewise, Sinitsyn et
al. (1991) found a proportionality between the rates of enzymatic hydrolysis and the
surface area accessible to enzymes following dry milling of either cellulose or
lignocellulose specimens.

Steam explosion is another way that researchers have attempted to increase the
areas of cellulosic materials that are accessible to enzymes (Muzamal and Rasmuson 2017).
Esteghlalian et al. (2002) carried out such treatment on Douglas fir wood. Consistent with
the goal of increasing the surface area, it was observed that the adsorption capacity of the
woody material for cellulase enzymes was increased by the treatment. However, they did
not observe a proportionality between enzyme adsorption and the enzymatic hydrolysis of
the cellulose.

A broad range of sizes of cellulose have been evaluated for biodegradability, but in
many cases the results cannot be directly compared due to chemical derivatization or other
factors. For instance, Homma et al. (2013a,b) showed 96% degradation of TEMPO-
oxidized nanofibrillated cellulose (NFC) after 12 days, but only if the counter-ion was
sodium. The term “TEMPO” refers to the radical species 2,2,6,6-tetramethylpiperidin-1-
yl)oxyl, which catalyzes oxidation of the C6 -OH group of cellulose to form the
corresponding carboxylic acid. Since chemical derivatization often interrupts the action of
enzymes (Glasser et al. 1994; Yadav and Hakkarainen 2021), such results may provide
general support to the hypothesis that developing a small size and higher surface area of
cellulosic will promote biodegradation. However, as will be argued later, those results
might also be attributed mainly to a swelling effect coming from the charged nature of the
material and colloidal effects.
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Miyaji et al. (2023) directly compared cellulose powder, microcrystalline cellulose
(MCC), and cellulose gel in three media, namely fresh water, brackish water, and sea water.
Though the size distributions of each cellulose type were not specified, the degrees of
biodegradation in all three media followed the order of microcrystals, gel, powder. This is
notable, since the crystallinity of the MCC is expected to be higher than that of the gel, and
its typical geometric width is typically larger. Inaddition, the gel would consist of a porous
assembly of elongated cellulosic entities, whereas the MCC and powder would typically
be dispersed as individual particles. Thus, the comparison among the three specimens does
not provide clear support for the hypothesis about size and surface area relative to
biodegradation.

In summary, there appears to be a need for studies in which particle sizes are
changed, in a controlled manner, while keeping other variables constant. For example, as
a means to avoid other changes in the course or reducing the particle size, one possibility
would be to cool the selected cellulosic material in liquid nitrogen, followed by cryo-
crushing to different extents. Steam explosion represents another option, though the high
temperature can cause chemical changes, in addition to disruption of the material. In either
case, parallel measurements of surface area and biodegradation outcomes are
recommended. Though such tests have been carried out in the case of various lignified
materials, such as wood chips (Reyes et al. 2016), there is a need for such work to settle
theoretical questions related to the biodegradation of kraft pulps and cotton. To place such
issues in context, it is well known that a typical cotton textile fiber can be 20 um in
diameter, whereas kraft pulp fibers are typically from about 20 to 30 um in diameter. If
one makes the rough estimate of about 1 nm per molecular layer and ignores the presence
of a lumen space in the middle of a fiber, an enzymatic process would need to chew through
10,000 such layers to completely degrade the material.

Caution is needed in drawing conclusions about enzyme accessibility based on
outer dimensions of cellulose fibers. Natural cotton is known to be porous (Mao et al.
2014). Especially before drying, the cited study showed that cotton fibers have a mean pore
size of about 50 nm, which can be regarded as large enough to accommodate cellulase
enzymes. Though the average pore size was decreased dramatically by drying, it was
shown that the pores were able to open up again to approximately their original condition
upon rewetting by water. On the other hand, the drying of kraft pulp fibers, as happens
during the production of paper products, has been shown to permanently reduce the initially
high porosity of freshly pulped kraft or sulfite fibers (Stone and Scallan 1968; Hubbe et al.
2007).

Effects of Processing

The term processing is used here to denote common treatments of cellulosic
materials either to make them available as fibers or to modify their properties. Subsections
that follow will consider delignification, mechanical refining, and chemical treatments. In
principle, any process that breaks down the structure of the initial cellulosic material is of
interest, since it could potentially promote further accessibility of the cellulose to enzymes.
Of particular interest are chemical processes that remove lignin (i.e. pulping), mechanical
processes that internally delaminate the cellulosic fibers (i.e. refining), and processes that
dissolve and then reconstitute cellulose and the form of filaments of films (regeneration).
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Delignification

Kwon et al. (2020) correlated the extent of biodegradation for a series of ten plant-
based cellulosic specimens, some of which had been subjected to delignification. A strong
quasi-linear trend was observed with strongly decreasing biodegradation with increasing
lignin content in the range of zero to about 32%, which is the native lignin content of certain
wood species. These results are consistent with the findings of Wang et al. (2015), who
reported a higher biodegradation rate of delignified wood fibers in comparison to
mechanical pulp fibers from the same wood source. Zhu et al. (2008) likewise reported a
much higher rate of biodegradation of wood pulp fibers that had been delignified.

Such results can be rationalized by the removal of microdomains of lignin from
woody material in the course of kraft pulping. Figure 15 envisions such a selective removal
process involving a small section (e.g. 100 to 500 nm) within the cell wall of a pulped chip
of wood. The cellulose is depicted in the figure as being grouped together as fibrils, which
are surrounded first by a layer rich in hemicellulose, and then by lignin, which essentially
surrounds the cellulose within the nanostructure of wood. As shown, full delignification of
the cell wall can be expected to open up pores, thus rendering the carbohydrate portion of
the material susceptible to chemical or enzymatic influences.
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Fig. 15. Concept of removal of nanodomains of lignin, inspired by an early description by Kerr and
Goring (1976); A: Small fragment of native wood, showing parts of about 10 cellulosic fibers bound
together by lignin; B: Sketch of the same structure after chemical breakdown and removal of most
of the lignin and some of the hemicellulose by chemical pulping, e.g. by the kraft process

Regeneration

The regeneration of cellulose is carried out by dissolving it and then exposing it to
anti-solvent conditions. Important classes of regenerated cellulose include textile fibers
such as viscose (rayon) and lyocell. As has already been mentioned in this article,
regeneration changes the crystal type from cellulose | to cellulose Il, so it is reasonable to
expect that it might affect the material’s biodegradability as well. Table 11 shows a
compilation of studies that have considered the biodegradation of regenerated cellulose
specimens. The seven listed studies give a consistent message: Regeneration has been
found to enhance biodegradability relative to the fibers before regeneration.
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Table 11. Highlights from Studies Considering Biodegradability of Regenerated

Cellulose

Study Highlights

Citation

The dimethylsulfoxide-paraformaldehyde solvent system was
used to prepare regenerated cellulose (lyocell type), which
was much more biodegradable than the starting material.

Sasaki et al. 1979

Regenerated cellulose showed more rapid biodegradation in
soil.

Zhang et al. 1996a

Mercerization of MCC with NaOH, with rinsing but not drying,
resulted in the most rapid biodegradation (cellulose Il
hydrate), followed by the dried are rewetted cellulose Il.

Wada et al. 2010

more biodegradable after regeneration from an ionic liquid
solution.

The biodegradation rate of viscose (rayon) fibers exceeded Niu et al. 2012
that of cotton and ramie.
Cellulose obtained from Whatman filter paper became much | Lietal. 2017

Rayon fibers were compared with other fibers when exposed
for up to 35 days in lakewater, seawater, and activated
sludge. Their biodegradation extents (about 70%, 42%, and
90% in the three listed media) were generally similar to those
of cotton.

Zambrano et al. 2020

Fully regenerated cellulose from ramie fibers was much more
biodegradable than mercerized (i.e. partly regenerated) ramie
cellulose, and even more so than the original ramie fibers.

Nagamine et al. 2022

Partial dissolution of cellulose, similar to mercerization,
resulted in much higher rates of soil biodegradation.
Biodegradation was essentially complete in 19 days.

Tian et al. 2022

Chemical Treatments

For different current and potential uses, there are a broad range of chemical
treatments of cellulose fibers. This subsection will consider published information related
to their effects on biodegradability. Types of treatment to be considered include

antimicrobial,
derivatives.

hydrophobic,

ultraviolet (UV)-blocking, and creation of cellulose

Table 12. Highlights from Studies Considering Effects of Various Antimicrobial

Treatments

Study Highlights

Citation

The effectiveness of different silver-containing treatments of
cotton specimens were compared in soil biodegradation.
Agglomeration of the negatively charged Al species resulted
in lower effectiveness, which was attributed to less Al* ions
released.

Klemencic et al. 2010

A multi-component treatment that included AgCl as a textile
finish was more effective than single-component treatment
relative to soil burial tests. The other components included a
binder and hydrophobic silane-type monomers.

Simoncic et al. 2010b

Treatment of flax fibers with polyquanternium-10 at a
concentration of 0.5% was sufficient to completely suppress
soil biodegradation.

Renouard et al. 2017

Lauric acid treated bacterial cellulose was used as a coating
film for antimicrobial food packaging.

Zahan et al. 2020
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Antimicrobial treatments

Various studies involving treatment of cellulose fibers to achieve antimicrobial
effects have also involved evaluation of biodegradation. Table 12 lists some highlights
from such studies. Review articles on antimicrobial treatments for wood have been
published (Schultz and Nicholas 2003; Freeman and Mclintyre 2008; Rajput et al. 2023).
In general, given their detrimental action towards the microbial populations, the
antimicrobial treatments generally reduced the degradation rates.

Hydrophobizing treatments

It can be hypothesized that hydrophobic treatments of cellulose fibers could
suppress biodegradation (Park et al. 2004). Studies that help to test that hypothesis are
listed in Table 13. The work of Zahan et al. (2020) is listed again in this table because
lauric acid can be used as a hydrophobic agent (Yin et al. 2020). The general principle of
hydrophobicity contributing to resistance to biodegradation has been reviewed with respect
to bioplastics and synthetic plastic materials (Hubbe et al. 2021). As shown in the table,
the hypothesized negative effect of hydrophobic treatment on rates of biodegradation was
generally supported by the experiments.

Table 13. Highlights from Studies Considering Effects of Hydrophobic Surface
Treatments

Study Highlights Citation

Slow biodegradability of cellulose acetate was attributed to its | Park et al. 2004
hydrophobic nature. Rayon and cotton were found to be more
biodegradable in soil burial tests.

A multi-component treatment that included AgCl as a textile Simoncic et al. 2010b
finish was more effective in resisting biodegradation than
single-component treatment relative to soil burial tests. The
other components included a binder and hydrophobic silane-
type monomers.

Oleic acid treatment contributed to biodegradation resistance | Hernawan et al. 2020
of mulch prepared by delignification of cornhusk.
Lauric acid treated bacterial cellulose was used as a coating | Zahan et al. 2020
film for antimicrobial food packaging.
The onset of biodegradation was delayed by about 3 days by | Zambrano et al. 2021
high hydrophobic treatment relative to unfinished cotton.
Nevertheless, all cotton fabrics degraded significantly (50 to
70% by 100 days) under the conditions of this study.

UV-blocking treatments

Treatment with the anti-UV agent Tinuvin P helped to suppress soil biodegradation,
especially during the first couple weeks of soil exposure, in comparison to oleic acid
treatment alone of the delignified corn husk fiber (Hernawan et al. 2020). In other words,
there was a lag period before substantial biodegradation.

Chemical treatments to derivatize the cellulose surface

Because microbes and their cellulolytic enzymes mainly have been evolved to deal
with natural cellulosic materials, it makes sense that chemical derivatization treatments
would tend to interfere with such action. Related studies are highlighted in Table 14.
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Table 14. Highlights from Studies Considering Effects of Chemical Derivatization
of Cellulose on Biodegradability

Study Highlights Citation
Unmodified cotton showed about five times the Suh et al. 1996
biodegradation of cellulose acetate during the period of 20 to
115 days of aqueous biodegradation. However, the blend
between the two showed enhanced biodegradability.

A cellulose ether phthalate was found to be slower to Simon et al. 1997
biodegrade than MCC in a composting test; however, a
related sodium salt was more biodegradable than MCC.
Slow biodegradability of cellulose acetate was attributed to its | Park et al. 2004
hydrophobic nature. Rayon and cotton were found to be more
biodegradable in soil burial tests.

Increased acetylation decreased total sugar conversion Zhu et al. 2008
consistently with various cellulase dosages and times.
The presence of oxidized functional groups on TEMPO- Homma et al. 2013b

oxidized nanocellulose inhibited their biodegradation.
Removal of those groups allowed subsequent layers of
cellulose chains to be biodegraded rapidly.

A broad range of cellulosic materials were subjected to pilot- | Leppanen et al. 2020
scale composting. Biodegradation was strongly repressed
with an increasing degree of substitution (DS). Complete
inhibition was achieved at a DS level of 1 in some cases.

Other treatments of fibers for textiles and papermaking

Textile fibers are often subjected to finishing treatments to aid either in their
processing or in the final attributes of fabrics. Li et al. (2010) showed that treatment with
a softener tended to enhance the biodegradation of cotton and polyester in soil, whereas
treatment with a resin had the opposite effect. Likewise, Zambrano et al. (2021) observed
the greatest degree of cotton fiber degradation in the case of fibers treated with a softener;
these were about 89.6% degraded in comparison to 72.2% for the corresponding untreated
cotton and 63.0% for durable press cotton fibers. Notably, cellulosic textiles can be
processed with cellulase and other enzymes, aiming to achieve desired surface properties
in an eco-friendly manner (Stanescu 2023). Thus, in at least some cases, the finishing
treatment might already be counted as a start in the direction of full biodegradation. In
aquatic environments, this phenomenon tends to be less pronounced, although the
biodegradation rate can still be influenced by finishes commonly applied to cotton fabrics.
Fabrics treated with crosslinking chemicals such as durable press and water repellents may
exhibit initial resistance to biodegradation, particularly on the surface. However, it is
noteworthy that even these treated cotton fabrics degrade noticeably under freshwater
conditions, exceeding 60% within 102 days of testing (Zambrano et al. 2021).

Kraft fibers that are used in preparation of printing and writing papers, as well as
some packaging grades, are often treated to increase the hydrophobic nature of the product
(Hubbe 2007). Xerographic copy papers additionally are likely to contain fluorescent
whitening agents (Hubbe et al. 2008). Though colorants are widely used to fine-tune the
color of white papers, there are also some strongly colored paper products. Because none
of these paper products is likely to be flushed, the most likely fates of printing paper, after
it has been used, will be either recycling or landfill. Dyed fibers that are lost from the
papermaking process in the course of recycling operations are expected to mostly end up
in the thickened sludge from wastewater treatment, which most often becomes another
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contribution to landfills (Hubbe et al. 2016). Though it is reasonable to expect that strongly
dyed papermaking fibers would be more difficult to biodegrade, there is a need for studies
to quantify such expected effects.

ENVIRONMENT-RELATED FACTORS

The environmental conditions present during biodegradation are often specified in
standard tests. However, in many cases it may be important to know how different
conditions affect cellulose fiber degradation. Conditions to be considered in this section
include the microbial community or the presence of enzymes, moisture, temperature, C:N
ratio, counter-ions (including salinity), and products of decomposition. Another general
issue to address is the environmental relevance of various test protocols. Ideally, research
can be carried out under conditions that will lead to valid predictions of what will happen
either in typical wastewater treatment plants, composting systems, or natural water
environments. On the other hand, future studies will also need to consider what happens at
the sea floor, for instance, where the cold temperatures and lack of light would tend to slow
down various routes to biodegradation of cellulose fibers that settle into such environments.
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Fig. 16. lllustration of some key attributes of environments that can be expected to affect rates of
biodegradation of cellulose fibers

The presence of enzymes

The essential nature of enzymes in the biodegradation of cellulose fibers and plant-
based materials has been shown clearly in studies involving inoculation (Greff et al. 2022).
Thus, Zainudin et al. (2022) reviewed studies in which substantial increases in the rates
and extents of cellulose degradation during composting were observed after adding
cellulase-producing microbes. Related work involving anaerobic conditions was reviewed
by Leschine (1995). Here, emphasis was placed on the importance of microbial
communities present in different environments.

As noted by Meyer and Edwards (2014), during continued or repeated exposure to
certain environmental conditions, even including toxins, the microbial groups can become
acclimated and thereby better able to break down the cellulose and other plant materials.
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In such communities, different microbes specialize in the production of different enzymes.
Rabelo et al. (2018) found that such optimized communities were present during anaerobic
biological treatment of wastewater from pulp and papermaking. Suh et al. (1996)
emphasized the synergistic effects of different enzymes working together in cellulose
biodegradation of cotton and cellulose acetate. Zambrano et al. (2020) documented the
microbiological communities that were present in lakewater, activated sludge, and
seawater in the presence of cellulose fibers. Though the present review is mainly concerned
with degradation of individualized cellulose fibers that are released by means of
wastewater systems, it is worth noting that biodegradation of cellulose-containing plant
materials also takes place in such environments as rice paddies and wetlands.

Moisture Content

The presence of moisture is an essential requirement for biodegradation. Park et al.
(2004) found a correlation between the moisture regain of dry fibers and their subsequent
rate of biodegradation. Biological processes require moisture, which may differ in terms of
optimum levels. Another concern is that moisture levels may be unevenly distributed, e.g.
in an anaerobic digester or landfill. Due to the importance of this issue, especially during
soil degradation and composting, there is a need for more research related to effects of
limiting moisture content on cellulose biodegradation. Such studies are inherently difficult
to carry out in field conditions due to uneven mixing and distribution of water.

Temperature

Though temperature is expected to have profound effects on biodegradation, it is
important to bear in mind that different microbial communities and different enzymes will
be favored by different temperature ranges. Thus, as noted by Ahmed et al. (2019),
cellulose biodegradation can take place effectively over a wide temperature range, e.g. 14
to 25 °C in the cited work. Ghasimi et al. (2016) found higher rates of biodegradation under
thermophilic (55 °C) conditions compared to mesophilic (35 °C) conditions. The
thermophilic conditions generally shortened the time required for cellulose breakdown,
though the final state after more than about 6 days of treatment was not very sensitive to
temperature. These results are in agreement with those of Kim et al. (2022). These results
also were consistent with earlier work that showed an increase in the first-order rate
coefficient for anaerobic cellulose hydrolysis with increasing temperature (Ge et al. 2011).

Chen et al. (2015) found that increased temperature of an autohydrolysis
pretreatment of wood material adversely affected subsequent biological degradation. The
effect was attributed to closure of mesopores in the cell walls of the fibers, i.e.
hornification.

C:Nratio

The progress of composting has been shown to be dependent on having a suitable
ratio between the hydrosoluble forms of carbon and nitrogen present (Hubbe et al. 2010;
Yu et al. 2020). Thus, Lépez Alvarez et al. (2009) kept a range of C:N between 32:1 and
57:1 for their studies. When the goal is to degrade cellulose, the danger is likely to be too
high a proportion of carbon. Though the effect of C:N ratio has been widely considered in
systems that contain cellulose in some form (Greff et al. 2022), there has been a lack of
such studies dealing with cellulose fibers as a component of compost. When considering
future studies, a likely hypothesis to guide that work is that a certain range of C:N ratios
may be favorable to the biodegradation of cotton or wood-derived fibers. Notably, most
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standard tests to assess compostability specify C:N ratios in the range of 10 to 40, or more
ideally 15 (Wyman and Salmon 2024). The level of phosphorus compared to carbon may
also be considered in such future studies (Chen et al. 2022).

Counter-ions

Some remarkable effects related to counter-ions were shown in a series of work by
Homma et al. (2013a,b). To begin, they showed that TEMPO-mediated oxidation (Saito
and Isogai 2004) moderately decreased the biodegradability of bleached softwood kraft
cellulosic fibers (Homma et al. 2013a). However, there were huge differences depending
on the type of counter-ion associated with the carboxyl groups created by the oxidative
treatment. Highest biodegradation (about 45% weight recovery after 12 days) was observed
for the ammonium form and the sodium form. Essentially no biodegradation was noted
with the copper counter-ion form. Only 5% loss in weight recovery was observed when the
proton was the counter-ion, i.e. the protonated form of TEMPO-oxidized cellulose.
However, tests by Homma et al. (2013b) showed that the protonated and deprotonated
forms of TEMPO-oxidized nanofibrillated cellulose exhibited equally high rates of
biodegradation in water in the presence of a crude cellulase. These results suggest that the
effects reported in the first article (Homma et al. 2013a) were attributable to the growth
and viability of the microbes and their production of enzymes in the presence of different
counter-ions.

Levels of salinity can be expected to affect the types of microbes that are able to
thrive in different situations. For example, it has been proposed that the brackish conditions
of the Baltic Sea allowed the warship Wasa, which sank in Stockholm harbor, to remain
intact for 333 years until it was recovered and preserved (Sandstrom et al. 2002). On the
other hand, it has been shown that biodegradation in natural waters follows the order of
fresh water > brackish water > seawater (Miyaji et al. 2023). In addition, the studies already
cited in this work clearly show that the level of salinity present in the ocean is not a barrier
to biodegradation of cellulose (Zambrano et al. 2020; Royer et al. 2021; Royer et al. 2023,
Smith et al. 2024).

MECHANISTIC ISSUES

This section considers some fundamental mechanistic explanations that have been
published relative to cellulose biodegradability and factors affecting it. Given the
complexity of the processes considered in this article, involving biological organisms,
numerous enzymes, contrasting environments, and effects of numerous controllable
variables, it might be regarded as unrealistic to be able to predict rates and extents of
biodegradation based on thermodynamics. Rather, one needs to look at published data to
find out whether the effects predicted from thermodynamics can be regarded as rate-
governing factors. Thus, after thermodynamics, the next topic to consider will be kinetics.
The ways in which reaction rates and extents are affected by such variables as
concentrations, temperature, and time can help support or rule out various hypotheses about
mechanisms. A third category to be considered in this section is analysis of reaction
byproducts. Again, such evidence can help explain some of the theoretical predictions and
show whether they adequately explain what is happening in practice.
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Thermodynamics and its Limitations
Inherent stability of cellulose in its crystalline form

A greater difficulty in breaking down crystalline cellulose, by various means, in
comparison to non-crystalline zones, has been proposed based on thermodynamic
principles (Beckham et al. 2011). It is possible to calculate the amount of energy that must
be contributed to decrystallize different crystalline forms of cellulose. Though the cited
work provides detailed analysis of cellulose crystalline states, less attention is paid to the
amount of bonding energy embodied within amorphous cellulose zones. This may be a key
issue to address in future work. As noted earlier, endoglucanases are expected to mainly
cleave random glycosidic bonds in non-crystalline zones, whereas exoglucanases are
expected to proceed from the ends of cellulose chains, proceeding along the surfaces of
crystalline zones (Horn et al. 2012; Wang et al. 2013b).

Beckham et al. (2011) reported that the native cellulose I-beta crystalline form
represents a lower energy state in comparison to other crystalline forms of cellulose, e.g.
cellulose I, which is the common form resulting from industrially important regeneration
methods, such as the viscose and lyocell processes. Based on that information, more energy
is required to separate a cellulose chain from an edge of the cellulose I crystal, compared
to the other crystalline forms.

Stability of cellulose associated with its contrasting crystal planes

Another reason to suspect a high degree of stability of cellulose crystalline zones is
their incorporation of two contrasting bonding mechanisms in different crystal planes (Liu
et al. 2022). Thus, relative to the plane of the anhydroglucose rings, the hydrophilic -OH
groups are projected mainly equatorially, thereby contributing to hydrogen bonding within
that plane (Yamane et al. 2006). By contrast, at 90 degrees to that plane, the chains are held
together primarily by van der Waals forces. The idea is that it will be inherently difficult
to break both types of bonds simultaneously. Though this concept appears to account for
difficulties in dissolving cellulose by means of various solvents, it is unclear whether the
same arguments can be applied to cases of enzymatic breakdown.

Inability of thermodynamic factors to account for rates of degradation

Although thermodynamic factors can explain the direction of likely changes in
chemical systems, they cannot reliably predict the rates, which will be the next topic to
consider. In particular, it is reasonable to expect that such modifications as coatings and
chemical derivatization will slow down or block the reaction paths associated with
biodegradation. For example, Zambrano et al. (2021) observed a small but statistically
significant decrease in the rate of cotton biodegradation when comparing dyed cotton
specimens to undyed cotton.

Kinetics

Important evidence to the mechanisms of rate-limiting steps in biodegradation can
be obtained by examining the rates, including studies of how those rates depend on factors
such as concentrations and time. Figure 17 illustrates some key factors that are likely to
affect the kinetics of cellulose fiber biodegradation in different cases. As will be discussed
below, this includes both the forward and reverse rates of binding of enzymes such as
cellulases both to the lignin (non-productive) and to the cellulose itself (which is often
productive). A mechanistic, kinetic study (Wang et al. 2004) showed that the
biodegradation of cotton by different cellulose enzymes can be modeled based on
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sequential and parallel actions of cellobiohydrolase and endoglucanase enzymes. In
addition, note that when the endoglucanase (pacman item) adsorbs onto lignin, it is shown
as having become immobilized. Note that the exoglucanase (shown as a claw-like shape)
is shown as being possibly blocked by either lignin by itself of by the density of the
cellulose structure, when approached from the polymer ends.

Other important aspects impacting the kinetics are the buildup of inhibitors (such
as cellobiose) and their enzymatic breakdown, blockage of enzyme progress by lignin or
other debris, such as denatured enzymes, and the status of growth, starvation, or demise of
the bacterial or fungal sources of enzymes. These processes can be expected to be affected
by rates of diffusion and convection, the latter of which will be affected by agitation of the
mixture. There is a need for more study of kinetic aspects, especially under conditions that
mimic natural environments and wastewater treatment. In addition, there is evidence that
some non-enzymatic mechanisms are involved in fungal breakdown of lignocellulosic
materials (Aguiar and Ferraz 2011).
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Fig. 17. Factors that can be expected to affect the kinetics of biodegradation of cellulose fibers

Results falling short of 100% degradation

One of the most striking findings, relative to the kinetics of cellulose
biodegradation, has been a plateau effect in plots of cellulose hydrolysis vs. time. In other
words, the rates of hydrolysis tend to decrease with time, and the endpoint falls well short
of complete breakdown. Highlights from studies exhibiting such behavior are listed in
Table 15.

Table 15. Highlights from Studies Showing Evidence Relative to the Existence of
a Plateau of Incomplete Cellulose Biodegradation vs. Time

Study Highlights Citation

Activated sludge degradation of cellulosic fibers was limited Hurwitz et al. 1961
to about 20% in 96 hours of mesophilic treatment and 88% in
the same time of thermophilic treatment.

Unlike many other examples in this list, these authors Edberg & Hofsten 1975
showed no plateau in anaerobic digestion of cellulose,
though times of greater than 100 days were required for full
hydrolysis.
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Soil burial studies over 20 to 45 days showed a maximum
biodegradation of about 73% for regenerated cellulose films
and perhaps lower in the case of kraft paper.

Zhang et al. 1996a

According to this review article, whereas theory would lead
these authors to expect 100% biodegradation of cellulose,
plateau levels of about 80 to 90% are typically reported.

Mansfield et al. 1999

Biodegradation extents in the range of about 30 to 60% were
achieved in 45 days of industrial composting.

Loépez Alvarez et al.
2009

Biodegradation rates of cellulose fibers and fabrics
decreased with time in aerobic activated sludge treatment.

Niu et al. 2012

Cotton fabrics with various finishes biodegraded in soil for
154 days began a plateau in CO2 production after 140 days
but no plateau in weight loss through the end of the study.

Smith et al. 2012

Observations of single crystalline cellulose fibers showed
marked decreases in hydrolysis rate with time.

Wang et al. 2012

MCC appeared to become increasingly recalcitrant to further
biodegradation with the passage of time during single- and
multi-stage cellulase treatment.

Yu et al. 2012b

All-cellulose composites prepared from rayon by means of
ionic liquid treatments showed soil biodegradation levels in
the range of 38 to 73%.

Kalka et al. 2014

Aqueous biodegradation over 96 hours showed plateau
levels for MCC (70%), bacterial cellulose (about 80%), and
bleached softwood kraft fibers (about 90%).

Kafle et al. 2015

Biodegradation levels in the range of 38 to 62% were
observed for a range of cellulose types exposed to aerobic
wastewater treatment under mesophilic and thermophilic
conditions.

Ghasimi et al. 2016

Biodegradation of toilet paper fibers during wastewater
treatment was generally in the range of 80 to 90% in two
aerobic systems for municipal wastewater.

Ahmed et al. 2019

Soil biodegradation levels of about 84 and 88% were
achieved after soil exposure for 209 days.

Mistriotis et al. 2019

A declining rate of cotton and rayon biodegradation was
observed over 240 days in natural water. The plot suggests a
plateau level of about 65% in the case of rayon.

Zambrano et al. 2019

Plots of biodegradation vs. time showed clear plateau
features for cellulose biodegradation in fresh water, brackish
water, and sea water. In lakewater, MCC showed an ultimate
biodegradation of about 85%, whereas cotton showed 80%.

Zambrano et al. 2020

Microcrystalline cellulose (MCC) reached a plateau of 82%
biodegradation within about 7 days of aqueous
biodegradation and remained at that level to 27 days.

Kwon et al. 2021

Thin-layer chromatography-grade cellulose, presumably
MCC, degraded in a quasi-linear manner to about 80% in 20
days and thereafter the rate became very slow.

Rossetti et al. 2021

Marine biodegradation of MCC reached about 85% in 28
days, in contrast to a theory-based curve projecting 100%.

Royer et al. 2021

A review of the literature estimated that about 30% of
cellulose from toilet paper becomes biodegraded in typical
aerobic, activated sludge wastewater treatment cycles.

Liu et al. 2022

Biodegradation rates in natural water were found to decline
with time. The authors reported that after fragmentation, the
fine fragments were resistant to further hydrolysis.

Nagamine et al. 2022

Marine water biodegradation levels after 28 days were
generally in the range 76 to 83%.

Royer et al. 2023
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When considering the results shown in Table 15, it is important to bear in mind
some studies in which contrasting results were obtained, i.e. showing essentially 100%
biodegradation. For instance, this is what Edberg and Hofsten (1975) observed in the case
of very long anaerobic treatment cycles. Leppanen et al. (2020) reported essentially 100%
biodegradation of many cellulose fiber types under industrial composting conditions.

Various theories have been advanced to explain the tendency of cellulose
biodegradation to slow down and even to reach a plateau of stable resistance. Some of these
are described below.

Production of inhibitors

Enzymatic cellulose biodegradation can be inhibited due to the buildup of
decomposition products, including cellobiose (Yu et al. 2012b; Teugjas and Valjamée
2013; Olsen et al. 2016). Thus, Van Wyk and Mohulatsi (2003) observed that cellulose
biodegradation by cellulase was inhibited by the buildup of sugars. Meyer and Edwards
(2014) described the buildup of inhibitors during the anaerobic treatment of wastewater
from pulp and paper manufacturing. Though such effects can be expected, they do not seem
to account for the full range of reported findings. In addition to the production of inhibitors
to biodegradation, the hydrolysis of polysaccharides also can lead to decreases in pH (Liu
et al. 2006), which can be expected to affect further biodegradation in various ways.
However, a product inhibition effect would not account for the instances biodegradation
essentially stopping at certain levels, as shown in many of the examples that were listed in
Table 15. It is worth stating that the results of small batch biodegradation reactors are
expected to be much more sensitive to inhibitor formation than for biodegradation in large
water bodies that have a significant convective flow and thus a strong dilution and diffusion
that minimizes inhibitor concentrations near the substrate.

Non-productive adsorption onto lignin and surfactant effects

Another type of inhibition of the action of cellulases can occur due to strong
adsorption and apparent immobilization onto the relatively hydrophobic surface of lignin
(Huang et al. 2022b). Such non-productive binding of the enzymes prevents them from
hydrolyzing cellulose. Another way that lignin could explain some of the slow-down and
plateauing of cellulose biodegradation is if some of the cellulose is encased in a contiguous
layer of lignin (Huang et al. 2022b). However, such an explanation would not account for
the many published examples in which lignin-free cellulose samples have shown plateau-
type biodegradation behavior.

It has been shown in some cases that non-productive binding of cellulase to lignin
can be overcome by the use of surfactants. Mizutani et al. (2002) showed that the nonionic
surfactant polysorbate 20 enhanced the rates of cellulase-induced breakdown of
microcrystalline cellulose as well as several regenerated cellulose types. The effect was
attributed to overcoming a form of non-productive binding of the enzymes to the cellulose
itself. Chen et al. (2015) found that increased levels of lignin generally inhibited cellulose
biodegradation. A combination of mechanical refining and surfactant addition was found
to be especially effective in facilitating cellulose hydrolysis. The refining action would be
expected to render more of the cellulose accessible to the enzyme (de Assis et al. 2018),
whereas the surfactant would be expected to facilitate reversible release of the enzyme
from the lignin surfaces (Seo et al. 2011). Although surfactants can be expected to help to
disperse enzymes from surfaces, the opposite might be expected when treating a mixture
of enzymes and cellulosic fibers with a cationic copolymer of polyacrylamide, i.e. a
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flocculant. Notably, such treatment has been shown to enhance the activity of cellulase
(Reye et al. 2011). Presumably, the cationic polymer serves as a tether, keeping the enzyme
in the neighborhood of the cellulose to be degraded without fully immobilizing it.

Starvation in confined reactors

Plateau effects observed within isolated bioreactors have been attributed to a
starvation effect (Mistriotis et al. 2019). Thus, it was proposed that biodegradation can be
expected to proceed readily during an initial period during which cellulose is abundant in
the mixture. But it is reasonable to expect that microorganisms could have a feedback
system that slows down the consumption of any remaining cellulose during periods of
developing scarcity. The starving microorganisms were proposed to excrete inhibitory
chemical agents. It is worth noting here that, whether or not the starvation hypothesis is
valid, there might be other unknown contributions to plateau effects, such as depletion of
essential nutrients (e.g. N, P) or in some cases the recalcitrant nature of lignin, if and when
it is present. A search of the literature showed a need for studies addressing the question of
whether the biodegradation of cellulose may be sometimes slowed down by insufficient
concentrations of nutrients, including trace nutrients.

Deposition of non-hydrolysable substances

Another hypothesis is that non-hydrolysable substances may increasingly coat the
surfaces of a remnant of cellulose remaining in a mixture (Kafle et al. 2015). These
substances might even include denatured or otherwise immobilized cellulase (Yu et al.
2012b; Kafle et al. 2015). The effect has been called “enzyme blockage” (Yu et al. 2012b).
Since there have been relatively few definitive studies related to these issues, future
research is recommended. For example, tests could be carried out using optional treatments
with isolated cellulose binding domains and/or denatured cellulases. The research question
is whether or not such pretreatments would inhibit subsequent hydrolysis by active
cellulase treatment.

Table 16. Studies that Analyzed the Presence and Concentration of Byproducts
of Cellulose Biodegradation

Study Highlights Citation
Biodegradation products of regenerated cellulose films Zhang et al. 1996b
included oligosaccharides, various sugars, organic acids,
glycerol, ethanol, and formaldehyde.

Headspace analysis of atmosphere associated with stored Lattuati-Derieux et al.
books provides clues to mechanisms contributing to their 2006

degradation.

Certain degradation products associated with the aging of Dupont et al. 2007
books appeared to be decomposition products from lignin.

Furfural and the breakdown products of fatty acids were Clark et al. 2011

associated with the degradation of books during storage.
Headspace analysis was used to detect breakdown products | Bruzzoniti et al. 2014
of cellulose decomposition in electrical transformers.

Wood decay fungi, during their breakdown of alfalfa stems, Girometta et al. 2017
produced a range of byproducts, including furfural.
Products from anaerobic decomposition of pulp and paper Rabelo et al. 2018

mill wastewater included butyric acid along with hydrogen,
methane, acetic acid, and hydrogen sulfide.
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Reaction Product Evidence

Another approach to verifying hypotheses related to the mechanisms of
biodegradation is to examine the byproducts that accumulate during cellulose
biodegradation. Evidence of this type is highlighted in Table 16. In principle, the reaction
products that are found in such studies can be compared to those that would be expected
based on specific hypothetical reaction paths.

LIFE CYCLE ISSUES

Raised Cellulose Levels in Environments

The biodegradation of cellulose fibers can be regarded as an essential link in a
potentially sustainable cycle. Human-contributed effects can be judged relative to whether
they significantly affect natural cycles. Based on literature reviewed in this work, it is not
so much the biodegradability, but rather the amounts of cellulose fibers introduced to
wastewater that are likely to have adverse environmental effects. Published information of
the amounts of such cellulose released to wastewater or released to the environment were
summarized earlier in Tables 3 and 4. As has been reviewed, the rates of biodegradability
of human-discharged cellulose fibers to the environment is in an intermediate range, often
requiring weeks to a few months to be mostly assimilated back into the natural cycle.
However, the amounts of cellulose fibers, especially the contribution of sanitary tissue, has
a demonstratable effect on the capacity and energy consumption of municipal wastewater
treatment plants (Wang et al. 2023). It is worth noting that the contribution of cellulose
fibers from laundering will be a small fraction of the amount that a typical person will
discharge to wastewater as sanitary tissue.

The combination of relatively large amounts of discharged fibers and moderate
rates of biodegradation have some practical consequences relative to future priorities:

e To the degree that some of the discharged cellulose fibers pass through or around
wastewater treatment operations, one needs to be concerned about their effects on
eutrophication (Razza et al. 2015). In other words, they can be expected to use up
available oxygen in the water as they biodegrade. This concern supports policies to
promote efficient wastewater treatment technologies. Ideally, the goal should be to
completely remove cellulose before discharge of treated water to waterways.

e Conventional wastewater treatment operations that are optimized for the production
of purified water, rather than the full digestion of organic sludge, can be expected
to result in 10 to 60% of the incoming cellulose becoming part of the sludge that
requires management. The most widely used disposal alternatives for biosolids are
landfills and land application. Cellulose that is buried in a landfill, when sufficient
moisture is present, is expected to degrade anaerobically, with the generation of
methane. The global warming potential (GWP) of CHa4 has been estimated to be
about 37 times that of CO2 (Derwent 2020). It has been estimated that 20 to 30%
of the methane fails to be collected, even in modern landfill facilities (work of Levis
and Barlaz 2014, listed in the Environmental Protection Agency website, EPA
2023; and Barlaz, EPA 2014). Here there appear to be opportunities for optimized
composting. In ideal cases, the resulting compost might have sufficient value as a
soil amendment to be sold. A concern is whether the sludge contains excessive
levels of contaminants, including organic compounds, that might harm crops. In
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addition, any petroleum-based fibers and microplastics present in sludge may
adversely affect natural processes due to their tendency to accumulate.

Filtering to Selectively Remove Cellulose from Wastewater

As mentioned earlier in this article, the limited rate of degradation of cellulose
fibers, especially toilet tissue fibers, has been found to limit the capacity and completeness
of municipal wastewater treatment operations. Several authors have proposed efforts to
achieve beneficial usage of such fibers by filtering the incoming water to such facilities.
Highlights from related articles are listed in Table 17. The general finding from studies of
this type is that the separation of cellulosic fibers from municipal wastewater is feasible.

Table 17. Studies Considering the Filtering, Recovery, and Various Alternative
Beneficial Uses of Cellulose Fibers Entering Municipal Wastewater Treatment
Facilities

Study highlights Citation
Recovery of cellulose fibers from incoming municipal Honda et al. 2002
wastewater to a treatment plant was demonstrated.
Screens of 0.35 mm mesh size were effective in recovery of Ruiken et al. 2013
cellulose fibers from untreated municipal wastewater.
Fine screening was shown to be effective for the collection of | Ghasimi et al. 2016
cellulose fibers before municipal wastewater treatment.
Those materials were shown to be 57 to 62% biodegradable
under anaerobic conditions.

Both gravity settling and microsieving were able to remove Ahmed et al. 2019
cellulose fibers from incoming municipal wastewater at >80%
efficiency, but the microsieving was able to do so selectively.
The cellulose fibers recovered by filtering the intake from Cipolletta et al. 2019
municipal wastewater treatment can be used in materials for
construction.

These authors studied the biodegradation of cellulose fibers Lietal. 2019
that had not been removed from municipal wastewater, but
their article discusses such filtering as an option.
Screening, specialized sieving, and settling were compared Li et al. 2020
for the recovery of cellulose fibers from untreated municipal
wastewater. Sieves with 0.1 to 1 mm openings were found to
be the most effective, allowing up to 94.5% recovery.
Cellulose fiber recovery options are reviewed, with an Liu et al. 2022
emphasis on rotating filter belt dewatering. About 30% of the
recovered cellulose in the filter sludge can be degraded
biologically during reported conventional processing under
aerobic or anaerobic conditions.

A life cycle assessment (LCA) showed that recovery of Wang et al. 2023
cellulose fibers by filtering before municipal wastewater
treatment can save 8.6% of the energy needed to run the
operations.

Djordjevicova and co-authors (2023) carried out work to determine whether or not
the presence of cellulosic fibers would affect the operation of a typical septic tank system,
which can be regarded as a type of anaerobic treatment. A matched pair of reactors was set
up to mimic septic tank conditions. The process that included cellulose fibers showed
similar behavior or a cellulose-free process with respect to most of the measured variables,
including temperature, pH, electrical conductivity, turbidity, color, chemical oxygen
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demand, and ammonia nitrogen content. Only the level of nitrate nitrogen content was
higher for the system to which cellulose fibers had been added. The cited authors concluded
that the presence of cellulose fibers had no important effects on the operation of the septic
tank processing. The study did not include any analysis of the extent of biodegradation of
the cellulose with respect to time.

Though it is clear from the studies listed in Table 17 that cellulose fibers can be
effectively collected by filtering untreated wastewater at the intake of a municipal
wastewater treatment plant, there has been much less attention regarding ways to achieve
value from such wet and contaminated fibers. Options for the recovered fibers can include
composting (with production of a stable soil component), anaerobic digestion (with the
production of methane or hydrogen fuels), and possible recovery and sanitation to allow
use in paper products. Regarding this last option, developmental engineers can rise to the
challenge, perhaps by application of bleaching strategies (Dence and Reeve 1996; Bajpai
2012), novel cleaning and sanitation technologies (Henriksson et al. 2017), and other unit
operations of paper recycling (Doshi and Dyer 1997), to render those fibers free of any
smells or perceived contamination issues. In addition, potential uses of such fibers in
construction (Cipolletta et al. 2019) may avoid the kind of consumer attitude problems of
some other potential applications.

Henriksson et al. (2017) pioneered a method for recovering paper pulp, along with
recyclable plastics and metals, from municipal solid waste. This process could be applied
to cellulose-rich fractions obtained from wastewater processes, such as screened materials
and waste sludge. By subjecting the waste material, including wastepaper, to a combination
of heat and mechanical energy, it undergoes efficient repulping and unintentional
sterilization. The effectiveness of repulping fibrous materials within the waste mixture
crucially depends on the addition of dilution water and the application of rotational energy.
Notably, this patented process, now operational at Toledo, Oregon, is owned by Georgia
Pacific. The recovered and sterilized paper fiber, known as Juno™ Fiber, is transformed
into new paper products.

Another option that avoids problems of consumer attitude is to convert the
recovered cellulose fibers to biofuels. In principle, lignin-free cellulose fibers recovered
from wastewater treatment plants have some inherent advantages. The absence of lignin
makes such fibers more suitable for saccharification and fermentation to produce
bioethanol and related liquid fuel products (Wang et al. 2013c; Taha et al. 2016). The
downside is that such technology has yet to demonstrate large-scale economic viability
(Devi et al. 2022). Even if economic success is achieved in the future with cellulose-to-
bioethanol factories, an individual wastewater treatment plant will likely have too little
recovered cellulose fiber to achieve the needed economies of scale. The wet and
contaminated nature of the recovered fibers may discourage their transportation to the site
of an efficient cellulose-to-ethanol facility.

Wastewater Sludge Options
Landfilling of wastewater sludge

The sludge produced during conventional treatment of municipal wastewater, with
its expected content of cellulose fibers, is often landfilled (Barlaz 2006). As was noted
earlier, although modern landfill facilities are set up to collect methane that is generated by
anaerobic breakdown of cellulose and other biomaterials in the mixture (Kumar et al. 2004;
Barlaz 2006; Pearse et al. 2018), the recovery of methane is not likely to be complete
(Huber-Humer et al. 2008; Mgnster et al. 2019; Huang et al. 2021), leading to an
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environmental impact. Methane has a greenhouse gas equivalency about 37 times greater
than that of carbon dioxide (Derwent 2020), noting that its ultimate impact is reduced
somewhat due to a much shorter presence in the environment relative to carbon dioxide
(Smith et al. 2012).

Other processing of wastewater sludge

More environmentally and economically advantageous options can be sought.
Some possible options are illustrated in Fig. 18. Due to its content of biodegradable organic
materials and moisture, the latter of which can be adjusted by use of a belt press or other
thickening technology (Hubbe et al. 2010), municipal sludge is a good candidate for
composting. The substantial carbon content due to the presence of the cellulosic fibers will
be at least partly balanced by the nitrogen content from solid human waste and food waste
in the mixture. As noted earlier, a delay of the composting process has been observed,
depending on the addition of cellulose fibers in a compost mixture (Lépez Alvarez et al.
2009). Such delays are likely attributable to the time required for completion of multiple
steps in enzymatic breakage of glycosidic bonds, in combination with the relatively dense,
layered structure of cellulose fibers.
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Fig. 18. Possible alternatives to the landfilling of cellulose-rich sludge from wastewater treatment

Life cycle assessment has shown that composting reduces greenhouse gas
emissions in comparison to landfilling (Lou and Nair 2009). However, such predictions
will depend on details, such as whether it is food waste, yard waste, a windrow composting
system, or an engineered composting system (Hodge et al. 2016). When a mixture of
biomaterials to be composted contains more readily decomposable sugar sources, such as
starch, those will tend to be utilized first by microorganisms in preference to cellulose
(Lopez Alvarez et al. 2009). The progress of composting can be expected to be most
favorable when the C:N elemental ratio is about 25:1 to 50:1 (Hubbe et al. 2010). When
one focuses on treating waste cellulose only, there is a danger of having too high a C:N
ratio. Fortunately, the composition of such compost mixtures can be optimized by adding
such components as manure (Hubbe et al. 2010). By that means, the relative amount of
available nitrogen can be adjusted to a favorable range. In addition, industrial composting
can achieve sufficiently high temperatures to effectively break down the cellulose
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(Leppanen et al. 2020). The goal in composting often is to achieve a mature compost,
meaning that its organic content has been largely converted into humus-like compounds.
These are mainly byproducts of lignin decomposition (Hubbe et al. 2010). Their slow rate
of further biodegradation allows them to contribute to soil quality by holding water and
binding various metal ions (Dinu and Shkinev 2020).

Biofuel production

When wastewater is treated using anaerobic conditions, valuable products can be
collected, including methane and/or hydrogen (Hubbe et al. 2016; Nguyen et al. 2021),
which can be used as fuels. The technology is relatively mature. However, it is important
to keep one’s sense of proportions. The amounts of methane or hydrogen that can be
produced in a wastewater treatment operation are often about in the same order of
magnitude as the amounts of heat energy and mechanical energy to run the treatment plant
itself (Nguyen et al. 2021). Most of the methane or hydrogen collected at US wastewater
treatment plants is merely flamed off (Shen et al. 2015). From a life cycle perspective, the
bigger benefits include a net reduction in greenhouse gas emissions and a relatively low
discharge of final sludge needing to be landfilled (Bagi et al. 2017; Zhen et al. 2017).

In addition to methane production, extensive research has been devoted to the
conversion of cellulosic resources to liquid fuels, such as ethanol. This can be done either
through enzymatic saccharification (Ceaser et al. 2024; Joyia et al. 2024) or by thermal
processing (Hoang et al. 2021; Qiu et al. 2022). Of these two main approaches, the
enzymatic route is generally better suited for cellulosic materials recovered from
wastewater, since it does not require evaporation of the water, which has a high demand
for energy. However, as noted in the review articles cited above, though both enzymatic
and thermal approaches have been shown to be technically feasible, there is a challenge to
compete with the current costs of fossil fuels.

Seawater, Microplastics, and Cellulose Fibers

As has been noted, the laundering of textile articles can be a source of small fibrous
material, including microplastics (Ladewig et al. 2015; Hartline et al. 2016; Sillanp&& and
Sainio 2017; Zambrano et al. 2019). These will enter municipal wastewater, and
presumably some of it may remain in the treated water, thereby passing into streams
leading to the ocean (Ladewig et al. 2015). Studies have shown that it is possible to use
fine filters to intercept such fibers at the household washing machine or laundromat (De
Falco et al. 2018, 2019; Mcllwraith et al. 2019; Erdle et al. 2021). However, the noted
success reported in such studies suggests that filtering also could take place during
wastewater treatment. Two options can be considered. As described above, there already
has been work related to collecting fibrous content from incoming wastewater by filtration
(see Table 17). A third option, which is likely to be the simplest and cheapest, would be to
install and operate suitably fine filters at the discharge point of the wastewater treatment
plant. This is where the water would be the cleanest, and thus the demands placed on such
filters would be the lowest. As another version of the filtering option, cellulosic fibers and
other fibers also would be fully retained on membrane filters, e.g. nanofiltration or
ultrafiltration (Mohammad et al. 2015; Hubbe et al. 2016; Al Aani et al. 2020), which are
sometimes employed as a polishing step when needed at the end of a wastewater treatment
operation.
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CONCLUDING STATEMENTS

This review has considered the biodegradability of cellulose fibers. Published
studies were considered to shed light not only on the rates and extents of biodegradation,
but also to understand various factors that affect biodegradation. Important factors include
the presence and activity of enzymes, the type of cellulose fibers and their lignin content,
and environmental conditions, which can include moisture content, temperature, C:N ratio,
and the presence of counter-ions. In general, cellulose fibers, including cotton and wood-
based fibers, can be regarded as a natural part of the environment, with potential to fit in
well with natural cycles of biodegradation and regrowth of plants. Rates of cellulose fiber
biodegradability are generally fast enough to alleviate concerns about long-term buildup
of cellulose fibers in waterways. As shown in Table 5, for example, cotton typically
biodegraded in the range 30% to 90% over the course of 15 to 90 days. Reported rates of
cellulose biodegradation are slower than highly degradable natural polymers, such as
starch, but much faster than hard-to-biodegrade synthetic polymers such as polyesters and
polyolefins. Though the rates and extents of cellulose fiber biodegradation are different for
soils, fresh water, seawater, and various sludge treatment operations, such as anaerobic
digestion, most cellulosic material will degrade within several weeks, according to most of
the studies cited in this work. An exception to this is the high solids/low liquids
environment of a landfill, where biodegradation occurs over decades.

ACKNOWLEDGEMENTS

The authors are grateful to two experts in the field who studied an earlier version
of this article and suggested ways to improve it. These experts were Margaret W. Frey of
Cornell University, Vincent V. C. Woo Professor in Fiber Science & Apparel Design,
College of Human Ecology, and Carmen-Alice Teaca of Petru Poni Institute of
Macromolecular Chemistry, Center of Advanced Research for Bionanoconjugates and
Biopolymers, 41A Gr Gh VVoda Alley, lasi 700487, Romania. The preparation of the review
article was funded by Cotton Incorporated, located in Cary, North Carolina, USA.

REFERENCES CITED

5 Gyres Institute (2023). “Better alternatives 3.0, a case study on bioplastic products and
packaging,” Nov. 2023, https://static1.squarespace.com/static/6537fd1a80e60f606d49
aaff/t/65a823cae7f9fc3a3973bd73/1705825414688/Better+Alternatives+3.pdf

Aguiar, A., and Ferraz, A. (2011). “Mechanisms involved in the biodegradation of
lignocellulosic materials and related technological applications,” Quimica Nova
34(10), 1729-1738. DOI: 10.1590/S0100-40422011001000006

Ahmed, A. S., Bahreini, G., Ho, D., Sridhar, G., Gupta, M., Wessels, C., Marcelis, P.,
Elbeshbishy, E., Rosso, D., Santoro, D., and Nakhla, G. (2019). “Fate of cellulose in
primary and secondary treatment at municipal water resource recovery facilities,”
Water Environ. Res. 91, 1479-1489. DOI: 10.1002/wer.1145.

Ai, B. L., Zheng, L. L., Li, W. Q., Zheng, X. Y., Yang, Y., Xiao, D., Shi, J., Sheng, Z. W.
(2021). “Biodegradable cellulose film prepared from banana pseudo-stem using an

Hubbe et al. (2025). “Cellulose fiber biodegradability,” BioResources 20(1), 2391-2458. 2438



REVIEW ARTICLE bioresources.cnr.ncsu.edu

ionic liquid for mango preservation,” Front. Plant Sci. 12, article 625878. DOI:
10.3389/fpls.2021.625878

Al Aani, S., Mustafa, T. N., and Hilal, N. (2020). “Ultrafiltration membranes for
wastewater and water process engineering: A comprehensive statistical review over
the past decade,” J. Water Proc. Eng. 35, article 101241. DOI:
10.1016/j.jwpe.2020.101241

Alwaya, W., Perju, A., Schwarz, M., Bonhotal, J., Pires, S., Ankeny, M., Daystar, J., and
Frey, M. (2024). “The compostability of denim fabrics dyed with various indigos,”
BioResources 19(2), 2685-2700. DOI: 10.15376/biores.19.2.2685-2700

Ardizzone, S., Dioguardi, F. S., Mussini, T., Mussini, P. R., Rondinini, S., Verceli, B.,
and Vertova, A. (1999). “Microcrystalline cellulose powders: Structure, surface
features and water sorption capability,” Cellulose 6, 57-69. DOI:
10.1023/A:1009204309120

Armir, N. A. Z., Zulkifli, A., Gunaseelan, S., Palanivelu, S. D., Salleh, K. M., Othman,
M. H. C., and Zakaria, S. (2021). “Regenerated cellulose products for agricultural and
their potential: A review,” Polymers 13(20), article 3586. DOI:
10.3390/polym13203586

Armstrong, M. (2018). “The U.S. leads the world in toilet paper consumption,” [WWW
Document]. Statista. URL https://www.statista.com/chart/15676/cmo-toilet-paper-
consumption/

Athey, S. N., Adams, J. K., Erdle, L. M., Jantunen, L. M., Helm, P. A., Finkelstein, S. A,
and Diamond, M. L. (2020). “The widespread environmental footprint of indigo
denim microfibers from blue jeans,” Environ. Sci. Tech. Lett. 7(11), 840-847. DOI:
10.1021/acs.estlett.0c00498

Auxenfans, T., Buchoux, S., Larcher, D., Husson, G., Husson, E., and Sarazin, C. (2014).
“Enzymatic saccharification and structural properties of industrial wood sawdust:
Recycled ionic liquids pretreatments,” Energy Convers. Manag. 88, 1094-1103. DOI:
10.1016/j.enconman.2014.04.027

Bagi, Z., Acs, N., Bojti, T., Kakuk, B., Rakhely, G., Strang, O., Szuhaj, M., Wirth, R.,
and Kovdcs, K. L. (2017). “Biomethane: The energy storage, platform chemical and
greenhouse gas mitigation target,” Anaerobe 46, 13-22. DOI:
10.1016/j.anaerobe.2017.03.001

Bai, L. K., Hu, H. R., and Xu, J. F. (2012). “Influences of configuration and molecular
weight of hemicelluloses on their paper-strengthening effects,” Carbohyd. Polym.
88(4), 1258-1263. DOI: 10.1016/j.carbpol.2012.02.002

Bajpai, P. (2012). Environmentally Benign Approaches for Pulp Bleaching, 2" Ed.,
Elsevier, Boston.

Barlaz, M. A. (1998). “Carbon storage during biodegradation of municipal solid waste
components in laboratory-scale landfills,” Global Biogeochemical Cycles 12(2), 373-
380. DOI: 10.1029/98GB00350

Barlaz, M. A. (2006). “Forest products decomposition in municipal solid waste landfills,”
Waste Manag. 26(4), 321-333. DOI: 10.1016/j.wasman.2005.11.002

Barlaz, M. A. (2009). “WARM component-specific decay rate method,” Memo sent to
the Office of Resource Conservation and Recovery, EPA,
https://www.epa.gov/sites/default/files/2016-
03/documents/warm_decay_rate_structure_10_30_2009.pdf

Beckham, G. T., Matthews, J. F., Peters, B., Bombie, Y. J., Himmel, M. E., and Crowley,
M. F. (2011). “Molecular-level origins of biomass recalcitrance: Decrystallization

Hubbe et al. (2025). “Cellulose fiber biodegradability,” BioResources 20(1), 2391-2458. 2439



REVIEW ARTICLE bioresources.cnr.ncsu.edu

free energies for four common cellulose polymorphs,” J. Phys. Chem. B 115, 4118-
4127. DOI: 10.1021/jp1106394

Berlin, A., Gilkes, N., Kurabi, A., Bura, R., Tu, M. B., Kilburn, D., and Saddler, J.
(2005). “Weak lignin-binding enzymes — A novel approach to improve activity of
cellulases for hydrolysis of lignocellulosics,” Appl. Biochem. Biotechnol. 121, 163-
170. DOI: 10.1385/ABAB:121:1-3:0163

Bhagwat, G., Gray, K., Wilson, S. P., Muniyasamy, S., Vincent, S. G. T., Bush, R., and
Palanisami, T. (2020). “Benchmarking bioplastics: A natural step towards a
sustainable future,” J. Polym. Environ. 28(12), 3055-3075. DOI: 10.1007/s10924-
020-01830-8

Bhat, M. K., and Bhat, S. (1997). “Cellulose degrading enzymes and their potential
industrial applications,” Biotech. Advan. 15(3-4), 583-620. DOI: 10.1016/S0734-
9750(97)00006-2

Briassoulis, D., Dejean, C., and Picuno, P. (2010). “Critical review of norms and
standards for biodegradable agricultural plastics. Part Il1: Composting,” J. Polym.
Environ. 18(3), 364-383. DOI: 10.1007/s10924-010-0222-z

Bruzzoniti, M. C., Maina, R., De Carlo, R. M., Sarzanini, C., and Tumiatti, V. (2014).
“GC methods for the determination of methanol and ethanol in insulating mineral oils
as markers of cellulose degradation in power transformers,” Chromatographia 77(15-
16), 1081-1089. DOI: 10.1007/s10337-014-2650-8

Bugg, T. D. H., Ahmad, M., Hardiman, E. M., and Rahmanpour, R. (2011). “Pathways
for degradation of lignin in bacteria and fungi,” Natur. Prod. Rep. 28(12), 1883-1896.
DOI: 10.1039/c1np00042j

Carvalho, W., Canilha, L., Ferraz, A., and Milagres, A. M. F. (2009). “A vision of wood
structure, composition and biodegradation,” Quimica Nova 12(8), 2191-2195. DOI:
10.1590/50100-40422009000800033

Ceaser, R., Montané, D., Constanti, M., and Medina, F. (2024). “Current progress on
lignocellulosic bioethanol including a technological and economical perspective,”
Environ. Devel. Sustain, early access. DOI: 10.1007/s10668-024-04792-2

Chan, Y. J., Chong, M. F., Law, C. L., and Hassell, D. G. (2009). “A review on
anaerobic-aerobic treatment of industrial and municipal wastewater,” Chem. Eng. J.
155(102), 1-18. DOI: 10.1016/j.cej.2009.06.041

Chang, Y. H., Lin, C. L., Hsu, Y. H., and Lin, J. H. (2021). “Medium effect on acid
degradation of cotton and wood celluloses,” Indust. Crops Prod. 167, article 113540.
DOI: 10.1016/j.indcrop.2021.113540

Chen, H., Han, Q., Venditti, R. A., and Jameel, H. (2015). “Enzymatic hydrolysis of
pretreated newspaper having high lignin content for bioethanol production,”
BioResources 10(3), 4077-4098. DOI: 10.15376/biores.10.3.4077-4098

Chen, R., Nie, Y. L., Kato, H., Wu, J., Utashiro, T., Ju, J. B., Yue, S. C., Jiang, H. Y.,
Zhang, L., and Li, Y. Y. (2017). “Methanogenic degradation of toilet-paper cellulose
upon sewage treatment in an anaerobic membrane bioreactor at room temperature,”
Bioresour. Technol. 228, 69-76. DOI: 10.1016/j.biortech.2016.12.089

Chen, W. J., Zhan, Y. B., Zhang, X. J., Shi, X., Wang, Z. G., Xu, S. Q., Chang, Y., Ding,
G. C., Li,J., and Wei, Y. Q. (2022). “Influence of carbon-to-phosphorus ratios on
phosphorus fractions transformation and bacterial community succession in
phosphorus-enriched composting,” Bioresour. Technol. 362, article 127786. DOI:
10.1016/j.biortech.2022.127786

Hubbe et al. (2025). “Cellulose fiber biodegradability,” BioResources 20(1), 2391-2458. 2440



REVIEW ARTICLE bioresources.cnr.ncsu.edu

Cheng, Y. A., Mondal, A. K., Wu, S., Xu, D. Z., Ning, D. W., Ni, Y. H., and Huang, F.
(2020). “Study on the anti-biodegradation property of tunicate cellulose,” Polymers
12(12), article 3071. DOI: 10.3390/polym12123071

Chung, C., Lee, M., and Choe, E. K. (2004). “Characterization of cotton fabric scouring
by FT-IR ATR spectroscopy,” Carbohyd. Polym. 58(4), 417-420. DOI:
10.1016/j.carbpol.2004.08.005

Chynoweth, D. P., Owens, J., Okeefe, D., Earle, J. F. K., Bosch, G., and Legrand, R.
(1992). “Sequential batch anaerobic composting of the organic fraction of municipal
solid-waste,” Water Sci. Technol. 25(7), 327-339. DOI: 10.2166/wst.1992.0165

Chio, C. L., Sain, M., and Qin, W. S. (2019). “Lignin utilization: A review of lignin
depolymerization from various aspects,” Renew Sustain Energy Rev. 107, 232-249.
DOI: 10.1016/j.rser.2019.03.008

Cho, J. K., Park, S. C., and Chang, H. N. (1995). “Biochemical methane potential and
solid-state anaerobic-digestion of Korean food wastes,” BioResour. Technol. 52(3),
245-253. DOI: 10.1016/0960-8524(95)00031-9

Cipolletta, G., Eusebi, A. L., Palmieri, S., Giosue, C., Tittarelli, F., Frison, N., Pastore,
C., Foglia, A., and Fatone, F. (2019). “Toilet paper recovery from municipal
wastewater and application in building sector,” Earth Environ. Sci. 296, article
012024. DOI: 10.1088/1755-1315/296/1/012024.

Clark, A. J., Calvillo, J. L., Roosa, M. S., Green, D. B., and Ganske, J. A. (2011).
“Degradation product emission from historic and modern books by headspace
SPME/GC-MS: Evaluation of lipid oxidation and cellulose hydrolysis,” Anal.
Bioanal. Chem. 399(10), 3589-3600. DOI: 10.1007/s00216-011-4680-5

Cooke, T. F. (1990). “Biodegradability of polymers and fibers — A review of the
literature,” J. Polym. Eng. 9(3), 171-211. DOI: 10.1515/POLYENG.1990.9.3.171

Corona, B., Shen, L., Reike, D., Carreon, J. R., and Worrell, E. (2019). “Towards
sustainable development through the circular economy — A review and critical
assessment on current circularity metrics,” Resour. Concerv. Recyc. 151, article
104498. DOI: 10.1016/j.resconrec.2019.104498

Dahlman, O., Jacobs, A., and Sjoberg, J. (2003). “Molecular properties of hemicelluloses
located in the surface and inner layers of hardwood and softwood pulps,” Cellulose
10(4), 325-334. DOI: 10.1023/A:1027316926308

Das, D., Bhattacharjee, S., and Bhaladhare, S. (2023). “Preparation of cellulose hydrogels
and hydrogel nanocomposites reinforced by crystalline cellulose nanofibers (CNFs)
as a water reservoir for agriculture use,” ACS Appl. Polym. Mater. 5(4), 2895-2904.
DOI: 10.1021/acsapm.3c00109

Daniel, R. M., Danson, M. J., Eisenthal, R., Lee, C. K., and Peterson, M. E. (2008). “The
effect of temperature on enzyme activity: New insights and their implications,”
Extremophiles 12(1), 51-59. DOI: 10.1007/s00792-007-0089-7

Datta, R., Kelkar, A., Baraniya, D., Molaei, A., Moulick, A., Meena, R. S., and
Formanek, P. (2017). “Enzymatic degradation of lignin in soil: A review,”
Sustainability 9(7), article 1163. DOI: 10.3390/su9071163

de Assis, T., Huang, S. X., Driemeier, C. E., Donohoe, B. S., Kim, C., Kim, S. H.,
Gonzalez, R., Jameel, H., and Park, S. (2018). “Toward an understanding of the
increase in enzymatic hydrolysis by mechanical refining,” Biotechnol. Biofuels 11,
article 289. DOI: 10.1186/s13068-018-1289-3

De Falco, F., Cocca, M., Avella, M., and Thompson, R. C. (2020). “Microfiber release to
water, via laundering, and to air, via everyday use: A comparison between polyester

Hubbe et al. (2025). “Cellulose fiber biodegradability,” BioResources 20(1), 2391-2458. 2441



REVIEW ARTICLE bioresources.cnr.ncsu.edu

clothing with differing textile parameters,” Environ. Sci. Technol. 54(6), 3288-3296.
DOI: 10.1021/acs.est.9b06892

De Falco, F., Di Pace, E., Cocca, M., and Avella, M. (2019). “The contribution of
washing processes of synthetic clothes to microplastic pollution,” Sci. Rep. 9, article
6633. DOI: 10.1038/s41598-019-43023-x

De Falco, F., Gullo, M. P., Gentile, G., Di Pace, E., Cocca, M., Gelabert, L., Brouta-
Agnésa, M., Rovira, A., Escudero, R., Villalba, R., Mossotti, R., Montarsolo, A.,
Gavignano, S., Tonin, C., and Avella, M. (2018). “Evaluation of microplastic release
caused by textile washing processes of synthetic fabrics,” Environ. Pollut. 236, 916-
925. DOI: 10.1016/j.envpol.2017.10.057

De La Cruz, F. B, and Barlaz, M. (2010). “Estimation of waste component-specific
landfill decay rates using laboratory-scale decomposition data,” Environ. Sci.
Technol. 44(12), 4722-4728. DOI: 10.1021/es100240r

Dence, C. W., and Reeve, D. W. (1996). Pulp Bleaching: Principles and Practice, TAPPI
Press, Atlanta.

Derwent, R. G. (2020). “Global warming potential (GWP) for methane: Monte Carlo
analysis of the uncertainties in global tropospheric model predictions,” Atmos. 11(5),
article 486. DOI: 10.3390/atm0s11050486

de Souza, P. M., and Magalhaes, P. D. E. (2010). “Application of microbial a-amylase in
industry — A review,” Brazil. J. Microbiol. 41(4), 850-861. DOI: 10.1590/S1517-
83822010000400004

Devi, A., Bajar, S., Kour, H., Kothari, R., Pant, D., and Singh, A. (2022). “Lignocellu-
losic biomass valorization for bioethanol production: A circular bioeconomy
approach,” Bioenergy Res. 15(4), 1820-1841. DOI: 10.1007/s12155-022-10401-9

Dinu, M. L., and Shkinev, V. M. (2020). “Complexation of metal ions with organic
substances of humus nature: Methods of study and structural features of ligands, and
distribution of elements between species,” Geochem. Internat. 58(2), 200-211. DOI:
10.1134/S0016702920020032

Djordjevicov4, D., Miino, M. C., Racek, J., Hlavinek, P., Chorazy, T., Rajakovic-
Ognjanovic, V., and Cvijetic, N. (2023). “Influence of cellulose on the anoxic
treatment of domestic wastewater in septic tanks: Statistical analysis of the chemical
and physico-chemical parameters,” Sustainability 15(10), article 7990. DOI:
10.3390/s5u15107990

Dobrin, E., Rosu, M., Draghici, E., and Nechita, P. (2012). “Evaluation of potential
biodegradation of materials based on peat and waste of cellulose fibres for use in
seedling production,” Sci. Papers — Ser. B — Hort. 56, 89-91.

Dong, C. H., Meng, Y. H., Wang, B. S., Zhu, W. Y., and Pang, Z. Q. (2020). “Effect of
antisolvents on the structure of regenerated cellulose: Development of an efficient
regeneration process,” Holzforschung 74(9), 881-890. DOI: 10.1515/hf-2019-0100

Doshi, M. R., and Dyer, J. M. (1997). Paper Recycling Challenge, Doshi & Associates,
Appleton, WI.

dos Santos, J. R., Moreira, L. R. D., and Ferreira, E. X. (2023). “Cellulose-degrading
enzymes: Key players in biorefinery development,” Biologia 78(7), 1759-1772. DOI:
10.1007/s11756-022-01274-6

Duchesne, 1., Hult, E., Molin, U., Daniel, G., Iversen, T., and Lennholm, H. (2001). “The
influence of hemicellulose on fibril aggregation of kraft pulp fibres as revealed by
FE-SEM and CP/MAS 13C-NMR,” Cellulose 8(2), 103-111. DOI:
10.1023/A:1016645809958

Hubbe et al. (2025). “Cellulose fiber biodegradability,” BioResources 20(1), 2391-2458. 2442



REVIEW ARTICLE bioresources.cnr.ncsu.edu

Dupont, A.-L., Egasse, C., Morin, A., and Vasseur, F. (2007). “Comprehensive
characterisation of cellulose- and lignocelluloses- degradation products in aged
papers: Capillary zone electrophoresis of low-molar mass organic acids,
carbohydrates, and aromatic lignin derivatives,” Carbohydrate Polymers 68, 1-16.
DOI: 10.1016/j.carbpol.2006.07.005

Edberg, N., and Hofsten, B. V. (1975). “Cellulose degradation in wastewater treatment,”
J. Water Pollut. Control Fed. 47(5), 1012-1020.

Eichhorn, S. J., and Young, R. J. (2001). “The Young’s modulus of a microcrystalline
cellulose,” Cellulose 8(3), 197-207. DOI: 10.1023/A:1013181804540

Eleazer, W. E, Odle, W. S., Wang, Y .-S., and Barlaz, M. A. (1997). “Biodegradability of
municipal solid waste components in laboratory-scale landfills,” Env. Sci. Technol.
31(3), 911-917. DOI: 10.1021/es9606788

EPA (2023). Environmental Protection Agency, “Landfill gas Monte Carlo model
documentation and results,” in: Waste Reduction Model (WARM) Data Quality
Assessment Report, https://www.epa.gov/warm

Erdle, L. M., Parto, D. N., Sweetnam, D., and Rochman, C. M. (2021). “Washing
machine filters reduce microfiber emissions: Evidence from a community-scale pilot
in Parry Sound, Ontario,” Front. Marine Sci. 8, article 777865. DOI:
10.3389/fmars.2021.777865

Esteghlalian, A. R., Mansfield, S. D., and Saddler, J. N. (2002). “Cellulases: Agents for
fiber modification or bioconversion? The effect of substrate accessibility on cellulose
enzymatic hydrolyzability,” in: Biotechnology in the Pulp and Paper Industry: 8
ICBPPI, L. Viikari and R. Lantto (eds.), book series Progress in Biotechnology 21,
21-36. DOI: 10.1016/S0921-0423(02)80005-3

Farooq, M. A, Ali, S., Hassan, A., Tahir, H. M., Mumtaz, S., and Mumtaz, S. (2021).
“Biosynthesis and industrial applications of a-amylase: A review,” Archives
Microbiol. 203(4), 1281-1292. DOI: 10.1007/s00203-020-02128-y

Freeman, M. H., and MclIntyre, C. R. (2008). “A comprehensive review of copper-based
wood preservatives,” Forest Prod. J. 58(11), 6-27.

Frost, H., Zambrano, M. C., Leonas, K., Pawlak, J. J., and Venditti, R. A. (2020). “Do
recycled cotton or polyester fibers influence the shedding propensity of fabrics during
laundering?,” AATCC Journal of Research 7(1 suppl), 32-41. DOI:
10.14504/ajr.7.51.4

Gabrielii, I., Gatenholm, P., Glasser, W. G., Jain, R. K., and Kenne, L. (2000).
“Separation, characterization and hydrogel-formation of hemicellulose from aspen
wood,” Carbohyd. Polym. 43(4), 367-374. DOI: 10.1016/S0144-8617(00)00181-8

Ge, H., Jensen, P., and Batstone, D. (2011). “Relative kinetics of anaerobic digestion
under thermophilic and mesophilic conditions,” Water Sci. Technol. 64, 848-853.
DOI10.2166/wst.2011.571

Gharehkhani, S., Sadeghinezhad, E., Kazi, S. N., Yarmand, H., Badarudin, A., Safaei, M.
R., and Zubir, M. N. M. (2015). “Basic effects of pulp refining on fiber properties — A
review,” Carbohyd. Polym. 115, 785-803. DOI: 10.1016/j.carbpol.2014.08.047

Ghasimi, D. S. M., Zandvoort, M. H., Adriaanse, M., van Lier, J. B., and de Kreuk, M.
(2016). “Comparative analysis of the digestibility of sewage fine sieved fraction and
hygiene paper produced from virgin fibers and recycled fibers,” Waste Management
53, 156-164. DOI: 10.1016/j.wasman.2016.04.034

Hubbe et al. (2025). “Cellulose fiber biodegradability,” BioResources 20(1), 2391-2458. 2443



REVIEW ARTICLE bioresources.cnr.ncsu.edu

Girio, F. M., Fonseca, C., Carvalheiro, F., Duarte, L. C., Marques, S., and Bogel-Lukasik,
R. (2010). “Hemicelluloses for fuel ethanol: A review,” Bioresour. Technol. 101(13),
4775-4800. DOI: 10.1016/j.biortech.2010.01.088

Girometta, C., Zeffiro, A., Malagodi, M., Savino, E., Doria, E., Nielsen, E., Buttafava,
A., and Dondi, D. (2017). “Pretreatment of alfalfa stems by wood decay fungus
Perenniporia meridionalis improves cellulose degradation and minimizes the use of
chemicals,” Cellulose 24(9), 3803-3813. DOI: 10.1007/s10570-017-1395-6

Glasser, W. G., McCartney, B. K., and Samaranayake, G. (1994). “Cellulose derivatives
with low degree of substitution. 3. The biodegradability of cellulose esters using a
simple enzyme assay,” Biotech. Prog. 10(2), 214-219. DOI: 10.1021/bp00026a011

Greff, B., Szigeti, J., Nagy, A., Lakatos, E., and Varga, L. (2022). “Influence of microbial
inoculants on co-composting of lignocellulosic crop residues with farm animal
manure: A review,” J. Environ. Manag. 302B, article 114088. DOI:
10.1016/j.jenvman.2021.114088

Gupta, M., Ho, D., Santoro, D., Torfs, E., Doucet, J., Vanrolleghem, P. A., and Nakhla,
G. (2018). “Experimental assessment and validation of quantification methods for
cellulose content in municipal wastewater and sludge,” Environ. Sci. Technol. 25(17),
16743-16753. DOI: 10.1007/s11356-018-1807-7

Haap, J., Classen, E., Beringer, J., Mecheels, S., and Gutmann, J. S. (2019).
“Microplastic fibers released by textile laundry: A new analytical approach for the
determination of fibers in effluents,” Water (Switzerland) 11(10). DOI:
10.3390/w11102088.

Han, Y., Liu, W. Y., Chang, N., Sun, L., Bello, A., Deng, L. T., Zhao, L. Y., Egbeagu, U.
U., Wang, B., and Zhao, Y. (2023). “Exploration of f-glucosidase-producing
microorganisms community structure and key communities driving cellulose
degradation during composting of pure corn straw by multi-interaction analysis,” J.
Environ. Manag. 325(B), article 116694. DOI: 10.1016/j.jenvman.2022.116694

Hartline, N. L., Bruce, N. J., Karba, S. N., Ruff, E. O., Sonar, S. U., and Holden, P. A.
(2016). “Microfiber masses recovered from conventional machine washing of new or
aged garments,” Environ. Sci. Technol. 50, 11532-11538. DOI:
10.1021/acs.est.6b03045.

Henriksson, D. C., Winkler, W. F., Lucas, B. E., and Topping, P. (2017). “Integrated
method and system for recycling waste material,” US Patent 9,752,279 B2.

Hernawan, F. A., Syamani, F. A., and Kurniati, M. (2020). “Biodegradable mulch based
on cellulose of cornhusk with addition anti UV-tinuvin,” Seminar Nasional Fisika
(SNF) Unesa 2019 1491, article 012051. DOI: 10.1088/1742-6596/1491/1/012051

Hoang, A. T., Ong, H. C., Fattah, I. M. R., Chong, C. T., Cheng, C. K., Sakthivel, R., and
Ok, Y. S. (2021). “Progress on the lignocellulosic biomass pyrolysis for biofuel
production toward environmental sustainability,” Fuel Proc. Technol. 223, article
106997. DOI: 10.1016/j.fuproc.2021.106997

Hodge, K. L., Levis, J. W., DeCarolis, J. F., and Barlaz, M. A. (2016). “Systematic
evaluation of industrial, commercial, and institutional food waste management
strategies in the United States,” Environ. Sci. Technol. 50, 8444-8452. DOI:
10.1021/acs.est.6b00893

Homma, I., Fukuzumi, H., Saito, T., and Isogai, A. (2013a). “Effects of carboxyl-group
counter-ions on biodegradation behaviors of TEMPO-oxidized cellulose fibers and
nanofibril films,” Cellulose 20(5), 2505-2515. DOI: 10.1007/s10570-013-0020-6

Hubbe et al. (2025). “Cellulose fiber biodegradability,” BioResources 20(1), 2391-2458. 2444



REVIEW ARTICLE bioresources.cnr.ncsu.edu

Homma, 1., Isogai, T., Saito, T., and Isogai, A. (2013b). “Degradation of TEMPO-
oxidized cellulose fibers and nanofibrils by crude cellulase,” Cellulose 20(2), 795-
805. DOI: 10.1007/s10570-013-9872-z

Honda, S., Miyata, N., and Iwahori, K. (2000). “A survey of cellulose profiles in actual
wastewater treatment plants,” Japanese Journal of Water Treatment Biology 36(1), 9-
14. DOI: 10.2521/jswtb.36.9

Honda, S., Miyata, N., and Iwahori, K. (2002). “Recovery of biomass cellulose from
waste sewage sludge,” Journal of Material Cycles and Waste Management 4(1), 46-
50.

Horn, S. J., Vaaje-Kolstad, G., Westereng, B., and Eijsink, V. G. H. (2012). “Novel
enzymes for the degradation of cellulose,” Biotechnol. Biofuels 5. DOI:
10.1186/1754-6834-5-45.

Hosseini, S. A., and Shah, N. (2011). “Modelling enzymatic hydrolysis of cellulose part
I: Population balance modelling of hydrolysis by endoglucanase,” Biomass Bioenergy
35(9), 3841-3848. DOI: 10.1016/j.biombioe.2011.04.026

Houfani, A. A., Anders, N., Spiess, A. C., Baldrian, P., and Benallaoua, S. (2020).
“Insights from enzymatic degradation of cellulose and hemicellulose to fermentable
sugars — A review,” Biomass Bioenergy 134, article 105481. DOI:
10.1016/j.biombioe.2020.105481

Huang, D. D., Du, Y., Xu, Q. Y., and Ko, J. H. (2021). “Quantification and control of
gaseous emissions from solid waste landfill surfaces,” J. Environ. Manag. 302, article
114001. DOI: 10.1016/j.jenvman.2021.114001

Huang, C. X., Jiang, X., Shen, X. J., Hu, J. G, Tang, W., Wu, X. X., Ragauskas, A.,
Jameel, H., Meng, X. Z., and Yong, Q. (2022a). “Lignin-enzyme interaction: A
roadblock for efficient enzymatic hydrolysis of lignocellulosics,” Renew. Sustain.
Energy Rev. 154, article 111822. DOI: 10.1016/j.rser.2021.111822

Huang, C. X., Li, R. L., Tang, W., Zheng, Y. Y., and Meng, X. Z. (2022b). “Improve
enzymatic hydrolysis of lignocellulosic biomass by modifying lignin structure via
sulfite pretreatment and using lignin blockers,” Fermentation — Basel 8(10), article
558. DOI: 10.3390/fermentation8100558

Hubbe, M. A. (2007). “Paper’s resistance to wetting — A review of internal sizing
chemicals and their effects,” BioResources 2(1), 106-145. DOI:
10.15376/biores.2.1.106-145

Hubbe, M. A., Venditti, R. A., and Rojas, O. J. (2007). “What happens to cellulosic fibers
during papermaking and recycling? A review,” BioResources 2(4), 739-788. DOI:
10.15376/biores.2.4.739-788

Hubbe, M. A., Pawlak, J. J., and Koukoulas, A. A. (2008). “Paper’s appearance: A
review,” BioResources 3(2), 627-665. DOI: 10.15376/biores.3.2.627-665

Hubbe, M. A., Nazhad, M., and Sanchez, C. (2010). “Composting as a way to convert
cellulosic biomass and organic waste into high-value soil amendments: A review,”
BioResources 5(4), 2808-2854. DOI: 10.15376/biores.5.4.2808-2854

Hubbe, M. A., Metts, J. R., Hermosilla, D., Blanco, M. A., Yerushalmi, L., Haghighat, F.,
Lindholm-Lehto, P., Khodaparast, Z., Kamali, M., and Elliott, A. (2016).
“Wastewater treatment and reclamation: A review of pulp and paper industry
practices and opportunities,” BioResources 11(3), 7953-8091. DOI:
10.15376/biores.11.3.Hubbe

Hubbe et al. (2025). “Cellulose fiber biodegradability,” BioResources 20(1), 2391-2458. 2445



REVIEW ARTICLE bioresources.cnr.ncsu.edu

Hubbe, M. A., Lavoine, N., Lucia, L. A., and Dou, C. (2021). “Formulating bioplastic
composites for biodegradability, recycling, and performance: A review,”
BioResources 16(1), 2021-2083. DOI: 10.15376/biores.16.1.Hubbe

Hubbe, M. A., Szlek, D. B., and Vera, R. E. (2022). “Detergency mechanisms and
cellulosic surfaces: A review,” BioResources 17(4), 7167-7249. DOI:
10.15376/biores.17.4.Hubbe

Huber-Humer, M., Gebert, J., and Hilger, H. (2008). “Biotic systems to mitigate landfill
methane emissions,” Waste Manag. Res. 26(1), 33-46. DOI:
10.1177/0734242X07087977

Hurwitz, E., Beck, A. J., Sakellariou, E., and Krup, M. (1961). “Degradation of cellulose
by activated sludge treatment,” J. Water Pollut. Control Fed. 33, 1070-1075.

Ibrahim, M. M., El-Zawawy, W. K., Juttke, Y., Koschella, A., and Heinze, T. (2013).
“Cellulose and microcrystalline cellulose from rice straw and banana plant waste:
Preparation and characterization,” Cellulose 20(5), 2403-2416. DOI: 10.1007/s10570-
013-9992-5

Irvine, G. M. (1985). “The significance of the glass-transition of lignin in thermomechan-
ical pulping,” Wood Sci. Technol. 19(2), 139-149. DOI: 10.1007/BF00353074

Janusz, G., Pawlik, A., Sulej, J., Swiderska-Burek, U., Jarosz-Wilkolazka, A., and
Paszczynski, A. (2017). “Lignin degradation: Microorganisms, enzymes involved,
genomes analysis and evolution,” FEMS Microbiol. Rev. 41(6), 941-962. DOI:
10.1093/femsre/fux049

Javaid, R., Sabir, A., Sheikh, N., and Ferhan, M. (2019). “Recent advances in
applications of acidophilic fungi to produce chemicals,” Molecules 24(4), article 786.
DOI: 10.3390/molecules24040786

Jia, F., Yin, S. Y., Chen, L. J., and Chen, X. W. (2020). “The circular economy in the
textile and apparel industry: A systematic literature review,” J. Cleaner Prod. 259,
article 120728. DOI: 10.1016/j.jclepro.2020.120728

Johnson, S., Echeverria, D., Venditti, R., Jameel, H, and Yao, Y. (2022). “Supply chain
of waste cotton recycling and reuse: A review,” AATCC J. Res. 7(1). DOI:
10.14504/ajr.7.S

Joyia, M. A. K., Ahmad, M., Chen, Y. F., Mustageem, M., Ali, A., Abbas, A., and
Gondal, M. A. (2024). “Trends and advances in sustainable bioethanol production
technologies from first to fourth generation: A critical review,” Energy Conver.
Manag. 321, article 119037. DOI: 10.1016/j.enconman.2024.119037

Kaczmarek, M. B., Struszczyk-Swita, K., Li, X. K., Szczesna-Antczak, M., and Daroch,
M. (2019). “Enzymatic modifications of chitin, chitosan, and chitooligosaccharides,”
Front. Bioeng. Biotech. 7, article 243. DOI: 10.3389/fbioe.2019.00243

Kafle, K., Shin, H., Lee, C. M., Park, S., and Kim, S. H. (2015). “Progressive structural
changes of Avicel, bleached softwood and bacterial cellulose during enzymatic
hydrolysis,” Sci. Rep. 5, 1-10. DOI: 10.1038/srep15102

Kalka, S., Huber, T., Steinberg, J., Baronian, K., Mussig, J., and Staiger, M. P. (2014).
“Biodegradability of all-cellulose composite laminates,” Composites: Part A — Appl.
Sci. Manufac. 59, 37-44. DOI: 10.1016/j.compositesa.2013.12.012

Kerr, A. J., and Goring, D. A. 1. (1976). “Distribution of lignin in thermomechanical
fibers,” TAPPI 59(10), 116-117.

Khan, M. N., Lacroix, M., Wessels, C., and Van Dael, M. (2022). “Converting
wastewater cellulose to valuable products: A techno-economic assessment,” J.
Cleaner Prod. 365, article 132812. DOI: 10.1016/j.jclepro.2022.132812

Hubbe et al. (2025). “Cellulose fiber biodegradability,” BioResources 20(1), 2391-2458. 2446



REVIEW ARTICLE bioresources.cnr.ncsu.edu

Khan, M. U., and Ahring, B. K. (2019). “Lignin degradation under anaerobic digestion:
Influence of lignin modifications — A review,” Biomass Bioenergy 128, article
105325. DOI: 10.1016/j.biombioe.2019.105325

Kim, H., and Ralph, J. (2014). “A gel-state 2D-NMR method for plant cell wall profiling
and analysis: A model study with the amorphous cellulose and xylan from ball-milled
cotton linters,” RSC Adv. 4(15), 7549-7560. DOI: 10.1039/c3ra46338a

Kim, J., Kim, J., and Lee, C. (2019). “Anaerobic co-digestion of food waste, human
feces, and toilet paper: Methane potential and synergistic effect,” Fuel 248, 189-195.
DOI: 10.1016/j.fuel.2019.03.081

Kim, I. J., Lee, H. J., Choi, I. G., and Kim, K. H. (2014). “Synergistic proteins for the
enhanced enzymatic hydrolysis of cellulose by cellulase,” Appl. Microbiol. Biotech.
98(20), 8469-8480. DOI: 10.1007/s00253-014-6001-3

Kim, M., Elbahrawi, M., Aryaei, A., Nakhla, G., Santoro, D., and Batstone, D. J. (2022).
“Kinetics of aerobic cellulose degradation in raw municipal wastewater,” Sci. Total
Environ. 802, article 149852. DOI: 10.1016/j.scitotenv.2021.149852.

Klemencic, D., Simoncic, B., Tomsic, B., and Orel, B. (2010). “Biodegradation of silver
functionalised cellulose fibres,” Carbohydr. Polym. 80(2), 426-435. DOI:
10.1016/j.carbpol.2009.11.049

Klemm, D., Heublein, B., Fink, H. P., and Bohn, A. (2005). “Cellulose: Fascinating
biopolymer and sustainable raw material,” Angew. Chemie — Int. Ed. 44(22), 3358-
3393. DOI: 10.1002/anie.200460587

Kumar, S., Gaikwad, S. A., Shekdar, A. V., Kshirsagar, P. S., and Singh, R. N. (2004).
“Estimation method for national methane emission from solid waste landfills,” Atmos.
Environ. 38(21), 3481-3487. DOI: 10.1016/j.atmosenv.2004.02.057

Kwon, S., Zambrano, M. C., Pawlak, J. J., Ford, E., and Venditti, R. A. (2023a). ““Aquatic
biodegradation of poly(B-hydroxybutyrate) and polypropylene blends with
compatibilizer and the generation of micro- and nano-plastics on biodegradation,” J.
Polym. Environ. 31(8), 3619-3631. DOI: 10.1007/s10924-023-02832-y

Kwon, S., Zambrano, M. C., Pawlak, J. J., Ford, E., and Venditti, R. A. (2024). “Aquatic
biodegradation of poly(B-hydroxybutyrate) in polylactic acid and maleic anhydride
blended fibers,” J. Poly. Res. 31(4), article 100. DOI: 10.1007/s10965-024-03930-8

Kwon, S., Zambrano, M. C., Pawlak, J. J., and Venditti, R. A. (2021). “Effect of
lignocellulosic fiber composition on the aquatic biodegradation of wood pulps and the
isolated cellulose, hemicellulose and lignin components: Kinetic modelling of the
biodegradation process,” Cellulose 28(5), 2863-2877. DOI: 10.1007/s10570-021-
03680-6

Kwon, S., Zambrano, M. C., Venditti, R. A., Frazier, R., Zambrano, F., Gonzalez, R. W.,
and Pawlak, J. J. (2022). “Microfiber shedding from nonwoven materials including
wipes and meltblown nonwovens in air and water environments,” Environ. Sci.
Pollut. Res. 29(40), 60584-60599. DOI: 10.1007/s11356-022-20053-z

Kwon, S., Zambrano, M. C., Venditti, R. A., and Pawlak, J. J. (2023b). “Aecrobic aquatic
biodegradation of bio-based and biodegradable polymers: Kinetic modeling and key
factors for biodegradability,” Int. Biodeter. Biodegrad. 185, article 105671. DOI:
10.1016/j.ibiod.2023.105671

Ladewig, S. M., Bao, S., and Chow, A.T. (2015). “Natural fibers: A missing link to
chemical pollution dispersion in aquatic environments,” Environ. Sci. Technol. 49,
12609-12610. DOI: 10.1021/acs.est.5b04754.

Hubbe et al. (2025). “Cellulose fiber biodegradability,” BioResources 20(1), 2391-2458. 2447



REVIEW ARTICLE bioresources.cnr.ncsu.edu

Lattuati-Derieux, A., Bonnassies-Termes, S., and Lavédrine, B. (2006). “Characterisation
of compounds emitted during natural and artificial ageing of a book. Use of
headspace-solid-phase microextraction/gas chromatography/mass spectrometry,” J.
Cultural Heritage 7(2), 123-133. DOI: 10.1016/j.culher.2006.02.004

Lee, 1., Evans, B. R., and Woodward, J. (2000). “The mechanism of cellulase action on
cotton fibers: Evidence from atomic force microscopy,” Ultramicroscopy 82, 213-
221. DOI: 10.1016/S0304-3991(99)00158-8

Leppanen, 1., Vikman, M., Harlin, A., and Orelma, H. (2020). “Enzymatic degradation
and pilot-scale composting of cellulose-based films with different chemical
structures,” J. Polym. Environ. 28(2), 458-470. DOI: 10.1007/s10924-019-01621-w

Leschine, S. B. (1995). “Cellulose degradation in anaerobic environments,” Annu. Rev.
Microbiol. 49, 399-426. DOI: 10.1146/annurev.mi.49.100195.002151.

Levis, J., and Barlaz, M. A. (2014). “Landfill gas Monte Carlo model documentation and
results,” report to the EPA, https://www.epa.gov/sites/default/files/2016-
03/documents/lanfl_gas_mont_carlo_modl.pdf

Li, L., Frey, M., and Browning, K. J. (2010). “Biodegradability study on cotton and
polyester fabrics,” J. Eng. Fibers Fabr. 5, 42-53. DOI:
10.1177/155892501000500406

Li, M., Pu, Y. Q., and Ragauskas, A. J. (2016). “Current understanding of the correlation
of lignin structure with biomass recalcitrance,” Front. Chem. 4, article 45. DOI:
10.3389/fchem.2016.00045

Li, Q., Qi, W., Su, R., and He, Z. (2017). “Enhanced enzymatic hydrolysis and changes
in structure of cellulose regenerated with ionic liquids,” Cellul. Chem. Technol. 51,
593-600.

Li, W. W., Khalid, H., Zhu, Z., Zhang, R. H., Liu, G. Q., Chen, C., and Thorin, E. (2018).
“Methane production through anaerobic digestion: Participation and digestion
characteristics of cellulose, hemicellulose and lignin,” Appl. Energy 226, 1219-1228.
DOI: 10.1016/j.apenergy.2018.05.055

Li, S., Wu, Z., and Liu, G. (2019). “Degradation kinetics of toilet paper fiber during
wastewater treatment: Effects of solid retention time and microbial community,”
Chemosphere 225, 915-926. DOI: 10.1016/j.chemosphere.2019.03.097.

Li, S. M., Wu, Z. Z., Wu, Z. X., and Liu, G. Q. (2020). “Enhancing fiber recovery from
wastewater may require toilet paper redesign,” J. Cleaner Prod. 261, article 121138.
DOI: 10.1016/j.jclepro.2020.121138

Li, M., Jiang, B., Wu, W. J., Wu, S. F., Yang, Y. Q., Song, J. L., Ahmad, M., and Jin, Y.
C. (2022a). “Current understanding and optimization strategies for efficient lignin-
enzyme interaction: A review,” Int. J. Biol. Macromol. 195, 274-286. DOI:
10.1016/j.ijbiomac.2021.11.188

Li, M. H., Yuan, Y. F.,, Zhu, Y. S., Jiang, B., Wu, W. J., Wu, S. F., and Jin, Y. C.
(2022b). “Comparison of sulfomethylated lignin from poplar and masson pine on
cellulase adsorption and the enzymatic hydrolysis of wheat straw,” Bioresour.
Technol. 343, article 126142. DOI: 10.1016/j.biortech.2021.126142

Libardi, N., Vandenberghe, L. P. D, Vasquez, Z. S., Tanobe, V., de Carvalho, J. C., and
Soccol, C. R. (2022). “A non-waste strategy for enzymatic hydrolysis of cellulose
recovered from domestic wastewater,” Environ. Technol. 43(10), 1503-1512. DOI:
10.1080/09593330.2020.1840635

Hubbe et al. (2025). “Cellulose fiber biodegradability,” BioResources 20(1), 2391-2458. 2448



REVIEW ARTICLE bioresources.cnr.ncsu.edu

Lillington, S. P., Leggieri, P. A., Heom, K. A., and O'Malley, M. A. (2020). “Nature’s
recyclers: Anaerobic microbial communities drive crude biomass deconstruction,”
Curr. Opin. Biotech. 62, 38-47. DOI: 10.1016/j.copbio.2019.08.015

Lin, X. L., Qiu, X. Q., Yuan, L., Li, Z. H., Lou, H. M., Zhou, M. S., and Yang, D. J.
(2015). “Lignin-based polyoxyethylene ether enhanced enzymatic hydrolysis of
lignocelluloses by dispersing cellulase aggregates,” Bioresour. Technol. 185, 165-
170. DOI: 10.1016/j.biortech.2015.02.067

Ling, Z., Wang, T., Makarem, M., Cintron, M. S., Cheng, H. N., Kang, X., Bacher, M.,
Potthast, A., Rosenau, T., and King, H. (2019). “Effects of ball milling on the
structure of cotton cellulose,” Cellulose 26(1), 305-328. DOI: 10.1007/s10570-018-
02230-x

Liu, J. B.,, Wang, W. D., Yang, H. Y., Wang, X. F., Gao, L. J., and Cui, Z. J. (2006).
“Process of rice straw degradation and dynamic trend of pH by the microbial
community MC1,” J. Environ. Sci. 18(6), 1142-1146. DOI: 10.1016/S1001-
0742(06)60052-1

Liu, R. B, Li, Y. X., Zhang, M. B., Hao, X. D., and Liu, J. (2022). “Review on the fate
and recovery of cellulose in wastewater treatment,” Resour. Conserv. Recyc. 184,
article 106354. DOI: 10.1016/j.resconrec.2022.106354

Liu, S.J.,, Lu, H. F., Hu, R. F., Shupe, A., Lin, L., and Liang, B. (2012). “A sustainable
woody biomass biorefinery,” Biotechnol. Advan. 30(4), 785-810. DOI:
10.1016/j.biotechadv.2012.01.013

Liu, Z., Wang, H., Li, Z. X., Lu, X. M., Zhang, X. P., Zhang, S. J., and Zhou, K. B.
(2011). “Characterization of the regenerated cellulose films in ionic liquids and
rheological properties of the solutions,” Mater. Chem. Phys. 128(1-2), 220-227. DOI:
10.1016/j.matchemphys.2011.02.062

Lopez Alvarez, J. V., Aguilar Larrucea, M., Arraiza Bermudez, P., and Ledn Chicote, B.
(2009). “Biodegradation of paper waste under controlled composting conditions,”
Waste Manag. 29, 1514-1519. DOI: 10.1016/j.wasman.2008.11.025

Lou, H. M., Wang, M. X,, Lai, H. R,, Lin, X. L., Zhou, M. S., Yang, D. J., and Qiu, X. Q.
(2013). “Reducing non-productive adsorption of cellulase and enhancing enzymatic
hydrolysis of lignocelluloses by noncovalent modification of lignin with
lignosulfonate,” Bioresour. Technol. 146, 478-484. DOI:
10.1016/j.biortech.2013.07.115

Lou, X. F., and Nair, J. (2009). “The impact of landfilling and composting on greenhouse
gas emissions — A review,” Bioresour. Technol. 100(16), 3792-3798. DOI:
10.1016/j.biortech.2008.12.006

MacGregor, S. T., Miller, F. C., Psarianos, K. M., and Finstein, M. S. (1981).
“Composting process-control based on interaction between microbial heat output and
temperature,” Appl. Environ. Microbiol. 41(6), 1321-1330. DOI:
10.1128/AEM.41.6.1321-1330.1981

Méki-Arvela, P., Salmi, T., Holmbom, B., Willfér, S., and Murzin, D. Y. (2011).
“Synthesis of sugars by hydrolysis of hemicelluloses — A review,” Chem. Rev. 111(9),
5638-5666. DOI: 10.1021/cr2000042

Mao, Z. P., Yu, H., Wang, Y. F., Zhang, L. P., Zhong, Y., and Xu, H. (2014). “States of
water and pore size distribution of cotton fibers with different moisture ratios,”
Indust. Eng. Chem.Res. 53(21), 8927-8934. DOI: 10.1021/ie501071h

Hubbe et al. (2025). “Cellulose fiber biodegradability,” BioResources 20(1), 2391-2458. 2449



REVIEW ARTICLE bioresources.cnr.ncsu.edu

Mansfield, S. D., Mooney, C., and Saddler, J. N. (1999). “Substrate and enzyme
characteristics that limit cellulose hydrolysis,” Biotech. Prog. 15(5), 804-816. DOI:
10.1021/bp9900864

Margariti, C. (2021). “The effects of micro-organisms in simulated soil burial on
cellulosic and proteinaceous textiles and the morphology of the fibres,” Studies
Conservation 66(5), 282-297. DOI: 10.1080/00393630.2020.1812245

Mattsson, A., Joelsson, T., Miettinen, A., Ketoja, J. A., Pettersson, G., and Engstrand, P.
(2021). “Lignin inter-diffusion underlying improved mechanical performance of hot-
pressed paper webs,” Polymers 13(15), article 2485. DOI: 10.3390/polym13152485

Mcllwraith, H. K., Lin, J., Erdle, L. M., Mallos, N., Diamond, M. L., and Rochman, C.
M. (2019). “Capturing microfibers — Marketed technologies reduce microfiber
emissions from washing machines,” Marine Pollution Bull. 139, 40-45. DOI:
10.1016/j.marpolbul.2018.12.012

Medve, J., Karlsson, J., Lee, D., and Tjerneld, F. (1998). “Hydrolysis of microcrystalline
cellulose by cellobiohydrolase | and endoglucanase Il from Trichoderma reesei:
Adsorption, sugar production pattern, and synergism of the enzymes,” Biotech.
Bioeng. 59(5), 621-634. DOI: 10.1002/(SICI)1097-0290(19980905)59:5<621::AID-
BIT13>3.0.CO;2-C

Meyer, T. (2022). “Utilization of kraft pulp mill residuals,” TAPPI J. 21(2), 83-92. DOI:
10.32964/TJ21.2.83

Meyer, T., and Edwards, E. A. (2014). “Anaerobic digestion of pulp and paper mill
wastewater and sludge,” Water Res. 65, 321-349. DOI: 10.1016/j.watres.2014.07.022

Milbrandt, A., Zuboy, J., Doney, K., and Badgett, A. (2024). “Paper and cardboard waste
in the United States: Geographic, market, and energy assessment,” Waste Manag.
Bull. 2(1), 21-28. DOI: 10.1016/j.wmb.2023.12.002

Miller, R. Z., Watts, A. J. R., Winslow, B. O., Galloway, T. S., Barrows, A. P. W. (2017).
“Mountains to the sea: River study of plastic and non-plastic microfiber pollution in
the northeast USA,” Marine Pollution Bull. 124(1), 245-251. DOI:
10.1016/j.marpolbul.2017.07.028

Mistriotis, A., Papardaki, N. G., and Provata, A. (2019). “Biodegradation of cellulose in
laboratory-scale bioreactors: Experimental and numerical studies,” J. Polym. Environ.
27(12), 2793-2803. DOI: 10.1007/s10924-019-01560-6

Miyaji, K., Zhou, C., Maeda, A., Kobayashi, K., Kusumi, R., and Wada, M. (2023).
“Biodegradation of various forms of cellulose and chitin in natural waters with
different salinity,” Polym. Degrad. Stabil. 215, article 110423. DOI:
10.1016/j.polymdegradstab.2023.110423

Mizutani, C., Sethumadhavan, K., Howley, P., and Bertoniere, N. (2002). “Effect of a
nonionic surfactant on Trichoderma cellulase treatments of regenerated cellulose and
cotton yarns,” Cellulose 9(1), 83-89. DOI: 10.1023/A:1015821815568

Mohammad, A. W., Teow, Y. H., Ang, W. L., Chung, Y. T., Oatley-Radcliffe, D. L., and
Hilal, N. (2015). “Nanofiltration membranes review: Recent advances and future
prospects,” Desalination 356, 226-254. DOI: 10.1016/j.desal.2014.10.043

Mgnster, J., Kjeldsen, P., and Scheutz, C. (2019). “Methodologies for measuring fugitive
methane emissions from landfills — A review,” Waste Manag. 87, 835-857. DOI:
10.1016/j.wasman.2018.12.047

Muzamal, M., and Rasmuson, A. (2017). “Dynamic simulation of disintegration of wood
chips caused by impact and collisions during the steam explosion pretreatment,”
Wood Sci. Technol. 51(1), 115-131. DOI: 10.1007/s00226-016-0840-2

Hubbe et al. (2025). “Cellulose fiber biodegradability,” BioResources 20(1), 2391-2458. 2450



REVIEW ARTICLE bioresources.cnr.ncsu.edu

Nagamine, R., Kobayashi, K., Kusumi, R., and Wada, M. (2022). “Cellulose fiber
biodegradation in natural waters: River water, brackish water, and seawater,”
Cellulose 29(5), 2917-2929. DOI: 10.1007/s10570-021-04349-w

Naroznova, I., Moller, J., and Scheutz, C. (2016). “Characterisation of the biochemical
methane potential (BMP) of individual material fractions in Danish source-separated
organic household waste,” Waste Manag. 50, 39-48. DOI:
10.1016/j.wasman.2016.02.008

Neto, C. P., Silvestre, A. J. D., Evtuguin, D. V., Freire, C. S. R., Pinto, P. C. R., Santiago,
A. S., Fardim, P., and Holmbom, B. (2004). “Bulk and surface composition of ECF
bleached hardwood kraft pulp fibres,” Nordic Pulp Paper Res. J. 19(4), 513-520.
DOI: 10.3183/npprj-2004-19-04-p513-520

N’Guessan, J. L. L., Niamke, B. F., Yao, N. J. C., and Amusant, N. (2023). “Wood
extractives: Main families, functional properties, fields of application and interest of
wood waste,” Forest Prod. J. 73(3), 194-208. DOI: 10.13073/FPJ-D-23-00015

Nguyen, L. N., Kumar, J., Vu, M. T., Mohammed, J. A. H., Pathak, N., Commault, A. S.,
Sutherland, D., Zdarta, J., Tyagi, V. K., and Nghiem, L. D. (2021). “Biomethane
production from anaerobic co-digestion at wastewater treatment plants: A critical
review on development and innovations in biogas upgrading techniques,” Sci. Total
Environ. 765, article 142753. DOI: 10.1016/j.scitotenv.2020.142753

Niu, J. T., Zhang, X. Y., Pei, N., and Tian, Q. L. (2012). “Biodegradability of cellulose
fibers and the fabrics in activated sludge,” in: Advanced Materials and Process
Technology, X. H. Liu, Z. H. Bai, Y. H. Shauang, C. L. Zhou, and J. Shao (eds.),
Vol. 217-219, pp. 918-922. DOI: 10.4028/www.scientific.net/AMM.217-219.918

NREL (2023). “News release: NREL research quantifies losses from cardboard, paper
waste,” https://www.nrel.gov/news/press/2023/news-release-nrel-research-quantifies-
losses-from-cardboard-paper-waste.htmi

Olsen, J. P., Alasepp, K., Kari, J., Cruys-Bagger, N., Borch, K., and Westh, P. (2016).
“Mechanism of product inhibition for cellobiohydrolase Cel7A during hydrolysis of
insoluble cellulose,” Biotech. Bioeng. 113(6), 1178-1186. DOI: 10.1002/bit.25900

Park, C. H., Kang, Y. K., and Im, S. S. (2004). “Biodegradability of cellulose fabrics,” J.
Appl. Polym. Sci. 94, 248-254. DOI: 10.1002/app.20879

Patel, A. K., Singhania, R. R., Sim, S. J., and Pandey, A. (2019). “Thermostable
cellulases: Current status and perspectives,” Bioresour. Technol. 279, 385-392. DOI:
10.1016/j.biortech.2019.01.049

Pearse, L. F., Hettiaratchi, J. P., and Kumar, S. (2018). “Towards developing a
representative biochemical methane potential (BMP) assay for landfilled municipal
solid waste — A review,” Bioresour. Technol. 254, 312-324. DOI:
10.1016/j.biortech.2018.01.069

Peces, M., Astals, S., Jensen, P. D., and Clarke, W. P. (2018). “Deterministic
mechanisms define the long-term anaerobic digestion microbiome and its
functionality regardless of the initial microbial community,” Water Res. 141, 366-
376. DOI: 10.1016/j.watres.2018.05.028

Peng, X. F., Gilmore, S. P., and O'Malley, M. A. (2016). “Microbial communities for
bioprocessing: Lessons learned from nature,” Current Opin. Chem. Eng. 14, 103-1009.
DOI: 10.1016/j.coche.2016.09.003

Qiu, B. B, Tao, X. D., Wang, J. H., Liu, Y., Li, S. T., and Chu, H. Q. (2022). “Research
progress in the preparation of high-quality liquid fuels and chemicals by catalytic

Hubbe et al. (2025). “Cellulose fiber biodegradability,” BioResources 20(1), 2391-2458. 2451



REVIEW ARTICLE bioresources.cnr.ncsu.edu

pyrolysis of biomass: A review,” Energy Conver. Manag. 261, article 115647. DOI:
10.1016/j.enconman.2022.115647

Rabelo, C. A. B. S., Soares, L. A., Sakamoto, I. K., and Varesche, M. B. A. (2018).
“Bioconversion of cellulose into hydrogen, biogas and organic acids using microbial
consortium from a pulp and paper mill wastewater treatment plant,” Quimica Nova
41(2), 169-175. DOI: 10.21577/0100-4042.20170157

Rajput, H., Rajan, P., Li, S. J., Stratton, G. W., Murray, G., and He, Q. (2023).
“Development of wood preservatives to prevent biodeterioration,” J. Wood Chem.
Technol. 43(6), 371-389. DOI: 10.1080/02773813.2023.2284161

Raposeiro, P. M., Martins, G. M., Moniz, I., Cunha, A., Costa, A. C., and Gongalves, V.
(2014). “Leaf litter decomposition in remote oceanic islands: The role of
macroinvertebrates vs. microbial decomposition of native vs. exotic plant species,”
Limnologica 45, 80-87. DOI: 10.1016/j.limno.2013.10.006

Razza, F., Degli Innocenti, F., Dobon, A., Aliaga, C., Sanchez, C., and Hortal, M. (2015).
“Environmental profile of a bio-based and biodegradable foamed packaging
prototype in comparison with the current benchmark,” J. Cleaner Prod. 102, 493-500.
DOI: 10.1016/j.jclepro.2015.04.033

Reis, P., Holmberg, K., Watzke, H., Leser, M. E., and Miller, R. (2009). “Lipases at
interfaces: A review,” Adv. Colloid Interface Sci. 147-148, 237-250. DOI:
10.1016/j.¢is.2008.06.001

Renouard, S., Hano, C., Ouagne, P., Doussot, J., Blondeau, J. P., and Laine, E. (2017).
“Cellulose coating and chelation of antibacterial compounds for the protection of flax
yarns against natural soil degradation,” Polym. Degrad. Stabil. 138, 12-17. DOI:
10.1016/j.polymdegradstab.2017.02.006

Reye, J. T., Lu, J., Maxwell, K. E., and Banerjee, S. (2011). “Enhancement of cellulase
catalysis of wood pulp fiber by cationic polyelectrolytes,” Biomass Bioenergy 35(12),
4887-4891. DOI: 10.1016/j.biombioe.2011.10.011

Reyes, P., Marquez, N., Troncoso, E., Parra, C., Mendonga, R. T., and Rodriguez, J.
(2016). “Evaluation of combined dilute acid-kraft and steam explosion-kraft
processes as pretreatment for enzymatic hydrolysis of Pinus radiata wood chips,”
BioResources 11(1), 612-625. DOI: 10.15376/biores.11.1.612-625

Reyes-Torres, M., Oviedo-Ocafia, E. R., Dominguez, I., Komilis, D., and Sanchez, A.
(2018). “A systematic review on the composting of green waste: Feedstock quality
and optimization strategies,” Waste Manag. 77, 486-499. DOI:
10.1016/j.wasman.2018.04.037

Rose, K., and Steinbiichel, A. (2005). “Biodegradation of natural rubber and related
compounds: Recent insights into a hardly understood catabolic capability of
microorganisms,” Appl. Environ. Microbiol. 71(6), 2803-2812. DOI:
10.1128/AEM.71.6.2803-2812.2005

Rossetti, 1., Conte, F., and Ramis, G. (2021). “Kinetic modelling of biodegradability data
of commercial polymers obtained under aerobic composting conditions,” Eng. 2, 54-
68. DOI: 10.3390/eng2010005.

Royer, S. J., Greco, F., Kogler, M., and Deheyn, D. D. (2023). “Not so biodegradable:
Polylactic acid and cellulose/plastic blend textiles lack fast biodegradation in marine
waters,” PLOS One 18(5). DOI: 10.1371/journal.pone.0284681

Royer, S. J., Wiggin, K., Kogler, M., and Deheyn, D. D. (2021). “Degradation of
synthetic and wood-based cellulose fabrics in the marine environment: Comparative

Hubbe et al. (2025). “Cellulose fiber biodegradability,” BioResources 20(1), 2391-2458. 2452



REVIEW ARTICLE bioresources.cnr.ncsu.edu

assessment of field, aquarium, and bioreactor experiments,” Sci. Total Environ. 791,
article 148060. DOI: 10.1016/j.scitotenv.2021.148060

Ruggero, F., Gori, R., and Lubello, C. (2019). “Methodologies to assess biodegradation
of bioplastics during aerobic composting and anaerobic digestion: A review,” Waste
Manag. Res. 37(10), 959-975. DOI: 10.1177/0734242X19854127

Ruiken, C. J., Breuer, G., Klaversma, E., Santiago, T., and van Loosdrecht, M. C. M.
(2013). “Sieving wastewater — Cellulose recovery, economic and energy evaluations,”
Water Res. 47, 43-48. DOI: 10.1016/j.watres.2012.08.023

Saha, B. C. (2003). “Hemicellulose bioconversion,” J. Indust. Microbiol. Biotechnol.
30(5), 279-291. DOI: 10.1007/s10295-003-0049-x

Saito, T., and Isogai, A. (2004). “TEMPO-mediated oxidation of native cellulose. The
effect of oxidation conditions on chemical and crystal structures of the water-
insoluble fractions,” Biomacromol. 5(5), 1983-1989. DOI: 10.1021/bm0497769

Sakamaki, T., and Richardson, J. S. (2008). “Retention, breakdown, and biological
utilisation of deciduous tree leaves in an estuarine tidal flat of southwestern British
Columbia, Canada,” Can. J. Fisheries Aquat. Sci. 65(1), 38-46. DOI: 10.1139/F07-
151

Salem, K. S., Kasera, N. K., Rahman, M. A., Jameel, H., Habibi, Y., Eichhorn, S. J.,
French, A. D., Pal, L., and Lucia, L. A. (2023). “Comparison and assessment of
methods for cellulose crystallinity determination,” Chem. Soc. Rev. 52(18), 6418-
6446. DOI: 10.1039/d2cs00569g

Salerno-Kochan, R., and Szostak-Kotowa, J. (2001). “Biodegradation of cellulose
textiles,” Fibres Textiles East. Europe 9(3), 69-72.

Sandstrom, M., Jalilehvand, F., Persson, I., Gelius, U., Frank, P., and Hall-Roth, I.
(2002). “Deterioration of the seventeenth-century warship Vasa by internal formation
of sulphuric acid,” Nature 415(6874), 893-897. DOI: 10.1038/415893a

Saqib, A. A. N., and Whitney, P. J. (2006). “Role of fragmentation activity in cellulose
hydrolysis,” Int. Biodeter. Biodegr. 581(3-4), 180-185. DOI:
10.1016/j.ibiod.2006.06.007

Sasaki, T., Tanaka, T., Nanbu, N., Sato, Y., and Kainuma, K. (1979). “Correlation
between X-ray diffraction measurements of cellulose crystalline structure and the
susceptibility to microbial cellulase,” Biotechnol. Bioeng. 21, 1031-1042. DOI:
10.1002/bit.260210608

Schultz, T. P., and Nicholas, D. D. (2003). “A brief overview of non-arsenical wood
preservative systems,” Wood Deter. Preserv. 845, 420-432. DOI: 10.1021/bk-2003-
0845.ch026

Schwarz, M., Alawa, W., Perju, A., Bonhotal, J., Frey, M., Pires, S., Ankeny, M., and
Daystar, J. (2024). “The effect of denim fabric as a feedstock in large scale
composting of manure/bedding and food scraps,” Compost. Sci. Util. 31(1-2), 61-73.
DOI: 10.1080/1065657X.2024.2349081

Seo, D. J., Fujita, H., and Sakoda, A. (2011). “Effects of a non-ionic surfactant, Tween
20, on adsorption/desorption of saccharification enzymes onto/from lignocelluloses
and saccharification rate,” Adsorption — J. Int. Adsorp. Soc. 17(5), 813-822. DOI:
10.1007/s10450-011-9340-8

Shah, J. (2005). “Lipids, lipases, and lipid-modifying enzymes in plant disease
resistance,” Ann. Rev. Phytopathol. 43, 229-260. DOI:
10.1146/annurev.phyto.43.040204.135951

Hubbe et al. (2025). “Cellulose fiber biodegradability,” BioResources 20(1), 2391-2458. 2453



REVIEW ARTICLE bioresources.cnr.ncsu.edu

Shebani, A. N., van Reenen, A. J., and Meincken, M. (2008). “The effect of wood
extractives on the thermal stability of different wood species,” Thermochimica Acta
471(1-2), 43-50. DOI: 10.1016/j.tca.2008.02.020

Shen, Y. W., Linville, J. L., Urgun-Demirtas, M., Mintz, M. M., and Snyder, S. W.
(2015). “An overview of biogas production and utilization at full-scale wastewater
treatment plants (WWTPs) in the United States: Challenges and opportunities towards
energy-neutral WWTPs,” Renew. Sustain. Energy Rev. 50, 346-362. DOI:
10.1016/j.rser.2015.04.129

Sillanpdd, M., and Sainio, P. (2017). “Release of polyester and cotton fibers from textiles
in machine washings,” Environ. Sci. Pollut. Res. 24, 19313-19321. DOI:
10.1007/s11356-017-9621-1

Simon, J., Muller, H. P., Koch, R., and Muller, V. (1997). “Thermoplastic and
biodegradable polymers of cellulose,” Polym. Degrad. Stabil. 59, 107-115. DOI:
10.1016/S0141-3910(97)00151-1

Simoncic, B., Tomsic, B., Orel, B., and Jerman, 1. (2010a). “Biodegradation of untreated
cellulose fibers,” in: Biodegradation of Cellulose Fibers, book series Bacterial
Research Developments, Ch. 4, pp. 17-21.

Simoncic, B., Tomsic, B., Orel, B., and Jerman, 1. (2010b). “Biodegradation of cellulose
fibers and its inhibition by chemical modification,” Handbook of Carbohydrate
Polymers: Development, Properties and Application, R. Ito and Y. Matsuo (eds.),
Polymer Science and Technology Series, pp. 237-277.

Sinitsyn, A., Gusakov, A., and Vlasenko, E. Y. (1991). “Effect of structural and physico-
chemical features of cellulosic substrates on the efficiency of enzymatic hydrolysis,”
Appl. Biochem. Biotechnol. 30, 43-59. DOI: 10.1007/BF02922023

Smith, S. M., Lowe, J. A., Bowerman, N. H. A., Gohar, L. K., Huntingford, C., and
Allen, M. R. (2012). “Equivalence of greenhouse-gas emissions for peak temperature
limits,” Nature Climate Change 2(7), 535-538. DOI: 10.1038/NCLIMATE1496

Smith, M. M., Zambrano, M., Ankeny, M., Daystar, J., Pires, S., Pawlak, J., and Venditti,
R. A. (2024). “Aquatic aerobic biodegradation of commonly flushed materials in
aerobic wastewater treatment plant solids, seawater, and lakewater,” BioResources
19(1), 1150-1164. DOI: 10.15376/biores.19.1.1150-1164

Srivastava, A., Rani, R. M., Patle, D. S., and Kumar, S. (2022). “Emerging
bioremediation technologies for the treatment of textile wastewater containing
synthetic dyes: A comprehensive review,” J. Chem. Technol. Biotech. 97(1), 26-41.
DOI: 10.1002/jctb.6891

Stanescu, M. D. (2023). “Applications of enzymes in processing cellulosic textiles — A
review of the latest developments,” Cellulose Chem. Technol. 57(1-2), 1-15. DOI:
10.35812/CelluloseChemTechnol.2023.57.01

Stone, J. E., and Scallan, A. M. (1968). “A structural model of the cell wall of water-
swollen wood pulp fibres based on their accessibility to macromolecules,” Cellulose
Chem. Technol. 2(3), 343-358.

Suaria, G., Achtypi, A., Perold, V., Lee, J. R., Pierucci, A., Bornman, T. G., Aliani, S.,
and Ryan, P. G. (2020). “Microfibers in oceanic surface waters: A global
characterization,” Sci. Advan. 6(23), article eaay8493. DOI: 10.1126/sciadv.aay8493

Suh, H., Duckett, K., and Bhat, G. (1996). “Biodegradable and tensile properties of
cotton cellulose acetate nonwovens,” Textile Res. J. 66(4), 230-237. DOI:
10.1177/004051759606600408

Hubbe et al. (2025). “Cellulose fiber biodegradability,” BioResources 20(1), 2391-2458. 2454



REVIEW ARTICLE bioresources.cnr.ncsu.edu

Sun, Y., and Cheng, J. Y. (2002). “Hydrolysis of lignocellulosic materials for ethanol
production: A review,” Bioresour. Technol. 83(1), article PIl S0960-8524(01)00212-
7. DOI: 10.1016/S0960-8524(01)00212-7

Taha, M., Foda, M., Shahsavari, E., Aburto-Medina, A., Adetutu, E., and Ball, A. (2016).
“Commercial feasibility of lignocellulose biodegradation: Possibilities and
challenges,” Curr. Opin. Biotech. 38, 190-197. DOI: 10.1016/j.copbio.2016.02.012

Tamo, A. K., Doench, I., Helguera, A. M., Hoenders, D., Walther, A., and Madrazo, A.
0. (2020). “Biodegradation of crystalline cellulose nanofibers by means of enzyme
immobilized-alginate beads and microparticles,” Polymers 12(7), article 1522. DOI:
10.3390/polym12071522

Tarasov, D., Leitch, M., and Fatehi, P. (2018). “Lignin-carbohydrate complexes:
Properties, applications, analyses, and methods of extraction: A review,” Biotech.
Biofuels 11, article 269. DOI: 10.1186/s13068-018-1262-1

Tavano, O. L. (2013). “Protein hydrolysis using proteases: An important tool for food
biotechnology,” J. Molec. Catal. B — Enzymatic 90, 1-11. DOI:
10.1016/j.molcath.2013.01.011

Teeri, T. T. (1997). “Crystalline cellulose degradation: New insight into the function of
cellobiohydrolases,” Trends Biotech. 15(5), 160-167. DOI: 10.1016/S0167-
7799(97)01032-9

Teugjas, H., and Viljamie, P. (2013). “Product inhibition of cellulases studied with 14C-
labeled cellulose substrates,” Biotech. Biofuels 6, article 104. DOI: 10.1186/1754-
6834-6-104

Tian, S. B, Jiang, J. A., Zhu, P. G., Yu, Z. Y., Oguzlu, H., Balldelli, A., Wu, J., Zhu, J.
Y., Sun, X., and Saddler, J. (2022). “Fabrication of a transparent and biodegradable
cellulose film from kraft pulp via cold alkaline swelling and mechanical blending,”
ACS Sustain. Chem. Eng. 10(32), 10560-10569. DOI:
10.1021/acssuschemeng.2c01937

Tyagi, P., Agate, S., Velev, O. D., Lucia, L., and Pal, L. (2022). “A critical review of the
performance and soil biodegradability profiles of biobased natural and chemically
synthesized polymers in industrial applications,” Environ. Sci. Technol. 56(4), 2071-
2095. DOI: 10.1021/acs.est.1c04710

Van Wyk, J. P. H., and Mohulatsi, M. (2003). “Biodegradation of wastepaper by
cellulase from Trichoderma viride,” Bioresour. Technol. 86, 21-23. DOI:
10.1016/S0960-8524(02)00130-X

Verachtert, H., Ramasamy, K., Meyers, M., and Bevers, J. (1982). “Investigations on
cellulose biodegradation in activated sludge plants,” Journal of Applied Microbiology
52(2), 185-190. DOI: 10.1111/.1365-2672.1982.tb04839.x

Wada, M., Ike, M., and Tokuyasu, K. (2010). “Enzymatic hydrolysis of cellulose I is
greatly accelerated via its conversion to the cellulose IT hydrate form,” Polym.
Degrad. Stab. 95, 543-548. DOI: 10.1016/j.polymdegradstab.2009.12.014

Wang, L.-S., Zhang, Y.-Z., Yang, H., and Gao, P.-J. (2004). “Quantitative estimate of the
effect of cellulose components during degradation of cotton fibers,” Carbohydr. Res.
339, 819-824. DOI: 10.1016/j.carres.2004.01.004

Wang, H. L., Brown, S. L., Magesan, G. N., Slade, A. H., Quintern, M., Clinton, P. W.,
and Payn, T. W. (2008). “Technological options for the management of biosolids,”
Environ. Sci. Pollut. Res. 15(4), 308-317. DOI: 10.1007/s11356-008-0012-5

Hubbe et al. (2025). “Cellulose fiber biodegradability,” BioResources 20(1), 2391-2458. 2455



REVIEW ARTICLE bioresources.cnr.ncsu.edu

Wang, X., Padgett, J. M., De la Cruz, F. B., and Barlaz, M. A. (2011). “Wood
biodegradation in laboratory-scale landfills,” Environ. Sci. and Tech. 45(16), 6864-
6871. DOI: 10.1021/es201241g

Wang, J. P., Quirk, A., Lipkowski, J., Dutcher, J. R., Hill, C., Mark, A., and Clarke, A. J.
(2012). “Real-time observation of the swelling and hydrolysis of a single crystalline
cellulose fiber catalyzed by cellulase 7B from Trichoderma reesei,” Langmuir 28(25),
9664-9672. DOI: 10.1021/1a301030f

Wang, J. P., Quirk, A., Lipkowski, J., Dutcher, J. R., and Clarke, A. J. (2013a). “Direct in
situ observation of synergism between cellulolytic enzymes during the biodegradation
of crystalline cellulose fibers,” Langmuir 29(48), 14997-15005. DOI:
10.1021/1a403401c

Wang, M. Y., Liu, K., Dali, L., Zhang, J., and Fang, X. (2013b). “The structural and
biochemical basis for cellulose biodegradation,” J. Chem. Technol. Biotech. 88(4),
491-500. DOI: 10.1002/jcth.3987

Wang, Z. J.,, Zhu, J. Y., Fu, Y. J., Qin, M. H., Shao, Z. Y., Jiang, J. G., and Yang, F.
(2013c¢). “Lignosulfonate-mediated cellulase adsorption: Enhanced enzymatic
saccharification of lignocellulose through weakening nonproductive binding to
lignin,” Biotechnol. Biofuels 6, article 156. DOI: 10.1186/1754-6834-6-156

Wang, X., De la Cruz, F. B., Ximenes, F., and Barlaz, M. A. (2015). “Decomposition and
carbon storage of selected paper products in laboratory-scale landfills,” Sci. Total
Environ. 532, 70-79. DOI: 10.1016/j.scitotenv.2015.05.132

Wang, Z., Winestrand, S., Gillgren, T., and Jonsson, L. J. (2018). “Chemical and
structural factors influencing enzymatic saccharification of wood from aspen, birch
and spruce,” Biomass Bioenergy 109, 125-134. DOI: 10.1016/j.biombioe.2017.12.020

Wang, G. X., Huang, D., Ji, J. H., Volker, C., Wurm, F. R. (2021). “Seawater-degradable
polymers — Fighting the marine plastic pollution,” Adv. Sci. 8(1), 1-26. DOI:
10.1002/advs.202001121

Wang, W., Chang, J. S., Show, K. Y., and Lee, D. J. (2022a). ““Anaecrobic recalcitrance in
wastewater treatment: A review,” Bioresour. Technol. 363, article 127920. DOI:
10.1016/j.biortech.2022.127920

Wang, X. G., Tian, L., Li, Y. X., Zhong, C., and Tian, C. J. (2022b). “Effects of
exogenous cellulose-degrading bacteria on humus formation and bacterial community
stability during composting,” Bioresour. Technol. 359, article 127458. DOI:
10.1016/j.biortech.2022.127458

Wang, X. Y., Liu, G. Q., Sun, W. M., Cao, Z. G, Liu, H. Q., Xiong, Y. Q., Li, B. Q.,
Sun, X. X., Li, Y. B., and Xu, R. (2023). “Removal of toilet paper fibers from
residential wastewater: A life cycle assessment,” Environ. Sci. Pollution Res. 30,
84254-84266. DOI: 10.1007/s11356-023-28291-5

Wu, D., Wei, Z. M., Mohamed, T. A., Zheng, G. R., Qu, F. T., Wang, F., Zhao, Y., Song,
C. H. (2022). “Lignocellulose biomass bioconversion during composting: Mechanism
of action of lignocellulase, pretreatment methods and future perspectives,”
Chemosphere 286(1), article 131635. DOI: 10.1016/j.chemosphere.2021.131635

Wyman, D. A., and Salmon, S. (2024). “Critical factors in lab-scale compostability
testing,” J. Polym. Environ 32, 6182-6210. DOI: 10.1007/s10924-024-03311-8

Yadav, N., and Hakkarainen, M. (2021). “Degradable or not? Cellulose acetate as a
model for complicated interplay between structure, environment and degradation,”
Chemosphere 265, article 128731. DOI: 10.1016/j.chemosphere.2020.128731

Hubbe et al. (2025). “Cellulose fiber biodegradability,” BioResources 20(1), 2391-2458. 2456



REVIEW ARTICLE bioresources.cnr.ncsu.edu

Yamane, C., Aoyagi, T., Ago, M., Sato, K., Okajima, K., and Takahashi, T. (2006). “Two
different surface properties of regenerated cellulose due to structural anisotropy,”
Polymer J. 38(8), 819-826. DOI: 10.1295/polymj.PJ2005187

Yin, Y.-Y., Lucia, L. A., Pal, L., Jiang, X., and Hubbe, M. A. (2020). “Lipase-catalyzed
laurate esterification of cellulose nanocrystals and their use in reinforcement in PLA
composites,” Cellulose 27, 6263-6273. DOI: 10.1007/s10570-020-03225-3

Younes, I., and Rinaudo, M. (2015). “Chitin and chitosan preparation from marine
sources. Structure, properties and applications,” Marine Drugs 13(3), 1133-1174.
DOI: 10.3390/md13031133

Yu, K. F.,, L1, S. Y., Sun, X. Y., and Kang, Y. (2020). “Maintaining the ratio of
hydrosoluble carbon and hydrosoluble nitrogen within the optimal range to accelerate
green waste composting,” Waste Manag. 105, 405-413. DOI:
10.1016/j.wasman.2020.02.023

Yu, L., Chen, Z. X,, Tong, X., Li, K., and Li, W. W. (2012a). “‘Anaerobic degradation of
microcrystalline cellulose: Kinetics and micro-scale structure evolution,”
Chemosphere 86(4), 348-353. DOI: 10.1016/j.chemosphere.2011.09.049

Yu, Z., Jameel, H., Chang, H. M., Philips, R., and Park, S. (2012b). “Evaluation of the
factors affecting Avicel reactivity using multi-stage enzymatic hydrolysis,”
Biotechnol. Bioeng. 109, 1131-1139. DOI: 10.1002/bit.24386.

Zahan, K. A., Azizul, N. M., Mustapha, M., Tong, W. Y., Rahman, M. S. A., and Sahuri,
I. S. (2020). “Application of bacterial cellulose film as a biodegradable and
antimicrobial packaging material,” Mater. Today — Proc. 31, 83-88. DOI:
10.1016/j.matpr.2020.01.201

Zainudin, M. H. M., Zulkarnain, A., Azmi, A. S., Muniandy, S., Sakai, K., Shirai, Y., and
Hassan, M. A. (2022). “Enhancement of agro-industrial waste composting process via
the microbial inoculation: A brief review,” Agronomy 12(1), article 198. DOI:
10.3390/agronomy12010198

Zambrano, M. C., Pawlak, J. J., Daystar, J., Ankeny, M., Cheng, J. J., and Venditti, R. A.
(2019). “Microfibers generated from the laundering of cotton, rayon and polyester
based fabrics and their aquatic biodegradation,” Mar. Pollut. Bull. 142, 394-407.
DOI: 10.1016/J.MARPOLBUL.2019.02.062.

Zambrano, M. C., Pawlak, J. J., Daystar, J., Ankeny, M., Goller, C. C., and Venditti, R.
A. (2020). “Aerobic biodegradation in freshwater and marine environments of textile
microfibers generated in clothes laundering: Effects of cellulose and for polyester-
based microfibers on the microbiome,” Marine Pollution Bull. 151, article 110826.
DOI: 10.1016/j.marpolbul.2019.110826

Zambrano, M. C., Pawlak, J. J., Daystar, J., Ankeny, M., and Venditti, R. A. (2021).
“Impact of dyes and finishes on the aquatic biodegradability of cotton textile fibers
and microfibers released on laundering clothes: Correlations between enzyme
adsorption and activity and biodegradation rates,” Marine Pollution Bull. 165, article
112030. DOI: 10.1016/j.marpolbul.2021.112030

Zang, X. Y, Liu, M. T., Fan, Y. H., Xu, J., Xu, X. H., and Li, H. T. (2018). “The
structural and functional contributions of B-glucosidase-producing microbial
communities to cellulose degradation in composting,” Biotech. Biofuels 11, article 51.
DOI: 10.1186/s13068-018-1045-8

Zhang, L., Chung, J. S., Jiang, Q. Q., Sun, R., Zhang, J., Zhong, Y. J., and Ren, N. Q.
(2017). “Characteristics of rumen microorganisms involved in anaerobic degradation

Hubbe et al. (2025). “Cellulose fiber biodegradability,” BioResources 20(1), 2391-2458. 2457



REVIEW ARTICLE bioresources.cnr.ncsu.edu

of cellulose at various pH values,” RSC Advan. 7(64), 40303-40310. DOI:
10.1039/c7ra06588d

Zhang, L., Liu, H., Zheng, L., Zhang, J., Du, Y., and Feng, H. (1996a). “Biodegradability
of regenerated cellulose films in soil,” Ind. Eng. Chem. Res. 35(12), 4682-4685. DOI:
10.1021/ie950624r

Zhang, L. N., Liu, H. Q., Zheng, L. S., Zhang, J. Y., Du, Y. M., and Liu, W. L. (1996b).
“Biodegradation of regenerated cellulose films by fungi,” Chinese J. Polym. Sci.
14(4), 338-345.

Zhao, G. L., Lyu, X. M., Lee, J., Cui, X., and Chen, W. N. (2019). “Biodegradable and
transparent cellulose film prepared eco-friendly from durian rind for packaging
application,” Food Packag. Shelf Life 21, article 100345. DOI:
10.1016/j.fpsl.2019.100345

Zhao, X. X., Bian, B., Huang, C. X., Lai, C. H., Song, J. L., Jin, Y. C., Meng, X. Z.,
Ragauskas, A., and Yong, Q. (2023). “Elucidating the nonproductive adsorption
mechanism of cellulase with lignin fractions from hydrothermally pretreated poplar
using multi-dimensional spectroscopic technologies,” Green Chem. 25(16), 6383-
6397. DOI: 10.1039/d3gc00907f

Zhao, Y., Lu, Q., Wei, Y. Q., Cui, H. Y., Zhang, X., Wang, X., Shan, S., and Wei, Z. M.
(2016). “Effect of actinobacteria agent inoculation methods on cellulose degradation
during composting based on redundancy analysis,” Bioresour. Technol. 219, 196-203.
DOI: 10.1016/j.biortech.2016.07.117

Zhao, Y., Wu, B., Yan, B. X., and Gao, P. J (2004). “Mechanism of cellobiose inhibition
in cellulose hydrolysis by cellobiohydrolase,” Sci. China Ser. C — Life Sci. 47(1), 18-
24. DOI: 10.1360/02yc0163

Zhen, G. Y., Lu, X. Q., Kato, H., Zhao, Y. C., and Li, Y. Y. (2017). “Overview of
pretreatment strategies for enhancing sewage sludge disintegration and subsequent
anaerobic digestion: Current advances, full-scale application and future perspectives,”
Renew. Sustain. Energy Rev. 69, 559-577. DOI: 10.1016/j.rser.2016.11.187

Zhu, L., O’Dwyer, J. P., Chang, V. S., Granda, C. B., and Holtzapple, M. T. (2008).
“Structural features affecting biomass enzymatic digestibility,” Bioresour. Technol.
99, 3817-3828. DOI: 10.1016/j.biortech.2007.07.033

Hubbe et al. (2025). “Cellulose fiber biodegradability,” BioResources 20(1), 2391-2458. 2458



