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Microplastics (MPs) can cause adverse effects and pose potential threats to humans and the environment. In
addition, dissolved organic matter leached from MPs (MP-DOM) is also a critical issue due to its ecotoxicity
and potential to form disinfection by-products (DBPs) during the disinfection process of water treatment
plants. However, limited information is available on the dynamic transformation of MP-DOM during UV
irradiation and subsequent disinfection, which may further influence the formation of DBPs in MP-DOM.
Herein, PSMPs-DOM were leached in aqueous solutions under UV irradiation and the samples were then
chlorinated. PSMPs-DOM before and after chlorination were characterized by multiple spectral
technologies and methods. With prolonged irradiation time, the aromaticity, molecular weight, humic-
like substances and oxygen-containing functional groups of PSMPs-DOM increased, suggesting the
continuous transformation of PSMPs-DOM. After chlorination, the aromaticity, molecular weight and
humic-like substances of PSMPs-DOM decreased, among which the changes of C2 and oxygen-
containing functional groups were more significant. Besides, the PSMPs-DOM formed under prolonged
irradiation exhibited higher chlorine reactivity, owing to the more aromatic structures and unsaturated
bonds. TCM, DCBM, DBCM and TBM were detected in all chlorinated PSMPs-DOM samples, while the
PSMPs-DOM formed at the later stage of irradiation exhibited lower THMs formation potential. The
correlation results showed that the conversion of humic-like substances in PSMPs-DOM affected the
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MPs are widespread in the environment, particularly in the
aquatic environment. It is estimated that between 4.8 and 12.7

1. Introduction

Microplastics (MPs), typically defined as plastic particles with
a size smaller than 5 mm," have drawn increasing concern in
recent years due to their widespread presence in soils and
aquatic ecosystems globally.> These small particles can be
ingested or taken up by plants or animals and accumulated in
the food web, posing a potential threat to both organisms and
humans.** In addition, MPs can be vectors of heavy metals,
organic pollutants and pathogenic microorganisms due to their
large specific surface area, increasing their environmental
risks.>®
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million metric tonnes of secondary MPs are introduced into the
oceans every year.” Various levels of MPs have also been detec-
ted in fresh water. For example, in the Jinjiang River Basin, the
average concentration of MPs in surface water and groundwater
was 1.6 and 2.7 particles per L, respectively.® Studies in Italy and
Finland found MPs concentrations in lake water ranging from
0.057-8.82 and 0.0037-0.66 particles per L, while lakes in North
America contained 0.028-19.1 particles per L MPs.” Besides,
recent research has also detected MPs in water treatment plants
(WTPs), since fresh water such as rivers and lakes are the main
sources for WTPs." It is reported that the concentration of MPs
in different drinking water plants ranged from less than 2.5 to
more than 100 particles per L. In the influent of wastewater
treatment plants (WWTPs), the MPs levels varied from 1 to 10
044 particles per L. And the concentrations of MPs in the
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effluent of WWTPs were in the range of 0 to 447 particles per L.*>
MPs can remain in the environment for a long period, during
which the decomposition of MPs occur via physical, chemical
and biological paths,*** facilitating the release of microplastic-
derived dissolved organic matter (MP-DOM)."* MP-DOM
consists of various chemicals such as additives and copoly-
mers of MPs, which has attracted increasing attention as
a potential threat to the environment.**"” Ultraviolet irradiation
is considered to be an important pathway for the generation of
MP-DOM,*® and several studies have shown the increasing
release of MP-DOM under UV conditions. For example, Lee et al.
found that the dissolved organic carbon concentrations of MP-
DOM became almost 100 times greater than those under dark
conditions.'® During UV irradiation, MPs undergo complex
physical and chemical transformations, which affect the
leaching of MP-DOM," but information on compositional
changes of MP-DOM during this process are still limited.
Therefore, more detailed research should be carried out to
further investigate the leaching characteristics of MP-DOM
during UV irradiation.

Moreover, many studies have demonstrated that MP-DOM
can react with disinfectants in water treatment processes,
resulting in the formation of disinfection by-products (DBPs),
which were considered to be carcinogenic, teratogenic, cytotoxic
and genotoxic, posing adverse effects on aquatic ecosystems
and human health.>**! Lee et al. first demonstrated that the MP-
DOM can act as a trichloromethane (TCM) precursor in chlo-
rination.’ And it is reported that TCM is the dominant by-
products during the chlorination of MP-DOM,"**** while the
species may be converted to more toxic brominated DBPs due to
the release of Br~ from MPs.*® In addition, Ateia et al. found that
the DBPs formation potential of MP-DOM significantly depen-
ded on the type of MPs by investigating different kinds of MP-
DOM.** However, little is known about the changes in the
properties of MP-DOM during disinfection and the contribution
of components in MP-DOM to the formation of DBPs. There-
fore, the transformation of MP-DOM during disinfection and
the relationship between the properties of MP-DOM and their
DBPs formation potential need to be further explored.

The aim of this study was to investigate the dynamic trans-
formation of MP-DOM during UV irradiation and subsequent
disinfection, and the contribution of components in MP-DOM
to the formation of DBPs. Polystyrene microplastics (PSMPs)
were chosen as typical microplastics due to it is one of the most
used plastics and widely distributed in the environment.>® And
chlorine was selected as typical disinfectants since it is most
widely used for disinfection in water treatment process.”® The
leaching of PSMPs-DOM was conducted in water solutions
under UV light conditions. And the leached PSMPs-DOM were
treated by the chlorination. The structure and composition of
PSMPs-DOM before and after chlorination were analyzed using
UV-vis spectroscopy, excitation-emission matrix (EEM), and
Fourier transform infrared (FTIR) combined with parallel factor
(PARAFAC) analysis and two-dimensional correlation spectros-
copy (2D-COS). And the concentration of THMs was determined
by GC-ECD. Meanwhile, the relationship between the properties
of MP-DOM and their DBPs formation potential were
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investigated by correlation analysis and principal component
analysis. The results of this study may provide a deeper insight
into the compositional transformation of MP-DOM and its
formation potential of chlorination DBPs.

2. Materials and methods
2.1 Materials and chemicals

PSMPs (0.3-0.5 mm) were purchased from Shenghao plastics
Co., Ltd (Dongguan, China). THMs mixed standards (tri-
bromomethane (TBM), bromodichloromethane (DCBM),
dibromochloromethane (DBCM) and trichloromethane (TCM))
were purchased from Anpel (Shanghai, China). Methyl ter¢-butyl
ether (MtBE, HPLC grade) and sodium hypochlorite solution
(NaClO, =5.0%) were purchased from Aladdin (Shanghai,
China). Other chemicals were obtained from Guangzhou
Chemical Reagent Co., Ltd (Guangzhou, China). All chemicals
in this study were of analytical grade and used without purifi-
cation unless specifically stated. Ultrapure water (18.2 MQ) was
produced using a Milli-Q system (Millipore, USA).

2.2 The leaching experiments of PSMPs-DOM

PSMPs were rinsed with ultrapure water and dried at 25 °C for
48 h.”” The clean PSMPs were sealed in glass vitals without
exposure to light at 25 °C.

PSMPs-DOM leaching experiments were conducted in
a hollow photoreactor equipped with a UVC-254 lamp (TUV 16w
T5 4P-SE) under continuous agitation and recirculating cooling
system (25.0 = 0.5 °C). In this experiment, the average UV
intensity was determined to be approximately 0.51 mW cm >,
10 g PSMPs were mixed with 1000 mL of ultrapure water and
placed in a glass beaker. The mixtures were then uniformly
dispersed by magnetic stirring. Control experiments were con-
ducted under the same conditions without UV irradiation. The
PSMPs suspensions were collected at predetermined reaction
intervals (i.e., 6, 12, 30, 54, 84 and 120 h), and filtered by a pre-
washed filter with 0.45 pm membrane. The filtrates (PSMPs-
DOM,, x was the time of UV irradiation) were stored in refrig-
erator at 4 °C for further chlorination.

2.3 The chlorination of PSMPs-DOM

The chlorination experiment was conducted in 25 mL glass
tubes with stopper on an oscillator in the dark at 25.0 & 0.5 °C.
20 mL PSMPs-DOM samples were mixed with sodium hypo-
chlorite to achieve 0 (as controls), 10, 50 and 100 mg L~
available chlorine concentration. The mixing solution pH were
kept in the range of 6-7 using hydrochloric acid (HCI) or sodium
hydroxide (NaOH). The samples were withdrawn after 24 h and
quenched with ascorbic acid.> An aliquot of the quenched
samples was extracted for analysis of THMs, and the others were
used to investigate the properties of chlorinated PSMPs-DOM.
The control groups were also performed following the above
procedure without the addition of sodium hypochlorite
solution.

RSC Adv, 2024, 14, 34338-34347 | 34339
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2.4 Analytical methods

Dissolved organic matter (DOC) was measured using a DOC-
VCSH analyzer (Shimadzu, Japan). The UV-vis absorption
spectra of the PSMPs-DOM solutions were collected using a UV-
vis spectrophotometer (Lambda 950, PerkinElmer). The
absorption coefficient at 254 nm («,5,4) was used to indicate the
extent of DOM aromaticity.?® The spectral slope (S, nm™") was
obtained by a non-linear exponential decay model, and S,75 595
was the S value at wavelengths of 275-295 nm. This value was
used to characterize the relative molecular size of the DOM.>®
Fourier transform infrared (ATR-FTIR) spectra of PSMPs and
PSMPs-DOM were recorded on a FTIR spectrometer (Thermo
Scientific, USA). The excitation emission matrix (EEM) and
synchronous fluorescence spectra of the PSMPs-DOM were
measured using a fluorophotometer (RF-5301 PC, Shimadzu,
Japan). The surface morphology of PSMPs was characterized by
a scanning electron microscope (SU8010, Hitachi, Japan). The
concentration of THMs were quantified by gas chromatography
(Agilent Technologies 7820A, USA), equipped with electron
capture detector (ECD) and HP-5 column (30 m x 0.32 mm X
0.25 um) based on USEPA 551.1.> pH was measured by pH-
meter (FiveEasy Plus, Mettler Toledo). All samples were sub-
jected to three parallel experiments. Detailed information was
summarized in ESL ¥

2.5 Statistical analysis

2D-COS analysis for the spectral data was performed using the
2D Shige software (2D-Shige version 1.3, https://
sites.google.com/site/Shigemorita/home/2dshige). The
DOMFlour and drEEM toolboxes were used for the PARAFAC
of fluorescence spectral data. The graphs were plotted with
Origin Pro 9.0. More detailed information about data analysis
was described in ESLt

3. Results and discussion

3.1 The leaching characteristics of PSMPs-DOM under UV
irradiation

As shown in Fig. 1 and S1,f the morphology and functional
groups of the pristine and UV-irradiated PSMPs showed distinct
changes, which were consistent with previous studies.***
Compared to the untreated PSMPs, the cracks, flakes and debris
on the surface of the UV-irradiated PSMPs became significant,
and the peak intensities at 3746 cm™', 1730 cm ' and
1066 cm ' of the PSMPs increased after UV irradiation, corre-
sponding to -OH, C=0 and C-O, respectively.”” Meanwhile, the
intensity of the peaks at 2973 cm ™" and 2902 cm ™', which are
associated with asymmetric stretching vibrations of -CH as well
as -CH,, decreased after UV irradiation, suggesting the damage
to backbone of PSMPs."*' The changes of structures and
properties in PSMPs may further affect the release of PSMPs-
DOM.*

The DOC concentration showed a gradual upward trend,
increasing rapidly during the first 54 h and then slowing down,
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Fig. 1 SEM micrographs of original PSMPs (a and a;) and irradiated
PSMPs under 6, 12, 30, 54, 84, and 120 h UV irradiation (b and b;—g and
g1).
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from 8.71 mg C per L to 214 mg C per L (Table S47), since the
cracking and fragmentation of PSMPs under UV irradiation
promoted the release of PSMPs-DOM,*”* while the rough
surface can also facilitate the adsorption of PSMPs-DOM onto
MPs.*' In addition, the released PSMPs-DOM may further
undergo photodegradation process.>***

Fig. S21 showed that the UV absorption peak appeared in the
range of 200-260 nm, which were related to the C=C, C=0,
and benzene ring structures.'>** During UV irradiation for 6-
84 h, the absorbance was gradually enhanced and the wave-
length was red-shifted with the increasing irradiation time,
which was due to the formation and expansion of conjugated
system in PSMPs-DOM.*® However, the absorbance decreased as
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for the PSMPs-DOM formed under 120 h UV irradiation. PSMPs-
DOM contained chromophores such as C=0 and C=C with
significant photoreactive activity, resulting in photodegradation
of PSMPs-DOM under continuous UV irradiation.** As shown in
Table S5,T «,s54 increased first and then decreased, indicating
that UV irradiation promoted the release of aromatic
substances from PSMPs, but it may also lead to the photo-
degradation of PSMPs-DOM, destroying the aromatic
structure.’*

As seen in Fig. S3,f PSMPs-DOM{ had a strong and broad
fluorescence peak (Ex/Em = 300-350 nm/400-460 nm), which
can be inferred as the humic-like substances.* With increasing
irradiation time, the peak intensity first increased but then
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decreased slightly, revealing that UV irradiation promoted the
release of fluorescent substances in PSMPs, while continuous
irradiation resulted in the photodegradation of humic-like
components.** And the fluorescent wavelength of PSMPs-DOM
was red-shifted with increasing UV irradiation time (Fig. S47),
which was attributed to the increasing content of aromatic
moieties and oxygen-containing functional groups such as
carbonyl, hydroxyl, carboxyl and alkoxy groups.>” Two compo-
nents were obtained by EEM-PARAFAC (Fig. 2), where C1 was
photo-induced humic-like substance while C2 was the compo-
nent similar to terrestrial humic-like substances with higher
molecular weight.***® And the longer excitation and emission
wavelengths of C2 may be related to its more complex conju-
gated aromatic structure.*® As shown in Table S6,T during the
leaching process, Fiyax(C1) and Fp,.x(C2) increased from 438 and
119 to 1866 and 1433 respectively, indicating that the leached
PSMPs-DOM contained more C1. In addition, the fluorescence
intensity of C2 decreased while that of C1 continued to increase
at the late stage of irradiation, probably due to the photo-
degradation of C2 and part of C2 may be converted to C1.%°

The changes of functional groups in PSMPs-DOM during UV
irradiation were analyzed by FTIR spectrophotometry (Fig. S57).
The peak at around 2900 cm™ " corresponded to the stretching
vibration of the C-H bond, with enhancement reflecting the
increase of aliphatic substances in PSMPs-DOM.* The peak at
1720 em ™" and 1200 cm ™" were related to the C=0 and C-O
respectively, increasing with the prolonged UV irradiation.*>*!
The absorption peak at 1600-1650 cm ' represented the
aromatic C=C bond, of which intensity decreased at the late
stage of UV irradiation, revealing part of aromatic structures
were destroyed.* The increase of oxygen-containing functional
groups was consistent with the changes in the UV and fluores-
cence spectra of PSMPs-DOM, as the increase in humic-like
substances was associated with the appearance of carbonyl,
hydroxyl and carboxyl groups. Nevertheless, with increasing
irradiation time, some of the aromatic structures of PSMPs-
DOM were photodegraded and converted to substances con-
taining saturated aliphatic chains.

3.2 The dynamic transformation of PSMPs-DOM during
chlorination

As shown in Fig. S6,f the DOC concentration decreased by
11.86 mg C per L at 10 mg L™ chlorination, while the values
decreased by 60.85 and 57.87 mg C per L at higher chlorination
concentrations (50 and 100 mg L"), as some of the PSMPs-
DOM was probably oxidized to CO, during the chlorination,**
and more available chlorine in the solution can further promote
the oxidization. Similarly, the UV absorbance of chlorinated
PSMPs-DOM almost all decreased to different degrees, sug-
gesting the reaction of UV-absorbing substances in PSMPs-
DOM during chlorination (Fig. S77).

It is showed that the chlorinated PSMPs-DOM exhibited an
absorption peak at 250-270 nm with a relatively small absor-
bance attenuation, which may be attributed to the chlorination
products (i.e., quinones and aromatic ketones) as well as the

chlorine-resistant chromophores.**** Comparatively, the
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absorbance decreased more obviously in the range of 300-
400 nm, since the absorption at long wavelengths were attrib-
uted to the larger conjugated structures in PSMPs-DOM, which
exhibited relatively high chlorine reactivity.*> Moreover, these
substances may transform into the ones with low absorption at
long wavelengths.*

The wy5, of PSMPs-DOM decreased and S,,5_,95 increased
after chlorination (Fig. 3), suggesting the reduction of aroma-
ticity and molecular weight of PSMPs-DOM. Aromatic structures
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and unsaturated bonds of PSMPs-DOM were prone to react with
chlorine, resulting in the formation of aliphatic compounds or
small molecules products.** As shown in Table S7,7 the changes
in the aromaticity of PSMPs-DOM formed under longer UV
irradiation time were more obvious and drastic, indicating that
these PSMPs-DOM contained more structures or substances
with higher chlorine reactivity. With increasing dosage of
chlorine, the a5, and S,;5-,95 changed more significantly as
well, since the reactive species involved in the reaction (e.g.,
chlorine radicals and hydroxyl radicals) change with the
concentration of chlorine, which in turn affected the rate and
extent of the reaction.

In Fig. S11,f the fluorescence intensity of humic-like
substances decreased after chlorination, indicating that some
of the fluorescent substances were degraded, and the increasing
chlorine dosage will facilitate the reaction, which was consis-
tent with the previous study.*® The changes of Fy,,, values were
similar to those of UV parameters (Fig. S127), which further
demonstrated that PSMPs-DOM formed at the later stage of UV
irradiation contained structures and substances with higher

(a)100
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chlorine reactivity. As illustrated in Table S8, it can be found
that C1 and C2 showed different trend during chlorination. For
the PSMPs-DOM formed under the identical irradiation time,
the relative content of C1 almost increased while that of C2
decreased after chlorination, which was probably due to that
part of C2 converted into C1 with relatively small molecular
weight during chlorination.*”

To get more insights of critical groups transformation in
PSMPs-DOM during chlorination, 2D-COS analysis of the FTIR
spectra (Fig. S13 and Table S9}) was conducted. As shown in
Fig. 4, five auto-peaks at 1654, 1314, 1270, 1139, 1022 cm ™ and
a small peak at 1721 cm ™" occurred in the synchronous maps of
the PSMPs-DOM formed at the initial 54 h, whereas only one
predominant auto-peak centered at 1721 cm™ ', and small peaks
at 1139 and 1022 cm™ " presented in the synchronous maps of
the PSMPs-DOM formed under 84 and 120 h UV irradiation.
According to previous studies, the peaks appeared at 1721,
1654, 1314, 1270, 1139 and 1022 cm ™" were attributed to the O-
C=0, aromatic C=C/C=0, C-OH, C-0, C-O-C and aromatic
C-H respectively.*®* The positive cross-peaks were detected in
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all synchronous maps, indicating that these functional groups
changed simultaneously during chlorination. Contrarily, the
cross-peak signals in the asynchronous maps showed signifi-
cant differences and specific signatures of the cross-peaks
recognized from the asynchronous maps were listed in Table
$10.7 Based on Noda's rules, it can be found that the oxygen-
containing functional groups (e.g., C=0 and C-O-C) in
PSMPs-DOM show the fastest transformation during chlorina-
tion, which was consistent with the conclusion that oxygen-
containing functional groups have higher chlorine reactivity.>

3.3 Influence of PSMPs-DOM properties to the formation
potential of chlorination DBPs

Four THMs, including TCM, DCBM, DBCM and TBM were
detected in all chlorinated PSMPs-DOM samples. As shown in
Table S11,1 with chlorine dosage raised from 10 to 100 mg L™ ",
the formation potential of THMs increased distinctly, especially
in the PSMPs-DOM samples formed under 6 h UV irradiation.
The formation potential ranged from 0.01 to 21.1 ug per mg C
for TCM, 0.09 to 2.52 ug per mg C for DCBM, 0.14 to 2.31 pg
per mg C for DBCM, and 0.08 to 1.30 pg per mg C for TBM
respectively. The relative concentration of THMs in each PSMPs-
DOM after chlorination were shown in Fig. 5(a). It is evident
that TCM was abundant in PSMPs-DOM samples, ranging from

View Article Online
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2.67% to 80.2%, followed by DCBM and DBCM, ranging from
8.99% to 24.9% and from 6.05% to 40.2%. Besides, with
increasing chlorine dosage, the formation potential of bromi-
nated species (e.g., TBM and DBCM) showed decreasing and
opposite trends to that of the CI-THMs (e.g., TCM and DCBM)
(Fig. 5(b)), which was probably due to the transformation and
decomposition of different THMs species.*>*

In the Fig. 6, S»75-205 Was positively correlated with the total
THMs formation potential, suggesting that PSMPs-DOM with
lower molecular weight was more likely to form THMs during
chlorination, which complied with the conclusion that DOM
with relatively small molecular weight are the main precursors
of THMs.® Differently, the «,5, of PSMPs-DOM showed negative
correlation with the total THMs formation potential, indicating
that not all substances with aromatic structures react with
chlorine to produce THMs, and some compounds contributing
to the UV absorbance of PSMPs-DOM may be inert with respect
to THMs formation.*® According to the above analysis, it was
known that PSMPs-DOM contained more humic-like fluores-
cent components with increasing irradiation time, reflecting
that the structure of PSMPs-DOM became more compact and
complex, making it more likely that PSMPs-DOM would first be
degraded into small molecules products rather than directly
oxidized to produce THMs.
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Fig. 6 Spearman correlation analysis between properties of PSMPs-DOM and its THMFP ((a)—-(c), 10, 50, 100 mg L™ chlorine dosage).
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To obtain further insight into the relative contributions of
PSMPs-DOM properties to the formation of THMs during
chlorination, principal component analysis was performed,
which explained the total variance of 66.5% and 20.0%, 38.6%
and 22.7% for the PC1 and PC2 in the initial 30 h and prolonged
UV irradiation (Fig. 7). Similar to the correlation plot, it is
showed that Aa,ss, AHIX and AS,;5,95 can represent the
complete compositional variation of the PSMPs-DOM during
chlorination. The formation potential of total THMs were
inversely distributed with C1 and C2 along the PC1 axis in
PSMPs-DOM samples formed during 6 to 30 h UV irradiation.
However, as for the PSMPs-DOM produced under 54 to 120 h UV
irradiation, the formation potential of total THMs and C2 were
in the positive direction of the PC1 axis, while C1 was distrib-
uted in the negative axis of PC1, indicating the change of humic-
like substances in PSMPs-DOM affected the formation of THMs
during chlorination. With increasing irradiation time, the
correlation between AC1 and the formation potential of total
THMSs along the PC2 axis became negative, and the contribution
of AC1 to the formation potential of total THMs decreased,
suggesting that compared to C2, the photo-induced humic-like
component (C1) may be a more dominant factor influencing the
formation potential of THMs in PSMPs-DOM. Meanwhile, the
contribution of C1 to the formation of THMs in the PSMPs-
DOM formed under prolonged irradiation was not as signifi-
cant as that in the early stage of UV irradiation.

4. Conclusions

In this study, the compositional changes of PSMPs-DOM during
UV irradiation and subsequent chlorination, and the correla-
tion between the properties of PSMPs-DOM and their potential
to form THMs were investigated. The main conclusions
according to the results were as followed:

(1) The surface properties of PSMPs changed substantially
during UV irradiation, which influenced the release of PSMPs-
DOM. With increasing irradiation time, the aromaticity,
molecular weight, humic-like substances and oxygen-
containing functional groups of PSMPs-DOM increased, sug-
gesting the continuous transformation of PSMPs-DOM.

(2) After chlorination, the aromaticity, molecular weight and
humic-like substances of PSMPs-DOM decreased, among which
the changes of C2 and oxygen-containing functional groups
were more significant. Besides, the PSMPs-DOM formed under
prolonged irradiation exhibited higher chlorine reactivity,
which was probably due to the more aromatic structures and
unsaturated bonds.

(3) TCM, DCBM, DBCM and TBM were detected in all chlo-
rinated PSMPs-DOM samples, and opposite trends were
observed between chlorinated and brominated THMs forma-
tion potential. However, in contrast to the chlorine reactivity,
the PSMPs-DOM formed under prolonged irradiation exhibited
lower potential to THMs formation, indicating that PSMPs-
DOM with higher aromaticity and more complex structures
may not be the main precursors of THMs. The correlation
results showed that the conversion of humic-like substances in
PSMPs-DOM influenced the THMs formation potential, with C1

© 2024 The Author(s). Published by the Royal Society of Chemistry
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being a more dominant factor compared to C2. Moreover, the
contribution of C1 to the formation of THMs in the PSMPs-
DOM formed under prolonged irradiation was not as signifi-
cant as that in the early stage of UV irradiation.

The results of this study showed that the formation and
components of DBPs differed when MPs-containing water
experienced varying periods of UV irradiation, emphasizing the
need for corresponding assessment of different sources of water
that may contain substantial MPs before the disinfection
process, which were significant for both water security and the
aquatic environment.
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