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Abstract
Pollution of the environment by microscopic fragments of plastic is a growing environmental concern. A category of this 
pollution is fiber fragments from textiles, a source of which is believed to be fibers released by clothing made of synthetic 
fibers during laundering. These fragments could enter the environment at the end of the textile’s useful life if it is not re-used 
or recycled. Disposal of biodegradable fibers could be achieved by industrial composting, but natural fibers are sometimes 
modified during manufacturing in ways that might influence biodegradation. The composting behavior of fabrics made with 
unmodified and chemically modified wool fibers (chlorine-Hercosett treated), regenerated cellulose, and several synthetic 
fibers was compared in industrial composting conditions according to an established standard test method. The fabrics were 
characterized by Fourier transform infrared spectroscopy, energy dispersive X-ray and electron microscopy. The regenerated 
cellulose (viscose rayon) biodegraded to the greatest extent in the test, and both types of wool also biodegraded readily. All 
three synthetic fibers had no biodegradation. The machine-washable wool biodegraded more rapidly than unmodified wool 
and analysis of residues at the conclusion of the test indicated that it did not generate non-degradable fiber fragments. The 
epicuticle of unmodified wool is covered with a hydrophobic layer, which may resist microbial attack, but with time this 
slowly degraded. Conversely, the machine-washable wool is hydrophilic and therefore was easier for microbes to attack. If 
not re-used, commercial, machine-washable wool textiles can be readily disposed of in industrial composting conditions.

Keywords Textile · Microplastic · Pollution · Microfiber

Introduction

Pollution of the environment by microscopic fragments of 
plastic is a growing envi ronmental concern throughout the 
world (Gavigan et al. 2020; Browne et al. 2011), and a large 
proportion of these materials are in the form of textile fib-
ers (Sanchez-Vidal et al. 2018), released by textiles during 
their lifetime, for example during laundering (Napper and 
Thompson 2016). However, the fate of textiles at the end of 

their useful life, if they aren’t re-used or recycled, is also an 
issue, which is only increasing with the advent of ‘fast fash-
ion’ (Bick et al. 2018). They may end up in landfill where 
they may persist or break down extremely slowly, but in 
theory textiles constructed entirely from natural fibers such 
as cotton or wool, or from regenerated biopolymers, such 
as viscose rayon, could be disposed of through industrial 
composting facilities. However, commercially-produced 
textiles, including those made from natural fibers, contain 
synthetic components in the form of colorants and finishes 
that improve their performance and aesthetic appeal. If com-
posting is to be a routine disposal method for natural fiber 
textiles, then the influence on biodegradation behavior of 
chemical finishes including synthetic polymeric finishes 
used on the fiber needs to be understood. The behavior of 
textile fibers during composting is also somewhat informa-
tive to their biodegradation in lower intensity aerobic condi-
tions, such as shallow soil burial.

Wool is a natural fiber comprised of keratin protein and 
therefore is expected to be biodegradable. It is used in a wide 
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variety of textile applications from activewear, formal wear 
such as suits, through to interior textiles such as carpets and 
upholstery, and technical applications (Johnson et al. 2003). 
Wool to be used in apparel applications often has a chemi-
cal treatment carried out on it to make it machine-washable. 
This is done by a two-step process of chemical modification 
by a strong oxidation treatment that damages the wool fiber 
scales and makes the fiber surface hydrophilic by remov-
ing the hydrophobic 18-methyl eicosanoic acid (18-MEA) 
layer bonded to the epicuticle of the wool fiber surface by 
a thioester linkage. This allows binding of a very thin layer 
of a hydrophilic polyamide resin (e.g. Hercosett) film onto 
it (Hassan and Carr 2019). The treatment prevents the wool 
fibers from being able to ‘felt’ together; felting being an 
outcome of the interaction of the wool fiber’s natural sur-
face scales (Schofield 1938). The film covers the fibers pre-
venting felting shrinkage. The presence of this polyamide 
film on the surface of the fiber could conceivably retard the 
fiber’s biodegradation behavior, and if not biodegradable 
itself, might be a source of microplastic fragments. This 
would potentially compromise wool’s natural and sustain-
able credentials.

The rapid biodegradation behavior of wool is well known 
for certain terrestrial environments and it has been infor-
mally demonstrated to biodegrade readily when buried in 
the soil (The Campaign for Wool 2014; Innovation in Tex-
tiles 2012). The process of biodegradation is thought to ini-
tially involve cleavage of disulfide bridges (responsible for 
much of the mechanical robustness of wool), followed by 
hydrolytic degradation (Szostak-Kotowa 2004). Broda et al. 
studied the biodegradation of wool geotextiles in the form 
of coarse ropes and found that they survived for about one 
vegetation season (Broda et al. 2016), which was slower than 
cellulosic materials and therefore more beneficial for the 
establishment of plants. McNeil et al. demonstrated ‘closed 
loop’ recycling of wool carpet via soil burial and as well as 
demonstrating wool’s biodegradability, the work showed that 
it acted as a fertilizer, increasing the plant growth compared 
to a control plot without wool applied (McNeil et al. 2007). 
In the earliest work that examined the influence of chemical 
treatments on wool, Hodgson et al. studied biodegradation in 
natural topsoil of commercial wool apparel fabrics with dif-
ferent dyes and finishes (Hodgson et al. 2023). In that work 
the rate of biodegradation varied according to the treatment, 
but all were ultimately biodegradable. The machine-wash-
able wool fabric included in that trial biodegraded slightly 
slower than untreated wool. Synthetic fabrics were included 
in that study and showed no biodegradation. Another study 
showed that wool and cotton fabrics biodegraded in soil 
more rapidly than bio-based poly (lactic acid) fiber (Sun 
et al. 2013). Anselmi et al. demonstrated that recycled wool 
fibers, recovered from reprocessed wool textiles biodegraded 
readily in aquatic conditions (Anselmi et al. 2023) and these 

fibers may have had a range of unknown chemical treatments 
applied. Nevertheless, other than the single soil burial study 
described above (Hodgson et al. 2023), no published litera-
ture reported the effect of commonly used shrink-resist treat-
ments on wool’s biodegradation behavior. Moreover, there 
do not appear to have been studies that examine the biodeg-
radation behavior of commercial wool fabrics in comparison 
with other fiber types in industrial composting situations.

The work reported here describes an investigation into 
the composting biodegradation behavior of commercial 
wool fabrics that had different finishes applied to them, and 
compared them with equivalent synthetic fibers. A standard 
method for measuring biodegradation of materials under 
laboratory conditions was used (International Standards 
Organisation 2012). An advantage of this approach over soil 
burial is that it uses a strictly controlled environment (i.e. 
a bioreactor) compared to the natural biodegradation envi-
ronments used in previous work, which allows for accurate 
quantification of the rate of biodegradation and the poten-
tial to examine residues that have low levels of non-target 
material. The experimental work was undertaken between 
September 2019 and June 2020, at Lincoln, Canterbury, New 
Zealand.

Materials and methods

Fabrics

Five lightweight, single-jersey knitted apparel fabrics were 
sourced by The Woolmark Company (Shanghai, China), con-
structed from untreated wool, machine-washable wool (chlo-
rine-Hercosett treated), polyester, polyamide (nylon) and poly-
propylene. These fabrics were manufactured to be as close 
as possible to the same specification, and all are intended for 
the same application, i.e. as a ‘next-to-skin’ or base layer. 
This means that they differed only in the type of fiber from 
which they were constructed. These are typical of the types of 
fabrics used in garments that consumers have multiple items 
of, are worn frequently and are replaced relatively often. All 
fabrics were finished commercially including being dyed to 
a pale-blue shade, with the exception of the polypropylene. 
An additional fabric made from viscose rayon (regenerated 
cellulose) was included as a natural fiber comparison. This 
was a lightweight woven fabric (sourced locally, dyed to a 
beige color), so it was different in structure to the other five, 
but as discussed below, the fabrics were deconstructed before 
testing to minimize fabric structure effects. Thus, there were a 
total of six fabrics included in the biodegradation trial. Fabric 
details are provided in Table 1. The nominal carbon content 
is provided as this is the basis on which the sample size is 
determined for the biodegradation test.
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Fabric preparation

Sufficient fabric was taken from the bulk quantities and sub-
jected to a washing process to simulate them being part way 
into their lifecycle. All fabrics except the untreated wool 
were subjected to two International Standardization Organi-
zation (ISO) ‘5A’ standard washes in a Wascator laboratory 
washing machine, except the untreated wool, which received 
two ISO ‘7A’ washes (the 5A cycles would have severely 
felted this fabric; the 7A cycle is gentler so more appropri-
ate for a fabric that would require hand-washing) (Wool-
mark 2016). These simulate the mechanical degradation of 
approximately 20 domestic washes (Smith 1990), and two 
further 7A cycles were added for all fabrics, to simulate 
additional detergent damage that could be present this far 
into a product’s lifetime. The detergent used was the stand-
ard SDCE ECE Phosphate Reference Detergent (B) (SDC 
Enterprises 2021).

These fabric specimens were then deconstructed, to 
present them all in an equivalent physical form for the 

biodegradation test, i.e. to minimize the influence of any fab-
ric structure effects. The fabrics were shredded in a heavy-
duty paper shredder. Shredding was carried out twice on 
each fabric sample, with the second shredding being per-
pendicular to the first, resulting in small pieces of fabric 
with dimensions in the order of millimeters to centimeters. 
The deconstructed samples also included yarn fragments 
and some loose fiber. The shredder was thoroughly cleaned 
before use and between each specimen, so any cross-con-
tamination would be at levels low enough to not influence 
the outcomes of biodegradation testing. By way of example, 
images of three of the shredded fabrics are shown in Fig. 1.

Biodegradation method

The biodegradation test was carried out according to ISO 
14855-1-2012: Determination of the ultimate aerobic biodeg-
radability of plastic materials under controlled composting 
conditions (International Standards Organisation 2012). The 
principle of the test is to measure the  CO2 evolved by the sam-
ples as they biodegrade, i.e., as the material’s carbon (natural 
or synthetic fiber polymer in this situation) is converted into 
 CO2 by decomposition. The test method allows for the option 
of carrying out the trial using compost as the medium, or 
vermiculite that has been inoculated with compost microbes. 
Vermiculite is a porous, biologically inert mineral material 
(Schulze 2005) and the advantage of its use is that during the 
biodegradation trial only the test specimen releases substan-
tial  CO2. When compost is used, there is a  CO2 contribution 
from the biodegradation of the compost itself. This would be 
the same for all materials under test, but by removing it from 
the system a higher level of accuracy of  CO2 measurement 
is possible. For this reason, vermiculite was chosen for this 

Table 1  Fabric details

Fiber type Structure Mass/area 
(g/m2)

Nominal 
carbon 
content

Wool—untreated Knit 212  ~ 50%
Wool—machine-washable Knit 232  ~ 50%
Polyester Knit 202 63%
Polyamide (nylon) Knit 199 64%
Polypropylene Knit 184 86%
Viscose rayon Woven 95 44%

Fig. 1  Three deconstructed fabrics before biodegradation testing. From left to right: machine-washable wool; polyester; viscose rayon
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trial. In the test, the prepared fabric samples were mixed with 
vermiculite that had been inoculated with microbes extracted 
from compost as described in the standard test method. Three 
replicates of each material were tested, and the test was carried 
out with the vessels in a water bath at 58 ± 2 °C as specified in 
the method. This is a typical temperature encountered in indus-
trial composting (Epstein 2011, Bioplastics 2009). The posi-
tion of the vessels in the water bath was randomized. As well 
as the positive control, three ‘blanks’ with just the vermiculite 
and no sample were included. Oxygen and moisture levels 
were maintained above 6% and 60% respectively, and the reac-
tor vessels (3 L glass jars) were shaken weekly. A specimen 
containing 20 g of carbon was placed in each vessel. The test 
was run for 181 days.

Selection of control material

The standard method used for this study (see previous sec-
tion) specifies just one positive control material to be used: 
thin-layer chromatography grade cellulose (microcrystalline 
cellulose). This material presented some problems as a control 
for textile biodegradation in seawater in an earlier study (Col-
lie et al. 2019) because it failed to stay well suspended in the 
seawater inoculum. However, in this study the biodegradation 
medium is solid material, so the need to ensure good suspen-
sion in liquid is removed; thus, the methodology was not modi-
fied in this regard. The viscose rayon fabric (cellulose) acted as 
an additional positive control in fiber/textile form.

Analysis methods

Residues from all fabrics were examined using a Hitachi 
scanning electron microscope (SEM; Model: TM 3030 Plus, 
Hitachi Corporation, Tokyo, Japan) without any conductive 
coating. The presence of a polyamide film on the surface 
of the machine-washable wool raises the potential concern 
that the biodegradation of this wool might release polyam-
ide microplastic fragments into the environment. In order to 
investigate the potential for this to occur, the surface of the 
fibers before and after the degradation test was examined 
by a Perkin-Elmer Fourier-Transform Infrared (FTIR) spec-
troscope (Model: System 2000, Perkin Elmer Corporation, 
USA) and Energy-Dispersive X-ray spectroscopy (EDX; 
using the same SEM equipped with a Quantax75 energy 
dispersive X-ray attachment).

Results and discussion

Biodegradation behavior

The extent of biodegradation of each sample (conver-
sion of carbon in the material to  CO2 as measured by the 

respirometry system) after 181 days is provided in Table 2. 
The average of three replicates is provided along with the 
95% confidence interval, and the relative biodegradation, 
i.e. the biodegradation of each as a percentage of that shown 
by the positive control is also provided. According to the 
standard test method (International Standards Organisation 
2012), there are certain requirements relating to the behav-
ior of the positive control in order for it to be a valid test 
for certification purposes. In this work the test was simply 
used as a research tool, for comparative purposes rather than 
for product accreditation, so those requirements were not 
directly relevant. However, they do give an indication of how 
well the test system performed overall so it is worthwhile to 
consider those performance levels. There are three criteria: 
a low between-replicate variability for the positive control 
(under 20% difference between maximum and minimum lev-
els of biodegradation); a target range for  CO2 formation level 
in the blank control after 10 days (50 to 150 mg  CO2/g); a 
threshold biodegradation level for the positive control after 
45 days (over 70%). Here the first two were easily achieved 
(2.2% and 92.2 mg/g respectively), but the third criterion 
was not quite met (66.4%). Nevertheless, by the end of the 
test the positive control showed a high level of biodegrada-
tion, i.e. 88% of the cellulose material had converted into 
 CO2, so conditions were obviously very suitable for biodeg-
radation to occur.

Considering the relative biodegradation of the test speci-
mens, the highest relative biodegradation of the wool fab-
rics was shown by the machine-washable variant (~ 77%), 
followed by the untreated wool (~ 55%). The viscose rayon 
fabric (cellulose) was almost as biodegradable as the posi-
tive control (also cellulose), having a relative biodegrada-
tion of ~ 94%. All synthetic fibers showed virtually no  CO2 
production, indicating that they did not biodegrade at all 
under these conditions.

Table 2  Extent of biodegradation after 181 days

a Relative to the positive control, i.e. microcrystalline cellulose

Fiber type Biodegradation (%)

mean 95% 
confidence 
interval

Relative 
 biodegradationa

Wool—untreated 48.4  ± 0.2 54.8
Wool—machine-washable 67.6  ± 6.5 76.5
Polyester − 0.6  ± 1.5 − 0.7
Polyamide (nylon) 2.1  ± 2.8 2.4
Polypropylene 1.5  ± 1.0 1.7
Viscose rayon 83.2  ± 3.0 94.2
Control (microcrystalline 

cellulose)
88.3  ± 1.3 100
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It appears that the treatment used in the machine-wash-
able finish has an effect of increasing the overall degrada-
bility of the fiber, rather than decreasing it as might have 
been expected. This is likely to be because the chemical 
pre-treatment step has degraded the fiber’s scale surface and 
removed the hydrophobic 18-MEA layer, making the surface 
hydrophilic (Hassan and Leighs 2017), and more amena-
ble to microbial attack causing a rapid biodegradation. Any 
effect from the polyamide film has not compensated for this. 
This film is hydrophilic, and swells in the presence of water 
(Hassan and Carr 2019), in which state it may present a sub-
stantially reduced barrier to microbial attack. Although the 
specimens are not immersed in water in this test, there are 
substantial amounts of moisture present (60% as required by 
the standard method), so the polyamide film is likely to be in 
a somewhat swollen state allowing the microbes to penetrate 
through the film. The untreated wool possesses an intact 
hydrophobic cuticle so has greater resistance to microbial 
degradation. Note that this result differs from that seen in a 
study that examined soil burial biodegradation of wool fab-
rics, where the machine-washable finish slowed biodegrada-
tion (Hodgson et al. 2023). In their work, however, moisture 
levels were much lower than in our study (in the range of 12 
to 24% compared to ~ 60%), meaning that the film was not 
swollen and thus resisted infiltration by microbes.

The progression of biodegradation of the six fabrics 
studied up to 181 days is shown in Fig. 2, using the net 
cumulative  CO2 production. This net value is calculated 
by subtracting the average cumulative  CO2 production of 
the vermiculite-only replicates from the cumulative  CO2 
production for each fabric-plus-vermiculite replicate. This 
means that for fabrics with very low levels of biodegradation 
negative values can result, as is the case here for two of the 
polyester replicates.

In general, the behavior of the three replicates is con-
sistent for each fiber type (as also indicated by the small 
confidence intervals in Table 2), although the machine-
washable wool fabric had one replicate that showed slightly 
lower biodegradation than the other two. Observations of 
the very early stages of the test were that biodegradation 
for the control, viscose rayon and machine-washable wool 
started virtually immediately, but the untreated wool sam-
ple took several days to begin. This is probably due to the 
robust intact cuticle present on untreated wool (Caven et al. 
2022) providing some initial resistance to biodegradation. 
The degradation of machine-washable wool was rapid in 
the first 20 days of the test and then slightly slowed. On the 
other hand, viscose rayon rapidly biodegraded in the first 
50 days and then the degradation slowed down as most of 
the degradation occurred within the 50 days.

Images of the biodegradation medium at the comple-
tion of the test (vermiculite with fabric residues; one of the 
three replicates) for each specimen are provided in Fig. 3. 

The blank control (vermiculite only) and the positive con-
trol (microcrystalline cellulose) are also shown. The more 
highly degraded samples have an overall color much closer 
to that of the vermiculite itself, indicating they have dimin-
ished substantially in quantity, and have lost some of their 
color. The synthetic fibers (middle row) retained their origi-
nal colors after the degradation test (noting that the poly-
propylene was undyed). On the other hand, untreated and 
machine-washable wool fibers almost completely lost their 
color, as observed by others in soil burial biodegradation 
(Hodgson et al. 2023), and the viscose rayon fabric became 
almost unrecognizable.

It is worthwhile to reflect on the biodegradation level of 
wool, sitting as it does between regenerated non-native cel-
lulose materials (the positive control and fiber in the form 
of viscose rayon) and synthetic materials. In its native form 
wool has evolved to be relatively resistant to microbial 
attack—as needed to fulfil its biological function of pro-
tecting the animal on which it grows. It is made up of a 
robust structural protein (keratin) and has a structure that 
provides further resilience via a protective cuticle which 
includes bound lipids that impart hydrophobicity (Feldt-
man et al. 1983). Regenerated cellulose materials lack any 
similar protective layer, so it is to be expected that they will 
biodegrade readily. Conversely, synthetic polymers did not 
evolve to be a part of any natural ecosystem, so have inher-
ently high biological resistance. The fact that wool degrades 
readily in composting conditions, soil burial (Broda et al. 
2016; Hodgson et al. 2023) and in aqueous conditions (Sun 
et al. 2013; Anselmi et al. 2023) indicates that it strikes a 
happy medium: durable in use, but nonpersistent in the envi-
ronment at the end of its useful life.

Scanning electron microscopy

Figures 4, 5 are representative SEM images of the two wool 
types, along with viscose rayon and polyester. These are 
provided here as they are of most interest considering the 
biodegradation results. The other synthetics are excluded as, 
like the polyester, they show virtually no change from the 
original state, consistent with their lack of biodegradation.

For both the untreated wool and machine-washable wool 
(Fig. 4), the low magnification images show a surprising 
level of fabric structure remaining after the biodegradation 
test, with knitted loops and yarns still visible. Under higher 
magnification, degradation of the fibers is more apparent, 
with fibers appearing almost ‘collapsed’, having some areas 
of exposed cortex and separated cortical cells. Nevertheless, 
there are still regions of reasonably intact cuticle (examples 
indicated by ovals). This level of biodegradation occurred 
within a 181-day test period, so it is expected that they 
would fully degrade within a short timeframe.
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The presence of some apparently intact material at the 
macroscopic level after the biodegradation trial is prob-
ably an outcome of the ‘support’ provided by the ver-
miculite during biodegradation (e.g. during the periodic 
shaking that the vessels receive during the trial), meaning 
that they are perhaps less likely to physically disintegrate 
as they biodegrade. These samples are highly converted 
from material carbon to  CO2 (the biodegradation level is 
48% and 68% for untreated and machine-washable respec-
tively), which shows that different parts of the sample 
degrade at different rates, rather than the whole material 
degrading at the same rate.

The micrographs for viscose rayon (Fig. 5) also show 
some intact textile structure, although it is less defined 
than for the wool samples. This fabric is woven (compared 
to knitted for the wool fabrics), and therefore is structur-
ally more robust than the knitted wool fabrics. However, 
it is hard to discern a woven-like structure remaining, 
although yarn fragments seem to be visible. There are 
some very fine filaments apparent (shown in the image 
on the right), which are probably below one micrometer 
in size, suggesting that viscose rayon fiber fibrillates as 
it biodegrades. In Fig. 5 it can be seen that the polyester 
fabric and fibers show no apparent degradation, with just 

Fig. 2  Progression of biodegra-
dation over 181 days (net cumu-
lative  CO2 production; three 
replicates). ‘Position’ refers to 
the reference location of each 
vessel in the water bath
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a few fragments of vermiculite (a larger piece is visible in 
the low magnification image). Overall, these images show 
fiber damage that corresponds to the level of biodegrada-
tion (Table 2).

Analysis of composting medium

Consistent with the standard test method, the contents of 
each biodegradation vessel was analyzed at the conclusion 

Fig. 3  Biodegradation medium (vermiculite and fabric residues) at completion of test. The number visible in each image is the reference number 
of the vessel
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of the trial. The pH, moisture content, total volatile solids 
and carbon–nitrogen ratio were measured. None of these 
showed any pattern that related to differences in biodeg-
radation behavior. The pH in the jars for all samples was 
the same on average, with values across all replicates in the 
range 7.4 to 8.3. Moisture content across all replicates was in 
the range of 64.7 to 76.2%, with no differences between fiber 
types. There were also no meaningful differences between 
fiber types for the other parameters analyzed.

The moisture content in the jars is sufficient that the 
hydrophilic polyamide film on the surface of the machine-
washable wool fibers would likely be in a swollen state 
during biodegradation (Hassan and Carr 2019). As such it 
potentially provides a diminished barrier to microbial attack 
than it would if dry.

Analysis of fabric residues

In undertaking this analysis, the ability to distinguish 
between wool and polyamide (in the form of the Hercosett 
resin on the machine-washable wool fibers) is confounded 

by the qualitative similarity in their elemental composition: 
both proteins (i.e. wool) and polyamides are rich in amide 
groups. A key difference is the presence of sulfur in wool, 
which is not present in polyamide. FTIR was used with the 
goal of distinguishing differences in the presence of amide 
peaks in the fiber residues. With EDX the aim was to look 
at the elemental composition of the surfaces of residues, 
and as this is done in the SEM it was possible to see the 
specific target of the analysis, i.e. a region on a fiber or a 
microscopic particle.

Fourier‑transform infrared spectroscopy (FTIR)

The fate of the polyamide film applied to the machine-wash-
able wool fabric was investigated. Three spectra for wool 
fabrics are shown in Fig. 6, top. These are the biodegraded 
residues of untreated and machine-washable wool, plus non-
degraded wool for comparison. Both biodegraded residues 
have spectra consistent with that of the non-degraded wool. 
The characteristic peaks of the non-degraded wool are all 
present in the two biodegraded samples. The IR spectrum 

Fig. 4  SEM micrographs of biodegraded untreated (top) and machine-washable (bottom) wool fabrics. Ovals show examples of regions with 
cuticle scales remaining on fiber
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of control wool fabric before the biodegradation test shows 
IR bands of wool, such as amide I, amide II and amide III 
bands at 1650, 1540, and 1236  cm−1 respectively, which is 
consistent with published results (Hassan and McLaughlin 
2018). The spectrum of degraded unmodified wool fabric 
shows exactly the same IR bands although the intensity 
of the bands increased for the degraded unmodified wool. 
However, the intensity of hydroxyl band at 3100–3700  cm−1 
increased highly but became sharp, which suggests that 
water molecules attached to the carboxyl groups produced 
due to the degradation of wool are causing an increase in 
the intensity of the IR band at this region. The spectrum of 
machine-washable wool also shows the same IR bands sug-
gesting no presence of Hercosett resin in the degraded wool, 
indicating its degradation.

The spectra of nylon, polyester and polypropylene (Fig. 6, 
bottom) show typical IR bands of these polymers and the 
spectral database identified them as the same polymers. 
No formation of hydroxyl band for polypropylene and 
polyester confirms no degradation of these fibers. On the 
other hand, nylon fabric shows an IR band at 3300  cm−1, 
which also could be attributed to the hydroxyl groups of 

water molecules attached to the carboxyl groups of nylon 
by hydrogen bonding. The viscose fabric (Fig. 6, bottom) 
shows a broad IR band which became sharp at 3400  cm−1 
suggesting high degradation of viscose rayon which pro-
duced carboxylic acids and this IR band is associated with 
the hydroxyl groups of water molecules attached to these 
carboxyl groups.

Energy dispersive X‑ray spectroscopy (EDX)

As noted previously, the fate of the polyamide film used 
in making wool machine-washable is of particular inter-
est. The untreated and machine-washable wool before and 
after composting, plus non-fibrous debris from the degraded 
machine-washable wool residues were examined. The latter 
was examined to determine if there were fragments having 
composition consistent with polyamide rather than wool, 
as these could conceivably be microplastic fragments. As 
was apparent from the SEM images (Sect. ”Scanning elec-
tron microscopy”), the residues were relatively intact and 
there were few candidate particles in the residue that could 
conceivably be microplastic fragments. Nevertheless, some 

Fig. 5  SEM micrographs of biodegraded viscose rayon (top) and polyester (bottom) fabrics
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fragmentary debris was analyzed along with the visibly 
intact fibers. These results are presented in Table 3. The C, 
N, O and S content of wool is 50.18, 19.87, 26.24 and 3.71, 
which is consistent with elemental composition of wool pre-
viously reported (Hassan 2019, Hassan 2021). The decrease 
in S content and increase in O content suggest the formation 
of hydroxyl and carboxyl groups due to the degradation of 
macromolecular chains of unmodified wool fibers.

Sulfur content is the most important element in this anal-
ysis as it is present in wool but not in polyamide, so would 
not be present in solid residues of the polyamide resin. It 
can be used to distinguish between wool and non-wool resi-
dues. It is apparent that for the non-degraded samples the 

machine-washable wool has reduced levels of sulfur on its 
surface compared to untreated wool (1.95% vs. 3.71%). This 
is because the layer of polyamide film (sulfur-free) is par-
tially obscuring the wool surface underneath. Comparing the 
machine-washable wool before and after composting (intact 
fibers, i.e. 1.95% vs. 2.11%), there are very similar levels, 
implying that these intact fiber residues are similar in com-
position to non-degraded wool. The biodegraded machine-
washable wool fragment material has a sulfur level of 1.75%, 
slightly lower than that for the intact fiber but the presence 
of sulfur still strongly supports the hypothesis that these 
fragments are wool fiber fragments and not polyamide film 
(Fig. 7). If it was the latter, it would be free of sulfur. This 

Fig. 6  FTIR spectra for biodegraded fabric residues. Top: Wool fabrics, including non-biodegraded wool for reference (labelled ‘control wool’). 
Bottom: Non-wool fabrics
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debris appears to be fragments of wool material in the pro-
cess of biodegrading, and thus not microplastic fragments.

Conclusion

This biodegradation test carried out in composting con-
ditions has shown the relative biodegradability fabrics of 
wool and other fiber types. From most biodegradable to least 
was viscose rayon > machine-washable wool > untreated 

wool > nylon = polyester = polypropylene. Machine-washa-
ble wool biodegraded readily because the chemical treatment 
used to introduce this attribute has had the effect of increas-
ing the fiber’s vulnerability to microbial attack, rather than 
decreasing it as might have been expected. Untreated wool 
biodegraded more slowly, but still to a far greater extent than 
all the synthetic fibers, which were completely intact at the 
completion of the test. Viscose rayon biodegraded slightly 
faster than machine-washable wool.

SEM images of the fabric residues showed intact fragments 
of fabric and yarns present at the completion of the test, even 
when more than two-thirds of the specimen had been con-
verted into  CO2. Nevertheless, under higher magnification it 
was clear that these materials were thoroughly degraded.

Several analyses were undertaken to observe changes to 
the chemical characteristics of fibers after undergoing bio-
degradation. FTIR analysis did not enable any conclusions 
to be drawn as to the fate of the polyamide film (part of the 
treatment to make wool machine-washable) after biodegra-
dation, but EDX analysis confirmed that smaller fragmentary 
debris present in the machine-washable wool sample did 
contain sulfur, and so was wool and not microplastic poly-
amide. Thus, it appears that the biodegradation of machine-
washable wool under composting conditions does not create 
microplastic pollution.

Table 3  Composition of fiber and fragment surfaces (excluding 
hydrogen) measured using EDX

Sample Carbon Nitrogen Oxygen Sulfur

Untreated wool, 
non-degraded

50.18 19.87 26.24 3.71

Untreated wool, 
biodegraded

48.20 20.75 27.88 3.17

Machine-washable 
wool, non-
degraded

47.44 20.84 29.77 1.95

Machine-washable wool, biodegraded:
Intact fiber 50.25 19.28 28.36 2.11
Fragments 49.03 20.02 29.19 1.75

Fig. 7  SEM images of degraded untreated (top), treated (bottom left) and debris of degraded treated fabric (bottom right, indicated with arrow)
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This work has increased understanding of the biodegrada-
tion behavior of wool by establishing its behavior in com-
posting conditions, adding to the existing knowledge for soil 
burial and marine biodegradation. Wool is durable during 
use but degrades readily in all of these situations, reducing 
its environmental impact both during its lifetime (by not 
being a source of persistent microfiber pollution) and after 
disposal (by biodegrading in a wide range of conditions, 
including industrial composting). A notable gap remaining 
in the knowledge of wool’s biodegradation behavior relative 
to other fibers is how it behaves under anaerobic conditions, 
as might be encountered in a landfill situation.
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