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Abstract Microplastic pollution is a growing concern
for the earth’s terrestrial and marine environments. Syn-
thetic fibers from textiles are one source of microplas-
tic pollution as fibers may be released from garments
during use and especially during laundering, whereby
they may enter the aquatic environment via waste-
water systems. Wool is a natural fiber, but it is often
given treatments to enhance its performance, such as to
make it resistant to shrinkage caused by machine wash-
ing. Treatments of this type might influence the fiber’s
inherent biodegradability. We sought to understand the
aquatic biodegradation behavior of wool (in its unmodi-
fied form, and chlorine-Hercosett shrink-resist treated)
and a range of synthetic fibers that are used in simi-
lar clothing applications. The biodegradation test was
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carried out in a simulated marine environment using
a natural seawater inoculant according to the ASTM
D6691 method with some modifications. Biodegraded
wool residues were characterized by Fourier transform
infrared and energy dispersive X-ray spectroscopies.
The extent of fiber damage was observed by scanning
electron microscopy. Both types of wool biodegraded
readily under these conditions and machine-washable
wool biodegraded to a greater extent than untreated
wool. Regenerated cellulosic fiber (viscose rayon) also
degraded readily, but all three synthetic fibers (poly-
ester, nylon and polypropylene) showed virtually no
biodegradation. Analysis of solid and liquid residues
generated by the biodegraded wool showed no evidence
that the chlorine-Hercosett-treated wool generated any
non-degraded residues. Based on these findings we
believe that, unlike synthetics, wool fibers are very
unlikely to lead to microplastic pollution in the aquatic
environment.

Keywords Wool - Biodegradation - Microplastic
Pollution - Marine

1 Introduction

Microplastic pollution is a serious and growing
issue that affects our aquatic environment, as micro-
scopic particles of discarded plastic could be poten-
tially harmful to aquatic organisms (Andrady, 2011;
Gunaalan et al., 2020). Pollution of the environment
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by microscopic fragments of plastic has been a grow-
ing environmental concern for well over a decade
(Browne et al., 2011; Gavigan et al., 2020), and a
substantial proportion of these materials originate
from textile fibers (Sanchez-Vidal et al., 2018). One
aspect of this is pollution of freshwater bodies and
the ocean, and this so called ‘microfiber’ pollution
has been detected across a wide range of environ-
ments globally, from deep sea sediments (Peng et al.,
2018; Sanchez-Vidal et al., 2018) to the polar regions
(Greenpeace, 2018; Obbard et al., 2014). Microfiber
contamination has been found in drinking water and
even in beer, (Kosuth et al., 2018) and in seafood
(Santillo et al.,, 2017). The extent to which these
materials are harmful to organisms is still being elu-
cidated (Hu et al., 2020; Jabeen et al., 2018; Rebelein
et al., 2021) but compared to non-fibrous microplas-
tic fragments, fibers have a high aspect ratio, which
means they may have a greater ability to become
entangled in microscopic structures in aquatic organ-
isms (Rebelein et al., 2021).

It is likely that fibers enter the environment from
a multitude of sources (Gavigan et al., 2020) but one
that has received particular attention is laundering
of clothing. Many studies have shown how the type
and structure of the textile and the type of washing
conditions influence fiber loss (De Falco et al., 2019;
Lant et al., 2020; Napper & Thompson, 2016). These
indicate that possible approaches to mitigating the
problem are via changes to textile structures to make
fibers more secure in the material structure or by cap-
turing fibers before they can escape into the waste-
water system. The former can be achieved via textile
manufacturing parameters such as the twist level used
to make yarns, or the tightness of fabric structures.
These will often compromise attributes of the tex-
tile that are desirable to the consumer, such as soft-
ness. Indeed, one of the fabric types that is thought
to shed the most fiber during laundering is synthetic
fleece fabric (Carney Almroth et al., 2018), which is
liked by consumers for its softness and warmth. Cut-
ting and sewing techniques also influence fiber loss
in laundering (Cai et al., 2020; Dalla Fontana et al.,
2021). The fibers lost during laundering of garments
could be captured through the addition of filters to
washing machines. This would be relatively straight-
forward to achieve for new machines but retrofitting
filters to existing machines would be inconvenient for
consumers who are not ready to replace their current
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appliance. They would also need to follow appropri-
ate procedures for cleaning the filter to avoid simply
releasing those trapped fibers to the environment by
another route (e.g., if the filter was rinsed clean at a
sink or shaken outside). Clearly it is going to be dif-
ficult to eliminate microfiber pollution from the envi-
ronment by these approaches alone, so to reach that
goal it will be necessary to increase the use of bio-
degradable materials in textiles, just as it is for other
products, such as packaging.

All types of fibers, both natural and synthetic, have
been detected in terrestrial, aquatic and atmospheric
environments (Dris et al., 2016; Sanchez-Vidal et al.,
2018; Stanton et al., 2019), although the length of
time the fibers were present in that environment is
not easy to ascertain. Wool is a natural keratin protein
fiber used in apparel, floor coverings, and technical
applications due to its various qualities and attributes,
such as moisture absorption, mechanical resilience
and wrinkle-resistance (Johnson et al., 2003). The
biodegradation behavior of wool is well authenticated
for certain terrestrial environments, such as soil bur-
ial (Broda et al., 2016; Hodgson et al., 2014; McNeil
et al., 2007), but little has been reported about the
biodegradation behavior of wool in aquatic environ-
ments. It must degrade readily in the environment, as
one can simply observe that keratin-based hair from
water-dwelling mammals and feathers from sea birds
do not accumulate long-term in the aquatic environ-
ment. Nevertheless, it is important to understand the
biodegradation behavior of fibers that come from
manufactured products as they can undergo processes
that may have modified them from their natural state.
In particular, in order to impart resistance to shrink-
age due to machine washing, wool fibers are treated
with various synthetic polymeric resins, most com-
monly Hercosett, a fiber-reactive polyamide resin
(Hassan & Carr, 2019). It is important to know if this
kind of treatment affects the biodegradability of wool
but so far, no systematic studies have been carried out
to investigate this aspect.

The limited amount of literature related to aquatic
biodegradation of wool includes a study by Brown
(Brown, 1994) which showed that wool ‘knops’
(intended for use as oil sorbents in the ocean) biode-
graded in the natural marine environment (Lyttelton
Harbor, New Zealand), but this work was largely quali-
tative rather than quantitative, and did not compare
with other fiber types. However, it demonstrated clearly
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that there are microorganisms in the ocean that read-
ily biodegrade wool keratin. In a more recent study the
biodegradation of wool, polylactide (PLA) and cotton
fibers was assessed in an aqueous environment at ele-
vated temperature (35°C), with light excluded and with
aeration, for a period of 42 days (Sun et al., 2013). Bio-
degradation was assessed by weight loss and strength
reduction, and they found that wool and cotton biode-
graded faster than PLA. In another study, Anselmi et al
also found that recycled wool fibers (from reprocessed
wool textiles) biodegraded in aquatic conditions, which
were simulated in mesocosms comprising natural sea-
water inoculated with marine bacteria (Anselmi et al.,
2023). By comparison, in water-logged archaeological
deposits human hair and wool textiles can be relatively
well preserved because microbial activity is reduced
(Solazzo et al., 2013). However, these conditions are
not at all typical of aquatic environments such as lakes,
rivers and oceans, as light and oxygen are reduced
or excluded. Clearly there is more to be learned
about the biodegradation of natural fibers in aquatic
environments.

In this work we report the marine biodegradation
of wool and other fiber types, via an accepted method
for assessing the biodegradation of plastics, includ-
ing, for the first time, the marine biodegradation
behavior of wool that has been modified by chlorine-
Hercosett treatment to make it resistant to shrinkage
during machine washing. In previous work we estab-
lished the viability of this biodegradation assessment
method for fibrous materials in an investigation into
the biodegradation behavior of fibers derived from
five floorcoverings and two apparel fabrics (Collie
et al., 2019). Here, the extent of biodegradation was
established, and fiber residues were collected at the
completion of the biodegradation period for analysis
by scanning electron microscope (SEM) and Fourier-
transform infrared (FTIR) spectroscopy.

2 Materials and Methods
2.1 Fabrics

A series of five single-jersey knitted apparel fabrics
were supplied by The Woolmark Company (Shanghai,
China). These were constructed from untreated wool,
chlorine-Hercosett treated machine-washable wool,
polyester, polyamide (nylon) and polypropylene and

were manufactured to be well matched in their struc-
tural properties. They were all fabrics intended for use
as a ‘next-to-skin’ or base layer. Effectively they only
differed in the type of fiber used in their construction.
As next-to-skin fabrics, they are good examples of the
fabrics used in garments that are subject to frequent
washing. All fabrics were finished commercially and
had been dyed pale-blue, with the exception of the
polypropylene which was undyed. An additional fab-
ric made from viscose rayon (regenerated cellulose)
was included as a bio-based comparison. This was in
a lightweight woven structure (sourced from a local
fabric retailer, dyed to a beige color), so was different
to the others, however the fabrics were deconstructed
before testing to minimize fabric structure effects (see
following section). In all, the biodegradation behavior
of a total of six fibre types was evaluated, as shown
in Table 1 (the nominal carbon content is provided as
this is used to determine the sample size for the bio-
degradation test).

2.2 Fabric Preparation

For each fabric type a quantity sufficient for testing
was removed from the bulk and given laundering
treatments designed to impart a level of wear cor-
responding to them being well into their intended
lifespan. The laundering treatments were carried out
using a Wascator laboratory washing machine, apply-
ing two standard wash cycles using the Woolmark
‘SA’ protocol on all fabrics except the untreated wool
fabric. For this we used two Woolmark ‘7A’ cycles,
because the SA cycles are too severe and would have
caused an unacceptably high level of felting that
would not be encountered in real life. The 7A cycle
is intended for fabrics that should be handwashed

Table 1 Fabric Details

Fiber type Structure Mass/ Nominal
area (g/  carbon
m?) 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%
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(Woolmark, 2016), so is less severe. This wash-
ing regime corresponds to the physical deterioration
caused by about 20 domestic washing cycles (Smith,
1990), but an additional two 7A cycles were applied
in order to expose the fabrics to increased detergent-
related damage. A standard detergent for textile test-
ing was used (ECE Phosphate Reference Detergent
‘B’ (SDC Enterprises, 2021).

We subjected the fabrics to the biodegradation test
in the same physical form, so that any differences in
physical structure would not confound the experi-
mental results. We used a reproducible deconstruc-
tion process to do this by shredding them twice in a
heavy-duty paper shredder. The second shredding was
done at a 90-degree angle to the first and this yielded
small pieces of fabric of the order of millimeters to
centimeters in size, along with yarn and fiber frag-
ments, as illustrated for three of the fabrics in Fig. 1.
Between processing of each fabric type the shredder
was carefully cleaned to prevent cross-contamination
between fiber types.

2.3 Biodegradation Method

The biodegradation test was carried out according to
ASTM Test Method D6691-17: Standard Test Method
for Determining Aerobic Biodegradation of Plastic
Materials in the Marine Environment by a Defined
Microbial Consortium or Natural Sea Water Inocu-
lum (ASTM International, 2017) with some modifi-
cations. One notable variance to the standard method
was the use of a larger sample size, providing 10 g
of carbon (see Table 1), in a 1.5 L seawater inocu-
lum. This was to suit the design of the biodegradation
test apparatus, but also for improved accuracy of CO,
detection.

Viscose rayon (cellulose)

Fig. 1 Three deconstructed
fabrics before biodegra-
dation testing. From left

to right: viscose rayon;
machine-washable wool;
polyester
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This test method is used to measure the amount
and rate of marine biodegradation of plastic mate-
rials in either natural or °‘simulated’ seawater,
under aerobic conditions. In the method, biodeg-
radation occurs in a controlled laboratory environ-
ment in bioreactor vessels filled with seawater.
We used a natural seawater inoculum, collected
outside the tidal influence zone in the Bay of
Plenty, New Zealand. The principle of the test is
to measure the CO, evolved by the samples as they
biodegrade, i.e., as the material’s carbon (wool
or other fiber polymer) is converted into CO, by
decomposition. The test was carried out over a
90-day duration with the required quantity of fab-
ric sample equivalent to 10 g carbon placed in
the bioreactor vessels in a water bath maintained
at 30+2°C. Three replicates were tested for each
fabric and the position of the vessels in the water
bath was randomized. As well as the positive con-
trol (see below), three ‘blanks’ with just seawater
and no sample were included. The only agitation
of the samples was weekly shaking of the vessels,
and therefore conditions were generally static. To
ensure non-limiting biodegradation conditions,
0.5 g/L ammonium chloride (NH,CI) and 0.1 g/L
monopotassium hydrogen phosphate (KH,PO,)
were added to the seawater at the start of the bio-
degradation trial. The averages of the three repli-
cates are reported here.

2.4 Selection of Control Material
Based on the experience of a preliminary biodegra-
dation trial reported previously (Collie et al., 2019),

we selected kraft paper pulp as the positive control
in this trial. In the preliminary trial, microcrystalline

Wool - machine-washable

1 cm grid
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cellulose was used, but this gave highly variable
biodegradation behavior, as it tended to not remain
suspended in the seawater in the bioreactor. Several
options, namely cellulose, chitin and kraft paper pulp,
are suggested in the standard method so we were able
to select kraft paper pulp for this trial. It is a fibrous
material and appeared to remain very well suspended
in the vessels, which gave us confidence that it would
demonstrate consistent behavior. The viscose rayon
fabric acted as a second, textile-derived, positive
control.

2.5 Analysis Methods

After the biodegradation test, the solid residues
of all fabric types were collected and examined
using a scanning electron microscope (SEM) to
identify the extent the fibers were degraded and in
the case of machine-washable wool to detect the
presence or absence of Hercosett coating on the
wool fiber. The residues were examined using a
Hitachi SEM (Model: TM 3030 Plus, Hitachi Cor-
poration, Tokyo, Japan). To identify any chemi-
cal change of the fibers caused by biodegrada-
tion, the surface of wool fibers was characterized
by Fourier-Transform Infrared (FTIR) and energy
dispersive X-ray (EDX) spectroscopies. The FTIR
spectra of various biodegraded wool fibers were
recorded on a Perkin Elmer FTIR (Model: System
2000, Perkin Elmer Corporation, USA). Elemental
analysis of the wool fiber surface was carried out
by EDX using the Hitachi SEM described above
equipped with a Quantax75 energy dispersive
X-ray attachment.

3 Results and Discussion
3.1 Biodegradation Behavior

The extent of biodegradation of each type of fabric
sample (conversion of carbon in the material to CO,
as measured by the respirometry system) after 90
days is provided in Table 2. The average of three rep-
licates is provided along with the standard error, and
the relative biodegradation is provided, i.e., the bio-
degradation of each as a percentage of that shown by
the positive control. Figure 2 shows the progression
of biodegradation of selected fabrics.

The positive control showed a high level of biodegra-
dation, confirming that the test conditions, including the
seawater inoculant collected, were suitable for biodeg-
radation studies. The other cellulose specimen (viscose
rayon) also showed high biodegradation. The machine-
washable wool showed high biodegradation, even higher
than that of viscose rayon. The untreated wool had con-
siderably lower biodegradation than the machine-wash-
able wool. The chlorine-Hercosett treatment used in the
machine-washable finish had the very consistent effect
of increasing the overall biodegradability of the fiber.
A possible reason is that the untreated wool fiber cuti-
cle has a hydrophobic 18-methyleicosanoic acid layer
bound to it through thioester linkages, which probably
hindered microbial attack, at least in the early stages of
the test, slowing the biodegradation process. As part of
the chlorine-Hercosett treatment the thioester linkages
are broken, increasing the hydrophilicity of wool fibre
surface (Hassan & Leighs, 2017) and the attachment
of the thin layer of polyamide Hercosett resin further
enhances its hydrophilicity. When the machine-washable

Table 2 Extent of
Biodegradation After 90
Days

Fiber type Biodegradation (%)
Mean Standard error Relative biodegradation®
Wool — untreated 8.1 2.4 20.3
‘Wool — machine-washable 26.9 0.8 67.2
Polyester 2.5 23 6.2
Polyamide (nylon) 0.3 0.5 0.8
Polypropylene 0.7 0.4 1.8
Viscose rayon 25.8 9.8 64.7
Control — positive (kraft pulp) 40.0 7.1 100.0

 Relative to the positive control, i.e., kraft pulp (cellulose)
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Fig. 2 Progression of biodegradation (net cumulative con-
version of C to CO, g) over 90 days for wool and polyester
samples (Top row. Left: Wool — untreated; Centre: Wool —

wool fiber is immersed in water, the surface Hercosett
layer absorbs water and becomes swollen (Hassan &
Carr, 2019). During prolonged water immersion over the
90-day biodegradation test duration, this fragile, swollen
layer could detach from the fiber surface, further com-
promising its integrity and exposing the fiber surface
to microbial attack. Therefore, machine-washable wool
showed considerably higher biodegradation compared to
the untreated wool.

As expected, polypropylene and nylon showed
virtually no biodegradation. Surprisingly, polyester
seemed to show some level of biodegradation, but it
was extremely low, and it appears to be the result of
a single replicate of the three showing an abnormally
high biodegradation (see Fig. 2, top right, blue line),
for an unknown reason. In our experience, with low
levels of biodegradation, the relative error can some-
times be high, which is perhaps not unexpected for a
biological system. Indeed, it appears that the results
for untreated wool (Fig. 2, top left) and viscose (Fig. 2
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machine-washable; Right: Polyester. Bottom row. Left: Vis-
cose; Right: Cellulose control)

bottom left) also show an outlier, in these cases a low
value (green and blue lines respectively).

Although untreated wool biodegraded more slowly,
it still biodegraded to a far greater extent than all the
synthetic fibers. It is important to note that under ter-
restrial conditions of biodegradation, such as soil bur-
ial, where the Hercosett resin is not always swollen by
absorbed moisture, it might present a greater barrier
to initial microbial attack resulting in slower biodeg-
radation overall (Hodgson et al., 2023).

The regenerated cellulose fiber, viscose rayon,
biodegraded readily, in a similar manner to machine-
washable wool. This seems to contradict the apparent
prevalence in marine environments, where regener-
ated cellulosic fibers are often found as a high propor-
tion of the fiber detected (Sanchez-Vidal et al., 2018),
suggesting limited biodegradation in the marine
environment. However, this might be more an indica-
tion of their widespread use in disposable products
such as wipes, cleaning cloths and sanitary products
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(Allison et al., 2023), resulting in higher volumes
entering the environment than via the garment laun-
dering route. If fibers from paper products (such as
toilet paper) are also considered, then the potential for
cellulosic fibers directly entering the marine environ-
ment is huge. Cellulose also has a higher density than
other fibers (Kajiwara & Ohta., 2009), meaning that
these fibers might sink more rapidly after entering a
water body, reducing their exposure to mechanisms of
physical and chemical degradation such as light, UV
and oxygen compared to other fiber types. This might
ultimately manifest in a reduced rate of biological
degradation.

Fig. 3 SEM micrographs
of residual fibers after
90-day biodegradation

test of untreated (top) and
chlorine-Hercosett treated
(bottom) wool fibers. Ovals:
Areas of separated cortical
cells, cuticle loss exposing
cortex, with subsequent
degradation of the fiber
interior

3.2 Scanning Electron Microscopy

Figures 3 and 4 are representative scanning electron
microscope images of the two wool types (Fig. 3) and
polyester (Fig. 4). These are provided here as they
are of most interest considering the biodegradation
results. The other synthetics are excluded here as they
show virtually no change from the original state, con-
sistent with their lack of biodegradation.

For the untreated wool (Fig. 3 top) degradation of the
fibers is clearly apparent, including areas where the cuti-
cle has been degraded exposing the cortical cells. There
are also regions where fiber ends have fibrillated, and

€ L
D VE Ve ]

2019/06/23

uD8.7 x!

Fig. 4 SEM micrographs
of polyester fibers after
90-day biodegradation
test. Right image shows a
close-up of the deformed
fiber ends (from the region
indicated with an arrow in
the left image), probably
from the fabric shredding
process, before testing.

HMUD8.9 x500 200 um

2019/06/23
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fully separated cortical cells. There are particles appar-
ent on some fibers, which could be microbial colonies as
observed by others (Broda et al., 2016), fiber fragments
or possibly other residues from the seawater. Consistent
with the biodegradation results for the machine-wash-
able wool, the SEM images in Fig. 3 (bottom) show
more degradation overall than the untreated wool, with
the fiber surfaces generally less intact and cortex more
exposed. There are irregular cracks on the fiber surfaces,
for most of the fibers the edges of scales were completely
degraded, and the surface of scales was heavily damaged.
The Hercosett resin layer seems completely eroded from
the wool fiber surface. Spot EDX scans were carried out
on various items of debris produced by biodegradation of
machine-washable wool fibers (see section 3.5) but none
of them resembled Hercosett, rather they resembled wool
fiber. There are still some intact fibers visible, even at this
level of biodegradation, so it is clear that the degradation
is non-uniform, i.e., different fibers degrade at different
rates within a given sample.

In Fig. 4 we can see that the polyester fibers show no
apparent degradation (despite the small amount of bio-
degradation measured). The deformation of the fiber
ends in the image on the right is probably due to the
shredding process used during sample preparation. There
is some surface debris, probably residues from seawater.
Overall, these results support the biodegradation results,
with the level of observed degradation corresponding to
the extent of biodegradation (Table 2).

3.3 Analysis of Residual Seawater

Analysis of the residual seawater at the completion
of the trial is a routine part of carrying out a marine

biodegradation assessment according to the standard
method (ASTM International, 2017). These data (the
mean of three replicates, plus/minus one standard
deviation in parentheses) are provided in Table 3. Data
for the blank control are also included.

Considering first the pH results, it is apparent that the
pH of the residual seawater for synthetic fiber samples
(5.1 to 5.4) did not change from that of the blank control
(5.4), consistent with these being essentially biologically
inert in the system. The reason for all of these being
slightly acidic is the presence of the nutrient supplement
added to the vessels at the start of the trial (see Sec-
tion 2.3). The pH for both of the cellulosic materials (the
positive control and viscose fabric) decreased to an aver-
age of 3.2, whereas the pH for the wool fabric solutions
(averages of 6.6 and 7.8), is closer to that of the original
seawater (measured before the trial and found to be 8.1)
and appears to correlate with the extent of biodegrada-
tion. This suggests that the biodegradation products of
cellulose and wool are quite different, with the former
encouraging acidic conditions and the latter encouraging
neutral-alkaline conditions. It should be noted that if this
was the real-world situation of biodegradation of micro-
fiber pollution, the dilution level would be vastly greater
than that used in this test, so this observation is more of
background interest than it is relevant to any effect on
the environment.

The dissolved carbon values (DIC and DOC)
relate to carbon compounds that are soluble in water
and have not yet broken down to release CO,. They
represent an intermediate state between the solid
residue and the CO, gas that is measured to indicate
the extent of biodegradation. The three synthetic fib-
ers have levels only marginally higher than the blank

Table 3 Analysis of

. Fiber type pH DOC (mg/L)* DIC (mg/L)® NH,-N (mg/L)°

Residual Seawater at

Completion of Test Wool — untreated 6.6 (£0.7)  60.9 (+15.3) 3.1 (+3.1) 878.4 (+41.3)
Wool — machine-washable 7.8 (£0.2) 180.0 (£4.6) 13.7 (£0.8) 987.6 (£9.6)
Polyester 5.1(+0.7) 267 (x17.6) 0.1 (x0.1) 832.2 (+7.8)
Polyamide (nylon) 54 (+02) 218 (xL1) 0.2 (+0.1) 849.0 (+17.3)
Polypropylene 54 (+0.1) 23.6(x2.1) 0.2 (+0.1) 830.9 (+10.1)
Viscose rayon 32(x1.1) 2424 (x154.6) 1.1(x0.7) 766.9 (+35.5)
Control — positive (kraft pulp) 3.2 (+£0.3) 396.3 (+156.3) 3.9 (+1.7) 686.7 (+68.3)
Control — blank (no fabric) 54(+0.1) 165 (£1.4) 0.2 (+0.1) 846.6 (+16.6)

 Dissolved organic carbon
® Dissolved inorganic carbon

¢ Nitrogen as ammonium
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control, while the levels for the wool fabrics again
seem to correspond to the level of biodegradation.
This indicates that there are biodegradation products
present after 90 days that range from somewhat intact
fibers through high molecular weight species, to small
molecules and ultimately CO, gas.

The nitrogen in the residual seawater (NH,-N) is
also potentially an indication of biodegradation. As
noted in Section 2.3, nitrogen was added in the form
of NH,Cl, as a microbial nutrient, so even the blank
control has nitrogen present at the conclusion of the
trial. If we compare each of the fibers with the blank
control, we can group them into three sets:

Group I: Less nitrogen present at the end of the
trial than the blank control. This was the two cellu-
lose materials i.e., kraft pulp and viscose.

Group 2: Approximately the same nitrogen present
at the end of the trial as the blank control. This was
all three synthetic fibers.

Group 3: More nitrogen present at the end of the
trial than the blank control. This was the untreated
wool and the machine-washable wool.

Group 2 were fabrics that showed little or no biodeg-
radation, so it follows that they would not differ from the
blank control. As was the case for the pH data, we see
that the two types of biodegradable materials showed
different behavior, with cellulose reducing nitrogen lev-
els and wool increasing them. The latter is likely to be
nitrogen liberated from the wool as it breaks down. The
machine-washable wool has substantially more nitrogen

Fig. S FTIR spectra for 100 - __ Undegraded
undegraded untreated wool, untreated wool
undegraded machine-wash- 90 -
able wool and biodegraded
machine-washable wool 80 1
after 90-days degradation
70 A
test o
X
~ 60 A
Q
g
g 50
g
g 40 A
[_4
30 A
20 A
10 A
0 4

present than the untreated wool, which may simply be
indicative of its greater biodegradation, but it is also
interesting to consider if some of this has resulted from
the polyamide Hercosett treatment; if so, it would indi-
cate biodegradation of that material.

To explore the feasibility of this further, consider that
the machine-washable wool showed about three times
the biodegradation of the untreated wool (in terms of
quantity of CO, liberated). If we consider the nitrogen
levels of these two materials after subtracting the base
level that the blank control produced, we have 33.1 mg/L
for the untreated wool and 141.0 mg/L for the machine-
washable wool. The machine-washable wool’s residual
nitrogen level (after allowing for the level generated in
the blank control) is about four times that of the untreated
wool, rather than only three times as would be expected if
it was only the wool’s biodegradation that liberated nitro-
gen. In other words, it seems that the machine-washable
wool produces disproportionately more nitrogen when it
biodegrades than the untreated wool, when the different
biodegradation levels are allowed for. This might indicate
biodegradation of the polyamide.

3.4 Fourier-Transform Infrared Spectroscopy (FTIR)

The FTIR spectrum of undegraded untreated wool
fabric shows major IR bands at 1236, 1540, and
1650 cm’! that could be associated with the amide
III, amide II, and amide I groups of the wool fiber,
respectively (Fig. 5). It also shows a broad hydroxyl

Degraded machine-
washable wool

Undegraded machine-
washable wool

450 705 960 1215 1470 1725 1980 2235 2490 2745 3000 3255 3510 3765

Wavenumber (cm')

@ Springer



283 Page 10of 13

Water Air Soil Pollut (2024) 235:283

band at 3100-3700 cm™ due to the water absorbed by
the wool fiber (Hassan & Leighs, 2017). The spec-
trum of undegraded machine-washable wool also
shows the same IR bands but the intensity of amide
and hydroxyl bands increased due to the deposition
of the Hercosett layer on the surface of wool fibers.
Hercosett is a polyamide resin having azetidinium
reactive groups, some of which may be hydrolyzed to
hydroxyl groups and thus increase the hydroxyl band
intensity of the machine-washable wool (Hassan &
Leighs, 2017). The degraded machine-washable wool
also shows similar IR bands, but the intensity of the
amide II and amide I bands considerably decreased
suggesting breakdown of these amide bands. The
hydroxyl band also became broad suggesting very
high degradation of machine washable wool fiber
after the 90-day test.

3.5 Energy Dispersive X-ray Spectroscopy (EDX)

In this investigation we examined the same three fab-
ric types as for the FTIR work, plus several of the
microscopic fragments present after biodegradation
of the machine-washable wool sample. The fragments
were selected under SEM because they most resem-
bled microplastic fragments that could be from the

physical breakdown of non-biodegradable materials
(such as a polyamide resin coating). These results are
presented in Table 4.

The C, S, O, and N content of untreated wool is
50.18, 3.71, 26.24 and 19.87% respectively, which is
slightly inconsistent with the published data (Hassan,
2020), especially the S content which is compara-
tively high. This is probably due to the presence of
acid dyes used to dye the fabric, which have sulfonate
groups. In the case of machine-washable wool, the S
content was lower and N content was higher because
of the surface coating of fibers with the polyamide
Hercosett resin, which does not have any S but is
rich in N. In the case of degraded machine-washa-
ble wool, the S and O content increased due to the
removal of Hercosett and also due to the degradation
of wool fibers that produced hydrophilic carboxyl and
hydroxyl groups consistent with FTIR analysis. In the
SEM images of degraded machine-washable wool
(Fig. 6), the fragments for which EDX spot elemental
analysis was carried out are indicated with arrows and
the results are also presented in Table 4. All of them
showed high S content indicating they are not frag-
ments of Hercosett but fragments of wool fiber, as S
is absent from the Hercosett layer. This suggests sub-
stantial removal and biodegradation of the Hercosett.

Table 4 Composition

of fibers and fragments Sample Carbon Nitrogen Oxygen Sulfur
(excluding hydrogen) Untreated wool, undegraded 50.18 19.87 26.24 3.71
measured using EDX Machine-washable wool, undegraded 47.44 20.84 29.77 1.95
Machine-washable wool, biodegraded:
Intact fiber 46.24 19.84 30.79 3.13
Fragment 1 47.10 20.40 29.85 2.65
Fragment 2 47.15 20.70 29.29 2.86
Fragment 3 48.99 19.10 27.51 4.40

Fig. 6 SEM images of
degraded machine-wash-
able wool fibers. Particles
examined using EDX are
indicated with arrows
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4 Conclusions

This work has demonstrated the biodegradation
behavior of commercially finished wool fabrics in a
marine environment. The marine biodegradation test
revealed that chlorine-Hercosett treated machine-
washable wool biodegraded more readily compared
to untreated wool. Rather than retarding its biodeg-
radation, this treatment actually accelerated its bio-
degradation. The regenerated cellulose fiber, viscose
rayon, biodegraded to a similar degree to machine-
washable wool but analysis of the residual seawater
after biodegradation (section 3.3) showed that bio-
degradation products of cellulose fibers (viscose
rayon and kraft paper pulp) and wool are very dif-
ferent. Machine-washable wool appeared to produce
disproportionately more nitrogen during biodegrada-
tion than untreated wool. A potential source of this
nitrogen is the polyamide Hercosett resin, implying
its biodegradation.

FTIR analysis was unable to clearly distinguish
between amide peaks associated with non-degraded
machine-washable and untreated wool because the
polyamide resin layer is extremely thin. The spectrum
of machine-washable wool showed a considerable
decrease in amide band intensity after biodegrada-
tion, which could indicate removal of the polyamide
resin from the fiber and also extensive degradation
of wool fiber. EDX was also revealing: the surface of
untreated wool and machine-washable wool (unde-
graded) had substantially different sulfur content,
and biodegraded machine-washable wool had a sul-
fur content close to that of untreated non-degraded
wool. This also suggests removal of the polyamide
resin coating from the surface. This removal would
be concerning if it resulted in microplastic frag-
ments. However, EDX analysis of fragments that had
the appearance of microplastics showed they had the
same composition as biodegraded wool, including
sulfur levels consistent with wool. They were clearly
not polyamide resin, which does not contain sulfur.

The findings show that wool fibers degrade in the
marine environment, but the untreated wool degrades
more slowly compared to machine-washable wool.
Nevertheless, their biodegradation behavior rules out
the formation of persistent fibrous fragments of wool
in the environment.

In principle, life-cycle assessment for products
should include the impacts of their ‘in-use’ and

‘end-of-life’ phases. The research described here is
relevant to both of these aspects, i.e., the environ-
mental impact of microfiber pollution as a result of
product laundering and eventual disposal. The true
environmental impact of different fiber types will
be different depending on whether these factors are
taken in into account.
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