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ABSTRACT: Microplastics, particularly microfibers (MFs), pose a significant threat to the
environment. Despite their widespread presence, the photochemical reactivity, weathering
products, and environmental fate of MFs remain poorly understood. To address this
knowledge gap, photodegradation experiments were conducted on three prevalent MFs:
polyester (POL), nylon (NYL), and acrylic (ACR), to elucidate their degradation pathways,
changes in surface morphology and polymer structure, and chemical and colloidal
characterization of weathering products during photochemical degradation of MFs. The
results showed that concentrations of dissolved organic carbon, chromophoric dissolved
organic matter (DOM), and fluorescent components consistently increased during
weathering, exhibiting a continuous release of DOM. Scanning electron microscopy and
Raman spectroscopy revealed changes in the surface morphology and polymer spectra of
the MFs. During the weathering experiments, DOM aromaticity (SUVA,s,) decreased,
while spectral slope increased, indicating concurrent DOM release and degradation of
aromatic components. The released DOM or nanoplastics were negatively charged with
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sizes between 128 and 374 nm. The production rate constants of DOM or the photochemical reactivity of MFs followed the order
ACR > NYL > POL, consistent with their differences in chemical structures. These findings provide an improved understanding of
the photochemical reactivity, degradation pathways, weathering products, and environmental fate of microfibers in the environment.
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environmental fate

1. INTRODUCTION

Microplastic pollution in aquatic environments has become an
escalating environmental concern.”” A substantial proportion
of plastics are discarded after use, and only 6—26% are recycled
before being disposed of, reflecting the challenges posed by
mass production and inadequate plastic management in recent
decades.” In addition to environmental impacts from plastic
debris, the fragmentation and degradation of plastic debris and
microplastics have been shown to release dissolved organic
matter (DOM) in aquatic environments.”~~ As microplastics
undergo photodegradation, the polymer chains break down
into smaller fragments, resulting in the formation of small
plastic particles with dimensions varying from micro- to
nanoscales.”'”'> These newly formed nanomaterials may
exhibit distinct properties and behaviors compared to their
larger counterparts, influencing their interactions with
ecosystems, organisms, and potentially posing novel challenges
in environmental and biogeochemical processes in aquatic
environments.”'”'* However, specific pathways and mecha-
nisms of microplastic degradation and DOM production
remain poorly understood.

Beyond pollution from microplastics and plastic debris,
microfibers, primarily composed of synthetic polymers, could
account for over 90% of the total amount of microplastics
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found in aquatic environments.” ~ Indeed, microfibers have

been reported as being widespread in not only environmental
samples but also drinking waters and biota.'"” In addition to
synthetic microfibers, cellulosic and cotton fibers are dominant
microfiber pollution in various environmental compart-
ments.'* "> Synthetic fibers, like polyester, nylon, and acrylic,
are often used in clothing, carpets, and other textiles and can
shed into the environment during use and laundering.
Therefore, one major contributor to microfiber pollution
arises from the washing of textiles and synthetic materials,"
and the discharge of synthetic fibers into the environment
include atmospheric depositionu’22 and sewage effluent, with
polyester and acrylic making up the majority.”> These
microfibers can ultimately end up in rivers, lakes, oceans,
and other aquatic systems,®'%>*72%2%2

The presence of microfibers has detrimental effects on
marine life and aquatic organisms.w’so_32 Due to their static
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electric charge and available surface areas, microfibers can
absorb hazardous chemicals, heavy metals, and oil that already
exist in the water.>>* Moreover, microfibers exhibit a more
significant leaching of water-soluble DOM with high resistance
to photochemical degradation compared to other micro-
plastics.*>*® Despite the significance of MFs in the environ-
ment, their photochemical reactivity, degradation products,
and environmental fate in aquatic systems are largely unknown.
Much previous research focused mostly on the occurrence and
degradation of other microplastics.””*’~*" Studies on the
photochemical degradation and resultant weathering products
of MFs remain scarce.”*' To fill the knowledge gap, three
prevalent microfibers, including polyester (POL), nylon
(NYL), and acrylic (ACR), were utilized in our degradation
experiments to investigate the photochemical degradation
processes and weathering products of MFs.

Our major objectives were to (1) elucidate the relative
photochemical reactivity of different microfibers (MFs) and
the release of DOM under ultraviolet (UV) irradiance, (2)
assess changes in surface morphology and polymeric structure
of microfibers during photochemical weathering, and (3)
characterize the optical, chemical, and colloidal properties of
DOM released from MFs and their variations during the
photochemical degradation of MFs. We found that UV
irradiation significantly altered the surface morphology and
polymeric spectra of all microfibers, leading to a continuous
release of nanosized DOM following a linear or exponential
trend. New results from this study provide insights into the
photodegradation pathways, weathering products, and environ-
mental fate of MFs in aquatic environments.

2. MATERIALS AND METHODS

2.1. Microfibers Used and Pretreatments. Three of the
most common MFs were selected for degradation experiments
to evaluate their degradation behavior and the production of
DOM during photochemical weathering. They are polyester
(POL) having a thickness of 2.0 denier (D) and 3.2 mm in
length, nylon 66 (NYL) with 1.0 D and 3.2 mm length, and
acrylic (ACR) with 15.0 D and 0.05 mm length (Table 1).

Table 1. List of Microfibers and Their Physical Properties,
Chemical Formula, and Monomer Structure

These pristine minifibers (dye-free and additive-free) were
obtained from Testfabrics, Inc. (West Pittston, PA, U.S.A.). All
MFs were prewashed 3 times with ultrapure water by
sonicating the suspension and filtration to remove water-
soluble DOM before UV exposure.

2.2. Photochemical Degradation of MFs. Prewashed
MFs were dispersed in ultrapure water (with a weight/volume
ratio of 1 g/200 mL) in pre-combusted glass beakers with
quartz lids. Replicate samples were kept in the dark to serve as
controls for the light experiments. Degradation experiments

were conducted under a 400 W UV lamp (MH1-400EB), with
an irradiance of 850 W m™ for a total of 70 h. Time series
samples were collected at 0, 4, 6, 12, 24, 48, and 70 h from
both light and dark treatments for the characterization of
DOM released from MFs. Evaporation during UV irradiation
was comgensated by adding ultrapure water before each
sampling.”® All time-series samples were consistently filtered
through pre-combusted GF/F filters (Whatman) to remove
any possible particles.

2.3. Morphological Characterization of MFs Using
Scanning Electron Microscopy (SEM). SEM (JEOL
JSM6460-LV) was utilized to examine the changes in the
surface morphology of pristine MFs before and after
degradation. Gold/palladium (Au/Pd), a metal with excellent
electrical conductivity, was coated/sputtered onto MFs (a non-
conducting specimen) using the Denton Vacuum Desk II
sputter coater, with a coating thickness of 6—8 nm. Images
were taken at various magnifications with a working distance of
12 mm and an accelerating voltage ranging between 8 and 10
kv.

2.4. Polymer Structure of MFs by Raman Spectros-
copy. A Raman spectrometer (model 1000B,Renishaw)
equipped with an Olympus (Melville, NY, U.S.A.) BHSM
metallurgical microscope was used for the collection of Raman
spectra. A 785 nm, 300 mW, continuous wave, wavelength-
stabilized laser diode (SDL, San Jose, CA, U.S.A.) was selected
as the excitation source. A 20X microscope objective was
utilized for all scans. Spectra were collected between 100 and
3600 cm™'. Renishaw Windows-based Raman environment
(WIRE) was used for performing spectral acquisition and
analysis with 60 s scan time settings.

2.5. Measurements of Dissolved Organic Carbon
(DOC). A Shimadzu total organic carbon (TOC) analyzer
(TOC-L) with an ASI-L autosampler was used to measure the
concentrations of DOC using the high-temperature combus-
tion method.** Samples were acidified with HC to a pH of <2
and sparged with air to remove any inorganic carbon. Prior to
sample analysis, calibration curves were prepared. In addition,
ultrapure water, consensus reference DOC samples (from the
University of Miami), and working DOC standards were
measured as samples to ensure data quality.”’

2.6. Ultraviolet—Visible (UV—Vis) Spectroscopic Char-
acterization. Using an Agilent 8453 spectrophotometer and a
quartz cuvette with a 1 cm path length, UV—vis absorption
spectra were obtained for the wavelength range of 190—1100
nm at 1 nm intervals. Before analyses, ultrapure water was
scanned as blanks.** The absorption coefficient at 254 nm
(445, m™") was calculated by multiplying the absorbance with
2.303 and divided by the cuvette path length (in meters).
Specific UV absorbance at 254 nm (SUVA,g,, L mg-C™' m™)
was calculated as the ratio of a,,; to DOC concentration,
which provides information on DOM aromaticity.” Spectral
slope (S,75_595), which is inversely related to the molecular
weight of DOM, was determined by a linear fit of the logarithm
of absorption data in the wavelength range of 275—295 nm.*

2.7. Fluorescence Excitation—Emission Matrices
(EEMs). Fluorescence EEMs were measured using a
spectrofluorometer (RF-6000, Shimadzu). Samples in a 1 cm
path-length quartz cuvette were scanned at excitation wave-
lengths ranging from 250 to 480 nm with 5 nm intervals and
emission wavelengths ranging from 280 to 600 nm with 2 nm
intervals. Ultrapure water was scanned before sample
analysis.”> The scanning speed was 6000 nm/min, and the
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Figure 1. SEM images of pristine (0 h) and weathered (70 h) MFs, including polyester (POL), nylon (NYL), and acrylic (ACR).

excitation and emission bandwidths were set at 5.0 nm with a
high instrumental sensitivity. The fluorescence index (FIX), an
indicator of the DOM source and freshness, was calculated as
the ratio of fluorescence intensities between emission wave-
lengths of 450 and 500 nm at an excitation wavelength of 370
nm.** The humification index (HIX), which provides insight
into the degree of DOM humification, was calculated as the
ratio of fluorescence signals over the emission range of 435—
480 nm to those over the range of 300—345 and 435—480 nm
at an excitation wavelength of 254 nm. 9

2.8. Molecular Size and Zeta Potential. A Zetasizer
(Nano ZS, Malvern) was used to measure surface properties,
including the zeta potential and molecular size, of DOM
released from MFs. The instrument performance was evaluated
using standard polystyrene (PS)—latex nanoparticles with a
mode size of 100 nm.”

2.9. Statistical Analysis. Statistical analyses [e.g, analysis
of variance (ANOVA), t test, and significance] were performed
with Microsoft Excel software (version 2321). A significant
level was set at p < 0.01.

3. RESULTS AND DISCUSSION

3.1. Changes in Morphological and Structural
Properties of Microfibers during Weathering. The
surface physical morphology of microfibers was assessed

before and after UV irradiation through SEM to examine the
relationship between DOM release and changes in the surface
morphology of microfibers. As shown in Figure 1, all MFs
exhibited evident degradation or morphological alterations on
their surfaces following 70 h of UV irradiation. Both POL and
NYL demonstrated the formation of holes on their surfaces,
although NYL had a higher extent of degradation with
numerous irregular inscriptions. In comparison to POL and
NYL, ACR exhibited a unique pattern characterized by
longitudinal fractures, clearly visible filament fragments, and
a roughened surface with embrittled ends.

As shown in Figure 1, the degradation extent among the
three MFs followed the sequence ACR > NYL > POL.
Notably, both ACR and NYL fibers revealed fragmentation and
production of fractal fibers, whereas POL did not exhibit such
characteristics. The alterations in microfiber surfaces induced
by UV irradiation and the differences in the degradation extent
are likely to result in divergent releases of monomers and
micro/nanofragments. The fragmentation of MFs tends to be
crucial for changing the level of bioavailability, primarily by
reducing the particle size and rendering them more accessible
to microorganisms.”’ Alterations in surface morphology and
the degree of fragmentation may also influence the dispersion
of MFs within the water column and their overall environ-
mental fate and behavior.*!
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Figure 2. Raman spectra showing changes in surface polymeric spectra of microfibers (POL, NYL, and ACR) before (0 h or pristine) and after (70

h, red colored) UV irradiation.

In addition to alterations in surface morphology, Raman
spectroscopy analysis uncovered changes in polymeric spectra
of microfiber surfaces with significantly weakened and/or
invisible peaks (p < 0.0001) observed after UV irradiation
(Figure 2). The observed weakening of Raman peaks in
weathered microfibers is likely due to increased surface
roughness and particle deposition. Nevertheless, the major
Raman peaks remained consistent in the weathered microfibers
with deviations of 2—3% for polyester, 2% for nylon, and 10%
for acrylic in their normalized peaks between pristine and
weathered samples (Table S1 of the Supporting Information).

Raman spectroscopy has been used to analyze the
vibrational modes of molecules in polymeric materials,
including microfibers.”> Specific Raman peaks for polyester
include the aromatic C=C stretching peak at 1615
em™},'>>>* which exhibited an approximately 87% reduction
in intensity after photoweathering (Figure 2). Additionally, the
polyester structure contains the ester functional group in its
backbone, contributing to the C=O stretching vibration
observed at ~1700 cm™ in Raman spectra.”® As observed in
this study, UV irradiation could trigger the breakdown of ester
linkages in the polymer backbone.”> The intensity of the
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Figure 3. Production of DOC and CDOM (in terms of a,,5) released from MFs, including POL, NYL, and ACR, during photochemical weathering
(UV, red colored) compared to control experiments (CON) under dark incubation.

carbonyl peak at ~1700 cm ™" decreased over time, and after 70
h of UV irradiation, a notable 80% reduction in peak intensity
is accompanied by peak broadening. Other peaks in the Raman
spectrum of polyester include the C—H bending peak at 1450
cm™! and the C—H stretching peak at ~2920 cm™}, indicative
of the presence of carbon—hydrogen.’* These peaks
experienced respective intensity losses of 81 and 77% following
photoweathering. The evident weakening of bonds and chain
scission occurred, leading to a decrease in the strength of POL
during degradation.*®

The Raman spectrum of nylon exhibited several character-
istic peaks, including a broad band at 3300 cm™" attributed to
N—H stretching vibrations in the amide group.”” This band
experienced a 61% reduction in intensity after weathering
(Figure 2). Furthermore, the symmetric stretching vibration of
the CH, groups in the aliphatic backbone at ~2930 cm™" and
the C—H stretching vibration at 2878 cm™" both lost ~85% of
their peak intensities. The peak at around 1640 cm™' is
associated with the amide I band, which arises from the
stretching vibration of the C=O bond in the amide group
(—CONH-). Its intensity dropped by 73% after photo-
weathering. Other peaks in the Raman spectrum of nylon 66
include those associated with aromatic C=C stretching
vibrations and C—N stretching vibrations. Various peaks
were observed in the pristine MFs but lost 65—78% of their
initial intensities after photoweathering, including those at
1489 and 1448 cm™' which are indicative of N—H bending
vibration in the amide group and aliphatic chain, respectively.
Peaks around 1390 and 1306 cm™, which are related to the
C—H bending vibration in the aliphatic chain, have been
detected. Moreover, peaks at 1381 and 1239 cm™" are related
to the amide group’s C—N stretching vibration. At 1137 cm™/,
this peak corresponds to the C—C stretching vibration in the
aliphatic chain.”® The distinctive nitrile band around 2240
cm™! serves as a most prominent spectral feature of acrylics

(Figure 2), setting it apart from other microfibers in the Raman
spectra.””®’ The peak at 2963 cm™! arises from CH,
antisymmetric stretching (methyl group). Although specific
details regarding the impact of UV irradiation on the Raman
spectra of acrylic are limited, it is evident that UV irradiation
has a significant influence on the molecular vibrations, leading
to the disappearance of major peaks. This phenomenon serves
as a compelling proxy for the degradation of acrylic microfiber
and changes in chemical characteristics. Overall, the results
revealed by Raman spectroscopy are compatible with the
changes observed in surface morphology from SEM (Figure 1)
and DOM release during MF weathering, even though the
much-weakened Roman spectra of the weathered fibers need
further quantification.

3.2. DOM Release during Photochemical Weathering
of Microfibers. Variations in the concentrations of DOM,
including DOC and chromophoric dissolved organic matter
(CDOM) (in terms of a,,s), released from microfibers during
photochemical degradation are depicted in Figure 3.
Concentrations of both DOC and CDOM progressively
increased with time during photochemical degradation of all
three MFs, indicating substantial DOM production from MFs
during weathering. However, each MF has a distinctive
trendline or pattern in the variation of DOC and CDOM
with time (Figure 3). For example, the concentrations of POL-
DOM (both DOC and CDOM) increased monotonically or
linearly, while those of NYL-DOM and ACR-DOM increased
exponentially during photochemical weathering.

These seemingly random variation trends in DOM release
during photochemical weathering of different microfibers are
intricately linked to their alterations in both surface
morphology and Raman spectra (Figures 1 and 2). For
example, only minor alteration in polyester surfaces was
observed after UV irradiation (Figure 1), and the correspond-
ing DOM release from polyester was linear following a zero-
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Figure 4. Variations in optical properties of DOM released from MFs (POL, NYL, and ACR): (a) specific UV absorbance at 254 nm (SUVA,,)

and (b) spectral slope value between 275 and 295 nm (Sy;5_50s)-

Figure S. Molecular size and zeta potential of DOM released from MFs during UV irradiation as characterized using the dynamic light scattering

technique (Zetasizer).

order production pattern (Figure 3). On the other hand,
considerable UV-induced degradation and fragmentation were
observed on the surfaces of both nylon and acrylic fibers, with
chain scission and evident fiber damage (Figure 1), leading to
an exponential release of DOM from both nylon and acrylic
(Figure 3).

Specifically, concentrations of DOC increased significantly
after 4 h of degradation for all pristine microfibers compared to
their corresponding background DOC before UV irradiation or
those in dark treatments (p = 0.000S for POL-DOC, p = 0.007
for NYL-DOC, and p = 0.006 for ACR-DOC). Both NYL and
ACR produced much higher DOM than POL during
photochemical degradation, with DOC concentrations at 70
h approaching 13.32 and 10.63 mg/L, respectively, compared
to 0.89 mg/L for POL (Figure 3). Distinctively, low DOC
production from POL can be attributed to its hydrophobic
properties, which repel water and lower DOM release.’”*> Our
result here is consistent with findings from a previous study on
the chemical degradation of polyester material exposed to
seawater for a year.”> They observed a relative weight loss of
about 7% and chemical restructuring of the polymer with a
shift in carbonyl, ester, and vinyl groups.®

From a CDOM perspective, the DOM generated from MFs
closely resembled the DOC pattern. Acrylics exhibited a
CDOM production rate 3.4 times higher than that of POL and
1.7 times higher than that of NYL (Figure 3), consistent with

their changes in surface morphology and Raman spectra under
UV irradiation (see Figures 1 and 2).

3.3. Characterization of MF-Released DOM: SUVA,;,
and Spectral Slope. Variations in optical properties,
including SUVA,s, and S,75_,95, of DOM released from MFs
before and during their photochemical degradation are shown
in Figure 4 and Figure S1 of the Supporting Information.
While DOM released from POL was low in concentrations
(Figure 3), it had higher aromaticity or SUVA,g, values
compared to DOM released from other microfibers (Figure
4A). Higher SUVA,;, values observed for POL-DOM are
consistent with the presence of unique aromatic structures or
terephthalate groups in polyester but not in nylon, which
contains polyamide, or in acrylic, which typically contains
polyacrylonitrile (Table 1). It is interesting to note that,
although DOM concentrations increased consistently during
photochemical weathering of all microfibers, SUVA,, values of
DOM decreased slightly during DOM production from the
degradation of MFs. The measurable decrease in SUVA,,
values suggested that, in addition to DOM production during
MFs’ weathering, portions of the MF-released DOM were
concurrently degraded, especially the aromatic DOM compo-
nents that contribute to a higher SUVA,q, value.*” The
preferential removal of aromatic chromophores and/or the
breakdown of aromatic compounds evidently resulted in a
decrease in SUVA,, values.*>*
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Figure 6. Fluorescence EEMs of MF-released DOM during photochemical weathering of MFs, including POL, NYL, and ACR, demonstrating a
consistent increase in fluorescence intensities and a continuous release of DOM from MFs during their photochemical degradation at the starting

point (T0), 16 h (T16), 46 h (T46), and 70 h (T70).

Spectral slope values (S,75_595) provide information on the
molecular weight of DOM.* As depicted in Figure 4B, an
increase in S,;5_595 values was observed for DOM produced
during the degradation of MFs, which corresponds to a
decrease in the molecular weight of the DOM pool. The
increase in S,;5 595 values or decrease in apparent DOM
molecular weight suggested that higher molecular weight
DOM seemed to degrade or breakdown preferentially during
UV irradiation, leading to a consequent reduction in the overall
molecular weight and aromaticity of DOM.****®® These
results coincide with those from the photodegradation of
natural DOM®”*® and water-soluble plastic-derived DOM.*

3.4. Surface Properties of MF-Derived DOM. Figure 5
illustrates variations in the molecular size and zeta potential of
DOM released from MFs during UV irradiation. In general, the
molecular size of MF-released DOM decreased during the
photochemical degradation of MFs. For example, the

molecular size of DOM decreased from ~310 to 275 nm for
POL-DOM, from 280 to 180 nm for NYL-DOM, and from
260 to ~140 nm for ACR-DOM after degradation for 70 h
(Figure S). This decrease in molecular size indicated that UV
irradiation indeed preferentially induces the degradation or
breakdown of larger sized DOM. The findings obtained
through dynamic light scattering (Figure S) are consistent with
those derived from spectral slope values, which exhibited an
increase during the degradation of MFs (Figure 4). The
changes in surface properties of DOM during DOM
production from the photochemical weathering of MFs also
suggest a simultaneous, selective, and small-scale DOM
degradation, as illustrated in changes in optical properties,
for both SUVA,s, and S,;5_5s (Figure 4). Additionally, the
observed molecular size ranges (140—310 nm) of the DOM
released from MFs (Figure S5) suggest that the photo-
weathering of MFs may lead to the production of nanofibers
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Figure 7. Variations of HIX and FIX in DOM released from MFs (POL, NYL, and ACR) during their photochemical degradation at the starting

point (T0), 24 h (T24), and 70 h (T70).

or nanoplastics in aquatic environments, a phenomenon also
suggested for other plastics in previous studies.””’® Further
studies are needed to verify their polymeric structures in the
MF-released DOM.

With regard to the zeta potential, all MF-derived DOM was
negatively charged, with a zeta potential ranging from —7.5 mV
for NYL-DOM to —15 mV for ACR-DOM (Figure S). In
comparison to the initial DOM, the zeta potential values of
DOM collected at the end of UV irradiation (70 h) become
more negative (~—30 mV for ACR-DOM). The observed
trend of increasingly negative zeta potential postdegradation is
noteworthy. The more negative zeta potential indicates a
higher repulsive force among DOM molecules, suggesting
enhanced stability and reduced aggregation. This phenomenon
is consistent with the formation of smaller nanofibers or
nanoplastics during microfiber degradation, where the
increased surface area exposes more charged sites, leading to
a heightened negative zeta potential. For example, the
regression analysis for ACR-DOM (R* = 0.99) reveals that
approximately 99.19% of the variability in zeta potential over
time can be accounted for by the size of ACR-DOM. The
correlation coefficients (R* = 0.892, 0.758, and 0.996) indicate
that size and zeta potential have a strong, moderate to
significantly positive linear correlation in POL-DOM, NYL-
DOM, and ACR-DOM, respectively.

The simultaneous decrease in both molecular size and zeta
potential or the increase in absolute zeta potential values
indicated that DOM molecules could become more stable or
less prone to aggregate after being released from MFs during
photochemical weathering. More importantly, the DOM
released during photochemical weathering of MFs is nanofibers
in nature with high specific surface areas and high negative
charge. These colloidal characteristics have significant environ-
mental implications in aquatic systems for the fate and
transport of trace elements and emerging contaminants. Future
studies are needed to evaluate the role of MF-released DOM in
the environment.

3.5. Fluorescence Characterization of MF-Derived
DOM. Fluorescence EEMs of MF-released DOM and their
changes during DOM production under UV irradiation are
depicted in Figure 6. Changes in the EEM spectra showed the
emergence of fluorophore peaks and a consistent increase in
their fluorescence intensities in DOM released during the
photochemical degradation of MFs compared to those from
the dark incubation of MFs (Figure S2 of the Supporting

Information). These results for changes in fluorescence EEMs
(Figure 6) are consistent with the patterns observed for both
DOC and CDOM, as shown in Figure 3.

As evident from the EEM contours of POL-DOM, three
fluorescent peaks become visible at T16, including peak A (ex/
em = 260/400—460 nm) and peak C (ex/em = 320—360/
420—460 nm), which are associated to humic-like fluoro-
phores, and peak B (ex/em = 250/325 nm) and peak T (ex/
em = 275/340 nm), which are related to protein-like
fluorophores.”"”’”> On the other hand, NYL-DOM had two
different fluorescence peaks: one inherent was bleached during
UV irradiation, and new fluorophores emerged in the region
matching humic-like peak M at ex/em = 310/380 nm.*>"! In
addition, ACR-DOM exhibited three fluorescence peaks
corresponding to humic-like fluorophores, including peak A
(ex/em = 260/380—460 nm), peak M (ex/em = 290/350—410
nm), and peak C (ex/em = 320/420—460 nm).”>”" The
observed rise in fluorescence intensities of these fluorophore
peaks originating from MF-derived DOM aligns closely with
the impact of UV irradiation on fibers, as evidenced by SEM
images as well as the trends in DOC and CDOM production
discussed above.

Fluorescence indices, including both the humification index
(HIX) and fluorescence index (FIX), were utilized to monitor
changes in DOM characteristics during the production of
DOM from MF degradation. As shown in Figure 7, both HIX
and FIX increased significantly in DOM released from MFs
under UV irradiation, except for POL-DOM, which showed a
slight decrease in FIX values. Notably, the increase in the DOC
and CDOM concentrations during the photochemical weath-
ering of MFs was accompanied by the increase in HIX values
(Figures 3 and 7). The positive correlations between HIX and
the DOC or CDOM concentration attest to an elevated DOM
production during the photochemical weathering of MFs.

3.6. DOM Production Kinetics during Photochemical
Weathering of MFs. On the basis of the time-series data of
both DOC and CDOM (Figure 3) and assuming a zero-order
DOM production, we estimated the production rate constants
(k, in milligrams per hour) of DOM under the same weight/
volume ratio for all microfibers. The production rate constants
or k values follow the order of ACR-DOM > NYL-DOM >
POL-DOM, with the same trend for DOC and CDOM
(Figure 8). This corresponds to a higher photochemical
reactivity for ACR, followed by NYL and POL. However, the
production rate constants for DOC were higher compared to
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Figure 8. Production rate constants of DOC (mg-C/h) and CDOM
(AU/h) released from microfibers during photochemical weathering.

those of CDOM, except for NYL-DOM, consistent with the
fact that CDOM comprises only a portion of bulk DOM.* In
addition, POL had a lower DOM production rate constant, as
manifested in the linear increase in both DOC and CDOM
concentrations (Figure 3). This observation is supported by
SEM images depicting the morphology of their corresponding
fiber surfaces (Figure 1). In contrast, both NYL and ACR had
higher DOM production rate constants, as also evidenced by
the exponential increases in both DOC and CDOM levels
during the photochemical degradation of the respective
microfibers (Figure 3). Previous studies have shown that the
UV degradation of MFs could be markedly enhanced under
higher humidity conditions, suggesting a more pronounced
degradation of polymers in surface waters than in dry
environments.”” Microscopic perforation has been identified
on the surfaces of polycarbonate films following hydrolytic
degradation and in fibers during degradation under natural
conditions.”*”

The relationship between the degradation rates of MFs and
their polymer structures is complex. For example, polyester,
which contains both terephthalate and ester groups (Table 1),
undergoes photodegradation primarily through hydrolysis and
the cleavage of ester bonds’® yet exhibits the lowest
degradation rate among all three microfibers, despite its high
aromaticity in the released DOM (Figures 3 and 8). The
unique polyethylene terephthalate (PET)-containing backbone
of polyester could absorb the UV light at the surface’” and has
a high propensity for cross-linking reactions,”® potentially
preventing further degradation of POL and leading to its
relative slow DOM release (Figures 3 and 8). While the
presence of aromatic rings in POL (Table 1) contributes to
higher aromaticity in POL-DOM, it paradoxically results in
lower DOM production rates compared to NYL and ARC,
highlighting the intricate interplay between polymer compo-
sition and degradation behavior. Nylon 66, which contains
amide groups, degrades under UV exposure through the
cleavage of amide bonds.”” As shown in Figures 4 and 8, NYL-
DOM had a lower aromaticity and lower apparent molecular
weight but higher DOM production rates compared to POL-
DOM, likely resulting from the breakdown of the C—N bonds
in the amide linkages and the formation of smaller oligomers
and monomers.”’ Among the three microfibers, acrylic
(typically polyacrylonitrile) had the highest DOM production
rate during photochemical weathering, as evidenced by its
highest CDOM and fluorophore intensities with higher FIX
and HIX (Figures 3, 6, and 7), even though ACR-DOM had
the lowest aromaticity (Figure 4). The presence of conjugated

double bonds may facilitate the degradation of acrylic through
the cleavage of nitrile groups and the polymer backbone.*"**
Detailed characterization of monomers and oligomers in the
MF-released DOM is needed to better quantify the relation-
ship between the degradation rate of MFs, chemical and
surface properties of released DOM, and the polymer structure
of microfibers.

Overall, these observations lend support to the hypothesis
that photochemical degradation and hydrolysis may be
concurrent processes in the weathering of microfibers.*!
These processes contribute to DOM production with specific
rate constants that are dependent upon the type of MF or
polymer involved. Therefore, the production rate constant is a
useful proxy for evaluating the photochemical reactivity,
weathering kinetics, and production of DOM from MFs.
Future studies are needed to investigate the ecological and
environmental roles of MF-derived DOM and nanofibers in
aquatic environments.
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