Science of the Total Environment 755 (2021) 143170

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

Contents lists available at ScienceDirect

Science o«
Total Environment

UV degradation of natural and synthetic microfibers causes fragmentation M)

Check for

and release of polymer degradation products and chemical additives it

Lisbet Sarensen **, Anette Synngve Groven b Ingrid Alver Hovsbakken b Oihane Del Puerto?, Daniel F. Krause ?,

Antonio Sarno ¢, Andy M. Booth ®

@ SINTEF Ocean AS, Trondheim, Norway

b Norwegian University of Science and Technology (NTNU), Trondheim, Norway

HIGHLIGHTS

Both synthetic and natural (wool) tex-
tile fibers are susceptible to UV degrada-
tion.

Polyamide and polyester fibers ob-
served formation of micrometer-sized
holes.

Polyester and wool fibers fragmented in
less than 2 months

Degradation products and chemical ad-
ditives leached from all fibers.

ARTICLE INFO

Article history:

Received 18 September 2020

Received in revised form 13 October 2020
Accepted 14 October 2020

Available online 22 October 2020

Editor: Damia Barcelo

Keywords:
Microplastic fibers
Synthetic textiles
Wool

Polyester

Polyamide
Non-target screening
Leaching

GRAPHICAL ABSTRACT

Synthetic Natural

Lo dlolil

Fragments and
degradation
products

Additive
chemicals

ABSTRACT

A high proportion of the total microplastic (MP) load in the marine environment has been identified as
microfibers (MFs), with polyester (PET) and polyamide (PA) typically found in the highest abundance. The po-
tential for negative environmental impacts from MPs may be dependent on their degree of degradation in the en-
vironment, which is influenced by both intrinsic properties (polymer type, density, size, additive chemicals) and
extrinsic environmental parameters. Most polymer products break down slowly through a combination of envi-
ronmental processes, but UV degradation can be a significant source of degradation. The current study aimed to
investigate the effect of UV irradiance on the degradation of natural (wool) and synthetic (PET and PA) MFs. Deg-
radation of MFs was conducted in seawater under environmentally relevant accelerated exposure conditions
using simulated sunlight. After 56 days of UV exposure, PA primarily exhibited changes in surface morphology
with no significant fragmentation observed. PET and wool fibers exhibited both changes in surface morphology
and fragmentation into smaller particles. A range of molecular degradation products were identified in seawater
leachates after UV exposure, with increasing abundance over the duration of the experiment. Furthermore, a va-
riety of additive chemicals were shown to leach from the MFs into seawater. While some of these chemicals were
also susceptible to UV degradation and some are expected to biodegrade rapidly, others may be persistent and

contribute to the overall load of chemical pollution in the marine environment.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

* Corresponding author.

1. Introduction

In the 1970s, synthetic fiber densities up to 10> m—> were reported
in North Sea water samples (Buchanan, 1971) and microplastic fibers
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(MP) in both the water column (Browne et al., 2011; Thompson et al.,
2004) and sediments (Claessens et al., 2011; Mathalon and Hill, 2014).
For example, 80% of MP found in the Arctic Central Basin were MPFs
(Kanhai et al., 2018). In a study of MP pollution in Arctic waters, a stag-
gering 95% of MP were classified as fibers (Lusher et al., 2015), with
polyester (PET) and polyamide (PA) particles were found in the highest
abundance, both with a detection frequency of 15% (Lusher et al.,, 2015).
PET and PA fibers were also quantified in similar frequencies in Arctic
sea ice, indicating the water column may be the main source of MP
found in sea ice (Obbard et al., 2014).

Textile washing has been identified as a major source of MPFs to the
environment (Browne et al., 2011), although the level of MPF release is
dependent on factors such as polymer type, fabric type (including fiber,
yarn, weave and finishing), type of washing machine, washing program
and type of detergent (De Falco et al., 2018; Hartline et al., 2016; Napper
and Thompson, 2016; Salvador Cesa et al., 2017). An early study esti-
mated one garment can shed >1900 fibers per wash, leading to a MPF
concentration of >100 fibers/L of effluent (Browne et al., 2011), with
polyester fleece has been demonstrated to release the most fibers
(Carney Almroth et al., 2018). More recent studies have calculated an
average household wash of polyester clothing (5-6 kg) releases be-
tween 500,000-6,000,000 fibers (De Falco et al., 2018; Napper and
Thompson, 2016). However, direct comparison of fiber release studies
is difficult due to a lack of standard methods for testing fiber release
and for reporting data (Carney Almroth et al., 2018; Cesa et al., 2020;
De Falco et al.,, 2018; Freeman et al., 2020; Frias and Nash, 2019).

While wastewater treatment plants (WWTPs) are not specifically
designed to retain MPs (Ben-David et al., 2021; Freeman et al., 2020;
Habib et al., 1998; Nerland et al., 2014), they have been demonstrated
to remove up to 99% of MPs in the primary and secondary treatment
steps (Ben-David et al., 2021; Freeman et al., 2020; Salvador Cesa
et al., 2017). Despite the efficient removal, annual emissions from just
one WWTP have been estimated to correspond to up to 6.7 x 10'> MP
particles (Leslie et al., 2017). Importantly, MPFs are one of the MP
types least effectively retained in WWTPs and can represent >90% of
the total MP load in effluents (Ben-David et al., 2021; Lares et al.,, 2018).

The potential for negative environmental consequences from MPs
may be dependent on their degree of degradation and transformation
in the environment, which is influenced by both intrinsic properties
(polymer type, density, size, additive chemicals) and extrinsic environ-
mental parameters (UV irradiation, biofouling). Most polymer products
break down very slowly through a combination of photodegradation,
oxidation and mechanical abrasion, with the major degradation step
being UV-initiated oxidation (Andrady, 2015; Booth et al., 2018). How-
ever, there is very limited data on the rates at which different polymers
degrade and fragment under varying environmental conditions
(Andrady, 2015; Booth et al., 2018).

The negative effects of MPFs on organisms has been less extensively
studied than those associated with spherical and irregular shaped MPs
(Cole et al., 2019; Cole et al., 2013; Jemec et al., 2016), representing a
significant knowledge gap considering they often represent a high pro-
portion of the total MP in an environmental matrix. Focus has also been
given recently to the potential effects of additive and production
chemicals leaching from plastic into water (Zimmermann et al.,, 2019).
In addition to acute effects, plastic leachates have been shown to induce
effects such as oxidative stress, cytotoxicity, estrogenicity, and
antiandrogenicity (Capolupo et al., 2020; Hermabessiere et al., 2017;
Rummel et al., 2019; Zimmermann et al., 2019). Chemicals are added
to polymers to provide products with specific functionalities and dura-
bility. For this purpose, softeners and dyes are commonly added to tex-
tile polymers, but also antioxidants, UV stabilizers, antimicrobials and
even flame retardants are routinely added depending on the intended
product applications (Hermabessiere et al., 2017).

A recent study demonstrated the presence of a large number and va-
riety of additive chemicals, synthesis by-products and residues in
textilefibers (Sait et al., 2020). When released to aqueous environments,
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several of these compounds would be expected to leach from the fibers
depending on their solubility. Furthermore, degradation of MP has been
shown to effect interaction with chemical pollutants already present in
the environment (Zhang et al.,, 2018), however, the effect of UV-
exposure on the extent of additive leaching has not previously been
quantified. Finally, UV-degradation may cause formation of water-
soluble polymer degradation products, but this process has also yet to
be investigated for textile polymers.

The current study investigated the UV degradation of PET and PA rel-
ative to a natural wool microfiber (MFs). The study also tested the hy-
pothesis that fiber degradation increases the available surface area
and facilities increased additive chemical leaching. Degradation of the
MFs was conducted in seawater under environmentally relevant accel-
erated exposure conditions using simulated sunlight, while control
samples were incubated in the dark. The leaching of organic additive
chemicals and release of UV degradation products from all fiber types
was studied as a function of UV exposure time. Fragmentation and phys-
ical changes to the fiber surfaces were studied using light and scanning
electron microscopy, while identification and quantification of additive
chemical release and degradation product generation was achieved
using a suite of analytical chemical techniques.

2. Materials and methods
2.1. Chemicals and materials

Analytical grade dichloromethane (DCM), hydrochloric acid (HCI,
37%), sodium sulphate (Na,SO4) and ammonium formate (NH4HCO,,
10 M) were purchased from Merck and Sigma-Aldrich. HPLC-grade ace-
tonitrile and formic acid were purchased from Fisher Chemicals. Refer-
ence chemicals and deuterated standards were supplied by Chiron AS
(Trondheim, Norway) and Sigma-Aldrich.

2.2. Preparation of microfibers

White polyester (PET), polyamide (PA) and wool yarns were kindly
provided by commercial textile producers (details in SI; Table S1).
Microfibers (MFs) from the different yarns were prepared with minor
modifications according to Cole (2016). Briefly, segments of yarn were
fixed at —80 °C using glycol frozen section medium (colorless
Richard-Allan Scientific™ Neg-50™) before being sectioned to ~2 mm
using a scalpel. The sectioned MFs were rinsed with MilliQ® water to re-
move glycol, isolated by filtration (0.45 pm HAWP cellulose filters, MF-
Millipore) and dried over night at 40 °C.

2.3. Laboratory UV exposure

Samples of the MFs (100 mg each, corresponding to ~180,000 PET,
~114,000 PA and 63,000 wool particles and a surface area of respectively
227,199 and 137 cm?) were placed in 35 mL quartz glass tubes filled
with ~32 mL sterile filtered (0.22 pm, Sterivex®) natural seawater ob-
tained from a depth of 90 m in Trondheimsfjorden. UV exposure exper-
iments were performed using an Atlas Suntest CPS+ instrument fitted
with a Xenon lamp (1500 W) and sunlight filter, with intensity regu-
lated using the emission range between 300 and 400 nm. Irradiation
was conducted at an intensity of 65 W/m?, while the temperature in
the exposure chamber was maintained at 24 + 3 °C. For each MF type,
three replicate samples were subject to UV exposure and one control
sample was kept in the dark at room temperature (20 + 1 °C). The dif-
ference in exposure temperatures between the UV and dark controls is
the result of the heat generated by the UV lamp which raised the tem-
perature slightly above room temperature. Seawater blank controls
were subject to treatment either as UV-exposed or dark control sam-
ples. To ensure homogenous exposure conditions, samples and controls
were gently agitated daily for the first two weeks, which was reduced to
bi-weekly for the remaining exposure period. Sampling was conducted
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after 14, 28 and 56 days. Using the equations proposed by Gewert et al.
(2018), the irradiation level and these exposure periods correspond to
simulated environmental exposure periods under European mean irra-
diance of 133 (~4.5 months), 266 (~9 months) and 531 days (~1.5
years), respectively (see Sl for calculation). At each time point, the entire
sample was decanted from the quartz tube and MFs isolated by filtration
(40 pm, Corning® sterile nylon cell strainer) followed by thorough rins-
ing with MilliQ® water to remove salts. At 14 and 28 days, a sub-sample
of MFs (<10 mg) was taken from each filter, dried over night at 40 °C
and stored in the dark until further processing. The remaining MFs on
the filters were transferred back to the exposure vessels and fresh sterile
filtered seawater (~32 mL) was added to continue the exposure. At 56
days, all of the MFs in each sample (>80 mg) were collected. At all sam-
pling points the seawater filtrate from the 40 um filters was collected
and filtered a second time (0.45 um HAWP cellulose filters, MF-
Millipore) to remove any smaller fiber fragments. The final filtrate was
then acidified (pH <2) using HCI (15% v/v) and stored in the dark at 4
°C prior to extraction and analysis.

2.4. Physical characterization of MPFs

All light microscopy was performed using a Nikon Eclipse 80i micro-
scope and post-processed in Image]® (Schneider et al., 2012). The scale
was set according to the objective lens used and calibrated using a stage
micrometer slide. The length distributions of UV-exposed and control fi-
bers were determined by freehand tracing of the fibers in ImageJ® using
a Wacom digitizing tablet. Changes in the surface morphology of pris-
tine, UV-exposed and dark control fiber samples were investigated by
scanning electron microscopy (SEM). Fibers were thinly coated (~18.4
nm) with a layer of gold via low vacuum sputtering (Quorum SC7620
Mini Sputter Coater) to minimize charge build-up. A tabletop SEM
(Jeol JCM-6000Plus) was first applied to screen for visible changes,
followed by detailed imaging using a Zeiss Field Emission SEM (Ultra
55 Limited Edition or Supra 55VP). Images were captured at 4 different
magnifications (100x, 500x, 2000x and 10,000x) using a 10 mm work-
ing distance and a 2-10 kV accelerating voltage.

2.5. Non-target and target screening for degradation products and leached
additives using GC-MS

Non-target organic chemical profiling was conducted on solvent ex-
tracts produced from both the pristine MFs and the seawater leachates.
To determine the organic compounds present in the pristine PET, PA
and wool materials, samples of each fiber type (100 mg) were extracted
with 4 mL DCM (n = 3) by ultrasonication for 30 min at room temper-
ature. Solvent extracts were filtered (Whatman GF/F) to remove the
MFs and volume adjusted by gentle evaporation at 37 °C under a stream
of N, to approximately 500 UL prior to gas chromatography-mass spec-
trometry (GC-MS) analysis. Seawater filtrates containing leached addi-
tives and soluble degradation products (~35 mL) were spiked with
surrogate internal standards (250.8 ng naphthalene-d8, 50 ng
phenanthrene-d10, 48.6 ng chrysene-d12, 50.8 ng perylene-d12), ex-
tracted three times using dichloromethane (1 x 10 mL and 2 x 5 mL),
the organic extract dried using Na,SO,4 and finally the volume adjusted
to approximately 400 pL. A recovery standard (100 ng fluorene-d10)
was added before GC-MS analysis.

Non-target screening of the MF and seawater leachate extracts was
performed using an Agilent 7890A GC gas chromatograph (GC) coupled
to an Agilent 5975C MS. Samples (1 pL) were introduced at 250 °C in
pulsed splitless mode. Separation was achieved using a Zebron ZB-
1MS column (30 m length, 0.25 pm film thickness and 0.25 mm internal
diameter). The carrier gas was helium at a constant flow of 1.1 mL/min.
The column oven temperature was programmed at 90 °C (1 min),
ramped by 5 °C/min until 320 °C (10 min hold). The transfer line tem-
perature was 300 °C, the ion source temperature was 230 °C and the
quadrupole temperature 150 °C. The ion source was operated in fullscan
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mode (50-500 mz) at 70 eV, with a solvent delay of 5 min. To quantify
selected additive compounds in the MF and leachate extracts, target
analysis was also performed on the same extracts as above. To improve
detection limits, the MS was operated in selected ion monitoring (SIM)
mode, monitoring the three most abundant ions for each analyte
(Table S2, SI). Target analytes were quantified by quadratic regression
of a 10-level calibration curve (0.1-1000 ng/mL) after normalization
to an internal standard (fluorene-d10).

2.6. PET degradation products by LC-UV/LC-MS/MS

Ethylene glycol and terephthalic acid degradation products pro-
duced from UV exposure of PET were quantified in seawater samples
using a combination of LC-UV and LC-MS/MS analysis. Ethylene glycol
was first derivatized with benzoyl chloride as previously described by
Imbert et al. (2014). Derivatization was accomplished by adding 50 pL
of the seawater sample to 100 uL 4 M NaOH, 50 pL benzoyl chloride
and 50 pL MilliQ water. The reaction was vortexed and incubated at
room temperature for 5 min, before quenching by addition of 50 pL
10% glycine and a further incubation for 3 min at room temperature.
The resulting dibenzoyl derivate was then extracted with 1 mL pentane.
Phase separation was accomplished by centrifugation at 10000 xg for 5
min, after which the organic phase was evaporated under nitrogen at 50
°C. The dried extract was dissolved in 800 pL of 10 mM ammonium
formate (pH 2.8) in 50% acetonitrile. Derivatized samples were diluted
500-fold prior to analysis. Terephthalic acid was analyzed directly by di-
luting samples 100-fold prior to analysis, without the need for
derivatization.

Samples were analyzed on an Agilent 1260 HPLC system equipped
with a variable wavelength detector coupled to a 4670 triple quadru-
pole mass spectrometer (MS) equipped with an electrospray ion source.
The HPLC column (ZORBAX Eclipse Plus C18 2.1 x 50 mm, 1.7 pm parti-
cle size, Agilent Technologies) was kept at 25 °C and the injection vol-
ume was 10 pL. The mobile phase consisted of 10 mM ammonium
formate pH 2.8 (A) and acetonitrile containing 0.1% formic acid (B).
The 7.5 min HPLC program for ethylene glycol was as follows: start at
10% B, ramp to 90% B by 3 min, hold until 3.5 min, and ramp to 10% B
by 3.6 min. The ethylene glycol derivate was detected by MS using the
following mass transitions in positive ionization mode: m/z 271.1 -
149 (quantifier) and m/z 271 — 105.1 (qualifier). The 6.5 min HPLC pro-
gram for terephthalic acid was as follows: start at 10% B, ramp to 90% B
by 2 min, hold until 2.5 min, and ramp to 10% B by 2.6 min. Terephthalic
acid was detected by UV absorption at 254 nm and peak identity was
confirmed by MS in negative mode using m/z 165 — 121.1.

2.7. Data analysis and statistical treatment

For non-target analysis, GC chromatograms and mass spectra were
recorded in ChemStation software and MassHunter Unknowns Analysis
software was applied to the raw data files for deconvolution and tenta-
tive identification of analytes. Output files were exported to .csv format
for further processing using R (R Development Core Team, 2008). In R,
compounds were filtered based on their presence in at least 2 of 3 rep-
licates and when >80% match to NIST 2017 library mass spectra was ob-
tained. A Shapiro-Wilks test revealed a non-normal distribution of fiber
length data, and thus a Kruskal-Wallis test was performed to investigate
significant length changes for each fiber type (PET, PA, wool), followed
by Dunn's multiple comparison test.

3. Results and discussion
3.1. Physical degradation of fibers following UV exposure
After UV exposure, both polyamide (PA) and polyester (PET) fibers

showed signs of degradation at the fiber surface when investigated by
SEM (Fig. 1). No surface changes were observed in dark control samples
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at any of the time points studied (up to 56 days). Both PA and PET fibers
clearly exhibited the formation of holes or pitting in their surfaces, al-
though this was much more pronounced in the PA than the PET fibers.
These changes in surface morphology are consistent with observations
of MP fibers found in sun-exposed environmental compartments
(Sathish et al., 2019). For both polymers, the surface changes could be
observed already after 14 days and there was no clear increase in sur-
face degradation with increasing exposure time up to 56 days. A differ-
ent form of degradation was observed for wool fibers, where the surface
fibrils appeared to be smoothed during UV exposure. In contrast to the
synthetic PA and PET fibers, the surface degradation became more pro-
nounced over the 56 day duration of the experiment.

PA is typically seen as resistant to environmental degradation
(Tokiwa et al,, 2009). However, embrittlement of UV- and environmen-
tally exposed PA films have previously been demonstrated
(Achhammer et al.,, 1951). Early studies showed that increased humid-
ity provoked more significant UV degradation of both PA and PET, indi-
cating that UV degradation of polymers in surface waters will be more
pronounced than in dry environments (Lock and Frank, 1973). While
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0
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cracking or microcracking is often described in UV degradation of PET,
the formation of small holes observed on the surface of PET MPFs has
not previously reported in laboratory UV degradation studies
(Armstrong et al., 1995). Small holes have been observed on the surface
of polycarbonate films after hydrolytic degradation studies (Chandure
etal, 2014), as well as in fibers having undergone degradation in the en-
vironment (Sathish et al., 2019), suggesting hydrolysis may be occur-
ring concurrently with UV degradation in the current study.

Although surface degradation was more pronounced for PA fibers
than PET fibers, no significant (p > 0.05) fragmentation was observed
for PA fibers over the 56 day exposure period (Fig. 2). In contrast, PET fi-
bers exhibited only minor changes to their surface but underwent a sig-
nificant (p < 0.05) degree of fragmentation. Changes in fiber length
distribution decreased from a median value of 3115 pm prior to expo-
sure (day 0) to 2492 pm after 14 days (p < 0.05), 1249 um after 28
days (p <0.001) and 257 um after 56 days (p < 0.0001) of UV exposure.
Wool fibers did not significantly (p > 0.05) fragment over the first 28
days of UV exposure, but the median length had decreased from 3156
(day 0) to 1292 um after 56 days (p < 0.0001).

Fig. 1. SEM images of PA, PET and wool fibers exposed to UV for 14, 28 and 56 days, compared to pristine and dark control samples (kept in seawater for 56 days). The area marked * on the

pristine wool sample reflects damage caused by imaging at 10 kV, and is not degradation.
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Fig. 2. Length of PA, PET and wool fibers in UV exposed and dark control samples at days 14, 28 and 56 compared to pristine (d0) samples. Boxplots: median and 25 to 75 percentiles; bars:

minima and maxima; black dots represent outliers.

While it appears likely that UV degradation of PET and wool fibers
contributes to fragmentation and the formation of smaller fibers, it is
unclear whether this is the case with PA. The observed ‘holes’ on the
fiber surface may be formed from a purely chemical degradation of
the surface polymer, primarily resulting in the release of monomers
and degradation products. However, it could also be the case that tiny
PA fragments released from the PA fiber surface during UV degradation.
From the shape and size of the holes (<5 pum diameter, Fig. 1), it is sug-
gested that any such fragments may be in the nanoparticle range. Due to
the methods employed in the current study, assessment of nano-sized
fragmentation products was not possible, but this should be the focus
of future studies given the potential for increased impacts from particles
of that size.

The fragmentation of textile MFs appears critical for altering their
bioavailability, primarily by reducing the particle size and making
them available for ingestion by smaller organisms such as zooplankton
(Serensen et al,, 2020). In contrast, changes in surface morphology may
alter how microbiota interact with MFs leading to differences in micro-
bial biofouling and colonization. It is also suggested that changes in sur-
face morphology and fragmentation may both influence how MFs are
transported in the water column and their general environmental fate
and behavior.

3.2. Formation and release of polymer degradation products

It has been suggested that UV degradation of PA starts by break-
ing of the C—N bond of the amide group, forming molecules of the
same unit of chemical structure (Achhammer et al., 1951). In the cur-
rent study, non-target analysis (fullscan GC-MS) of seawater sur-
rounding UV-exposed PA fibers indicated the formation and release
of alkylated amides (Table S2, Fig. S1, SI). Only trace levels were
present in dark controls and seawater control samples. Caprolactam,
the synthesis precursor of nylon 6, was found in both UV and dark
controls. Concentrations determined after 14 days represented max-
imum levels, with no further leaching of caprolactam was observed
after 14 days. The results suggest caprolactam in the seawater de-
rives entirely from the leaching of residues present in the PA fibers
from the synthesis process, rather than being a degradation product
formed from UV exposure. Some of the other tentatively identified
compounds in the PA seawater leachates had a structure unlikely
to be formed from degradation of PA polymer. It is hypothesized
that these chemicals were already present in the fibers as synthesis
by-products and that they are released in a similar way to caprolac-
tam. However, concentrations continued to increase from day 14 to

day 56, which may reflect an increasing surface area for leaching to
occur due to the formation of pitting from the UV degradation
process.

UV degradation of PET has been proposed to occur via chain scission
leading to the generation of carboxyl end groups followed by the forma-
tion of mono- and dihydroxyterephthalates, and aldehydes (Fechine
etal,, 2004). In the current study, non-target analysis revealed the pres-
ence of several tentatively identified (fullscan GC-MS) degradation
products of PET in the seawater leachates after 14 days (Table S3,
Fig. S2, SI). In the order of relative abundance, these included: 1,2-
ethanediol monobenzoate, terephthalic acid, 4-acetylbenzoic acid,
benzoic acid, 4-methylbenzoic acid, phenacyl formate, vinyl benzoate,
diethylene glycol dibenzoate and 4-ethylbenzoic acid. These com-
pounds correspond to the breaking of C—C or C—O bonds in the PET
polymer backbone, with the exception of 4-methyl- and 4-
ethylbenzoic acid, which must be formed through re-arrangement. All
compounds showed an exponential increase in formation over the
course of the experiment, suggesting a continued production as the
UV degradation process proceeded (Table S3, Fig. S2, SI). Only trace
levels of these chemicals were detected in dark controls and seawater
control samples. By use of target analysis, the formation of terephthalic
acid was verified and quantified, and additionally the fragment ethylene
glycol could be traced quantitatively over time - which confirmed the
trend observed based on the non-target analysis (Fig. 3). This shows
that the original constituent chemicals used in the production of PET
are also formed during UV degradation, together with a suite of other
products.

In seawater samples from UV-exposure wool fibers, several sulfu-
rous compounds (cyclic octaatomic sulfur, lenthionine, hexathiane
and hexathiepane) were tentatively identified (Table S3, Fig. S3, SI).
The concentration increased over time and only trace amounts were ob-
served in dark controls and seawater controls, suggesting a direct link to
the UV exposure. It is hypothesized that these compounds are formed
through degradation of the amino acid cysteine, which is found in
wool, and known to degrade stepwise to sulfur. Empirically, wool fibers
were observed to become yellow and a characteristic odor typical of sul-
furous chemicals was detected when sampling. Interestingly, benzoic
acid was also found in the UV-exposed wool leachates. One possible ex-
planation for the presence of this chemical is the common use of a PET
polymer coating on the surface of the wool fibers to increase the dura-
bility of textiles. However, target analysis for the PET degradation prod-
ucts terephthalic acid and ethylene glycol did not verify this.
Furthermore, no other PET degradation products were observed in the
wool UV leachates. Therefore, the observed presence of benzoic acid is
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Fig. 3. Formation of ethylene glycol and terephthalic acid (ug) degradation products as a function of time during UV exposure of PET fibers.

hypothesized to be caused by its use at some point in the fiber produc-
tion process.

3.3. Leaching of additive chemicals

In addition to studying the formation and release of degradation
products, the leaching of additive chemicals associated with each of
the different MF materials was also profiled and quantified. In the
first step, additive chemicals present in the MF leachates at days
14, 28 and 56 were investigated using non-target (fullscan) GC-MS
analysis and tentatively identified by mass spectral matching to the
NIST 2017 spectra database (Table S4, Fig. S4, SI). While the tenta-
tively identified additive chemicals were specific to individual MF
types in many cases, some additives (e.g. benzophenone) were asso-
ciated with multiple MFs. Furthermore, UV stabilizers (e.g. benzo-
phenone, benzotriazoles) were only observed in the dark controls
and not in the corresponding UV-exposed MF leachates. This is con-
sistent with UV stabilizers degrading under UV exposure, absorbing
potentially damaging wavelengths in order to protect the polymer
matrix. Other additive chemicals with different functions (i.e. other
than UV stabilization) were primarily observed in UV-exposed sam-
ples and not in the corresponding dark controls, suggesting that the
degradation process facilitates their increased released and also that
the chemicals are more resistant to UV degradation than UV stabi-
lizers. In the second step, reference chemical standards correspond-
ing to a selection of the identified additives were used in conjunction
with specifically developed SIM-based targeted GC-MS analysis to
(i) confirm the tentative identification, (ii) quantify additive
leaching over time and (ii) determine additive concentrations in sol-
vent extracts of the pure MF materials.

As plasticizers are common laboratory contaminants, they were not
studied in the seawater leachates, as it was not possible to ensure the
source of these chemicals in the leachates came entirely from the MFs.
However, we could unambiguously identify and quantify a number of
phthalates, bisphenol A (BPA), n-butylbenzenesulfonamide (nBBSA)
and p-tert-octylphenol (ptOCP) in solvent extracts of the MFs (Fig. S5,
SI). Many of these chemicals were identified in all MF types, but some
were material specific. Bis(2-ethylhexyl) phthalate (BEHP) was the
phthalate present in highest extractable concentration overall, followed
by diethyl phthalate (DEP) and benzyl butyl phthalate (BBP). Wool fi-
bers typically had the highest levels of plasticizers, followed by PA. Sev-
eral organophosphorus compounds were also quantified in MF extracts;
with the highest overall concentrations observed for triphenyl phos-
phate (TPhP), followed by tris(2-chloroethyl) phosphate (TCEP) and
tripropyl phosphate (TPP). Other notable additives present in the MF
materials included benzophenone, benzothiazole, phthalide and
phthalimide. Generally, the lowest levels of additives were seen in PET

fibers, and the highest in wool fibers. TPP and phthalide could not be
quantified in the wool extracts, but this may be due to confounding
co-elution in the GC chromatograms (Fig. S6, SI). The relatively high
levels of additives in wool fibers have previously been described, and
are likely due to surface treatment of the raw-material to improve func-
tionality for use in textile production (Sait et al., 2020). Benzothiazole is
most commonly used as a vulcanizer in the manufacture of rubber, and
known to leach in high quantities from rubber to water (Capolupo et al.,
2020; Dsikowitzky et al., 2014), Although the use of benzothiazole in
polymer production is not widely known, the presence of benzothiazole
in a large number of consumer textiles has recently been demonstrated
(Avagyan et al., 2015; Liu et al,, 2017) and the release of this and other
compounds during domestic washing has been reported (Luongo et al.,
2016).

Of the additive compounds found in the MFs (omitting plasti-
cizers), seven were also quantifiable in the seawater leachates
(Fig. 4). As observed from the non-target analysis, the benzophenone
(UV stabilizer) concentration in seawater from PA, PET and wool
fibers in dark controls increased exponentially over the duration of
the exposure, while concentrations in UV-exposed samples
remained at background levels. In contrast, phthalide, phthalimide,
TPP, TPhP and TCEP concentrations increased over time to a greater
extent in the UV-exposed samples compared to the dark control
samples (Fig. 4). These compounds are not expected to UV degrade
rapidly and their increased concentrations confirms the hypothesis
that fiber degradation increases the available surface area and facili-
ties increased additive chemical leaching. Benzothiazole exhibited a
more unique behavior, with concentrations increasing beyond the
background (seawater control) levels in both UV exposed and dark
controls. While benzothiazole concentrations were higher in UV-
exposed wool samples than in the corresponding dark controls, the
opposite trend was observed for PA and PET. While it is not clear
what causes this difference, it is suggested that differences in the
level and duration of surface morphology changes may play a role.
For the wool fibers, an increasing surface degradation was observed
over the whole 56 day UV exposure period (Fig. 1), which may facil-
itate continuous leaching of benzothiazole at a rate that is higher
than its loss from the system due to UV degradation. In contrast,
changes in PA and PET surface morphology due to UV degradation
seemed to reach a maximum after 14 days (Fig. 1), suggesting no ad-
ditional surface is made available for continued leaching over the
course of the experiment. As a result, UV degradation of leached
benzothiazole might be occurring at a rate that is faster than the
leaching process in these two MF materials.

Interestingly, the relative concentrations of additive chemicals quan-
tified in the UV-exposed leachates and MF extracts were not compara-
ble across the different fiber types. While high concentrations of all
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Fig. 4. Additives leaching from fibers over time. Presented as the cumulative leached amount (ng) for each exposure. Error bars denote standard deviation (n = 3).

additive chemicals were typically determined in the PA fibers (Fig. S5),
their corresponding leachate concentrations were comparably low
(Fig. 4). Conversely, additive concentrations in the PET and (to some de-
gree) the wool fibers were lower than PA, but where present at higher
concentrations in the corresponding leachates. Possible explanations
for this may be differences in affinity of the additives to the different
polymers, or in how the additives are incorporated in the materials.
Additionally, the differences in physical degradation of the different
fiber types may cause increased potential for leaching of additives
from fibers where the surface degrades (wool) or the fibers fragment
increasingly over time (wool and PET). Also, comparing the levels of
extractable additives from MFs with the maximum observed concen-
tration in respective leachates (made from 0.1 g MF) - it is evident
that prolonged leaching in seawater, particularly under UV, causes
more additive chemical to be released than during the solvent ex-
traction process, possibly due to a combination of the polarity of
the chemicals relative to the solvent and that the solvent did not
cause changes to the surface morphology through dissolution or
degradation of the fibers. Differences in relative concentrations of
chemicals in the leachates compared to the MFs may be due to a
combination of differences in polymer affinity, water solubility and
degradation once released to water.

Chemical additives used as UV stabilizers were observed to de-
grade under UV exposure following their release from MFs, suggest-
ing they would rapidly be removed in aquatic environments with
high sunlight levels. While other additives leaching from the MFs ap-
peared resistant to UV degradation, other degradation processes
may play an important role in their fate and persistence in the natu-
ral aquatic environments. For example, the current study was per-
formed under sterile conditions, but biotic degradation could also
be expected to impact additive chemicals leaching from fibers in
the environment. However, none of the additive chemicals quanti-
fied in any of the MF leachates were estimated to be readily biode-
gradable according to the US EPA EpiSuite™ software (US EPA,
2012), suggesting potential for persistence and accumulation in the
environment. In contrast, all of the tentatively identified polymer

degradation products are expected to biodegrade rapidly in the envi-
ronment according to the same assessment. Knowing that MP leach-
ates may be significantly toxic (Capolupo et al., 2020) and that model
estimates indicate a high proportion of additive chemicals may be
considered persistent, the role of MFs and other MPs as a potential
source of chemical pollution in aquatic environments should be
given increased attention in future work and considered within MP
risk assessment and future mitigation actions.

4. Conclusions

In the current study, it was shown that once released to the aquatic
environment, both synthetic and natural fibers may UV-degrade and re-
lease a complex mixture of additive chemicals, chemical residues from
polymer synthesis and polymer degradation products, the latter
resulting from processes impacting the fibers in the environment (e.g.
UV exposure). The three different fiber types were affected differently
by exposure to UV corresponding to natural sunlight. PA primarily ex-
hibited changes in surface morphology after 2 months of UV exposure,
while the PET and wool fibers reduced surface changes but increased
fragmentation into smaller length fibers. All MFs were found to release
chemicals that could be identified as degradation products from UV ex-
posure. Furthermore, all MFs contained a range of different additive
chemicals, which leached to varying degrees into seawater during expo-
sure as a function of polymer type, additive chemical properties and
level of MF degradation. Some additives (e.g. UV stabilizers) rapidly
degraded under UV exposure following leaching, and most of the iden-
tified polymer degradation products are estimated to quickly biode-
grade in natural seawater. However, some of the additive chemicals
may be persistent and contribute to the overall chemical pollution
load in the oceans.
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