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textiles in coastal seawater ecosystems under sunlight-
driven photochemical transformation
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Revised: 7 July 2025 Microfibers are ubiquitous in marine environments and are widely believed to be derived

from synthetic textiles. While the forces driving microfiber formation in aquatic environ-
ments have yet to be clarified. In this study, we investigated the formation of polyethylene
Published online: 5 September 2025 terephthalate (PET) microfibers released from textiles when subjected to long-term photo-
aging in coastal seawater environments. Results revealed that after 12 d of laboratory-
accelerated UV irradiation, microfiber fragments were observed to be released from colored
textiles. Specifically, 47,400, 37,020, 23,250, and 14,400 microfiber fragments were released
from 0.1 g of purple, green, yellow, and blue textiles, respectively. This demonstrates that
long-term photoaging can effectively convert PET textiles to microfiber. Furthermore, purple
PET microfiber was demonstrated to have a higher photoaging rate compared to green,
blue, and yellow ones, which is attributed to the dispersed dyes in purple textiles (0.0287)
having higher light absorption than those in yellow (0.0237), blue (0.0252), and green
(0.0287). Additionally, purple PET microfiber (6.20 x 107" M) generated more hydroxyl
radicals than green, blue, and yellow microfibers (5.50 x 107'%, 4.84 x 107>, and 4.17 x 107"
M), which further accelerated the PET microfiber photoaging. The presented data offers new
insights unraveling the formation and associated ecological risks of microfibers in coastal
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seawater environments.
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Highlights

+ Long-term sunlight irradiation is susceptible to convert PET synthetic textiles to microfiber.

+ 0.1 g of purple, green, yellow, and blue textiles could produce 47,400, 37,020, 23,250, and 14,400 microfibers during 12 d UV
aging in seawater.

+ Purple PET microfibers generated more of 6.20 x 107> M *OH than 5.50 x 10~'> M for green, 4.84 x 10~'> M for blue, and 4.17 x
107" M for yellow.

+ Darker—colored PET microfibers (e.g., purple) exhibited 1.5-2.0 times faster photoaging rates compared to lighter colors (e.g.,
blue).

* Correspondence: Xiaoli Zhao (zhaoxiaoli_zxI@126.com); Xiaowei Wu (003836@nuist.edu.cn)

Full list of author information is available at the end of the article.

New Contaminants | Volume 1 | 2025 | e007 page 1of 11


https://doi.org/10.48130/newcontam-0025-0001
https://doi.org/10.48130/newcontam-0025-0001
https://doi.org/10.48130/newcontam-0025-0001
https://doi.org/10.48130/newcontam-0025-0001
https://doi.org/10.48130/newcontam-0025-0001
mailto:zhaoxiaoli_zxl@126.com
mailto:003836@nuist.edu.cn

New

Contaminants Sun-driven PET microfiber releasing in coastal seawaters
Graphical abstract
Wi,
PR
- S
= s
fJ" A o -
V.V *\k [l'\-‘absor'pﬁon cnparlryj—[(lisporsc ﬂ,ves]—. 0%
—’7 =t . ';-[lm.'thnni!‘imj-—!ilil'ﬁ:r::nt weulh ‘ringnrlc?]
k [+OH formation capaci ———— " _—”"‘
N
e, - g i
s . e} = )
i ok’ :i,l':'i . W LY irFadiation é._ ‘l’ r } UV irradiation -
(g el e T T 4 ]
= 2 Mechanical abrasion & o+ | Mechanical abrasion
=L e e |
PET clothes PET sewing threads
Tens of thousands of
micrifibers releass
¥ the daily nesd PET
i LEL B o elothes after LV aging
“PET fabrics - - frasmentation - - - PET microfibers
Introduction than that of bond dissociation energy, such as C-C bond (375

Microplastics (MPs, plastic particles < 5 mm in size) have garnered
significant concern in marine environments, and are acquiring
increasing concern!), due to their persistent organic pollutants
(POPs)-like characteristics, including environmental persistence, bio-
accumulation potential, long-range transportability, and ecotoxi-
cological risks?. Coastal ecosystems act as major sinks for land-based
plastic waste, with 20-53 million metric tons entering marine waters
annually via runoff and atmospheric deposition®*. According to
current knowledge, many efforts have demonstrated the extensive
occurrence of microplastic pollution in current marine seawater
through in situ monitoring, with the concentration varying from 0.02
to 8,500 n/m3 (Supplementary Table S1). In comparison with spheres,
fragments, and firm microfibers, synthetic filaments with a length:
diameter ratio > 3, are the primary contributor to marine micro-
plastics, contributing for 21.9 to ~100 of total microplastic accu-
mulation (Supplementary Table S1)P. In addition, microfibers are of
higher toxicity and ecological risks to marine organisms than those of
granular or film MPs due to their slender shape and readily ingested by
marine organisms such as zooplankton, clams, shrimp, fish, and
invertebrates’~%). Hence, in-depth investigations into the source and
ecology of marine microfibers are urgently needed!'®’,

During long-term retention in marine environments, microfibers
are readily able to endure long-term biotic and abiotic weathering
processes, including hydrolysis, mechanical abrasion, photoaging,
biodegradation, and thermal oxidation, with ultraviolet (UV) irradia-
tion-induced photoaging regarded as an essential contributor to
plastic fragmentation and microplastic formation. For instance, Bai
et al. found that T mm?2 of polyethylene terephthalate (PET) geotex-
tile could generate up to 2.52 x 106 microfibers after 35 d of UV
aging using a mercury lamp (256 W/m2)['l, Pinlova & Nowack
utilized xenon arc exposure with irradiance maintained at 60 W/m?
(total UV) to weather different textiles, and found that 1 g of textile
led to the release of 160-450 x 103 microfibers!'Z, This is due to the
continuous UV exposure facilitating the plastic polymer chain
succession, leading to the embrittlement of plastic debris, and tends
to break into smaller-sized microfibers!'3l,

The mechanism associated with the UV irradiation triggered the
plastic polymer chain cleavage is assigned to the direct photo-
oxidation of plastics when polymer absorbed more of UV energy

kJ/mol) and C-H bond (420 kJ/mol), and subsequently lead to the
polymer chain cleavagel'4'5l. Additionally, various reactive oxygen
species (ROS) (i.e., hydroxyl radical (*OH), superoxide anion (-O,7),
singlet oxygen ('0,), and hydrogen peroxide (H,0,)) generated by
MPs under UV irradiation catalyze radical chain reactions, further
promoting the cleavage of polymers (referred to as free radical-
sensitized photooxidation)!'6l. Moreover, continuous photochemi-
cal transformation of microfibers in the seawater environment can
induce the release of micro- and nano-scale aged plastic debrisl’/17]
and toxic chemicals (additives and oligomers)!'8-201, which simulta-
neously pose a health threat to marine life and biodiversity through
ingestion2'l. Therefore, the environmental behavior of photode-
graded microfibers in the marine environment should be seriously
considered.

Among varied microfiber residues in marine environments,
synthetic textiles, particularly colored PET fabrics, are a growing
concern which are widely used in textiles (e.g., clothing, curtains,
and carpets) due to their durability and low cost??, and readily
enters into the environment through domestic emission, a single
household laundry cycle releases ~730,000 microfibers[23l, Emission
of PET fiber can subsequently enter into marine ecosystems through
river surface runoff and act as an essential contributors to total fiber
accumulation in marine environments. Therefore, investigating the
formation and fate of marine PET microfiber, a representative of
microfiber and even microplastics, is crucial for assessing their
ecological risk in marine ecosystems. Microfiber residues in current
marine environments are of different colors (i.e., black, blue, trans-
parent, and red). It has been previously reported that microfiber in
the Northwestern South China Sea iss composed of blue (59%), and
black (28%), with microfiber in Argentina's sea composed of black
(38%), blue (22%), and red (16%), respectivelyl?4l. Hence, the syner-
gistic effect of colored pigments or dye residue in altering PET
microfiber photodegradation kinetics in seawater can not be
ignored and has yet to be resolved.

In this study, we focused on the sunlight-driven photochemical
transformation of textiles to microfibers in coastal seawater environ-
ments and then compared the differential photochemical fates of
colored microfibers in aquatic waters. Specific objectives of this
work are to unravel: (i) how long-term UV exposure drives PET textile
fragmentation and microfiber release in coastal seawater; (ii) why
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colored microfibers exhibit differential photoaging kinetics, with a
focus on dye-mediated reactive oxygen species (ROS) generation;
(iii) whether darker-colored PET microfibers (e.g., purple) degrade
faster due to enhanced UV absorption and ROS production com-
pared to lighter colors (e.g., yellow). The obtained findings herein
may help unravel the formation mechanism, fate, and potential
ecological risk of colored microfibers in marine environments.

Materials and methods

Materials

All of the PET textiles (plain staple fabric, woven structure) were
confirmed to have identical yarn density (120 threads/cm?), and
polymer composition via FTIR (Supplementary Fig. S1). No additional
finishes (e.g., flame retardants) were applied, ensuring color (disperse
dyes) was the sole variable. PET textiles and sewing threads (type: 402)
were purchased from Suzhou Yunheng Textile Co., Ltd., China. The
textiles were dyed with industry-standard disperse dyes: Cl Disperse
Yellow 54 (C.l. 47020, anthraquinone-based), Disperse Brilliant Green
5GL (Cl. 61570, azo-based), Cl Disperse Blue 60 (Cl. 61105,
anthraquinone-based), and Cl Disperse Violet 63 (C.l. 11120, nitro-
based) (Supplementary Table S2). These dyes were selected for their
widespread use in PET textiles and distinct light absorption properties
(Supplementary Fig. S1). The coastal seawater used in this study was
sampled in Weihai (Shandong Province, China) (122°1'10"E, 37°31'7"
N) on October 24, 2022 (Supplementary Fig. S2). The basic water
qualities were pH: 6.45; salinity: 22.4 g/L; conductivity: 12.9 uS/cm; and
total organic carbon: 3.51 mg/L. Nitrobenzene (NB, CgHsNO,, 123.11
g/mol), and isopropanol (IPA, C3HgO, 60.10 g/mol) were purchased
from Makline Co., Ltd. (Shanghai, China).

UV irradiation experiments

Accelerated UV irradiation experiments were employed to mimic the
weathering process of fibers. Pristine PET (100 mg) and coastal
seawater (15 mL) were mixed in transparent quartz tubes, which were
placed in a photochemical reaction apparatus (CEL-LAB500; Beijing
Zhongjiao Jinyuan Technology Co., Ltd., China) and UV irradiated
for 2, 4, 6, 8, 10, and 12 d, respectively. The 500 W mercury lamp
(260-600 nm emission spectrum) provided a UV intensity of 100 W/m?2
at 365 nm, covering 85% of natural solar UV radiation (UVA: 315-400
nm; UVB: 280-315 nm) at mid-latitude coastal regions®®’.. Based on
cumulative UV dose equivalence, 12 d of laboratory aging simulated
365 d of real-world natural sunlight in marine environments (cal-
culated as 30 MJ/m? total UV energy)!'l. A magnetic stirrer with a
consistent rotation speed of 500 rpm was selected to generate
turbulent flow simulating shear forces equivalent to wave action in
shallow coastal zones. The velocity of the stirrer was equivalent to the
water velocity of 2.12 m/s (V = 0.25 X n + 0.010, n is the mechanical
stirrer rotating speed), and within the range of water velocity in the
sampling area (0.50-3.00 m/s in Weihai, Shandong Province, China)
(www.weihai.gov.cn)i?%,

Additionally, the temperature of the seawater during the experi-
ment was controlled at 20 °C (temperature of surface water) by
circulating condensate. Note that the microfibers released from PET
textiles were collected using a 3 um stainless steel filter membrane,
with the pore sized of filter relatively lower than that of marine
microfibers in current marine waters (such as the Atlantic Ocean,
Southern Ocean, and Indian Ocean), with the median microfiber
length and diameter were 1.07 mm (range, 0.09-27.06 mm), and
16.7 um (range 5 to 239 pm), indicating that the 3 pm stainless steel
filter is available for capturing relevant microfibers released by

textiles. The quenching experiment procedure was conducted using
400 mM isopropanol (IPA) as the *OH scavenger, which readily
achieved > 95% radical quenching efficiency at this concentration
according to our prior exploration27],

Instrumental analysis

The masses of pristine and aged PET fibers were determined using a
precision balance (FA604B; Shanghai Precision Instruments Co., Ltd,
China). The PET fiber length in seawater was measured using a
microscope imaging system (Leica Microsystems, Wetzlar, Germany).
SEM imaging (Hitachi S-4800) was performed at 5 kV accelerating
voltage, 10 mm working distance, and 5,000 x magnification. Samples
were gold-sputtered (10 nm thickness) to enhance conductivity.
Microscope imaging (Leica) utilized a 40 x objective lens (NA 0.75) with
0.5 um resolution. Changes of PET color were quantified using a
spectrocolorimeter (DS-200; Hangzhou Color Spectrum Technology
Co., Ltd.,, China). The obtained spectrum was further converted to
chromaticity values (L*, a*, and b¥), and differences between the colors
of the two samples were calculated based on their chromaticity values
using Eq. (1)1%8,

AE = \/(Ll*_L2*)2+(al*_32*)2+(bl*_b2*)2 (1)

where, AE is the color difference between objects 1 and 2; L* refers
to the plastic brightness (L* 0 and 100 refers to black and white color);
a* refers to the chroma (positive a* value denotes redness while a
negative a* value denotes greenness); b* refers to the saturation
(positive b* value denotes yellowness while a negative b* value
denotes blueness)??’.,

Fourier-transform infrared (FTIR) spectroscopy was carried out
using an attenuated total reflection probe (Cary 630 FTIR, Agilent
Technology, Santa Clara, USA). Spectra were recorded from 4,000 to
600 cm~" with a spectral resolution of 4 cm~', taking the average of
32 scans. Plastic aging extent associated Cl (carbonyl index) values,
which reflects the formation of carbonyl oxidation products on the
sample surface (e.g., carboxylic acids, ketones, aldehydes, lactones,
and esters), for pristine and aged PET were calculated as the ratio
between the absorbance of the carbonyl group at 1,712 cm~' (C=0
stretching) and that of an unalterable band (1,407 cm~").

Quantification of PET photoaging-associated
free radicals

NB was used to quantify <OH generation by PET threads and dyes
under UV irradiation?®!. In the capture system for *OH, 100 mg of PET
threads and 20 mg dye were added to 30 mL of seawater containing
2 mM NB. During the light experiment, 0.5 mL aliquots were
removed at 0, 1, 2, 3, 4, and 5 h, and matrix effects from seawater
were minimized by pre-filtering samples through 0.45 um glass fiber
membranes. The accumulated +*OH concentration within the
reaction system was quantified via HPLC (Agilent 1200). According
to the instrumental manufacturer, the detection limit of HPLC is
0.1 pM and the linear range is 0.5-50 uM (R? > 0.99). In addition, the
triplicate injections ensured < 5% relative standard deviation. HPLC
coupled with a C18 reversed-phase column (5 um x 250 mm X 4 mm)
and UV-Vis detector. The mobile phase contained acetonitrile and
water (60:40 v/v) at a flow rate of 0.5 mL/min. The injection volume,
detection wavelength, and temperature were set at 10 pL, 263 nm, and
30 °C, respectively?, The steady-state *OH concentration ([*OHls)
was calculated by linearly fitting the loss of NB in the presence of
different colored PET threads at different UV-induced aging times
using the following equationP':
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[*OHIss = kyp/knp—oH 2
where, k},, is the first-order kinetic constant of NB consumption, and

kng—on is the second-order kinetic constant of the reaction of NB
with *OH (3.9 x 10° M/s).

Statistical analysis

Note that experiments related to the microfiber photoaging,
characterization (i.e, fiber length, mass Cl value, and chromaticity),
and ROS (*OH) quantification were repeated in triplicate (n = 3),
and the obtained results were supplied by average values coupled
with standard deviation. Statistical analysis for the changes of
microfiber size, carbonyl index, and NB concentration (used for «OH
quantification) vs UV aging time was fitted using Origin 2018
software.

Results and discussion

Photoaging of PET synthetic textiles induced the
release of microfibers

The original PET textile surface comprised a mesh structure formed by
interweaving two sets of perpendicular threads in the warp and weft.
SEM revealed progressive structural degradation of PET textiles under
UV exposure, with microfiber shedding initiating from warp-weft
intersections (Fig. 1a). Similarly, extensive cracks create abundant, tiny,
fragmented particles on the surface of plastic materials (Fig. 1b)32.
After 12 d, the original mesh structure fragmented into detached fibers
and caused higher turbidity to the surrounding water during the
photoaging process, with no difference observed in dark controls
(Supplementary Fig. S3).

In addition, 0.1 g of different colored PET textile released
1.44-4.74 x 10* microfibers of UV irradiation in coastal seawater. The
observed microfiber release aligns with studies on polyester laun-
dry shedding (Pinlova et al.22l; 160-450 x 103 items/g) but is signifi-
cantly lower than geotextile fragmentation rates (Bai et al.l'': ~1.83
x 10° items/g, calculated based on PET density). This discrepancy
may stem from structural differences: loose textile fabrics release
fewer fibers under UV aging compared to mechanically stressed
geotextiles. This discrepancy arises because the loose fiber network
of textiles dissipates stress and allows deeper UV penetration, lead-
ing to gradual bulk oxidation rather than surface-layer spallation
observed in dense geotextiles. Additionally, the number of
microfibers shed from the purple textile into seawater (47,400 parti-
cles) was significantly higher than that shed by the green (37,020
particles), yellow (23,250 particles), and blue (14,400 particles)
textiles. From this point of view, structural damage caused by long-
term sunlight irradiation of PET textile in marine surface water is
responsible for releasing abundant smaller-sized secondary micro-
fibers and further polluting the seawater32,

Supplementary Fig. S4a and S4b showed that, in comparison with
pristine PET textile (3,000-5,000 um), fragmented microfibers
ranged from 200-2,000 pm (Fig. 2a), with purple PET producing
the smallest median size (1,575 + 26 pm), followed by yellow (1,553
+ 48 um), blue (1,835 £ 32 um), and green (2,391 + 194 um) (Supple-
mentary Table S3). Meanwhile, nano-sized fibers were sized in
0.42 pm (yellow textile), 0.31 um (green textile), 0.89 um (blue
textile), and 0.48 um (purple textile), respectively (Fig. 2b, e). These
results stressed that plastic fragments derived from PET can further
break into smaller-sized microfibers and further pollute coastal
seawater.

Key role of color in the differential PET microfiber
photoaging rates

long-term photoaging of PET textiles in coastal seawater is also prone
to fading the color of textiles gradually, and the threads on the textile
edge protrude and entangle with one another, with fibers constantly
falling off, leaving the textile edge rough, rounded, and light gray or
white (Supplementary Fig. S3). As shown in Fig. 3, L* values were
almost unchanged for the textiles after 12 d of UV exposure, except for
the purple textile. The decreased b* value of the yellow textile and
increased b* value of the blue textile indicated loss of original color.
This was consistent with the increased a* value of the green textile.
UV-induced aging had a significant effect on the purple textile, with
the largest variations in L¥ a* and b* values among the colored
textiles. Compared to the initial color, the purple textile exhibited a
higher color difference (23.37 + 1.49), followed by the blue textile
(16.69 £ 0.60), with an exiguous difference between the green (12.61 +
0.51), and yellow (11.21 £ 0.53) textiles was found (Table 1). In addition,
UV light had a considerable influence on the color fastness of the
textiles®3!, Color fastness, which refers to the degree of color fading of
dyed textiles under the action of external factors (e.g., friction, washing,
UV exposure), can determine the performance level of particular dyes
or colorants for textile applications??.

This property is critically influenced by dye-substrate interactions
and environmental stressors, as demonstrated in standardized test-
ing protocols (ISO 105-B02:2014. www.iso.org). It is usually divided
into grades 1-5, with a higher grade indicating stronger resistance
to external forces and ability to maintain the original colorl?9. After
UV exposure, all textiles exhibited poorer resistance against UV light
compared to the original textiles, with the purple textile demon-
strating the greatest reduction in color fastness (from grade 4 to
grade 2). This is attributed to the presence of less dye in the textile
due to dye oxidation after long-term UV exposure.

In Supplementary Fig. S5a, when the PET microfiber underwent
photoaging in coastal seawater, the yarn structure was destroyed
and abundant individual fiber filaments were formed, and then
broke into sections of microfibers with smaller lengths, and the fiber
ends exhibited splitting, flattening, and roughness. No surface
features related to weathering were found on pristine fibers or those
under dark conditions (Supplementary Fig. S5b), suggesting that
different colored PET microfibers are subject to endure photoaging
and fragmentation process and consistent with that of PET textiles
(Fig. 1). Diverse photoaging rate of different colored PET microfiber
were further investigated by comparing the changes of polymer
mass, size distribution, chromatic aberration (AE), oxygen content,
and crystallinity. No differences were discovered for the changes of
PET microfiber structures (i.e., mass, size, and Cl) under darkness
controls (Fig. 4).

Figures 4a, b showed that purple PET microfiber exhibited higher
mass loss (38.2%) than that of green (35.0%), yellow (31.4%), and
blue (22.4%). In contrast, polymer size associated changes in the
fragmentation ratio (In (Si/Sq, S¢ microfiber size at aging time t, Sy:
initial microfiber size) of PET threads were calculated (Fig. 4c), with
the linear correlation coefficients fitted with the absolute ratio were
2.70 x 1071, 2.71 x 1071, 2.67 x 1071, and 2.52 x 10-" for purple,
green, yellow, and blue PET microfiber, respectively. In addition, the
AE values of different colored PET microfibers were compared to
illustrated diverse photoaging ratio of colored PET microfiber based
on the continuous changes of L¥, a*, and b* values during 12 d UV
irradiation in seawater (Supplementary Fig. S6), with the specific
calculation strategies supplied previously. The obtained results
showed that purple PET microfiber showed higher color difference
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Fig. 1 (a) Morphology and appearance changes of the four color of PET texitles after UV exposure under a microscope. (b) Different shapes of textiles

during the weathering process.

(AE: 36.13 £ 1.79) than those of green (AE: 33.7 + 0.03), yellow (AE:
30.26 + 0.54), and blue (AE: 30.8 + 1.28) (Fig. 4d), revealing that
purple PET microfiber equipped higher photoaging ratio in coastal
seawater than those of green, yellow, and blue ones during long-
term photoaging in coastal seawater matrices.

The effect of colored pigments on the PET microfiber weathering
was also verified through the Cl and crystallinity. PET microfiber

aging extent associated Cl value was calculated via carbonyl group
at 1,712 cm™' (C=0 stretching) and that of an unalterable band
(1,407 cm™") based on the ATR-FTIR results (Fig. 5a). During 12 d of
UV irradiation, the Cl values of the different colored PET microfibers
increased continuously, evidencing the continuous formation of
carbonyl oxidation products on the sample surface (e.g., carboxylic
acids, ketones, aldehydes, lactones, and esters), with purple
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Fig. 2 (a) Microscope image associated to the photoaging induced fragmentation of different colored PET microfiber in coastal seawater. Size
distribution of different colored PET microfibers (b) yellow, (c) green, (d) blue, (e) purple, during UV aging in coastal seawater.

Uv-od I Uv-0d ] Table 1 Chromogenic performance of different color textiles after UV exposure
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UV-12d | UV exposed (stainin
Textile Dark P 9
color Pirstine 5oy fastness)
a- . o ar 2d AE  12d AE 2d  12d
Green Red Yellow 556+ M2+ 45 4
0.19 0.53
b- b* b* b+ Green 6.73 = 1461 + 4 2-3
Blue Yellow 0.34 0.51
Blue 9.62 16.69 £ 4 3
UV-0d | UV-0d 0.26 0.60
L*lUV-2d LA UV-2d Purple 839+ 2337+ 4 2
0.23 1.49
a-
a* a¥ a+
Green Red
ATR-FTIR results (Supplementary Fig. S7). In comparison with dark
Bll’-e b b bt controls (Fig. 5d), the A;3s0/Ai4; value decreased continuously
" Yellow (Fig. 5e), with the purple, green, yellow, and blue PET microfiber
decreased by 11.78%, 11.78%, 7.66%, and 3.27%, respectively, which

-100+—0 — 100 -100+ 0 — 100

Fig. 3 Chromaticity value changes of textiles with different colors after
UV exposure.

microfiber (2.69 + 0.05) displayed was higher Cl value than that of
green (2.63 + 0.05), yellow (2.59 * 0.04), and blue (2.58 + 0.02)
(Fig. 5b).

In addition, the changes of Cl value for different colored PET
microfiber were also fitted through pseudo-first-order kinetics,
with the increase rate for purple PET microfiber (1.80 x 10-2d-") was
higher than those of green: 1.50 x 10~2 d-7; blue: 1.30 x 10~%; and
yellow: 1.10 x 102 d-" (Fig. 5¢). In terms of the PET microfiber crys-
tallinity, reflecting the polymer molecular chain arrangement, was
calculated by A;349 (C—H out-of-plane oscillating vibration) to A4y,
(reference peak) absorption peak intensity ratio based on the

reflected the long-term UV aging induced higher amorphous region
on the PET microfiber surface (Fig. 5e). This may attribute to the fact
that photoaging-induced oxidation of the end or side chains of
polymer chains and the formation of functional groups, such as
hydroxyl and carbonyl groups, causing weaker interactions between
molecules, making the molecular structure more flexible, and result-
ing in decreased crystallinity of polymer molecular chains4l,
Subsequently, we fitted the changes of different colored PET crys-
tallinity during photoaging in coastal seawater environments
through first—order kinetics (correlation coefficients > 0.99), which
assistant with the changes of polymer mass, size distribution, chro-
matic aberration (AE), and Cl, the purple PET microfiber (1.50 x 10~2)
displayed higher decrease rate for crystallinity than that of
green (0.90 x 102 d-), yellow (0.20 x 10-2 d~'), and blue (0.90 x
102 d-") PET microfiber (Fig. 5f). Those highlighted varied photoag-
ing rates of different colored MPs during long-term retention in
coastal seawater, with purple PET microfiber equipping a higher
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microfiber during photoaging in coastal seawater. (d) Chromatic aberration (AE) of different colored PET microfiber during UV light irradiation in seawater

matrices.

photoaging rate than other colors of blue, green, and yellow
species. Subsequently, the photoaging mechanisms of different
colored PET microfibers in coastal seawater were further
investigated.

Mechanism illustrating color-dependent PET
fibers photoaging in coastal seawater

The photoaging mechanism of MPs in aquatic environments mainly
includes direct photooxidation, which refers to direct internal breakage
of polymer chains when the energy of UV light absorbed by the plastic
is greater than the bonding energy of the compound and free radical-
based photooxidation, which refers to the chain reaction of free
radicals generated by MPs leading to decomposition of the polymert>>.,
In terms of direct photooxidation, we explored the effect of colored
disperse dyes (yellow: Cl Disperse Yellow 54; green: Disperse Brilliant
Green 5GL; blue: Cl Disperse Blue 60; and purple: Cl Disperse Violet 63),
which commonly adhered onto PET fiber via H-bonds and van der
Waals forces?!, on the PET microfiber UV absorption capacity (190-400
nm) during the photoaging process (Supplementary Table S3). In
Supplementary Fig. S8, the average absorbance of disperse yellow,
green, blue, and violet dyes at 190-400 nm gradually increased with
increased dye concentration. Additionally, plots of absorbance vs dye
concentration for the different dyes displayed linear relationships,
with all adjusted correlation coefficients (R?) > 0.99. The absorption
capacities of green (equilibrium constant a: 2.80 x 1072) and purple
(a: 2.70 x 1072) dyes were greater than those of yellow (a: 2.40 x 1072
and blue (a: 2.50 x 1072 dyes, indicating that green and purple dyes
can absorb more UV light during the aging process and thus promote
the aging of PET plastic.

Free radical-sensitized (*OH, O,~, and '0,) oxidation of MPs have
been demonstrated to be a dominant process controlling the
photoaging mechanism of plastics in coastal seawater, with «OH is of
higher oxidation capacity (redox potential is 2.7 V) when degrading
organic chemicals in comparison with those of O, '0,, etcl3l,
Under UV light exposure, MP polymer (RH) readily absorbs UV light
photons and forms hydroperoxides (ROOH), which are further
cleaved into alkoxy radicals (RO+) and *OHE’.. The produced -OH
then will attack the polymer chain (RH) (RH + *OH — R+ + H,0)
through hydrogen abstraction, addition, or hydrolysis reactions,
leading to the plastic polymer fragmentation and ultimately degra-
dation of the plastic material38. Hence, *OH catalyzed photoaging
of PET microfiber in coastal seawater was investigated to unravel the
color-dependent diverse PET photoaging mechanism in coastal
seawater. Sampled as purple PET microfiber, in comparison with
pristine PET microfiber, after 72 h of UV irradiation, the Cl value of
PET increased by 2.59 + 0.02 in seawater, which was fairly higher
than that of IPA + seawater (2.28 + 0.09), evidencing that the OH
played an important role in the photoaging of PET microfiber in
coastal seawater (Supplementary Fig. S9).

To further clarify the color-dependent PET photoaging mecha-
nism in coastal seawater, we compared the *OH formation capacity
of different colored PET threads. The *OH triggered plastic polymer
chain succession under UV irradiation is associated with the *OH,
which could attack the C-H bond in the polymer to form alkyl
radicals (R¢), and H,0 (+OH + RH — R + H,0). Qualitative analysis for
the *OH formation by PET microfiber (sampled as purple and green)
in seawater was explored through electron spin resonance (EPR)
using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) spin-trapping. As
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Fig. 5 (a) FTIR spectra, and (b) carbonyl index of different colored PET microfibers within 12 d treatment under UV light and darkness conditions.
Crystallinity changes of different colored PET microfibers within 12 d treatment under (d) darkness conditions, and (e) UV light. Fitting results of (c)

increased Cl, and (f) crystallinity with aging time for different colored PET.

shown in Fig. 6a and b, the typical DMPO-OH signal (with a peak
intensity ratio of 1:2:2:1) of PET threads was observed after 20 min of
UV exposure, and no peaks were observed for threads under dark
conditions, which suggested that photoaging of different colored
PET in coastal seawater induces OH formation39l, Subsequently, the
*OH formation capacity of different colored PET threads under UV
irradiation was compared using NB solution (Fig. 6¢). No significant
changes were observed between pristine PET threads and those
under dark conditions, whereas the NB concentration gradually
decreased for different colored PET threads under UV irradiation.
The consumption ratio of NB in the UV reaction system was higher
for purple PET thread (k'yg: 8.71 X 10-2 h=") than for other colors
(green: 7.72 x 102 h', blue: 6.79 x 102 h-', and yellow: 5.85 x
10-2 h-1). Correspondingly, the *OH concentration produced by
purple thread under light exposure was higher (6.20 x 10-'> M) than
that by other colors (green: 5.50 x 10~'> M, blue: 4.84 x 10-'> M, and
yellow: 4.17 x 10715 M).

The presence of additives, such as dyes, is considered a starting
point for radical reactions caused by UV irradiation. Photosensitiza-
tion by dye molecules takes place under visible light irradiation,

which has been successfully applied to degrade dye pollutants(“°,
Studies have revealed that *OH is the main reactive species for dye
removal, and it non-selectively reacts with most organics until
mineralization occurs, i.e., their transformation into CO,, water, and
inorganic ionst*'42l, Disperse dyes play a vital role in accelerating
*OH generation by PET plastic. When it comes to the chemical
structure-dominated formation of *OH by colored dyes. Existing
efforts showed that, under sunlight irradiation, the C-H bond in the
organic dye (RH) (yellow, green, blue, and purple) is prone to cleav-
age and forms alkyl radicals (R) firstly3®. Then the formed R in
water is readily able to react with oxygen or dissolved oxygen in
the water, producing alkoxy radicals (RO+) and alkyl peroxy radicals
(ROO¢). Furtherly, ROO+ could react with hydrogen in water to
generate hydroperoxide (ROOH), which decomposes into alkoxy
radical (RO+) and produces OH 31,

Similarly, the EPR spectra results (Fig. 6e, f) showed that different
disperse dyes produced *OH after 20 min of light exposure, and no
difference was observed between pristine PET threads and those
under dark conditions (Supplementary Fig. S10). The same method
was employed to obtain the absolute first-order rate constants of
consumed NB by different dyes at different times (kj,,: purple 11.89
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X 1072 h7', green: 11.51 x 10~2 h~, blue: 10.66 x 102 h~!, and
yellow: 9.64 x 102 h-). Subsequently, the formation capacities of
*OH by disperse yellow, green, blue, and purple dyes were calcu-
lated to be 6.87 x 10773, 7.59 x 101>, 8.20 x 10-'5, and 8.47 x 101>
M, respectively.

These results indicated that purple and green dyes have higher
capacities to produce *OH than blue and yellow dyes. Overall, the
results indicated that prolonged photoaging of PET textiles are

available to release abundant secondary microfiber to the surround-
ing seawater (Fig. 7). Corresponding for the purple microfiber
displayed higher photoaging rate in coastal seawater, followed by
green, and finally blue and yellow with little difference (Fig. 7). The
proposed mechanism was mainly attributed to the stronger ability
of purple dye to absorb ultraviolet rays. Meanwhile, purple fibers
and dyes could produce more free radicals under UV irradiation,
further promoting the weathering of purple PET fibers.
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Fig. 6 EPR spectra of (a) purple, (b) green, and different disperse dyes under (d) darkness and (e) UV light conditions. Quantification analysis for the (c)
*OH formation of different colored PET microfibers, and (f) different disperse dyes under UV irradiation.
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Conclusions

Synthetic microfibers are a major contributor to marine microplastic
pollution, primarily originating from textiles. However, the mechanisms
and rates of colored microfibers in marine environments remain
unclear. This study systematically investigated the photoaging and
release of microfibers from PET textiles in coastal seawater environ-
ments. Results demonstrated that 100 mg of PET textile released
1.44-4.74 x 10* microfibers after 12 d of UV exposure. This suggests
that UV irradiation coupled with mechanical abrasion (induced by
waves or tides) is an essential contributor to the formation of micro-
fiber fragments in marine environments. In addition, dark-colored
microfiber (e.g., purple and green) exhibited faster photoaging rates
than light-colored ones (e.g., blue and yellow). This is due to the dark
colored PET microfiber having a higher capacity to absorb UV light
photons and producing more of the oxidative ROS (‘OH) to
accelerate the microfiber photoaging process. In further studies,
contributions from the external factors (like biofouling, buoyancy
changes, and marine transport behavior), rather than the sunlight-
driven photoaging process, should also be investigated to fully
understand the environmental behavior and ecological risks of
microfibers in marine environments.

Overall, the findings presented in this study underscore the criti-
cal role of colored dye residues in PET textiles governing the
microfiber formation in coastal seawater, which favors for unravel-
ing the fate and ecological risks of surface-modified aged microfiber
in marine ecosystems. Moreover, the color of dyes used in textiles is
recommended to be considered when manufacturing PET commer-
cial products (e.g., clothes, ropes, and filters). This will make great
contributions in reducing and preventing the accumulation of
microfibers in marine environments.
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