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Abstract 
The serious issue of textile waste accumulation has raised attention on biodegradability as a possible route to sup-
port sustainable consumption of textile fibers. However, synthetic textile fibers that dominate the market, especially 
poly(ethylene terephthalate) (PET), resist biological degradation, creating environmental and waste management chal-
lenges. Because pure natural fibers, like cotton, both perform well for consumer textiles and generally meet certain 
standardized biodegradability criteria, inspiration from the mechanisms involved in natural biodegradability are leading 
to new discoveries and developments in biologically accelerated textile waste remediation for both natural and synthetic 
fibers. The objective of this review is to present a multidisciplinary perspective on the essential bio-chemo-physical 
requirements for textile materials to undergo biodegradation, taking into consideration the impact of environmental 
or waste management process conditions on biodegradability outcomes. Strategies and recent progress in enhancing 
synthetic textile fiber biodegradability are reviewed, with emphasis on performance and biodegradability behavior of 
poly(lactic acid) (PLA) as an alternative biobased, biodegradable apparel textile fiber, and on biological strategies for 
addressing PET waste, including industrial enzymatic hydrolysis to generate recyclable monomers. Notably, while pure 
PET fibers do not biodegrade within the timeline of any standardized conditions, recent developments with process 
intensification and engineered enzymes show that higher enzymatic recycling efficiency for PET polymer has been 
achieved compared to cellulosic materials. Furthermore, combined with alternative waste management practices, such 
as composting, anaerobic digestion and biocatalyzed industrial reprocessing, the development of synthetic/natural fiber 
blends and other strategies are creating opportunities for new biodegradable and recyclable textile fibers.

Article Highlights 

• Poly(lactic acid) (PLA) leads other synthetic textile fibers in 
meeting both performance and biodegradation criteria.

• Recent research with poly(ethylene terephthalate) 
(PET) polymer shows potential for efficient enzyme 
catalyzed industrial recycling.

• Synthetic/natural fiber blends and other strategies 
could open opportunities for new biodegradable and 
recyclable textile fibers.
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Abbreviations
α-AA  Alpha amino acid
AdA  Adipic acid
AATCC   American Association of Textile Chemists 

and Colorists
AD  Anaerobic Digestion
Ala  Alanine
ASTM  American Society for Testing and 

Materials
BDO  Butanediol
BHET  Bis-(2-hydroxyethyl) terephthalate
BS  British Standard
BTA  1,4-Hydroxybutylene terephthalate
BTAB  Bis-1,4-butylene 

adipate-co-terephthalate
CellOAc  Cellulose acetate
CellOH  Cellulose
4CHMS  4-Carboxy-2-hydroxymuconate 

semialdehyde
5CHMS  5-Carboxy-2-hydrocymuconate-6- 

semialdehyde
CM  3-Carboxy-cis,cis-muconate
CMF  5-(Chloromethyl)furfural
DCD  1,6-Dihydroxycyclohexa-2,4-diene- 

dicarboxylate
DS  Degree of substitution
DSC  Differential Scanning Calorimetry
EC  Enzyme Commission
EG  Ethylene glycol
FDCA  Furandicarboxylic acid
GA  Glycoaldehyde
GC  Glycolate
GL  Glycerate
GLA  Glyoxylate
Glc  Glucose
GlcAc  Glucose acetate
ΔHmelt  Enthalpy of fusion
HiC  Humicola insolens Cutinase
HMDA  Hexamethylenediamine
HOAc  Acetic acid
HT polyester  High tenacity polyester
ISO  International Organization for 

Standardization
IsP  Ideonella sakaiensis PETase
kcat  Initial catalytic rate
LA  Lactic acid
LCC  Leaf-branch compost cutinase
LDPE  Low density poly(ethylene)
MCF  Mass conversion factor
MHET  Mono(2-hydroxyethyl) terephthalic acid
MSW  Municipal Solid Waste
PA  Polyamide
PAN  Poly(acrylonitrile)

PBAT  Poly(butylene adipate terephthalate)
PBS  Poly(butylene succinate)
PBST  Poly(butylene 

succinate-co-terephthalate)
PBT  Poly(butylene terephthalate)
PCA  Protocatechuate
PCL  Poly(caprolactone)
PCNR  Product Compounds Not Reported
PDLA  Poly(D-lactic acid)
PDLLA  Poly(DL-lactic acid)
PEF  Poly(ethylene furanoate)
PETase  PET hydrolase
PET/PETE  Poly(ethylene terephthalate)
3PG  3-Phosphoglycerate
PHA  Poly(hydroxyalkanoate)
PHB  Poly(hydroxybutyrate)
PHBH  Poly(3-hydroxybutyrate-co-3- 

hydroxyhexanoate)
P3HB4HB  Poly(3-hydroxybutyrate-co-4- 

hydroxybutyrate)
PHBV  Poly(3-hydroxybutyrate-co-3- 

hydroxyvalerate)
PLA  Poly(lactic acid), polylactide
PLLA  Poly(L-lactic acid)
PP  Poly(propylene)
PS  Poly(styrene)
PTT  Poly(trimethylene terephthalate)
SA  1,4-Succinic acid
SEM  Scanning Electron Microscope
Ser  Serine
TA  Terephthalic acid
TfCut2  Thermobifida fusca Cutinase 2
Tg  Glass transition temperature
Tm  Melting transition temperature
TS  Tartronate semialdehyde

1 Introduction

Although precise global figures are not available due to 
incomplete reporting, within the approximately 2 billion 
tons of global municipal solid waste (MSW) generated 
annually [1], textile waste has been estimated at between 
65 to 92 million tons [2, 3] (Fig. 1). Based on population 
and per capita disposal, Bukhari et al. reported a combined 
34.6 million tons of landfilled textile waste was disposed in 
2016 by the United States, China, Hong Kong, the EU-27, 
France and the United Kingdom [4]. At a country level, the 
U.S. Environmental Protection Agency reported 11 million 
tons of textile waste were disposed of in USA landfills in 
2018 [5, 6]. The average service lifetime of textile products 
has been estimated to be about five years [7], and another 
estimate predicts that a business-as-usual approach will 
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alternatives, like composting and anaerobic digestion, or 
to new biocatalytically enhanced recycling processes.

In concept, biodegradation is simple—large or complex 
materials are biologically converted into smaller, simpler, 
ideally non-toxic compounds that can be recycled in the 
biosphere, ideally without human intervention. How-
ever, the mechanisms involved in biological degradation 

Fig. 1  Global fiber production [24] relative to global municipal solid waste (MSW) disposal methods [1] and the portion of textile waste con-
tributing to global MSW composition [2]

Fig. 2  Textile disposal by linear and circular processes

result in accumulation of more than 4.5 Gt of textile waste 
by 2040 [8]. Therefore, strategies are needed to address 
this serious waste issue, reduce environmental impacts, 
and improve textile waste handling, while also transform-
ing the industry from a linear to a circular economy (Fig. 2). 
Biodegradability attributes can help accelerate the trans-
formation by diverting waste from landfills to existing 
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are technically complex and the conditions under which 
biodegradation occurs in large scale waste management 
environments, such as landfills, compost and anaerobic 
digestion, generally do not match those found in purely 
natural environments, such as soil and seawater. There-
fore, the context in which the term “biodegradable” is 
used should always be specified. The term “biobased” is 
frequently found together with “biodegradable”, but they 
have distinctly different meanings. Biobased materials are 
naturally occurring organic compounds of biological ori-
gin or are materials fully or partially derived from biologi-
cally renewable natural resources [9, 10]. While biobased 
materials provided the foundation for technological 
developments throughout human history, the develop-
ment of high performance products from petrochemicals 
displaced many of these materials [11]. Now, sustainabil-
ity concerns are driving renewed attention on utilizing 
biobased materials [10, 12–14], such as for the develop-
ment of “bioplastic” alternatives to petrochemical plastics 
[15–19]. Importantly, the term “biobased” refers to the ori-
gin of a material, whereas “biodegradable” describes the 
response of a material to certain conditions. Absent evi-
dence, no assumption about biodegradability should be 
made simply because a material is biobased, and proper 
disposal of biobased materials should consider broader 
impacts, such as potential for release of toxic catalysts that 
may be used in bioplastic production [20, 21]. Neverthe-
less, a common chemical characteristic of biobased mate-
rials is their overall higher ratio of oxygen and nitrogen to 
carbon, which generally increases their chemical reactivity 
and hydrophilicity relative to the primarily hydrocarbon 
composition of petrochemical derived compounds [8]. 
Increased chemical reactivity and hydrophilicity contrib-
ute to increased potential for biodegradability. Conversely, 
high levels of crystallinity, orientation and intermolecu-
lar bonding, which are commonly found in textile fibers, 
cause resistance to biodegradation.

Fundamentally, textiles are composed of fibers made 
up of synthetic and naturally occurring polymers. Histori-
cally, textile fibers came from plants and animals. Natural 
fibers are renewable by virtue of their biological origins 
and exhibit biodegradability in their natural forms [22, 23] 
because microorganisms are evolutionarily adapted to 
breaking biologically-created chemical bonds and modify-
ing the chemistry of these polymers. Now, synthetic fibers, 
primarily of petrochemical origin, dominate (around 64% 
by volume) the global textile fiber market which produces 
111 million metric tons of fiber annually [24]. The two main 
textile fiber types, polyester (poly(ethylene terephthalate) 
(PET), 52%) and cellulosic fibers (35%), including cotton 

(23%), manmade cellulosics (6%) and other plant based fib-
ers (6%), make up the majority of fiber production [24] and 
ultimately textile waste. Because of their relatively hydro-
phobic and highly crystalline properties, most synthetic 
fibers, i.e. fibers produced from polymers made by indus-
trial chemical synthesis, resist environmental degradation, 
which contributes to overall plastic waste accumulation [7]. 
This includes microfibers (fibers < 1–5 mm long [25, 26]) 
that are released during laundering and reach the environ-
ment through wastewater effluents [25, 27–30]. Continuing 
trends in fast-fashion, fueled by growing global consum-
erism, wealth and population [31, 32], together with the 
evolution of waste disposal practices from open dump to 
sanitary landfill [33], mean the management of post-con-
sumer textile waste is becoming more difficult and costly 
[34, 35]. Understanding textile fiber biodegradability has 
renewed importance as brands and producers, responding 
to consumer concerns about accumulating textile waste, 
seek to meet performance and cost requirements while 
improving apparel product sustainability.

In response to these challenges, three textile fiber bio-
degradation strategies are evolving to improve textile 
sustainability. One strategy is to develop textiles that can 
degrade efficiently in controlled microbial environments, 
like composting or anaerobic digestion, as alternatives to 
open dumping or landfilling. This strategy is supported 
by existing infrastructure and test methods that could be 
adapted to accommodate new waste streams. Another 
strategy is to develop biologically-based circular manu-
facturing technologies that depolymerize textile fibers 
back to their component monomers for recycling, using 
microorganisms, enzymes or combinations, together with 
process intensifications like heating and grinding. These 
industrial process strategies rely on controllable environ-
ments to achieve specific outcomes. The third strategy 
considers how to minimize the consequences of releas-
ing textile wastes into the natural environment. Since the 
natural environment is essentially an uncontrollable space, 
if released into the environment, intentionally or uninten-
tionally, the material itself should be capable of degrad-
ing without causing immediate or accumulated ecological 
damage [36]. In the following discussions, factors contrib-
uting to textile fiber biodegradation in different environ-
ments are considered and biodegradation behaviors of 
synthetic textile fibers compared to natural textile fibers 
are reviewed. Recent research leading to improvements in 
poly(lactic acid) (PLA) fiber as an alternative biobased syn-
thetic textile and improvements in enzymatic PET hydroly-
sis is highlighted, along with suggestions for future work 
to advance textile sustainability.
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2  Biodegradability cascade

Biodegradation, or biological degradation, is the chemical 
conversion of large or complex molecules to smaller or 
simpler molecules caused by the biochemical action of liv-
ing organisms, typically, microorganisms. Biodegradation 
is part of a cascade of physical and chemical phenomena 
by which a material is broken down into small parts and 
eventually converted to substances that either are reused 
in biological cycles or accumulate on the planet. The dif-
ferent transformations occurring during deconstruction 
and degradation and how they relate to one another 
are summarized in Fig. 3. These phenomena, which can 
occur sequentially or simultaneously, are important for 
polymer biodegradation [37]. Textile products, especially 
apparel products, have a high level of structural complex-
ity—polymers assemble into semicrystalline substructures 
which form fibers that are tightly twisted into yarns, often 
in blends of different fiber types; yarns are interlaced to 
form fabrics; fabrics are sewn to make garments; and, dyes 
and other chemical finishes are applied throughout the 
processes to achieve various performance effects. Because 
of this, at a given set of conditions, a particular product 
could be completely biodegradable, partially biodegrad-
able, or not biodegradable at all. When the conditions 
change, the behavior may change. Therefore, discussing 
product biodegradability as an attribute depends on the 
extent to which product disassembly and separation into 
its component parts is required prior to or during disposal, 
and depends on the treatment conditions. Furthermore, 
avoiding waste accumulation requires complete biological 
metabolic assimilation, complete recovery and recycling 
of deconstructed, disintegrated or degraded components 
by biological or other means, or combinations of these.

2.1  Physical deconstruction

Deconstruction is the physical disassembly of a product 
into its different (usually) macroscopic component parts. 
Within textile mechanical recycling, examples of apparel 
deconstruction are removing the buttons from a shirt or 
cutting open the seams of a garment, and further involves 
the disassembly of intimately mingled textile materials by 
mechanically pulling apart fabrics or yarns into individual 
fibers [38]. Disintegration occurs when material compo-
nents are sufficiently reduced in physical size that they 
can no longer perform their original function, such as 
occurs when an applied mechanical force is sufficient to 
cut or break fibers (e.g. cotton) [39] into fragments that 
are too short (< 10 mm) for spinning new yarn [40] but 
may be suitable for other purposes [41]. In contrast, during 
biodegradation, fiber disintegration results from the bio-
chemical action of microorganisms [42, 43] rather than by 
mechanical force. Closed-loop recycling of apparel textiles 
is especially difficult to achieve by only mechanical means 
because of the difficulty in separating intimate fiber blend 
mixtures into pure component streams at the individual 
fiber level [44]. Melting and solubilization are other types 
of physical deconstruction that, by converting polymer 
molecules from solids to flowing liquids, are important, 
respectively, for producing recycled polyester fibers from 
bottles [45, 46] and producing manufactured cellulosics 
from wood pulp [47] or waste cotton [48, 49].

2.2  Chemical degradation

In contrast to physical deconstruction, chemical degrada-
tion is the conversion of larger or more complex chemi-
cal molecules to smaller or simpler molecules through 

Fig. 3  Cascade of transforma-
tions involved in deconstruc-
tion and degradation
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the breaking of chemical bonds. Chemical degradation 
broadly includes thermal degradation like burning a fab-
ric, which is a chemical oxidation process [50]; radiation-
induced degradation, such as molecular bond cleavage 
caused by ultraviolet light [51]; and chemically reactive 
degradation like the hydrolysis of peptide bonds in wool 
[52]. Biodegradation occurs when the chemical changes to 
a molecule are caused by the action of living cells. Assimi-
lation is the metabolic consequence of biodegradation, 
where the atoms of degraded molecules become part of 
living cells through biochemical cascade reactions or are 
excreted from cells as simple byproducts, such as carbon 
dioxide and water [53]. Bioresorption is a term primarily 
used to describe the disappearance of materials implanted 
in the human body, like sutures and stents. Bioresorbable 
materials are sometimes described as “biodegradable” 
even though bioresorption can be a physical (solubiliza-
tion) as well as a (bio)chemical phenomenon [54]. While 
certain bioresorbable materials have characteristics that 
are useful for apparel textile applications, those suited 
exclusively for biomedical applications are beyond the 
scope of this discussion and further information can be 
found in reviews of the topic [55–58], including math-
ematical approaches to modeling polymer degradation 
phenomena [59].

2.3  Enzyme catalysis

Enzymes are protein-based molecules produced by living 
cells that catalyze chemical conversion reactions, hence 
are called “biocatalysts.” Enzymes operate inside as well as 
outside living cells, such as when cells ‘secrete’ enzymes 
into their surrounding environment to degrade substances 

needed by the organism as food. Small molecules are eas-
ier for organisms to ingest. Therefore, enzyme catalysis is 
a central mechanism by which biodegradation occurs. 
Because enzymes can be isolated, produced at large scale, 
and used in consumer products or for industrial applica-
tions [60], enzymes are the biocatalytic bridge between 
chemical degradation and biodegradation. Within tex-
tile applications, enzymes have been used to clean and 
improve cotton properties during fabric and garment 
production, for cleaning and softening silk and wool, 
and for surface modification of synthetic fibers [61–63], 
and have been used in laundry detergents to clean and 
preserve garment appearance, while reducing chemical, 
water and energy requirements [64, 65]. Now, as discussed 
below, enzymes are becoming useful biological tools for 
improved textile waste management.

2.4  Biodegradation pathways

There are two main pathways of biodegradation, aerobic 
and anaerobic (Fig. 4). Aerobic biodegradation requires 
oxygen (i.e. exposure to air) and ultimately yields carbon 
dioxide  (CO2), water, biomass, and oxidation products of 
nitrogen and sulfur. Anaerobic biodegradation occurs in 
an oxygen deficient environment and ultimately yields 
hydrocarbons, methane, carbon dioxide, biomass, and 
reduction products of nitrogen and sulfur [66, 67]. Anaer-
obic digestion occurs in symbiotic stages requiring three 
types of microorganisms: 1) fermentative bacteria hydro-
lyze polymers to oligomers and monomers and convert 
these to fatty acids, alcohols, acetate,  CO2 and hydrogen; 
2) acetogenic bacteria convert low molecular weight com-
pounds to acetic acid,  CO2 and hydrogen; and, 3) metha-
nogenic bacteria convert acetic acid to methane and  CO2, 

Fig. 4  Schematic aerobic versus anaerobic pathways for degradation of organic polymers [66, 67]
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as well as use hydrogen to reduce some  CO2 to methane 
[68]. Sulfate and nitrate reducing bacteria are also present. 
While non-contained anaerobic biodegradation can result 
in the uncontrolled release of methane (a potent green-
house gas) [6, 69], properly controlled anaerobic diges-
tion can recover methane as a useful biofuel to replace 
fossil-based natural gas [70]. Both aerobic and anaerobic 
environments require moisture. When textile materials are 
the source of organic matter, extracellular degradation of 
polymers into lower molecular weight compounds is the 
first critical step in both pathways.

Biodegradation occurs in response to conditions that 
can involve human intervention or require no interven-
tion (Fig. 5). Environmental biodegradation refers to biotic 
degradation that occurs without human intervention or 
any control of environmental conditions. When these 
conditions are inadequate, waste accumulation occurs. 
Industrial (commercial) biodegradation involves human 
intervention and control of conditions like temperature, 
moisture, pH, nutrients, oxygen level, presence of organ-
isms, and composition of the waste. Medical biodegrada-
tion is concerned with the physiological bioresorbability 
of materials and their impact on human health rather 
than whether the degraded components are ultimately 
released into the environment.

3  Measuring biodegradability

Measuring biodegradability requires standard meth-
ods. Methods provide the basis for meeting regulatory 
requirements, for making labeling claims, and to support 
waste management logistics and control. No claim of 

biodegradability should be made without supporting evi-
dence based on standardized testing, and must be limited 
to the scope of the test method. Standardized test methods 
simulate the conditions at which biodegradation is expected 
to occur. The methods have evolved over time, however, the 
development of test methods across all product segments 
is not yet mature. Notably, to date, biodegradability test 
methods specifically intended for textiles were developed to 
quantify degradation resistance rather than enhancement. 
For example, both British Standard BS EN 14,119:2003 and 
the withdrawn AATCC 30 methods measure resistance to rot, 
mildew, and microbiological deterioration. Therefore, with 
respect to waste management, test methods used to meas-
ure desired biodegradation of textile materials are currently 
borrowed from those intended for plastics (Table 1). The 
methods established for plastics [19, 71] are in response to 
regulatory requirements that do not specifically encompass 
textile materials. Nevertheless, these methods are used to 
characterize textile material biodegradability.

3.1  Respirometric methods

Respirometric methods are preferred for quantifying bio-
degradation. These methods rely on the principle of evo-
lution of  CO2 and/or consumption of oxygen to quantify 
biodegradation. Measuring the amount of  CO2 released 
over time provides insight on both extent and rate of bio-
degradation [72]. Respirometric methods are relatively 
inexpensive, specifically track biodegradation and can be 
applied to various treatment scenarios. These methods 
require experiments to be conducted for the specified 
period of time associated with the method. For a biode-
gradable textile subjected to these tests, an amount of car-
bon dioxide would release from the textile during the test 

Fig. 5  Different biodegrada-
tion scenarios
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as a result of microbial metabolic processes which would 
not be released during non-biotic degradation. Therefore, 
tracking the net  CO2 evolved denotes biodegradation. 
Respirometric methods can be applied at different condi-
tions, including aerobic (compost and soil incubation) and 
anaerobic (anaerobic digestion) [73]. Examples of com-
monly used respirometric test methods conducted under 
aerobic or anaerobic conditions are shown in Table 1.

An advanced isotopic respirometric method that requires 
special preparation of 13C-labeled test samples not only 
measures biodegradation based on carbon conversion, but 
also identifies which specific carbon atoms in a chemical 
structure undergo chemical transformations, giving insight 
to the biodegradation mechanism for a given material [74]. 
By replacing specific carbon atoms with the isotope, the 
biodegradation of one monomer present in a polymer can 
be isolated and studied by capturing and measuring the 
amount of carbon dioxide containing the released isotope. 
In a study with poly(butylene adipate-co-terephthalate) 
(PBAT) polymer, this method was used to identify depo-
lymerization as the rate-controlling step during biodegra-
dation because more than 30% of labeled carbon atoms 
in monomers were “mineralized” (converted to  CO2) within 
two days of adding the monomers to the soils, but less than 
1% of carbon atoms in the corresponding polymer were 
converted to  CO2 during that same incubation period [74]. 
Therefore, isotopic methods can establish the unambiguous 
fate of specific compounds and provide important mecha-
nistic insights. A standardized method (ASTM D6692) using 
radiolabeled polymers was previously used to measure plas-
tic biodegradation in seawater but was withdrawn without 
replacement in 2010. Due to cost and sample preparation 
complexity, these isotopic methods are slow to be adopted 
and applied in biodegradation studies.

Respirometric study of biodegradation in marine envi-
ronments is different from other respirometric methods 
in that the measured value is not the mineralized carbon 
but rather the consumption of oxygen. Biodegradation is 
quantified by comparing measured oxygen uptake during 
the test to the theoretical oxygen demand [75]. Theoretical 
oxygen demand is a calculated value based on the total 
organic carbon in the substrate and predictions of oxygen 
consumption from other sources. For example, nitrifica-
tion consumes some amount of oxygen in the marine envi-
ronment. This interferes with the measurement of oxygen 
consumption and must be accounted for. This method of 
respirometric quantification is utilized in standardized 
methods for aerobic biodegradation in marine environ-
ments like freshwater (ISO 14851) and seawater (ASTM 
D6691).

3.2  Additional methods

Although respirometric methods give the strongest 
direct evidence of biodegradation, additional methods 
are commonly used for convenience or to build mecha-
nistic understanding of degradation phenomena. The 
most prevalent technique is measurement of percent 
weight loss. This relatively inexpensive method requires 
accurate sample mass measurements before and after 
exposure to the degradation environment, with drying 
or otherwise correcting for sample moisture content, 
and potentially involves use of mesh bags or other con-
tainment to ensure recovery of disintegrated sample 
fragments. Weight loss experiments under soil burial 
conditions convincingly show more rapid biodegrada-
tion of cellulosic materials compared to conventional 
synthetic textile fibers [42, 76–79]. Also, when paired 

Fig. 6  SEM images of non-degraded PET fibers (left) and degraded cotton fragments (right) separated by filtration from a cellulase enzyme 
treated PET/cotton fabric blend [89]
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with microbial culture tests [76] or microbe-inhibited 
controls [80], weight loss can be attributed to the pres-
ence of microorganisms. However, depending on the 
polymer, other factors may also play a role. For example, 
even when microorganisms are not present, weight loss 
of sterilized PLA can be caused by hydrolysis in pure 
water [81]. Therefore, experimental context is essential 
to interpret the extent to which biodegradation is a 
factor. Microscopic examination by scanning electron 
microscopy (SEM) gives visual evidence of microbial 
[42, 76, 78, 80] or enzymatic [82–85] degradation, based 
on the experimental parameters. Images of degraded 
materials are compared to initial or control sample 
images, or relative degradation of one fiber type is 
compared to another (Fig. 6). Insights on degradation 
mechanisms are obtained by monitoring changes in 
polymer crystallinity and molecular weight. Crystallinity 
of non-thermoplastic materials, like cellulosic fibers, is 
measured using X-ray diffraction [79], whereas changes 
in enthalpy of fusion (ΔHmelt), measured by Differential 
Scanning Calorimetry (DSC) relative to a standard with 
known crystallinity, is used to calculate crystallinity of 
thermoplastics, like PLA [86, 87] and poly(caprolactone) 
(PCL) [80]. Observations from these methods follow 
a general pattern that sample crystallinity initially 
increases in degradation environments because more 
accessible amorphous polymer regions degrade first, 
then crystallinity decreases as more degradation occurs 
over longer periods of time. Notably, in a study where 
lipase enzymes were dispersed and encapsulated within 
a PCL polymer film, the percent crystallinity remained 
constant at ~ 40% even after the sample lost 80% of its 
initial mass, indicating that both amorphous and crys-
talline phases degraded in the presence of the confined 
enzymes [88].

4  Textile waste management practices

The World Bank estimates that global MSW generation 
will increase to 3.4 billion tons per year by 2050 without 
changes in behaviors, practices and policies [1]. About 
37% of global MSW is disposed in landfills, 33% is openly 
dumped, 11% is incinerated and only 19% undergoes 
materials recovery through recycling and composting 
(Fig. 1). Textile production, use and disposal follows this 
primarily linear trend (Fig. 2). In the U.S., 66.4% of tex-
tile waste is disposed in landfills, 18.9% is incinerated 
for energy recovery, and 14.7% is recycled [5]. Recycling 
can involve up-cycling to value-added products [90], 
conversion to fiber by shredding [91], or down-cycling 
to wiping and polishing cloths [92], which are disposed 
after use. Disposed textiles that are sent to landfills 

represent lost value and persist there because landfills 
are primarily designed to contain rather than to degrade 
[33]. When organic matter degrades in landfills, it under-
goes anaerobic decomposition to methane and carbon 
dioxide mediated by microorganisms [93]. The extent to 
which a material, such as cellulose, degrades depends 
on the microbial population specific to the landfill site 
[22]. Some textiles are incinerated for power production 
when the proper facilities exist [94]. Waste textiles dis-
carded in the environment through improper disposal, 
or via partial disintegration (e.g. lint and microfibers 
released during laundering) may accumulate or degrade, 
depending on the conditions.

To divert solid food and paper waste from conventional 
landfills towards alternative biological waste treatment 
options, the European Commission Landfill Directive 
defined “biodegradable waste” as “any waste that is capa-
ble of undergoing anaerobic or aerobic decomposition, 
such as food and green waste, and paper and paperboard” 
[95]. While some textile fibers that originate from plants 
(“green waste”) or are composed of cellulose (the same 
polymer as found in paper and paperboard) could fall 
within that definition, because the composition of textiles 
today is dominated by synthetic fibers and added chemis-
tries like dyes and finishes can interfere with biodegrada-
tion, textiles overall persist significantly longer in landfills 
or the environment than other forms of solid waste, like 
food waste.

Alternative waste management strategies include com-
posting, biogas production and reprocessing in industrial 
reactors. Composting is an aerobic process where organic 
materials, such as manure and leaves, are decomposed 
and transformed by microorganisms into a humus-like 
substance called compost,  CO2, water, and minerals [78]. 
Composting environments have highly active microbial 
and enzymatic constituents that accelerate degradation 
processes [96]. Composting can be a low-cost (on the 
order of two- to six-fold lower) waste management prac-
tice for biodegradable polymers compared to landfilling, 
incineration or recycling petroleum-derived polymers [97, 
98]. Pure natural fibers are completely degraded under 
microbial composting conditions [99], and certain types 
of plastics have been engineered to degrade by compost-
ing [72]. However, the presence of process contaminants 
associated with bioplastics can lead to ecotoxicity [100]. 
Anaerobic digestion (AD) is a waste-to-energy process that 
produces biogas (methane) while decomposing wastes 
with primarily organic content, such as manure, munici-
pal wastewater, agricultural residues and food wastes 
[101]. Generally, AD processes require feedstocks to be in 
the form of liquid slurries (< 20% solids), which is not the 
usual form for waste textiles. Processes that convert tex-
tile wastes to the required form have been proposed [102] 
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and the susceptibility of various plastic wastes to diges-
tion under AD and landfill conditions has been reviewed 
[103]. Industrial reprocessing includes melt reprocessing, 
chemical/enzymatic conversion, or biological conversion 
(fermentation). Circular processes recover valuable com-
ponents in the waste and avoid loss of waste material to 
the environment [104].

5  Textile fiber biodegradability

Both natural and synthetic textile fibers are semi-crys-
talline, meaning they consist of both amorphous and 
crystalline regions. This important characteristic gives 
textile fibers a combination of toughness and strength. 
Initial disintegration and degradation of fibers occurs 
in the amorphous regions, which are more accessible 
to water and other compounds because of higher free 
volume [16, 96, 105], causing fibers to break apart into 
small fragments and microfibers (Fig. 7). When materi-
als biodegrade in the environment, the small fragments 
continue to depolymerize to low molecular weight mol-
ecules that ultimately are consumed by microorganisms 
as an energy source and metabolized to carbon dioxide 
and water. Some molecules will be converted to biomass 
that makes up the cells themselves [106]. However, the 
chemical structures and crystalline regions of fibers, and 
of plastic materials in general, can resist degradation. 
This interrupts the full degradation pathway and leads 
to accumulation in the environment.

While analysis of textile degradation has historically 
been relevant for archaeology and forensics [107] or for 
preservation [108], measuring the environmental per-
sistence of textile materials from a sustainability per-
spective is relatively new because there are no specific 
regulatory requirements. Within the work that has been 
published, comparison of textile biodegradation results 
is hindered by variabilities in test methods, conditions, 
physical form of samples, and duration of testing. Many 
investigations are time-limited and do not provide data 
up to complete degradation. There is also no standard 
practice for the physical form (e.g. powders, films, fibers, 

etc.) of materials tested. Bearing these complications in 
mind, a schematic timeline that summarizes published 
biodegradation test results for textiles and related mate-
rials is shown in Fig. 8. Supporting details for the time-
line are provided in Supplementary Information Table S1. 
Overall, results show that textiles made from natural fib-
ers, absent of dyes and finishing treatments, persist for 
much shorter times than conventional synthetic fibers. 
In a soil burial study that measured the amount of fab-
ric remaining over time, Warnock et al. [77] found that 
the degradation rates of three vat blue dyed cellulosic 
fabrics—rayon, cotton and lyocell—in warm (25  °C), 
moist (18%) soil conditions largely followed zero-order 
(linear) kinetics in the range between around 20–90% 
degraded, allowing calculation of half-life values (the 
time required for 50% of the fabric to decompose) of 22, 
40 and 94 days, respectively. This trend was attributed 
to increasing crystallinity and longer cellulose polymer 
chains for cotton and lyocell compared to rayon. The 
half-lives increased when soil moisture decreased, and 
decreased when soil temperature increased. Vat Blue 
20 (C.I. 59,800) was chosen as an experimental marker 
because it remained as a visible blue residue on soil par-
ticles after fabrics degraded. While this illustrates that 
some categories of colorants (in this case, a physically 
entrapped organic pigment) do not interfere with fiber 
degradation, it also illustrates that the colorant can have 
different (lower) biodegradability than the fiber, and 
emphasizes the importance of developing techniques 
to detect residual dyestuffs in biodegradation environ-
ments [109]. Regarding the impact of textile finishing 
chemicals, in compost and aquatic textile degradation 
studies, the presence of silicone softener was found 
to increase extent of degradation while durable press 
crosslinking chemicals hindered degradation [78, 110]. 
Given the large diversity of textile dyes and chemical fin-
ishes currently in use, more work is needed to measure 
their degradation products and impacts [111].

Natural fibers including cotton, flax, and wool 
exhibit substantial weight loss within one year when 
buried in soil, whereas synthetic materials, including 
poly(ethylene terephthalate) (PET), polypropylene (PP), 

Fig. 7  Schematic pathway of deconstruction, disintegration, and degradation outcomes
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and polystyrene (PS), exhibit negligible weight loss 
even after almost two years. Some synthetic polyesters, 
such as poly(butylene adipate-co- terephthalate) (PBAT) 
and poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) 
(PHBH) can degrade relatively rapidly at environmental 
conditions because their copolymer aliphatic ester link-
ages are more accessible for degradation than those in 

PET. Compared to the low temperatures encountered 
at ambient environments, waste treatment practices 
including composting and anaerobic digestion occur 
at sufficiently high temperatures for biodegradation of 
aliphatic polyesters, like PCL and PLA.

For biodegradability to be relevant in waste manage-
ment, material biodegradation must occur within an 

Fig. 8  Consolidated schematic timeline showing percent biodeg-
radation of textile fibers and related polymer materials, based on 
published studies in various biodegradation environments includ-
ing soil [23, 66, 73, 74, 77, 99, 107], aerobic sludge [99], seawater 
[29, 112, 113], compost [66, 73, 78, 96, 114, 115], and anaerobic 

conditions [73, 116, 117]; arrow colors give relative indication of 
rate and extent of biodegradation, where green indicates fast and 
complete, yellow indicates slower and eventually complete, and 
red indicates negligible biodegradation over long time periods; 
refer to Supplementary Information Table S1 for supporting details

Fig. 9  Extent of textile fiber biodegradability, guided by standard test criteria for plastics; refer to Supplementary Information Table S1 for 
supporting details
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acceptable timeframe. For regulated materials, such as 
biodegradable plastics, timeframe guidance is incor-
porated in standard test methods developed at specific 
biodegradation conditions [71]. Figure 9 summarizes four 
standard methods representing four different biodegra-
dation environments. Each method provides criteria for a 
material to be considered biodegradable at that condition. 
For example, a material exposed to seawater that degrades 
by > 70% in 90 days is considered biodegradable according 
to ASTM D6691-17. Materials that do not meet all the crite-
ria cannot be considered biodegradable by that method.

Based on the studies summarized in Fig. 8, Fig. 9 groups 
textile fibers according to whether the material exhibited 
“biodegradable,” “semi-biodegradable” or “nonbiodegrada-
ble” behavior at the specific test conditions. From a practi-
cal perspective, a material that degrades < 10% under the 
test conditions is considered nonbiodegradable, because 
its shape and physical properties remain largely intact. This 
implies that a material exhibiting between 10 and 70% 
biodegradation might be considered semi-biodegradable, 
not as a formal designation, but as a way to help under-
stand the factors impacting the behavior at those condi-
tions. For example, a material that is blended from different 
components might exhibit semi-biodegradable behavior if 
one component biodegrades and the other does not. The 
term “semi-biodegradable” is only used here as a relative 
descriptor to recognize materials that do not fully meet the 
defined method criteria but do exhibit significant changes 
in physical form and properties at the test conditions. A 
“Gray Zone” designation is included to recognize materials 
that show potential to meet the formal test method crite-
ria, but where the published studies were stopped before 
completing the full testing time requirement. For example, 
cotton was shown to reach 49% biodegradation in seawater 
after 38 days [75]. Therefore, while cotton is predicted to 
reach 70% biodegradation by the 90-day mark specified in 
ASTM D6691-17, here it is assigned to the “Gray Zone” for the 
seawater condition due to incomplete evidence. Such map-
ping can help inform what additional testing is needed. In 
general, whereas pure cotton is biodegradable under most 
conditions, PLA shows differing levels of biodegradability 
depending on the conditions, and PET is not biodegradable 
under any standardized conditions.

5.1  Balancing performance and biodegradability

A biodegradable textile fiber must fulfill both mechanical 
and aesthetic standards for apparel while also having prop-
erties that make it favorable to be broken down by micro-
organisms. Many factors can contribute to a textile’s ability 
to biodegrade, such as chemical composition, fiber crys-
tallinity, degree of orientation, degree of polymerization, 
hydrophilicity or hydrophobicity, and presence of dyes and 

other chemicals [73, 79]. Desirable physical properties for 
apparel fibers span ranges that align with different apparel 
applications. Tenacity, elongation at break, and modulus are 
considered the primary mechanical properties of textile fib-
ers, with typical associated ranges of 1–7 g/denier, 5–45%, 
and 25–120 g/denier, respectively [118]. Given that textile 
fiber densities are in the range 1–1.5 g/cm3 [119], the typi-
cal tenacity and modulus ranges expressed in SI units are 
90–900 MPa and 2–16 GPa, respectively. End use determines 
which properties are most essential. For example, fibers 
used in workwear may have high tenacity and low elon-
gation, whereas fibers in casual or athletic wear may have 
relatively higher elongation, and lower tenacity could be 
acceptable. Mechanical properties of common apparel fib-
ers are shown in the Supplementary Information (Table S2).

In addition to mechanical properties, chemical proper-
ties, especially moisture absorbency, are important for com-
fort and are critical factors in biodegradability. Increased 
biodegradability generally correlates with increased hydro-
philicity [23, 79]. Traditional textile fibers have moisture 
absorption regain values on the low end for PET (~ 0.4%), 
acrylic and nylon (1–4%), in the mid-range of ~ 7% for cotton 
and cellulose acetate, and at the high end of ~ 10–18% for 
mercerized cotton, rayon, silk and wool [120]. Most natural 
fibers, notably cotton and wool, have much higher absorb-
ance capabilities whereas commonly used synthetic fib-
ers, like nylon and polyester, have moisture absorbance in 
the lower range. The ability of fibers to absorb moisture is 
related to their chemical structures, shown in Table 2. Fiber 
compositions with high percentages of oxygen and nitro-
gen are generally more hydrophilic than fibers with a high 
hydrocarbon percentage.

For both manufacturing and end-use considerations, 
the thermal stability of fibers is important, especially the 
melting temperature, when the fiber loses its solid shape 
and changes phase to a liquid state. The ability of fibers to 
melt depends on their thermal degradation temperature 
being higher than the melting temperature. As shown in 
Table S2 (Supplementary Information), textile fibers based 
on cellulose (e.g. cotton, rayon) and protein (e.g. wool, silk) 
do not melt due to extensive hydrogen bonding at the 
molecular level that prevents the polymers from moving 
and flowing in response to heat. For these fibers, hydrogen 
bonding preserves the solid fiber structure until it ther-
mally degrades. In contrast, synthetic fibers generally melt 
at useful temperatures, meaning temperatures that are 
higher than typical use conditions and lower than the ther-
mal degradation temperature. This “thermoplastic” behav-
ior allows synthetic fibers to be melt-processed into differ-
ent fiber shapes and sizes. Thermoplastic materials are also 
characterized by their glass transition temperature (Tg), 
which is a temperature below the melting temperature 
at which polymer chains within the material can undergo 



Vol:.(1234567890)

Review SN Applied Sciences            (2022) 4:22  | https://doi.org/10.1007/s42452-021-04851-7

Table 2  Expected primary degradation products of common apparel and polyester polymers, with examples of enzymes capable of catalyz-
ing the depolymerization step, and reported extents of degradation at indicated conditions

Fiber/Polymer
a

Expected Depolymerization Products Enzyme/ Conditions / Results
b

References

Cotton/Cellulose Glucose

Cellulase: Cellulase AP3 from Aspergillus niger, 

10 FPU/g / ~0.5 g regenerated phosphoric acid 

pretreated cotton, pH 5, 50°C, 250 rpm, 48 h / 60-

91% reducing sugar vs 25-25% for non-pretreated

Cellulase: Cellic
®

CTec3 multicomponent 

cellulase, 2750 U/mL/ 1 g of 1 mm-size mixed 

fiber, pH 4.8, 50°C, 400 rpm, 5 days/ ~80% 

cellulose building blocks detected by HPLC

[217]

[253]

Cellulose acetate

Esterase: Cellvibrio japonicus acetyl xylan 

esterase (AXE 55)  34 μg/mL / 7.54 mg/mL 

CellOAc with 1.4 D.S., pH 8.5, 25°C, 165 h / 80% 

deacetylation, then 48% glucose recovery using 

Cellic
®

CTec3 multicomponent cellulase (pH 5, 

55°C, 168 h) after AXE pretreatment

[141]

Silk and Wool Multiple different peptides and amino acids

Protease: Protease XIV, 1 U/mL / 9 cm
2

freeze 

dried silk fibroin sheet, pH 7, 37°C, 15 days / 70% 

weight loss (protease XIV), 52% collagenase IA, 

with released amino acids

Protease: Ronozyme
®

ProAct (serine protease) 2 

KU/mL / 0.1 g wool fabric ground to ≤0.6 mm, pH 

10, 50°C, 200 rpm, 16 h with reducing agent / 

>95% weight loss (PCNR)

[85]

[254]

Nylon 6,6/Polyamide

Nylon hydrolase: 6-aminohexanoate oligomer 

hydrolase (NylC), 0.1 mg/mL / 5 mg/mL nylon 6 

or nylon 6,6 powders, pH 7.3, 60°C, 5 h / ≤ 1% 

free amine released (PCNR) 

Protease: Protex
®

modified subtilisin, Lipase:
Lipex

®
serine hydrolase, and mixtures 6-9% o.w.f. 

products / nylon 6,6 woven fabric, pH 6.5, 30°C, 

80 min / < 5% weight loss (PCNR) 

[255]

[256]

Polyethylene terephthalate

Cutinase: Thermobifida fusca KW3 cutinase 

(TfCut2) 50 μg/mL / 0.5 mg PET fiber 

nanoparticles, pH 8.5, 60°C, 1000 rpm, 40 min /  

>97% turbidity reduction (PCNR) 

Cutinase: Leaf-branch compost cutinase (LCC) 

variant ICCG, 3 mg/g / 20% suspension of 

amorphized and micronized PET, pH 8, 70°C, 24 h 

/ 90% hydrolysis based on NaOH consumption, 

ethylene glycol and terephthalic acid produced

Cutinase: Humicola insolens (HiC), 10 μM / 7% 

crystallinity PET-Gf film, pH 8, 70°C, 96 h / 97% 

hydrolysis based on NaOH consumption, ethylene 

glycol and terephthalic acid detected by HPLC

[209]

[204]

[210]

Polyethylene furanoate

Cutinase: Humicola insolens cutinase (HiC), 5 

μM / 0.5 cm
2

amorphous PEF film, pH 8, 65°C, 96 

h / 100% weight loss and > 95% degraded to 

monomers

[232]
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Table 2  (continued)

Poly(1,4-butylene adipate-co-terephthalate)

Lipase: Pelosinus fermentans DSM 17108 lipase 

(PfL1) 0.6 μM / 10 mg milled PBAT film, pH 7.5, 

50°C, 100 rpm, 72 h / ~120 mol total products/mol 

PfL1, products detected were BTA > BTAB > TA

[257]

Polybutylene succinate

Cutinase: Fusarium solani cutinase expressed by 

Fusarium sp. FS1301 strain / 3 cm
2

PBS film, 100 

rpm, pH 7, 30°C, 24 days / 80% weight loss and 

detected SA, SA-BDO, SA-BDO-SA and SA-

BDO-SA-BDO from PBS emulsion after 30 min at 

50°C with purified enzyme

[258]

Polylactic acid

Protease: Tritirachium album Proteinase K, 1 

U/mg / 0.5 cm
2

poly(D,L-LA) film, pH 8, 37°C, 

200 h / 80% weight loss (PCNR)

Protease: Proteinase K, 0.2 mg/mL / ~20 mg PLA 

type 2003 D film, pH 8, 37°C, 56 days / 42% 

weight loss (PCNR) 

Protease: Bacillus subtilis protease (Pro-1’) 2 g/L / 

[259]

[260]

[261]

100 cm
2

PLA woven fabric, pH 7, 35°C, 7 days / 

20% weight loss (PCNR) 

Polycaprolactone

Cutinase: Humicola insolens cutinase (HiC) 8.8 

μM / ~30 mg PCL film, pH 8, 40°C, 200 rpm, 3 h / 

100% weight loss (PCNR) 

[262]

Polyacrylonitrile (PAN)

Esterases: Fusarium solani pisi cutinase, 9 Units 

or Texazym PES esterase, 3.4 Units / 1.6 or 3 g 

acrylic taffeta fabric comprising 7% vinyl acetate, 

pH 8, 30°C, 20 rpm, 3 h, plus additives / no weight 

loss, some increased reactive dye uptake

Nitrile hydrolyzing enzymes: Membrane bound 

enzyme isolated from Micrococcus luteus strain 

BST20, 11 nkat units / pH 7, 2% Triton X, 30°C, 

70 rpm, 24 h / microscopic evidence of fiber 

damage, 5% ammonia release, stained with 

Methylene blue

Nitrilase: Commercial Cyanovacta Lyase, 412 U/g 

fabric / 2 g acrylic taffeta comprising 7% vinyl 

acetate, pH 7.8, 40°C, 20 rpm / detected ammonia 

release, stained with Basic Blue 9 dye

[145]

[146]

[147]

a) CellOH: cellulose; Glc: glucose; CellOAc: cellulose acetate; GlcAc: glucose acetate; HOAc: acetic acid; α-AA: alpha-amino acid; Ala: alanine; 
Ser: serine; PA: polyamide; AdA: adipic acid; HMDA: hexamethylenediamine; PET: polyethylene terephthalate; TA: terephthalic acid; EG: eth-
ylene glycol; PLA: polylactic acid; LA: lactic acid; PCL: polycaprolactone; PBS: polybutylene succinate; PBAT: poly(1, 4-butylene adipate-co-
terephthalate) (PBAT); BTA: 1,4-hydroxybutylene terephthalate; BTAB: bis-1,4-hydroxybutylene terephthalate; BDO: butanediol; PEF: polyeth-
ylene furanoate; FDAC: furandicarboxylic acid; SA: 1,4-succinic acid; b) D.S.: degree of substitution; PCNR: Product Compounds Not Reported
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long range molecular motion even while the material 
remains solid. While microorganisms generally cannot 
survive at temperatures as high as the melting tempera-
tures of textile polymers, some microbial environments, 
e.g. composting and anaerobic digestion, reach the Tg of 
polymers like PLA (~ 50–60 °C [121]), and industrial process 
reactors can be elevated to the Tg of other polymers like 
PET (~ 70 °C [122]) to accelerate hydrolysis reactions.

Figure 10 compares different polymer/fiber properties 
according to their suitability for use in apparel and their 
biodegradability characteristics. Natural fibers, shown in 
the green part of Fig. 10, exhibit both the chemical require-
ments for biodegradation and meet the physical require-
ments for apparel textiles. Polymers in the yellow-shaded 
area meet the biodegradability criteria for certain test 
methods and can be melt-processed to form fibers, but 
their physical properties can be inadequate for conven-
tional handling of textile apparel. Polymers in the blue-
shaded area are conventional synthetic apparel textile 
polymers that do not biodegrade within standard test 
method timeframes. Materials in the purple-shaded area 
are polymer blends and composite fibers that have the 
potential to meet both apparel property requirements and 
biodegradability criteria.

6  Basic biochemical degradation 
mechanisms

Because fibers and the polymers they contain are too large 
to pass across cell membranes, microorganisms release 
enzymes onto these substrates to catalyze polymer bond 
cleavage. This reduces the molecular weight to small 
soluble products that can be consumed. Chemical func-
tionality along the polymer chain provides sites for bond 
cleavage. Table 2 illustrates polymer chemical structures 

for common apparel fibers and several different types of 
polyesters. The expected depolymerization products are 
represented in the table by monomer residues, though the 
products can actually be a mixture of monomers, dimers, 
and oligomers. Comparison of polymer and correspond-
ing monomer structures shows that depolymerization 
occurs at glycosidic (R’O–CH(R)–OR”: cellulose), amide 
(R–C(O)NH-R’: silk, wool, nylon) and ester (R-COO-R’: PET, 
PEF, PBAT, PBS, PLA, PCL) bonds. Side group modifications 
can also occur.

After the polymer molecular weight is reduced, mono-
mer/oligomer fragments are transported across micro-
bial cell membranes to provide energy to cells, generate 
biomass, and release by-products, such as  CO2 and water 
through metabolic cycles. For some polymers, like PLA, 
the degradation process is enhanced by non-enzymatic 
hydrolytic mechanisms when exposed to heat and mois-
ture [54]. For some fibers, like cotton, the mode of micro-
bial attack depends on the organism. In the presence of 
bacteria, cotton biodegradation proceeds from the surface 
towards the center of the fiber whereas in the presence of 
fungi, the microorganism penetrates into the lumen where 
it multiplies and eventually breaks down the fiber from 
the inside-out [123]. Microorganisms associated with the 
biodegradation of apparel polymers have been reviewed 
by Gusakov (2011) [124] for cellulosic materials; Puls et al. 
(2011) [125] for cellulose acetate; Carr et al. (2020) [126] 
for PET; Tokiwa et al. (2009) [127] for PBAT, PBS, PCL, PLA 
and silk; Cardamone (2001) [128] for wool; Sudhakar et al. 
(2007) [129] for nylon 6,6 and 6; and, Gaytán et al. (2021) 
[130] for acrylic. Enzymes participating in apparel poly-
mer degradation have been reviewed by Gusakov (2011) 
[124] for cellulosic materials; Wei and Zimmermann (2017) 
[131], Biundo et al. (2018) [132], Carr et al. (2020) [126], 
Leitão and Enguita (2021) [133], and Kawai (2021) [134] for 
polyesters; Karamanlioglu et al. (2017) [66] and Zaaba and 

Fig. 10  Comparison of fibers 
with desirable apparel proper-
ties versus desirable biodegra-
dability properties
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Jaafar (2020) [135] for PLA; Guo et al. (2020) [136] for silk; 
Qiu et al. (2020) [137] and Fu et al. [138] for wool; Yadav 
and Hakkarainen (2021) [139] for cellulose acetate; and, 
Gaytán et al. (2021) [130] for acrylic.

Polymer degradation may occur in discrete steps. For 
example, the degradation of cellulose acetate involves 
separate steps of polymer side group modification (dea-
cetylation), which exposes surface hydroxyl groups [140], 
followed by glycosidic linkage hydrolysis [141]. When the 
degree of substitution (DS) of acetyl groups on cellulose 
is > 2, compost microorganisms are slower at metabolizing 
the polymer [142] and enzymes have difficulty catalyzing 
deacetylation, which can explain the low biodegradation 
rates observed for textile cellulose diacetate (DS ~ 2.4) and 
triacetate (DS ~ 2.7) fibers [139–141]. Enzyme engineering 
to improve substrate docking at the active site resulted 
in improved surface deacetylation for DS 2.0 cellulose 
acetate films [143]. Park et al. [79] reported that acetate 
fabric degraded slower than linen, rayon and cotton in soil 
burial and activated sludge tests (only reaching 8–10% of 
theoretical  CO2 evolution), especially when the average 
environmental temperature was low. In contrast, Gartiser 
et al. [68]. reported 60% degradation in 46 days of cellu-
lose acetate fibers (DS 2.45) in mesophilic (35 °C) anaerobic 
digestion tests according to ASTM D5210-91, which was 
attributed to the large surface area of the 10 μm diameter 
Y-shaped filaments tested. Cotton tissue degradation in 
the same study was 64%, while 24 μm PLA film degrada-
tion was only 2–11% due to the low temperature condi-
tions. Cellulose acetate powders (300–400 μm) with DS 1.7 
and DS 2.5 treated at laboratory-simulated thermophilic 
composting conditions (53 °C, 60% moisture, 100 mL/
min aeration) generated 72.4% and 77.6% of theoreti-
cal  CO2 by respirometry in 24 and 60 days, respectively 
[144]. Under these favorable conditions, the weight loss 
of solution-cast film samples was also significant, 50% for 
DS 1.7 in 5 days and 46% for DS 2.5 in 16 days, illustrating 
that manipulation of polymer morphology, particle size 
and biodegradation conditions can all play roles in improv-
ing biodegradation outcomes. In the case of textile acrylic 
fibers (polyacrylonitrile, PAN), which include copolymers 
of acrylonitrile and vinyl acetate, some limited hydrolysis 
at fiber surfaces of vinyl acetate (R-OC(O)CH3) side groups 
to vinyl alcohol (R-OH) by esterase enzymes [145] or con-
version of nitrile (R-CN) side groups to amide (R–C(O)NH2) 
and carboxylic acid (R-COOH) groups by nitrile hydrolyz-
ing enzymes have been reported [146–148], but the C–C 
polymer backbone is highly resistant to degradation [130].

Enzymes listed in Table  2 are selected examples of 
those associated with fiber depolymerization, along with 
example treatment conditions and results for studies that 
quantified the level of degradation (typically by weight 
loss). Studies reporting full compositional analysis of 

degradation products are rare, and those performing the 
analyses usually detect mixtures of monomers, dimers and 
oligomers rather than only the monomer products shown 
in the table. Such results can indicate insufficient time for 
the reactions to go to completion, or can indicate substrate 
selectivity, accessibility limitations, product inhibition 
or other confounding phenomena. Experiments usually 
include physical (cutting or grinding), thermal (elevated 
temperature) and chemical (swelling) pretreatments to 
make fiber substrates more accessible. Without these pre-
treatments, enzyme-catalyzed degradation can stall at low 
levels of conversion. Heat is applied to improve reaction 
kinetics and ideally bring thermoplastic materials beyond 
their Tg, allowing chemicals and enzymes better access to 
hydrolyzable linkages along the polymer chains. The com-
bination of physical, chemical, and thermal pretreatments 
with biocatalysis, sometimes called “assisted bioremedia-
tion” [130], can significantly reduce the time required for 
materials to degrade while enabling recovery of primary 
degradation products for value-adding purposes, such as 
using glucose from cotton for biofuels production [70] or 
recycling polyester monomers to make new polymer [149]. 
While some polymers, e.g. PCL, depolymerize rapidly in the 
presence of enzymes, others, e.g. nylon 6,6 and PAN, are 
highly resistant to enzymatic degradation.

7  A Model biodegradable synthetic textile 
polymer

Poly(lactic acid) or polylactide (PLA), a semicrystalline ali-
phatic thermoplastic polyester, is the leading example of 
biobased, biodegradable and biocompatible polymers 
used for numerous applications, including textile fibers 
[150]. Lactic acid monomer is produced at large scale by 
fermenting sugars obtained from agricultural resources, 
such as cornstarch, sugarcane and other plant derived 
feedstocks. Polymerization occurs in subsequent steps 
by direct condensation or, primarily, by ring-opening 
polymerization of the cyclic lactide dimer to achieve high 
molecular weight PLA [151, 152]. Lactic acid is a chiral 
monomer that can occur in both L- and D-enantiomeric 
forms, hence the homopolymers are referred to as poly(L-
lactic acid) (PLLA) or poly(D-lactic acid) (PDLA) and are 
called poly(DL-lactic acid) (PDLLA) when the two enanti-
omers form a co-polymer. PLA polymer is commercialized, 
for example under the trade name Ingeo™ (NatureWorks 
LLC), and is used for many applications, including pack-
aging, disposable wipes, geotextiles, 3D printer filament, 
hospital garments, medical devices, absorbent pad liners, 
personal hygiene products, and agriculture/horticulture 
products [114, 150, 153, 154]. In addition to apparel [155], 
PLA has been used in other textile applications such as 
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a single-use wipes, tea bags, and automotive carpets or 
floor mats [156].

7.1  PLA physical properties

In the broad realm of aliphatic polyesters, PLA stands out 
for its attractive mechanical and physical properties that 
are comparable to common textile fibers (Fig. 11)—high 
modulus, high strength, and good transparency and 
barrier properties. PLA also has shortcomings, including 
low melt strength, slow crystallization rate, temperature-
dependent crystal morphology, high brittleness, low 
toughness, and low service temperature (Tg = 52–67 °C; 
 Tm = 130–180  °C), which limit its applications [121, 
150–152, 156]. Low service temperature can make pure 
PLA fibers susceptible to deformation during conventional 
fabric care like hot washing (> 50 °C) and ironing (> 160 °C) 
[150]. Notably, the interdigitated helical stereocomplex 
(sc-PLA) that forms when PLLA and PDLA are physically 
blended [152] (as opposed to co-polymerized) has signifi-
cantly higher glass transition (Tg = 65–72 °C) and melting 
(Tm = 220–230 °C) temperatures [58] compared to each 
polymer alone. The stereocomplex acts as an efficient 
nucleating agent for PLLA crystals, and a few percent of 
stereocomplex are often found in industrial PLLA formula-
tions [152]. From another perspective, the thermal proper-
ties of PLA can be an advantage for recycling where condi-
tions of 130 °C, pH 11, and 150 min treatment time could 
be used to aid in digestion and recovery of lactic acid from 
PLA fabrics [157].

7.2  PLA biodegradability

Unlike biodegradable polymers that undergo progressive 
surface degradation by enzymes that are released from 
microorganisms, the degradation of PLA in a composting 
environment proceeds by a two-step mechanism in which 
PLA first disintegrates by moisture-induced chemical bond 
cleavage in humid environments when the temperature 
is ≥ 60 °C [114, 159]. This lowers the molecular weight to 
around 10–20 kDa, followed by microbial attack on and 
assimilation of fragmented residues [150]. Carbon dioxide 
and water are the final metabolic byproducts. Sufficient 
exposure to heat and moisture is essential for ultimate 
PLA biodegradation and explains the broad time range 
observed for PLA degradation at different conditions 
(Fig. 8). PLA biodegrades completely in a few months at 
the thermophilic (> 50 °C) aerobic conditions encountered 
in industrial compost, whereas only limited biodegrada-
tion of PLA occurs in mesophilic or ambient conditions [66, 
150]. Amorphous PLA undergoes faster hydrolytic degra-
dation than crystalline PLA. PLA films (150 μm thick) with 
a relatively high D-lactide content (12%), leading to amor-
phous morphology, reached 70% weight loss in 30 days at 
58 °C, while low D-lactide (2%) film having a 45% degree 
of crystallinity required 50 days to reach 60% weight loss. 
For a series of rigorously characterized lightweight (60 g/
m2) spunbond PLA nonwoven fabrics with fiber diameters 
in the range 8–11 μm, and the corresponding PLA polymer 
pellet, 100% weight loss was achieved after composting 
in the presence of at least  106 cfu/cm3 microorganisms at 
58 °C and 53% moisture for 16 weeks [114]. Faster deg-
radation was observed relative to wool and cotton for 

Fig. 11  Stress–strain curves for 
PLA and other common textile 
fibers (20 °C, 65% RH) (repub-
lished from Farrington et al. 
[158] with permission of the 
copyright holder, Elsevier B.V.)



Vol.:(0123456789)

SN Applied Sciences            (2022) 4:22  | https://doi.org/10.1007/s42452-021-04851-7 Review

PLA fabric at warm (58 ± 2  °C) composting conditions 
[150], but comparative physical properties of the fabrics 
was not reported. Under thermophilic (60 °C) anaerobic 
digestion conditions, only 50 days were needed for PLA 
fiber to reach 90% biodegradation while 80% biodegrada-
tion was achieved under aerobic composting conditions 
(Fig. 12.a). These findings agree with an earlier report by 
Lunt [160] showing that increasing temperature dramati-
cally shortens the time for PLA fragmentation and biodeg-
radation in water (Fig. 12.b). Such condition-dependent 
degradability is conceptually the same feature by which 
natural polymers, like cellulose, perform well in use and 
then degrade biologically when exposed to appropriate 
conditions (Fig. 12.a).

7.3  PLA textiles

PLA can be melt-spun to form spunbond nonwoven fab-
rics or to form monofilament, multifilament and staple fib-
ers which are drawn and annealed to produce PLA yarns 
and fabrics. PLA materials have a broad range of controlla-
ble properties [155] that can be superior to PET on a num-
ber of parameters (Supplementary Information, Table S3) 
[150], including lighter weight, more lustrous appearance, 
better draping properties, better moisture management, 
better flame retardancy and better resistance to bacterial 
growth correlated to lower odor in apparel use. The anti-
microbial properties may be related to low levels of lactic 
acid release [150]. The most critical difference between the 

polymers is in the thermal properties. PLA has significantly 
lower glass transition and melting temperatures compared 
to PET, as well as higher shrinkage in boiling water. Nev-
ertheless, the molar enthalpy of ester bond hydrolysis 
for the two polymers is similar and has a larger absolute 
value compared to the hydrolysis of β-1,4-glycosidic bonds 
(−2.3 to -2.6 kJ/mol [161, 162]) found in cellulosic mate-
rials. Although PLA has low moisture regain (0.4–0.6%), 
similar to PET, PLA has excellent wicking and fast drying 
properties [158]. During PLA melt spinning, high take-up 
speed (> 3000 m/min), providing stress-induced crystal-
lization, is needed to generate high strength yarns with 
low shrinkage [150]. Properties of these materials have 
been compared to those of conventional yarns including 
a cotton/PET blend and PET alone [163]. PLA yarns alone 
exhibit slightly higher moisture regain compared to PET 
yarns (0.13% versus 0.04%), while the reference cotton/PET 
blend had 6.34% moisture regain. Overall, many physical 
properties of PLA fabric are comparable to a cotton/PET 
blend of similar fabric construction, including breaking 
strength, bursting strength and bursting distension. Nota-
bly, elongation of PLA yarns is higher than both cotton/
PET and PET [163], resulting in high wear comfort rankings 
of PLA fabrics [164]. Comparing the tensile properties of 
materials shown in Table S2 and Fig. 11 to those shown in 
Table S3 requires mathematical conversions between force 
per unit linear density and force per unit area. Example cal-
culations are included in the Supplementary Information.

Fig. 12  Compilation of biodegradation behaviors for a thermo-
philic (58–60  °C) anaerobic (ISO 15985) and aerobic (ISO 14855) 
degradation of cellulose and PLA (adapted from Fig. 29.7 and 29.8 
in Mochizuki [152] by permission of John Wiley & Sons Inc.; permis-
sion conveyed through Copyright Clearance Center, Inc.), and for 

PET with 1%  EcoPure® additive in simulated compost conditions 
(ASTM D5988-03) (based on Fig. 4 of Gómez and Michel [73]), and 
b the relationship between temperature and onset of PLA fragmen-
tation and biodegradation in water, based on Table 3 in Lunt [162]
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7.4  Laundering properties of PLA

Two obstacles in broader use of PLA apparel fabrics are the 
need for special garment care (i.e. low temperature ironing) 
and avoiding extended exposure to hot, wet conditions dur-
ing use that could lead to polymer hydrolysis [159] and loss 
of fabric strength [158]. Domestic textile laundering involves 
both mechanical abrasion against the machine drum and 
other fabrics, as well as chemical exposure in water to deter-
gents, bleaching agents, optical brighteners and seques-
trants, usually at alkaline conditions, and usually at tempera-
tures that range from 20–43 °C [165], though hot washing 
at 60 °C can occur in some regions [166]. These processes 
can cause fabric shrinkage, distortion, and deterioration of 
handle which affect garment shape and size, pilling, and 
mechanical performance. After 50 laundering cycles, PLA 
washed with non-phosphate detergent and sodium perbo-
rate, a common source of active oxygen in many detergents, 
responded with an increase in fabric extensibility, from 7.6 
to 8.7% which correlates with an increase in fiber crimping; a 
decrease in fabric stiffness, which implies decrease in tensile 
modulus; a decrease in bending stiffness (lower value means 
a more relaxed fabric); a decrease in bending hysteresis (a 
low value leads to prevention of fabric bagginess); and, a 
slight decrease in tensile strength (from 13.6 cN/tex to 12.7 
cN/tex) which is within the acceptable strength loss range 
[167]. Therefore, machine washing of PLA fabrics should be 
limited to cold (≤ 35 °C) temperatures, mild laundry deter-
gents with low pH (pH 8), and line drying or tumble drying 
on low heat or permanent press setting (50 °C) [168].

7.5  PLA fiber blends

A common way of enhancing apparel fabric benefits while 
minimizing individual fiber deficits is by blending differ-
ent fibers. Blending PLA with natural fibers is a way to 
both tailor properties for use in apparel while maintain-
ing biodegradability characteristics of the fabrics [97, 169, 
170]. Because pure PLA fibers have a higher elongation 
than cotton, when PLA is added to cotton, the elongation 
of the blended yarns and fabric increases while the ten-
sile strength remains comparable to industry standards, 
depending on the percentage of PLA in the blend [169]. 
PLA fibers blended at 20 to 35% with cotton and spun 
into 14.76 tex yarns improved the feel (or “hand”) of knit-
ted fabrics, giving better drape and softness compared to 
100% cotton or PET/cotton blends, which is attributed to 
a finer PLA fiber diameter, smoother PLA surface, lower 
inter-yarn friction and less hairiness than observed with 
cotton [169, 171]. However, at similar fabric basis weight 
(130–135 g/m2), the bursting strength of 100% PLA and 
PLA blends was somewhat lower than cotton [169]. In 
comparison to PET/cotton fabrics, increased elongation 

and better moisture management make PLA/cellulosic 
fabrics attractive for garments where stretch and perspi-
ration transport are important comfort factors [170]. These 
blended fabrics are reported to have excellent hand, com-
fort, and moisture management (wickability) properties 
[172] that are especially suitable for athletic wear [164]. 
PLA/cotton blended fabrics are reported to withstand 
several simulated home laundry washes without creas-
ing, with good appearance and without degradation of 
PLA polymer [158].

7.6  Wet processing of PLA

Due to PLA susceptibility to hydrolysis at low tempera-
tures, when combined in blends with cotton, the wet pro-
cessing conditions must be adjusted to ensure retention 
of mechanical and aesthetic properties. Typical cotton fab-
ric wet processing includes cleaning the fibers by alkaline 
scouring (usually 100 °C for 1–2 h) and bleaching before 
dyeing and finishing. Although in one evaluation, scouring 
at up to 100 °C with alkali for 30 min did not show signifi-
cant PLA fabric weight loss, all alkaline scouring processes 
carried out above 60 °C showed significant changes in PLA 
yarn tensile properties, indicating that PLA should not be 
scoured above 60 °C [157]. This behavior is attributed to 
PLA’s susceptibility to bulk hydrolysis in water, which can 
cause loss of molecular weight throughout the structure 
before any size or mass loss is detected [173, 174]. To pre-
vent degradation of PLA fibers while sufficiently cleaning 
the cotton fibers, scouring of PLA/cotton blends should 
occur at lower temperatures for longer periods of time.

A similar approach is required for bleaching. PLA is 
severely damaged by the highly alkaline hydrogen perox-
ide bleaching conditions typically used for cotton, espe-
cially in high temperature processes [157, 175]. Therefore, 
conventional NaOH/H2O2 cotton bleaching treatments 
cannot be used with PLA/cotton blends. Alternative 
bleaching approaches, sodium hypochlorite (NaClO) 
adjusted to pH 11 with sodium carbonate and applied at 
low (40 °C) temperature, sodium chlorite  (NaClO2) applied 
at acidic pH (~ pH 4), or longer-time (24 h) low tempera-
ture bleaching with peroxide by cold-pad-batch methods, 
are better choices for preserving PLA fabric integrity [175]. 
Among these, bleaching under acidic conditions with 
sodium chlorite is able to deliver a high level of whiteness 
while retaining PLA yarn strength even at moderately high 
(85 °C) temperatures [175], however environmental con-
cerns about use of chlorine-based bleaches [176] could 
weigh in favor of cold-pad-batch peroxide-based methods.

PLA is moderately dyeable with disperse dyes [177–179]. 
Due to its lower refractive index, PLA can yield a deeper 
shade depth than PET when dyed with the same dye 
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concentration [175]. However, PLA is limited to lower dyeing 
temperatures (100–110 °C) than is typical for PET (120 °C) 
because PLA hydrolysis occurs easily at high temperature 
and humidity [150, 157]. Strategies to improve dyeability 
include PLA knit fabric surface modification by plasma treat-
ment or selection of specific (heterocyclic diazo) disperse 
dye types that favor interactions with the polymer [178]. 
For these dyes, K/S color strength values, exhaustion, and 
wet fastness were shown to be comparable to PET fibers 
dyed with the same class of disperse dyes. Enhancing PLA 
fiber and fabric dyeability is one aspect of broadening their 
appeal for textile apparel applications. Under simulated 
conditions for dyeing cotton with reactive dyes, PLA fab-
ric withstood processing conditions well [157]. Combined, 
these findings suggests that PLA/cotton blends could be 
single-bath dyed with alkali-stable disperse dyes and neu-
trally-applied reactive dyes without damage to PLA fibers.

8  Other potential biodegradable synthetic 
textile polymers

In addition to PLA [156], synthetic fiber-forming poly-
mers considered to have acceptable biodegradability by 
certain standard methods include the polyesters poly-
caprolactone (PCL) [115, 117, 180, 181], poly(butylene 
adipate-co-terephthalate) (PBAT) [182], and polybutyl-
ene succinate (PBS) [10]. Polyhydroxyalkanoates (PHAs) 
are another broad category of biobased polymers, pro-
duced by bacteria [183–185], with good biodegrada-
bility characteristics [186], however they are primarily 
considered to be low melting point engineering plas-
tics [187, 188]. Certain PHAs, e.g. poly(hydroxybutyrate 
hydroxyhexanoate) (PHBH), can produce fibers by melt 
spinning, but the crystallization rate is slow and the 
reported tensile strength (156 MPa) and tensile modu-
lus (2.43 GPa) [189] are somewhat lower than is usually 
acceptable for apparel fibers. The aliphatic–aromatic co-
polymer PBAT has emerged as a biodegradable replace-
ment for LDPE agricultural films and organic waste bags 
[190], and can be melt blown into fibers, offering poten-
tial for nonwoven textile applications [182]. PBAT fiber 
mechanical properties are comparable to polypropyl-
ene (PP), which is used for rope and in textile apparel 
linings. As with other semicrystalline thermoplastic 
polymers, PBAT fiber tensile strength and elongation 
depend on extrusion take-up speed, which influences 
fiber orientation and crystallization. At the highest pro-
cessable take-up speed (5 km/min), PBAT exhibited a 
breaking strength around 210 MPa and elongation at 
break around 1.5% [182].

With the exception of PLA, pure fibers made from these 
alternative polyesters do not have the physical properties 

needed for apparel, though they are useful in nonwovens 
and medical textiles. Primarily, these polymers are used 
commercially to produce films, molded plastic materials 
and for bio-based components in polyurethanes and elas-
tomers. Given the interest in producing new sustainable 
textile fibers, efforts have been made to combine alterna-
tive polyesters with other polymers/fibers [172], produc-
ing blended or composite fiber materials with improved 
fiber properties. Because it is rare to find single sources 
that report both a polymer’s application performance in 
fiber form and the biodegradability behavior of those fib-
ers, Table 3 consolidates several studies into groups based 
on polymer composition to illustrate both the physical 
form and biodegradation assessments conducted for 
potentially textile-relevant synthetic materials and their 
blends.

9  PET biodegradation challenge

Poly(ethylene terephthalate) (PET) is chemically inert 
and highly resistant to biodegradation in anaerobic 
digestion or composting conditions (Fig. 12.a), even in 
the presence of additives meant to enhance biodeg-
radation at those conditions [73] or in soil burial [78]. 
According to an Arrhenius equation-based prediction, 
the persistence of PET products in moist to wet soil 
environments at 20 °C is 25 years or longer, and could 
exceed 1000 years in dry environments [191, 192]. The 
presence of the petrochemical-based terephthalic acid 
(TA) monomer creates obstacles to biodegradability due 
to the aromatic hydrocarbon ring that imparts polymer 
chain rigidity and hydrophobicity. Even after alkaline 
pre-treatment to increase PET surface hydrophilicity, 
the degradation impact by indigenous microorganisms 
was only observable microscopically after nine months 
of natural soil burial [193] and no statistically significant 
weight loss was observed for 87 μm thick PET film after 
a six month greenhouse compost soil burial test [194].

9.1  Biological PET degradation

Unlike aliphatic polyesters, which can occur naturally in 
plants and bacteria, aromatic polyesters are non-natural 
substrates that have existed on earth for an evolutionar-
ily short period of time, hence biological mechanisms for 
their degradation are rare. Remarkably, exploration of PET 
debris-containing sediments and other environments is 
uncovering new microbial species and enzymes capable 
of degrading amorphous PET. Culturing the bacterium 
Ideonella sakaiensis 201-F6 in the presence of low (1.9%) 
crystallinity PET at mesophilic (30 °C) conditions led to 
identification and isolation of novel recombinant enzymes 
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that hydrolyze PET and the reaction intermediate, mono(2-
hydroxyethyl) terephthalic acid (MHET) [84]. Also, even 
though the organism producing the enzyme has not 
yet been identified, another important PET hydrolyzing 
enzyme, LC-cutinase (LCC), was retrieved by metagenomic 
methods from DNA extracted from ~ 70 °C compost made 
from leaves and branches at EXPO Park, Japan [195, 196]. 
Other cutinase enzymes from the thermophilic actinomy-
cete Thermobifida fusca (TfCut2) and the fungus Humicola 
insolens (HiC) are also active for sufficiently long times at 
70 °C (~  Tg of PET) to exhibit hydrolytic activity on low crys-
tallinity PET [197, 198].

Based on an analysis of individual chemical conver-
sion steps identified in different organisms, a compre-
hensive review by Salvador et al. [199] conceptually con-
solidated the mechanisms required for a hypothetical 

microorganism to fully metabolize PET. In the compiled 
scheme (Fig. 13), extracellular enzyme-catalyzed depolym-
erization is the first essential step for decreasing the large 
molecular size of PET polymers to oligomer/monomer-
sized compounds that can be transported into microbial 
cells. For some enzymes, inhibition by the hydrolysis reac-
tion products, MHET and bis-(2-hydroxyethyl) terephtha-
late (BHET), can occur. This may be overcome naturally by 
the presence of other endogenous synergistic enzyme 
activities (such as I. sakaiensis MHETase [200, 201]), or arti-
ficially by applying enzyme mixtures [202, 203], by select-
ing and engineering alternative enzymes [204], or through 
intentional promotion of the glycolysis reaction [205].

Once depolymerized, monomeric degradation products 
must undergo further biochemical conversion (Fig. 13). 
Ethylene glycol is readily metabolized inside cells through 

Table 3  Polymers with biodegradability characteristics and potential for textile applications

Material Physical form/application Biodegradation conditions (test method, if reported) References

PLA
PLA Film/food packaging Compost; Soil Burial Karamanlioglu et al. [66]
PLA Nonwoven Compost (PN-EN 14,045; PN-EN 14,806) Gutowska et al. [114]
PLA Nonwoven Thermophilic Aerobic (ASTM 5209) and Anaerobic 

(ASTM 5511) Conditions
Itävaara et al. [116]

PLA Pellets Landfill (ASTM 5526) Kolstad et al. [263]
PLA Fiber Activated Sludge Rom et al. [264]
PLA Yarn, fabric Sülar et al. [163]
PLA blends
PLA/PCL; PLA; PCL Powder Anaerobic Sludge Yagi et al. [117]
PLA/PCL Pellets Simoes et al. [265]
PLA/PHB 80/20 blend nonwoven Soil Burial Liu et al. [266]
PLA/lyocell Blended yarns Jabbar et al. [170]
PLA/PHA Nonwoven Szuman et al. [97]
PLA/P3HB4HB Composite fiber Chen et al. [267]
PLA/cotton Yarn, fabric Guruprasad et al. [169]
PLA/PHBV Yarns Huang et al. [171]
PCL
PCL Nonwoven Lab cultured soil filamentous fungi Ohkawa et al. [268]
PCL Film Pond water and seawater Heimowska et al. [80]
PCL Film Embedded lipase enzymes Huang et al. [82]
PBAT
PBAT Film Compost (ASTM D5338) Kijchavengkul et al. [96]
PBAT Film Soil Incubation Zumstein et al. [74]
PBAT Fiber Shi et al. [182]
PBAT blends
PBS, PBAT, PBS/PBAT fiber or copolymer Muthuraj et al. [269]
PHBH
PHBH Film Seawater Morohoshi et al. [270]
PHBH Powder Seawater Sashiwa et al. [112]
PHBH Powder Seawater Nakayama et al. [113]
PHBH Fiber Qin et al. [189]
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different pathways depending on the microorganism, e.g. 
conversion to acetate via acetyl-CoA in acetogen bacteria 
or conversion to glyoxylate and then to the phosphoglyc-
erate pathway or to the Krebs cycle via isocitrate or malate 
[199]. In the bacterial 3-phosphoglycerate (3PG) metabolic 
pathway, ethylene glycol (EG) is first converted to glyoxy-
late (GLA) through conversions involving glycoladehyde 
(GA) and glycolate (GC), followed by conversion of GLA to 
tartronate semialdehyde (TS) and then to glycerate (GL) 
before conversion to 3PG, which is an essential precursor 
compound of the central metabolism [199].

The metabolism of terephthalic acid requires transport 
into the cell via a permease together with an aromatic 
acid transporter, followed by addition of two hydroxyl 
groups through the activity of TA dioxygenase, to pro-
duce 1,6-dihydroxycyclohexa-2,4-diene-dicarboxylate 
(DCD), then conversion to protocatechuate (PCA) by 
the removal of a carbonyl group through the action of a 
dicarboxylate dehydrogenase. The aromatic ring of PCA 
is cleaved in a dioxygenolytic step that can follow differ-
ent paths, depending on the enzyme, to form 3-carboxy-
cis,cis-muconate (CM), 4-carboxy-2-hydroxymuconate 
semialdehyde (4CHMS), or 5-carboxy-2-hydroxymuconate-
6-semialdehyde (5CHMS), followed by further degradation 
inside the cell to molecular fragments that can enter the 
central metabolism [199].

9.2  Enzymatic hydrolysis of PET

Instead of creating new, more biodegradable polymers 
with similar properties to PET, another approach is to 
break PET down to its monomer constituents and recy-
cle the monomers to produce new polymer. Both chemi-
cal [206] and biochemical approaches are being pursued 
[207]. Within biochemical approaches, the term “enzymatic 
recycling” has emerged to describe contained industrial 
degradation processes that use enzymes (absent microor-
ganisms) to depolymerize polymers to monomers that can 
be separated, purified, and reused to produce virgin poly-
mer or other materials [202]. Various hydrolytic enzymes, 
classified as carboxylesterases (EC 3.1.1.1), lipases (EC 
3.1.1.3), and cutinases (EC 3.1.1.74), catalyze different 
extents of PET degradation, depending on many factors 
[208]. In particular, enzyme hydrolysis is more efficient for 
amorphous (low crystallinity) PET [209, 210] with small 
particle size [198]. Enzymatic hydrolysis of amorphous PET 
yields TA, EG, and, depending on the enzyme, an enzyme-
inhibiting dimer (MHET). Enzyme-induced PET glycolysis 
is reported to be more effective for recycling compared to 
hydrolysis reactions because glycolysis can yield products 
(BHET, Fig. 13) that directly enter the polymerization reac-
tor, unlike the monosubstituted (MHET) hydrolysis byprod-
uct [205]. Optimization of glycolysis processes could lead 

Fig. 13  Chemical pathways for enzyme hydrolysis and glycolysis of PET [205] and potential pathways for metabolic degradation of product 
compounds based on a consolidation by Salvador et al. [199] of discrete steps observed in bacteria
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to lower cost and energy during PET recycling, however 
the needed levels of efficiency must be demonstrated.

Recently, a new classification (EC 3.1.1.101) was cre-
ated for enzymes, like the PET hydrolyzing enzyme from 
I. sakaiensis, called PET hydrolases, or “PETases” [84, 202]. 
PETases are capable of causing extensive surface erosion 
of amorphous (2–7% crystallinity) PET polymer films, visible 
by SEM as holes or pores across the film surface, followed 
by bulk degradation effects [84, 211, 212]. This deep ero-
sion effect distinguishes PET hydrolases from PET surface-
modifying enzymes, which are enzymes that may change 
superficial PET properties, such as imparting surface hydro-
philicity, without causing visible changes in the material 
structure or substantial weight loss. Investigation of initial 
catalytic rates  (kcat) measured at low extents of PET hydroly-
sis showed that the PET hydrolytic efficiency of a protein 
engineered variant (S238F/W159H) of I. sakaiensis PETase 
(IsP) was explained by its rapid turnover on semicrystalline 
PET at 50 °C  (kcat is 1–2 orders of magnitude larger) com-
pared to that of two cutinases (HiC and TfCut2), rather than 
substrate affinity, which was similar among the samples 
[213]. However, at higher temperatures near Tg, where PET 
polymer chains are more accessible, IsP is unstable, hence 
cutinases are preferred for those investigations.

Research on modifying the structures of PET hydrolyz-
ing enzymes to improve thermal stability and improve PET 
hydrolysis rates is progressing rapidly. In one example, thin 
(250 μm) amorphous PET films exhibited up to 95% weight 
loss within 48 h at pH 8 and 70 °C when treated with a gly-
cosylated leaf and branch compost cutinase (LCC-G) [214]. 
The corresponding non-glycosylated LCC achieved 31% 
depolymerization (calculated on the basis of NaOH con-
sumption) of bottle grade PET after 3 days at pH 8 and 65 °C 
[204]. As reported by Kawai et al., in aqueous solutions, the 
Tg of amorphous PET can be as low as 60–65 °C, making 
this form of PET more accessible to enzymatic attack than 
the higher crystallinity (30–40% or more) PET present in 
bottles and textile fibers at lower temperatures [211].

Subsequently, by implementing several modifications 
to the LCC enzyme and maintaining the reaction temper-
ature at 72 °C to minimize PET recrystallization, Tournier 
et al. [204] reported achieving an impressive 90% depo-
lymerization within 10 h (calculated on the basis of NaOH 
consumption) of post-consumer colored-flake PET waste 
that was pretreated at ton scale by extrusion and micro-
nization to “amorphize” the PET and increase its acces-
sible surface. The average degradation efficiency over 
the course of the reaction, reported as productivity of TA 
monomer (16.7  gTA  L−1  h−1), was significantly higher than 
the cited values for enzymatic degradation of starch (4 g 
 L−1  h−1) and cotton (0.31 g  L−1  h−1). The operational fac-
tors underlying this remarkable result show striking dif-
ferences compared to cellulose hydrolysis, which has been 

the focus of substantial research in biomass conversion to 
glucose for production of ethanol and other bioproducts 
by fermentation [162]. Essentially, it is the combination 
of three factors, high substrate concentration (200 g/L), 
high extent of conversion (90%) and short time (10 h), 
that delivers the high degradation productivity. This high 
productivity is further driven by a fast initial conversion 
rate (42.1  gTA  L−1   h−1) that is almost three times faster 
than maximal initial hydrolysis rates (15  gcellobiose  L−1  h−1) 
reported for cellulase catalyzed degradation of 0.78 μm 
cellulose particles [215]. Even when cellulose particle size 
is reduced to submicron dimensions [216], overall mono-
mer productivity rates reported for different cellulosic 
materials are similar to each other and lower compared to 
the PET result (Table 4). To make the monomer productiv-
ity rate (g  L−1  h−1) comparisons shown in Table 4, published 
values for substrate concentration, percent conversion, 
and reaction time were used in Eq. 1, together with the 
appropriate mass conversion factor (MCF) (see footnotes 
of Table 4) to correct for the mass difference between the 
monomer produced and the repeat units in the polymer. 
In the cellulose degradation cases, the generally lower 
substrate concentrations, governed by product inhibition 
and water absorption that leads to high viscosity [162, 217, 
218], and longer reaction times needed to reach high lev-
els of cellulose depolymerization (involving “burst-phase” 
substrate accessibility behavior [162]) dominate the pro-
ductivity calculation. Notably, no product inhibition by EG 
or TA was observed in LCC-ICCG catalyzed PET hydrolysis 
[204], whereas product inhibition by glucose and cellobi-
ose in cellulase hydrolysis of cellulose is well documented 
[219]. Recovered TA was purified and repolymerized to 
bottle-grade PET using conventional methods [204]. 
Meanwhile, parallel work has already extended the con-
cept towards fully biological upcycling by feeding enzy-
matically degraded polyester hydrosylates to bacteria in 
a bioreactor to produce PHA or bio-based poly(amide ure-
thane) products [220]. These significant demonstrations of 
PET conversion efficiency show that multifaceted strate-
gies—combining biocatalyst improvements through tar-
geted protein engineering that increases substrate affinity 
and stability while preserving catalytic efficiency, together 
with thermo-mechanical pretreatments that decrease 
crystallinity and improve solid substrate accessibility, 
taking advantage of process conditions that favor depo-
lymerization, and developing integrated bioprocesses—
can result in step change improvements towards circular 
reprocessing. Such work should inspire further research 
into similar strategies for other polymer and fiber types.

(1)

Productivity
(

gL−1h−1
)

=

[

SubstrateConc.
(

gL−1
)

× Conversion(%)
]

×MCF
[

100 × Time(h)
]
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9.3  PET modifications

Other strategies to circumvent PET resistance to biodegra-
dation have been developed where “triggering” technolo-
gies are incorporated that help the polymer degrade once 
it is exposed to different environments than during normal 
use. For example, PET has been modified by incorporat-
ing additives, including calcium carbonate (~ 1%) and a 
combination of different biodegradable polymers like 
PCL, PHB, PBS, PBAT and PLA (~ 60%) to the PET (~ 40%) 
melt-spinning dope [221]. The calcium carbonate acts as 
a nucleation site for degradation, which can propagate 
through the biodegradable polymer components. Because 
these components are added in the fiber spinning process, 
the nucleation sites and degradable regions of the fibers 
are present throughout the fiber cross section rather than 
just on the surface, which can be a drawback of biodeg-
radation-enhancing finishes. The dispersion of nuclea-
tion sites and degradable regions throughout the fiber 
enhances accessibility for chemical and biological degra-
dation when the material is exposed to sufficiently active 
degradation conditions. This PET is described as having 
good dimensional stability, no pilling, and virtually the 

same fiber wicking properties as conventional PET [221]. 
The compounded fiber is claimed to biodegrade by about 
60% (an amount that may correspond to the aliphatic bio-
degradable polyester content) within about four months, 
and then degrade more slowly to about 90% over another 
three years at simulated anaerobic landfill conditions 
according to the respirometric method ASTM D5511 [222]. 
For the technology to reduce waste accumulation, upon 
disposal, fibers must be exposed to continuous moist envi-
ronments that eventually allow water to penetrate the 
fiber and activate the hydrolytic triggering compounds. 
In view of PET’s known biological recalcitrance (Fig. 12), 
triggering strategies based on material compounding war-
rant further investigation of the degradation mechanisms, 
careful accounting of the fate of disintegrated fragments, 
and establishing frameworks for disposal to occur in prop-
erly controlled environments.

9.4  Replacing monomers in PET

Already, the ethylene glycol component of PET has 
been substantially replaced with biobased components 
from ethanol [223]. Likewise, 1,3-propanediol used 

Table 4  Productivity rates for enzyme hydrolysis of PET and cellulose

a) Reported in the citation; b) estimated by Eq. 1 using MCF = 1.11  gglucose per  ganhydroglucose; c) estimated by Eq. 1 using MCF = 0.864  gTPA per 
 gPET

Substrate / enzyme Substrate 
Conc. (g 
 L−1)

Time (h) Conversion 
efficiency 
(%)

Monomer 
productivity (g 
 L−1  h−1)

Ref.

Micronized and "amorphized" post-consumer PET / Protein engineered 
PETase (LCC-ICCG)

200 10 90 16.7a [204]

Phosphoric acid pretreated cotton linters / cellulase AP3 from Aspergillus 
niger

20 7  ~ 82 2.6b [217]
20 48 91 0.42b

Homogenized partially crystalline Avicel 96% cellulose / Celluclast™ cellulase 
mixture from Trichoderma reesei plus Novozym 188® beta glucosidase from 
Aspergillus niger

 ~ 190 18 20 2.3b [162]

Rayon fibers, 30% crystallinity, containing 20% flame-retardant pigment / 
Commercial Cellic® CTec3 cellulase mixture

20 8 80 2.2b [271]

50 μm Avicel PH-101 / multicomponent cellulase from Trichoderma viride 20 8.3  ~ 70 1.9b [272]
Low-crystallinity (7%) PET film / Cutinase from Humicola insolens (HiC) 80 96 97 0.70c [210]
14C-Labeled bacterial cellulose from Gluconobacter xylinum / cellulase mix-

ture with AtCel7A
0.25 0.5 90 0.50b [219]

NaOH/urea pretreated 40/60 PET-cotton blend milled to < 1 mm / Celluclast 
1.5L cellulase and Novozym 188 β-glucosidase

30 72 91 0.42b [273]

Dewaxed cotton / artificial cellulase mixture from C. lucknowense 25 72 84 0.32b [274]
40/60 PET-cotton blend milled to < 1 mm / Celluclast 1.5L cellulase and Novo-

zym 188 β-glucosidase
30 72 46.3 0.21b [273]

Microcrystalline cotton cellulose milled to 0.78 μm size with 25.5  m2  g−1 
surface area / commercial cellulase from T. reesei

2.5 10 60 0.17b [215]

Highly crystalline (41.1%) PC-PET / Novozym 51,032 cutinase from Humicola 
insolens (HiC)

80.8 240 23 0.07c [202]
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for poly(trimethylene terephthalate) (PTT)) [224] and 
1,4-butanediol used for poly(butylene terephthalate) 
(PBT) are produced from renewable raw materials to both 
address sustainability principles and provide new func-
tionality. Such approaches have led to the development 
of more complex aromatic-aliphatic co-polyesters, where 
the introduction of aliphatic ester segments makes the 
polymer hydrolyze more easily [225]. Examples include 
poly(butylene adipate-co-terephthalate) (PBAT) [96] and 
poly(butylene succinate-co-terephthalate) (PBST) [226], 
expanding the realm of new fiber possibilities.

Currently, TA monomer is produced by oxidation of 
petroleum-derived p-xylene. Extensive efforts to iden-
tify renewable TA feedstock pathways [223] have led 
to advances with 5-(chloromethyl)furfural (CMF) as a 
biobased intermediate to p-xylene [227, 228]. While these 
approaches address feedstock sustainability, the result-
ing polymer will be chemically identical to conventional 
PET, with no change in biodegradability profile. Efforts to 
replace TA with monomers that could potentially have a 
better overall sustainability profile without compromis-
ing mechanical properties have resulted in development 
of 2,5-furandicarboxylic acid (FDCA) as a bio-based rigid 
diacid monomer alternative to TA, with similar physical 
and chemical properties [229]. FDCA is produced from 
biobased feedstocks through a process of bioconversion, 
dehydration, and oxidation [230]. Some advantages of 
poly(ethylene furanoate) (PEF)—the most common poly-
mer made using FDCA—include improved mechanical and 
barrier properties and desirable thermal properties like a 
lower  Tm and higher  Tg compared to PET [226, 229, 231, 
232]. PEF disadvantages, relative to PET, include higher 
cost and lower crystallization rate [226, 231]. Enzyme deg-
radability studies showed that amorphous PEF film could 
completely degrade within 72 h at 65 °C when treated 
with HiC cutinase [232] and an isosorbide/FDCA copoly-
ester was able to fulfill the compostability requirements 
(disintegration within 12 weeks and ≥ 90% conversion to 
 CO2 within six months) of the EN 13,432 Standard [226]. 
However, like PET, size reduction and decrystallization 
strategies would be needed for fiber-quality PEF to be 
susceptible to biological degradation as part of a waste 
management approach.

10  Future directions

Given the vastness of consumer textile product diversity 
and complexity—intimate fiber blends, complex polymer 
morphology, chemical additives, seams, and embellish-
ments—to date there have been relatively few studies that 
enlist biodegradation as a route to improved sustainabil-
ity, though interest is increasing [8]. Most studies include 

cotton as a reference for favorable biodegradation behav-
ior, though not always using standard methods. Absent 
dyes and chemical finishes, scoured or bleached cotton 
textiles can meet soil burial and anaerobic digestion bio-
degradability criteria established for plastics testing, and 
may meet composting and seawater biodegradability cri-
teria in certain circumstances. However, the presence of 
dyes and finishes can inhibit biodegradation, and more 
work is needed to understand the effects. When pure con-
ventional synthetic fibers (e.g. PET, nylon and acrylic) are 
tested, little to no biodegradability is detected by plastics 
standard methods, even after more than one year. This is 
attributed to the highly ordered, relatively hydrophobic 
structures of synthetic fibers that create physical barriers 
to bond cleavage by water or microbial enzymes. Even 
natural fibers present structural obstacles to rapid bio-
degradation, however, their combination of hydrophilicity 
and greater chemical reactivity align with biodegradation 
as an eventual outcome. In laboratory evaluations, deg-
radation rates are increased by grinding substrates into 
small sizes, implying that mechanical processing would 
be required for efficient biodegradation of apparel. Addi-
tionally, thermal and chemical treatments that disrupt 
fiber crystallinity are important for increasing degrada-
tion efficiency and lead to significant increases in enzyme 
catalyzed hydrolysis rates, especially for enzymes that 
have been selected or engineered to act on specific poly-
mer substrates. Such hybrid processes can dramatically 
improve process efficiency, as is evident in the work where 
engineered enzymes applied to small amorphous parti-
cles of PET plastic at carefully selected reaction conditions 
catalyzed depolymerization to monomers at productivity 
rates higher than have yet been observed for other textile 
fiber types (Table 4). Among the “new” synthetic textile 
fibers, PLA is the most advanced in terms of combining a 
sustainable biobased origin with favorable apparel fiber 
properties that also meet certain standard biodegradabil-
ity criteria.

The evolution of new synthetic fibers and recycling 
strategies, motivated by the desire for increased sustain-
ability, requires parallel adaptation of waste manage-
ment practices and consumer behaviors to support the 
innovations. For “biodegradable” labeling to have benefi-
cial impact, the material must meet specific test method 
requirements and accessible options for proper disposal 
must exist. In the absence of specific standardized test 
methods for textile biodegradation, surrogate methods 
developed for other materials (plastics) have become the 
default reference. While these methods could be help-
ful in predicting the fate of textile fibers released to the 
environment, they have not been employed in a focused 
way to generate alternatives to textile waste accumulation 
by dumping and landfilling. At minimum, textile waste 
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persistence of less than five years (the average textile 
product lifetime [7]) seems essential to curtail accumu-
lation, and much faster conversion will be necessary for 
waste minimization and value-generating industrial pro-
cesses, e.g. composting, digestion or enzymatic recycling. 
Because textiles need to maintain good physical proper-
ties during the product lifetime, waste treatment strate-
gies that apply moderate process intensification condi-
tions not encountered during normal use—combinations 
of heat, moisture, mixing/shearing, enzymes and micro-
organisms—will lower the risk for poor product perfor-
mance while increasing waste conversion efficiency. More 
rigorous studies with respect to conversion efficiency are 
needed to expand knowledge on textile fiber digestibility, 
compostability and enzymatic conversion. Disposal assess-
ments that account for the presence and impact of textile 
chemical treatments are also urgently needed because this 
aspect is largely unexplored (Fig. 14).

Continued research across disciplines will improve bio-
degradation and biorecycling options. This includes devel-
opment of composite polymer/fiber blends [233–235], 
production of biosynthetic and microbial fibers [236, 
237], re-engineering of natural fibers [238], advances in 
biodegradable co-polymers [58], introducing biostimu-
lation and bioaugmentation [239, 240], identifying and 
modifying enzymes for improved depolymerization [132, 
204, 241–244], engineering microorganisms to produce 
polymer degrading enzymes [245–247], adaptively evolv-
ing microorganisms to metabolize non-natural substrates 
[220], combining biological and chemical recycling [206, 
248], identifying structure–activity relationships for dye 
biodegradation [249], establishing biodegradation and 
recycling pathways for dyes and finishes [35, 42, 109, 111, 
250, 251], and even uncovering relationships between the 
human microbiome and the clothes we wear [252]. Emerg-
ing and combined concepts from across these disciplines 
will reveal new opportunities to merge performance with 

sustainability and lead to improved textile waste manage-
ment infrastructure, where circular manufacturing and 
sustainable handling of disposed materials become the 
norm.
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