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a b s t r a c t

Although there are numerous studies concerning the occurrence of microplastics (MP) in the environ-
ment and its impact on the ecosystem, dissolved organic matter (DOM) leached from MP (MP-DOM) has
received little attention, and its characteristics have been rarely examined. It is presumed that the DOM
leaching from plastics could be accelerated when plastics lost their protective additives during their
transport and weathering processes in aquatic systems. In this study, two additive-free MPs (or micro-
sized plastic polymers) were leached in artificial freshwater under UV irradiation and dark conditions.
The leached DOM was characterized by typical analyses for naturally occurring DOM (N-DOM) such as
dissolved organic carbon (DOC), size exclusion chromatography (SEC), and Fourier-transform infrared
spectroscopy (FTIR). The potential to generate trihalomethanes (THMs), a well-known environmental
impact of N-DOM, was also explored for the DOM with plastic origins for the first time. The leaching
results demonstrated that UV irradiation promoted the leaching of DOM from the plastic polymers with
an amount corresponding to ~3% of the total mass of the polymers. The leached amounts were much
greater than those previously reported using commercial plastics which presumably contained protec-
tive additives. The SEC results revealed that, different from typical aquatic N-DOM, MP-DOM is mostly
composed of low molecular weight fractions <350 Da. For the two polymer types (polyethylene and
polypropylene), the MP-DOM exhibited a high potential to form THMs upon chlorination, which was
comparable to those of typical aquatic N-DOM. This study highlighted an overlooked contribution of UV
irradiation to the DOM leaching from additive-free plastics and the potential risk of MP-DOM to produce
toxic disinfection byproducts (DBPs) upon chlorination.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The massive production of plastics poses serious risks for the
environment and the global ecosystems due to the limited recy-
cling and improper disposal. Approximately 270,000 tons of plas-
tics and more than 5 trillion plastic pieces are currently floating in
the world’s oceans (Eriksen et al., 2014). During its transport to the
ocean through rivers or coastal systems, most disposed plastics are
subjected to natural abiotic degradation processes involving
chemical and mechanical reactions, which are collectively called
weathering, leading to the fragmentation of the plastics (Weinstein
et al., 2016; Song et al., 2017). Plastic particles with the size of
<5 mm, the so-called microplastics (MPs), have received
ng.edu (J. Hur).
tremendous attention in recent years (Law and Thompson, 2014;
Jambeck et al., 2015; Siegfried et al., 2017). These small-sized plastic
debris are ubiquitous in natural aquatic systems such as freshwater,
coastal systems and open oceans (Wagner et al., 2014; Eerkes-
Medrano et al., 2015; Su et al., 2016; Alimi et al., 2018; Li et al.,
2018), as well as in water treatment facilities (Mason et al., 2016).

In addition to the main polymer chains, commercial plastics
commonly contain various types of plasticizers and/or antioxidants,
termed additives, that protect the principal polymeric chain from
breakdown caused by irradiation and weathering. The additives
also help to improve the product quality, like ductility and struc-
tural stability. It was previously reported that when plastics are in
long contact with water, the additives plus the oligomers or
monomers from the main polymer chains could be released to the
aquatic media (Suhrhoff and Scholz-B€ottcher, 2016). Furthermore,
with the progress of the fragmentation of plastics, the more pro-
duction of such nano-sized materials and the more leaching of
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dissolved organic substances from plastics could occur (Lambert
and Wagner, 2016). Chemical modifications promoted by UV irra-
diation may produce structural damage to plastic materials, accel-
erating the release of dissolved organic compounds (i.e., additives
and/or polymer-derived organic substances) (Potthoff et al., 2017).
Previous studies have demonstrated the vulnerable property of
polymer chains containing low or zero amount of antioxidant ad-
ditives by tracking the changes in the infrared spectra of the plastic
after photo-oxidation (Gardette et al., 2013) or through the me-
chanical tension test (Ojeda et al., 2011).

To date, most MP studies have focused on particle counting
without paying much attention to its potential leaching capacity.
Romera-Castillo et al. (2018) have provided a new insight into the
overlooked phenomenon by demonstrating that substantial
amounts of dissolved organic matter (DOM) were leached from
MPs in ambient seawater. It is easily presumed that microplastic-
derived DOM (MP-DOM) can be widespread in natural and engi-
neered aquatic systems, while much still remains unknown about
the characteristics of the leached DOM and the environmental
impacts. It was previously reported that a substantial amount (65
million particles per day) of MPs were released from one treatment
facility through effluent water everyday (Murphy et al., 2016).
Moreover, there is a possibility that the actual occurrence of MP-
DOM could be more pronounced than presumed from the observed
number of the MP particles remaining in treatment facilities
because weathering of MPs followed by the release of DOM might
already take place prior to the removal of MP particles in the
treatment systems.

Chlorine is the most widely used disinfection agent in water
treatment processes around the world due to its high effectiveness
and affordability for the control of pathogens. Many wastewater
treatment plants operate a chlorine disinfection treatment prior to
the final discharge (Krasner et al., 2008). However, the formation of
toxic disinfection byproducts (DBPs) following chlorination of
treated water/wastewater is an unavoidable consequence and,
arguably, constitutes one of the most critical risks of DOM to
aquatic ecosystems and human health. While the DBP formation
potentials of naturally occurring DOM (N-DOM) from different or-
igins have been much studied and well documented (Wang et al.,
2017; Zhai et al., 2017), no effort has been made to examine the
potential of MP-DOM to form DBPs upon chlorination. In addition,
considering that MP-DOM co-exist with N-DOM, in the aquatic
environment, it is an intriguing question whether or not MP-DOM
would behave similarly with aquatic N-DOM in terms of DBP for-
mation potential.

To answer all the questions, this study aimed at characterizing
the DOM leached fromMP polymers under different environmental
settings and the formation potential of DBPs. To the best of the
authors’ knowledge, there has not been any previous study that
examined the DOM derived from additive-free MPs (i.e., MP poly-
mers). The specific tasks of this study were to (1) compare the
amounts of DOM leached from MP polymers under dark and UV
irradiation conditions, (2) characterize the MP-DOM using the
analytical tools for N-DOM including Fourier-transform infrared
spectroscopy (FTIR) and size exclusion chromatography with
organic carbon detection (SEC-OCD), and (3) explore the possibility
of MP-DOM serving as a precursor of trihalomethanes (THMs) upon
chlorination.

2. Materials and methods

2.1. Microplastic polymers

Two types of plastic polymers (or additive-free plastics) were
used for this study. They are based on polyethylene (PE) and
polypropylene (PP) materials, which were obtained from Sigma
Aldrich and Polyscience companies (Asia Pacific, Inc., Taiwan
Branch), respectively. Two particle sizes were selected for each MP
polymer as 40e48 mm for PE, and 25e85 mm for PP. The choice of
the plastic polymers used in this study is based on the previous
report of the highest consumption/discharge rate in the world(G-
eyer et al., 2017) (PE-36%, PP-21%). Furthermore, the two mate-
rials have been widely used in the refined forms for many polymer
studies (Beckingham and Ghosh, 2017; Paço et al., 2017).

2.2. Microplastic polymer leaching experiments

Three different factors, which might affect the leached amounts
of DOM from the two polymers, were taken into account for the
leaching experiments. They were i) the mass of MP per water vol-
ume (0.1e2.0 g-MP L�1), ii) contact time with water or leaching
time (1 he14 days), and iii) UV irradiation.

The applied amounts of the plastic polymers, which are
expressed by the mass per water volume, were referred to the
observed ranges previously reported in relevant studies (Suhrhoff
and Scholz-B€ottcher, 2016). Since this study aimed to characterize
the DOM leached from plastic polymers, the added amounts of MP
were intentionally designed to be higher than the values reported
in natural water environment (Alimi et al., 2018). For the experi-
ments, an aqueous solution was prepared to have the ion compo-
sition similar to a typical freshwater, which consists of NaHCO3
(96 mg L�1), CaSO4 (47.4 mg L�1), MgSO4$7H2O (122.86 mg L�1),
and KCl(4 mg L�1), according to the U.S. Environmental Protection
Agency (EPA) protocol (EPA-821-R-02-013) (Edition, 2002). The MP
polymers were added in powder-like form to 50 mL of the artificial
freshwater in sterilized glass vials (n ¼ 237), which were auto-
claved at 120 �C for 15 min. The vials were placed in the dark on a
shaker at 150 rpm and each vial was sacrificed for sampling at
designated contact times during the 14 days of the leaching test.
Controls were also prepared following the same procedure without
the addition of the polymers. The mixing solution with the sus-
pended particles was filtered through a pre-ashed Whatman GF/F
filter to obtain the MP-DOM. In the filtration step, a glassware
vacuum filtration device was used instead of a syringe filter to
minimize further contact with other plastic materials. All the ex-
periments were performed in triplicate.

For a UV irradiation setup, 50 mL of the artificial freshwater
solution containing 50 mg of PE or PP polymers with <100 mm
particle diameter were prepared in 14 autoclaved cylindrical quartz
tubes (125 mL) with an inner diameter of 4.5 cm and a height of
8 cm. A stirrer was placed in the bottom of each quartz tube to
achieve continual mixing throughout the 14-day leaching test. The
tubes were placed in the middle of a close cabinet surrounded in-
side by six 8W-UVA lamps with the characteristic wavelengths at
320e400 nm (Sankyo Denki, F8T5BL) as light sources (Fig. S1). The
light intensity in the closed cabinet was equivalent to that of nat-
ural solar light at noon time in May (Seoul, South Korea) (Lee et al.,
2018b), which was approximately 4000 mW cm�2 based on an ul-
traviolet UV meter (Model 850009, Sper Scientific). The reactor
temperature was maintained at 25 ± 3 �C by circulating cooling air
with fans attached to the system (Phong and Hur, 2015).

2.3. Analytical measurements

2.3.1. FTIR spectroscopy
Fourier transform infrared spectroscopy (FTIR) (Nicolet iS10,

Thermo Scientific) was used to confirm the MP origins of the DOM
samples obtained from the leaching experiments. The FTIR analysis
for this study was based on the procedure previously described in
Chen et al. (2018). Briefly, 10 mL of the filtered DOM sample was



Fig. 1. FTIR absorbance spectra of: (a) the original microplastic polymers. (bee) Variations of the DOM from PE (PE-DOM) and PP (PP-DOM) polymers with leaching time for dark (b
and d) and light treatments (c and e). The letters represent the main absorption bands (cm�1) used to identify PP and PE plastic structures in Table S1. The detailed spectra between
1200 and 2000 cm-1 are shown in Fig. S2.
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mixed with 100 mg of KBr powder (Sigma Aldrich, FT-IR grade) and
freeze-dried for further analysis. As a blank, clean KBr pellets were
prepared after a drying step at 105 �C for 2 h. The blank was cor-
rected with a clean KBr pellet and the scanned wavenumber range
was set at 650 to 4000 cm�1. Each FTIR spectrumwas corrected for
baseline shifts and was smoothed using Origin 9.0 software (12
point, Savitzky-Golay method). FTIR peak intensities were
normalized by the summed value of all peaks (Yang et al., 2015).

2.3.2. Dissolved organic carbon (DOC) determination
DOC concentrations were determined based on five measure-

ments of each sample using a TOC analyzer (Shimadzu L-series,
TOC-CHP, Japan). Samples for DOC analyses were collected in pre-
combusted 40 mL glass vials. They were acidified with 1 M HCl
solution to a pH of ~2.0 and stored at 4 �C until analysis. A standard
stock solution using potassium hydrogen phthalate (KHP) for DOC
measurements was prepared at a low concentration (i.e., 1.06 mg
KHP L�1 or ~0.5 mg C L�1) and tested daily. The relative analytical
accuracy was determined to be <2%.

2.3.3. Determination of DOM molecular size distributions
Different size fractions of MP-DOM samples were quantified by

a high-performance liquid chromatography system (S-100, Knauer,
Berlin, Germany) equipped with an organic carbon detector (OCD)
and a size exclusion column (250 mm � 20 mm, TSK HW 50S). The
detailed analytical procedure is available elsewhere (Huber et al.,
2011; Chen et al., 2016). In brief, DOM samples were further
filtered through 0.45 mm PES-filter (Sartorius, Germany, #16357)
before they were passed through the column filled with a mobile
phase consisting of a purified phosphate buffer (pH 6.85, 2.5 g
KH2PO4 þ 1.5 g Na2HPO4$2H2O in 1L) at a flow rate of 1.1 mL min�1.
The assignments and the quantification of five different size frac-
tions, which include biopolymer (BP), humic substances (HS),
building blocks (BB), low molecular weight acids (LMWA), and low
molecular weight neutrals (LMWN), were based on an established
procedure (Huber et al., 2011) and the in-built software. The SEC
analysis was performed on one representative sample for the three
replicates.

2.4. Trihalomethanes formation potential (THMFP) measurement
for MP-DOM

The trihalomethanes (THM) formation potentials (THMFP) of
MP-DOM samples were determined following the standard
methods (5710B, 6232B, and 6251B) but with some modifications
(Lee et al., 2018a). The MP-DOM samples obtained under UV irra-
diation condition were diluted with ultrapure water to have a
constant DOC concentration (i.e., 1 mg-C L�1), while those under
dark condition were used as they were because of the low con-
centrations. The pHwas adjusted to 7.0 with the addition of 1 mL of
phosphate buffer per 50 mL of sample. Chlorinationwas performed
by adding sodium hypochlorite to the DOM samples to achieve a
sufficient chlorine dosage (NaOCl, Sigma Aldrich, 6e14% available
chlorine) of 5 mg-Cl2 mg-C�1. The samples were incubated head
space-free at 25 �C in the dark for 72 h. The THMs were opera-
tionally defined as four species (Cl3CH, Cl2BrCH, ClBr2CH, and
Br3CH) formed upon chlorination. The THM species were extracted
using liquid-liquid extraction based on methyl tert butyl ether with
1,3 dipromoprophane (200 mg L�1) added as an internal standard.
The concentrations of extracted THMs were determined using a gas
chromatography (Agilent 7890A, USA) with a micro electron cap-
ture detector in accordance with modified versions of US EPA
methods 551.1 and 552.3, following the method described in Park
et al. (2016).
3. Results and discussion

3.1. Identification of the origins of MP-DOM

Infrared spectroscopy is a proven and reliable analytical tech-
nique for identifying the polymeric composition of MPs (Gorassini
et al., 2016; Jung et al., 2018). The two MP polymers used in this
study presented distinct spectral features with the appearance of A,
B, C, and F peaks for PE, and A, B, C, D, and E peaks for PP in the FTIR
spectra (Fig. 1a and Table S1). A, B, and C peaks, which originate
from the carbon chains of repeating eCH2- units, were commonly
observed for the spectra of both MP polymers. Meanwhile, struc-
tural differences were found between PE and PP, which were
characterized by the exclusive presence of D (i.e., CH3 band) and F
(i.e., CH2 rock band) peaks for PP and PE, respectively.

The FTIR spectra of the DOM samples from leaching experi-
ments evidenced the origins of the twoMP polymers (Fig.1 and S2).
Regardless of the polymer type, the CeH bands were observed in
the DOM samples with a slight increasing trend of the peak in-
tensity with leaching time under the dark condition (Fig. 1bed).
The same approach using FTIR spectra for the identification of MP-
DOM has been adopted in a previous study using polymer powders
(Jung et al., 2018). For this study, unlike the polymers presenting
distinct spectral features between PE and PP, the MP-DOM did not
exhibit any obvious difference between the IR spectra of the two
polymer types. These results indicate that the carbon structures of
the MP-DOM might be similar despite the different plastic origins
(or polymer types).

According to a previous report on the photo-chemically induced
oxidation of polyolefin (Bracco et al., 2018), UV irradiation is likely
to induce variousmodifications on polymer structures such as cross
linking, chain branching, and oxidative degradation. In this study,
peaks A, B, and C were observed in the MP-DOM samples after UV
irradiation as well as in the dark treatments, even though the peaks
were less prominent than those in the dark. The most striking
difference in the FTIR spectra between the two treatments was the
unique appearance of Peak G, consisting of the vinyl unsaturated
bands at 973 and 996 cm�1, in the irradiated samples. Peak G
showed an increasing trend with irradiation time, indicative of its
association with UV irradiation. The observation can be attributed
to the generation of photolytic byproducts from the MP polymers
by photochemical cleavage (Fig. 1cee), or the so-called Norrish
reactions (Gardette et al., 2013). However, there were no notable
changes in the range of double bonds (H peak, 1640-1780 cm�1,
ketones, carboxylic acids, esters, and lactones) of the MP-DOM
along the irradiation time even though the bands have been re-
ported to be related to typical routes of the Norrish reactions
(Figs. S2b and S2d) (Gardette et al., 2013; Bracco et al., 2018).
Further studies are warranted to examine the exact photochemical
reactions involving the DOM leaching under UV irradiation.

3.2. Factors affecting the amounts of MP-DOM

3.2.1. Effects of MP dose, polymer type, and leaching time
DOM leaching behavior under dark condition was evaluated in

terms of MP concentration and different polymer types (Fig. S3).
The released DOM amounts showed a general increasing trendwith
a higher dose of plastic. For example, the DOC concentrations of the
MP-DOM changed from 66.5 to 390.4 mg-C L�1 with increasing dose
from 0.1 g L�1 to 2.0 g L�1 of the PE polymer after 7 days of leaching.
The enhancing effect of MP dose on DOM leaching was further
supported by the significant correlations between the DOC con-
centrations and the doses of the MP polymers with the R2 values of
0.871 (p < 0.001, n ¼ 20) for PE and 0.784 (p < 0.001, n ¼ 20) for PP
(Fig. S3). The average released amounts of MP-DOM after 7 days of



Fig. 2. Changes in dissolved organic carbon (DOC) concentrations of DOM leached from PE and PP microplastic polymers (1 g-MP L�1, <100 mm in diameter), and the control
samples (i.e., no microplastics added) during leaching experiments under (a) UV irradiation and (b) dark conditions. The error bars represent the standard errors based on three
replicate samples.

Fig. 3. Relative abundances (%) of four different size fractions of the DOM from PE polymer (PE-DOM) under (a) the dark and (b) the UV irradiation conditions, and those from PP
polymer (PP-DOM) under (c) the dark and (d) the UV irradiation conditions. The percent areas in the pie charts are based on the median values of the different size fractions in the
MP-DOM obtained after 14 days of leaching. Changes in the SEC chromatograms of MP-DOM with leaching time for (e) PE-DOM and (f) PP-DOM under the UV irradiation condition.
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Fig. 4. (a) Correlation between total THM formation potentials and the DOC concen-
trations of the bulk leached MP-DOM; (b) the DOC concentrations of three individual
size fractions (HS þ BB, LMWA, and LMWN) of leached MP-DOM. The error bars
indicate the standard deviations of the values.
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leaching were 368 ± 17 mg-C g�1 for PE (n¼ 10) and 93 ± 4 mg-C g�1

(n ¼ 10) for PP, in DOC per gram of polymers, which were equiva-
lent to ~0.03% of the total mass of the MP polymers used. Although
the leached amount is very small per MPs, it cannot be neglected
considering the tremendous occurrence of MPs in the aquatic en-
vironments. Romera-Castillo et al. (2018) have reported that glob-
ally up to 23,600 metric tons of DOC might be leached from plastic
entering the ocean per year. Meanwhile, the released DOC con-
centrations from PE (i.e., PE-DOM) was nearly four times higher
than those from PP (i.e., PP-DOM) at all polymer doses (Fig. S3),
suggesting the DOM leaching concentrations are highly dependent
upon the polymer types. The PE chains appear to be more vulner-
able in a water environment than the PP chains. This trend agreed
well with a previous report (Romera-Castillo et al., 2018), in which
low density PE (LDPE) and high density PE (HDPE) released higher
concentrations of DOC (between 2.79 and 8.92 mg-C cm�2) than PP
(1.61 mg-C cm�2) in the dark.

For both polymer types, leaching time (or contact time) was not
likely to be a critical factor to influence the amounts of MP-DOM
released, since no significant difference (Paired t-test, p ¼ 0.07,
n ¼ 40) were observed in the leached DOC concentrations after an
instantaneous contact with water versus a 7-days contact. For
example, the instantaneously leached DOC concentrations were
equivalent to 84e90% of the total amounts leached after 7 days
(Fig. S3). The same trend was also reported in a previous study
(Romera-Castillo et al., 2018), which demonstrated that instanta-
neously leached DOM amounts from commercial plastics corre-
sponded to 60 ± 26% of those after 7 days. In some cases, the
immediately released DOC concentrationwas even higher than that
observed after 7 days of leaching (e.g., 302.8 mg-C L�1 versus
226.1 mg-C L�1 when 1 g of the PE polymer per liter was used). The
reversed DOC concentration trend for longer time of contact be-
tween MPs and water might be explained by the adsorption of the
initially released DOC onto the surface of theMPs (Bakir et al., 2014;
Curran and Strli�c, 2015).

3.2.2. Effect of UV irradiation
In contrast to the dark treatment, changes in the MP-DOM

concentrations with leaching time was more obvious and dra-
matic under UV irradiation (Fig. 2), which indicates the stimulating
effect of UV light on the production of MP-DOM from the two
polymers. After 14 days of irradiation, the DOC concentrations of
the MP-DOM became nearly 100-times greater than those under
the dark condition (Fig. 2a versus 2b), suggesting that UV irradia-
tion might play a role in changing the MP polymers into more
vulnerable structures to dissolution. The released amounts of MP-
DOM after 7 days of leaching were 22.8 mg-C g�1 for PE and
42.1 mg-C g�1 for PP (in DOC per gram of polymers), which were
equivalent to an average of 3.2% of the total mass of the MP poly-
mers. Similar structural instability of the polymer materials under
UV light was previously reported in a study that documented
substantial changes in the IR spectra of polymer film after direct UV
irradiation (Gardette et al., 2013).

For this study, the additional MP-DOM leaching upon UV irra-
diation was more pronounced for the PP- versus the PE-polymer
with the leached concentrations corresponding to ~42.1 mg-C L�1

(PP-DOM) versus ~22.9 mg-C L�1 (PE-DOM) at the end of the
irradiation (i.e., 14 days). Song et al. (2017) also demonstrated the
similar trend in the fragmentation of plastics, establishing a higher
rate for PP versus PE materials under UV exposure lasting for 12
months. The difference was attributed to the presence of alkyl
groups on the PP polymer as alkyl radicals are more likely to be
formed from the polymers with longer alkyl chains under UV
irradiation (Aslanzadeh and Haghighat Kish, 2010; Rajakumar et al.,
2012). It is notable that such a UV irradiation-stimulated MP-DOM
leaching was not previously reported for additive-containing
plastics (Suhrhoff and Scholz-B€ottcher, 2016). It is likely that the
antioxidants, serving as the main component of the additives in
commercial plastics, might protect the basic polymer chains from
being broken down by the UV light. The accelerated MP-DOM
leaching under UV irradiation in this study strongly imply that
the absence or partial loss of additives fromMPs could promote the
production of MP-DOM in aquatic systems under UV irradiation.
Since commercial plastics contain 20 additives on average, which
constitutes <1%e60% of the total mass of the plastic material
(Bilitewski et al., 2012), the released amounts of MP-DOM per mass
of plastic could be highly variable across different types of plastics.

3.3. Molecular size characteristics of MP-DOM

Three different size fractions were identified in the MP-DOM
from the polymers (Fig. 3), which included operationally defined
HS, BB, LMWA, and LMWN size fractions. Irrespective of the poly-
mer type and the experimental conditions (i.e., dark/light), LMWN
(<350 Da) was the predominant fraction, constituting 61e87% of
the total leached DOM (Fig. S5). This observation was in contrast
with a typical pattern of aquatic N-DOM characterized by a lower
distribution of LMWN (Suwannee River NOM: 14%, Paldang Lake:



Table 1
Comparison of specific (or DOC-normalized) THMFP values of MP-DOM with those of typical aquatic natural organic matter (NOM) in previous reports.

Sources Condition Condition SUVA Specific THMFP Literatures

(Chlorination) (Contact time, Temperature)

[mg-Cl mg-C�1] [Day], [�C] [L/mg-C/m] [mg-THM mg-C�1]

MP PE-DOM (Dark) 5 3, 25 0.50e5.29 3.8e84.0 In this study
PE-DOM (Light) 1.66e9.25 40.3e439.8
PP-DOM (Dark) 0.68e7.04 1.9e109.6
PP-DOM (Light) 5.32e10.62 29.2e453.3

Rivers 2e4 7, 25 1.8e11.4 108e192 (Kraus et al., 2010)
1e4 7, 25 3.1 ± 0.4 72.1 ± 12.7 Engelage et al. (2009)
1 ± 0.4 1, 25 2.2e5.0 25.8e42.2 Zhang et al. (2011)
4 3, 25 ± 1 1.83e2.03 13.0e71.3a Hao et al. (2017)
1.5 7, n.m. 4.55e17.82 37.3e71.3a Alver et al. (2018)

Lake/Reservoir 1 ± 0.4 1, 25 1.7 35.5 Lake Zhang et al. (2011)
1 ± 0.4 1, 25 0.9e2.7 9.4e36.5 Reservoir Zhang et al. (2011)
5 7, 25 1.5e7.1 80e400a Reservoir Brooks et al. (2015)
5 1, 25 3.14e5.11 ~132.2a Reservoir Padhi et al. (2019)

Other sources 1e4 7, 25 3.4 ± 0.4 68.7 ± 10.7 Agricultural drain Engelage et al. (2009)
1e4 7, 25 3.2 ± 0.5 80.9 ± 14.8 Wetland Engelage et al. (2009)
5 7, 25 4.2 ± 0.2 121 ± 10 Water Treatment Plant (WTP) Gough et al. (2014)
5 7, 25 0.53e9.17 3.2e312.7 Water Treatment Plant (WTP) Golea et al. (2017)
20 [mg-Cl2 L�1] 3, n.m. 1.6e2.3 32.9e61.0a Effluent water Meng et al. (2016)

n.m.: Not mentioned.
a The specific THMFP values were calculated by dividing the reported total THM values with the corresponding DOC concentrations.
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38%, Han River: 29%) versus HS fraction (Fig. S4). The SEC result of
the MP-DOM was in line with a previous study using mass spec-
troscopy that detected the occurrence of homogeneous n-alkanes
(between C12 and C32) in an aqueous phase when commercial PE
was placed in contact with water (Suhrhoff and Scholz-B€ottcher,
2016). These chains represent low-molecular weight oligomers
(Simoneit et al., 2005). Under UV irradiation, the concentrations of
all identified size fractions increased with the irradiation time for
both PP-DOM and PE-DOM. (Fig. 3e and f). The most pronounced
increasing trend was observed in the LMWN fraction, which led to
changes in the proportion of the LMWN from 61% to 80%, for PE-
DOM, and from 77% to 87%, for PP-DOM, over 14 days of leaching.
Correspondingly, the larger molecular size fraction (i.e., HS þ BB)
exhibited slowly decreasing trends in their relative abundancewith
irradiation time (Figs. S5a and S5b). These results suggest that
among the identified fractions, the LMWN one might be the most
associated with the structures of plastics which are vulnerable to
photo-oxidation. The large sized molecules (e.g., HS þ BB fraction),
particularly from PE-DOM, seem to undergo partial degradation to
smaller size species under UV irradiation, as indicated by a strong
negative correlation between HS þ BB (%) and LMWN (%)
(R2 ¼ 0.9259, p < 0.001, n ¼ 26) (Fig. S5c). This explanation is
consistent with many prior studies that reported that UV radiation
preferentially attacked double-bonded structures of organic mat-
ters and ultimately altered large sized molecules into smaller
fractions (Sanly et al., 2007; Choi and Choi, 2010; Maizel and
Remucal, 2017). The relatively greater abundance of LMWN frac-
tions in DOM from reservoirs and wetland versus rivers has been
ascribed to strong photo-degradation of large sized DOMmolecules
in the shallow and transparent freshwater environments (Liu et al.,
2010).

3.4. Potential impacts about MP-DOM as DBPs precursor

In this study, THMFP of the MP-DOM was examined for the first
time and themeasured values were comparedwith those of aquatic
N-DOM previously reported. This investigation deserves special
attention because MPs are ubiquitous in substantial quantities in
many aquatic systems including water/wastewater treatment
facilities (Carr et al., 2016; Murphy et al., 2016). It was surprising to
observe substantial levels of THMs detected upon chlorination of
the MP-DOM independently of whether the polymers were previ-
ously irradiated or not (Fig. 4). Chloroform (CHCl3) was the only
THM species detected from the MP-DOM. Furthermore, similar to
the trends of DOC, the THMFP values weremuch higher for the MP-
DOM under the UV irradiation versus the dark condition. After 14
days of irradiation, the THMFP values became ~7697 ± 75 mg-THM
L�1 for PE-DOM and ~15,990 ± 42 mg-THM L�1 for PP-DOM, while
the values under the dark condition were ~21 ± 2 mg-THM L�1 for
PE-DOM and ~22 ± 4 mg-THM L�1 for PP-DOM at the same leaching
time.

The leached DOC obtained under UV irradiation, either with PE
or PP, presented a strong positive correlation with the total THMFP
(R2 ¼ 0.9799, p < 0.001, n ¼ 26) (Fig. 4a). In contrast, there was no
significant correlation between the two parameters in the dark
treatments (p ¼ 0.570), which can be attributed in part, to the very
lowDOC concentrations and the large uncertainties associatedwith
the values (Fig. 4a). These results indicate that UV irradiation can
play a critical role in raising the risk associated with DBP formation
from MP-DOM. Such positive linear relationships for the total
THMFP were also observed for the individual size fractions of MP-
DOM (i.e., HS þ BB, LMWA, and LMWN) (Fig. 4b, Table S2). Among
the size fractions, the LMWA exhibited the strongest correlation
between the leached DOC and the total THMFP (R2 ¼ 0.9301,
p < 0.001, n ¼ 52). Interestingly, a similar trend has also been re-
ported in a previous study based on aquatic N-DOM, which showed
that the LMW fractions of river DOM obtained using ultra filtration
(<500 Da) produced more THMs than other larger size MW frac-
tions did (Zhao et al., 2006).

The DOC-normalized THM formation potential (or specific
THMFP) of theMP-DOMwere comparedwith those of other aquatic
N-DOM in previous literatures (Table 1). Under a similar chlorina-
tion condition (i.e., 5 mg-Cl mg-C�1 for a 3-day incubation at 25 �C),
and irrespective of the leaching conditions (i.e., light or dark) the
MP-DOM, presented comparable or even greater potentials towards
THM formation per DOC than those of typical aquatic N-DOM
independently of whether they were sourced from rivers or from
lakes (Hao et al., 2017). TheMP-DOM obtained under UV irradiation
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exhibited a higher range of THMFPs per DOC than those under dark
conditions (40.3e440 vs. 3.8e84 mg-THM mg-C�1 for PE-DOM and
29.2e453.3 vs. 1.9e109.6 mg-THM mg-C�1 for PP-DOM) (Paired t-
test, p ¼ 0.001). The result suggests that the organic byproducts
from the photochemical breakdown of the MP polymers probably
have a strong tendency to form THMs upon chlorination. Mean-
while, no significant differences were found in the specific THMFPs
between the two MP polymers (Paired t-test, p ¼ 0.109), signifying
no discrimination between the polymer types in the THMFP.
3.5. Environmental implications

This study highlights the critical protective role of plastic addi-
tives in DOM leaching from plastic materials under UV irradiation
as indicated by the higher leaching under UV irradiation versus
dark condition. The finding is significant because plastics may lose
their additives due to physical and chemical abrasion during their
transport in aqueous environments. UV irradiation condition can be
a common feature of sunlit freshwater systems such as lake and
wetland or water treatment systems employing UV irradiation.

This study is the first report quantifying the DBPFP of MP-DOM,
which revealed a range of values comparable to those of aquatic N-
DOM. This novel finding underscores the need to critically evaluate
potable water sources or wastewaters that might contain sub-
stantial amounts of MPs prior to the disinfection step. The unde-
sirable generation of DBPs can be even more serious when UV
irradiation processes are involved for MPs-containing water. On the
other hand, this new finding calls for a re-evaluation of the DBPFP
previously attributed to pure N-DOM in the aquatic systems in long
contact with plastics under UV light.

This study provided a new insight into the unique characteris-
tics of DOM from MP polymers and raised awareness of the envi-
ronmental risk associated with the formation of DBPs upon
disinfection in treatment facilities. However, to generate more
concrete evidence for the reported results, comparative leaching
experiments are warranted in future studies with identical settings
as reported in this study but using physically or chemically
weathered commercial MPs. This effort would further clarify the
differences in the degree of the DOM leaching from MPs with
versus without additives, and in the related environmental
impacts.
4. Conclusions

Leaching behaviors of PE and PP plastic polymers were exam-
ined under UV light and dark conditions and the leached MP-DOM
was characterized in terms of DOC concentrations, functional
groups, molecular size distributions, and THMFPs. The character-
istics were compared with those of typical aquatic N-DOM. The
following main conclusions can be drawn based on the results of
this study.

(1) UV irradiation accelerated the DOM leaching from two
common plastic polymers. The vulnerable property to UV
light was more pronounced for PP versus PE polymer.

(2) Irrespective of polymer type, UV irradiation-induced MP-
DOM exhibited the presence of a unique functional group
related to vinyl unsaturated bond in the structure, which
showed an increasing trend with irradiation.

(3) MP-DOMwas characterized by a predominant distribution of
LMWN size fraction (<350 Da) and small presence of HSþ BB
fraction, which contrasts with the typical feature of aquatic
N-DOM with prevailing distribution of large size molecules.
Among the three size fractions, the LMWN was the most
associated with the production of MP-DOM molecules
accelerated by UV irradiation.

(4) MP-DOM exhibited a high potential to 411 generate THMs
and the DOC-normalized THMFP was comparable to those of
aquatic N-DOM reported in the literature, suggesting that
MP-DOM can act as a significant precursor of DBPs upon
chlorination. The specific THMFP values tended to be higher
for MP-DOM produced under UV irradiation compared to
those under dark conditions.
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Figure S1. Schematic diagram of the UV irradiation system used in this study. The system is the 
same as that employed in previous studies (Phong and Hur, 2015; Lee et al., 2018).   

 

 

 

 

 

 

 

 

 



Table S1. Main absorption bands of polyethylene (PE) and polypropylene (PP) in the IR regions 
and their identifying assignment groups. 

Assignment band groups 
used for identification 

Absorption 
Band Literature for comparison 
[cm-1] 

A 
Asymmetric C-H stretching 

2951-2915 

2951 (Gorassini et al. 2016) -PP 
2950 (Jung et al. 2018)-PP 
2919 (Gulmine et al. 2002)-PE 
2918 (Rajandas et al. 2012) 
2917 (Gorassini et al. 2016) -PP 
2915 (Jung et al. 2018)-PE, PP 

B 
Symmetric C-H stretching 

2871-2837 

2871 (Gorassini et al. 2016) -PP 
2868 (Gorassini et al. 2016) -PP 
2851 (Gulmine et al. 2002) (Rajandas et al. 2012)-PE 
2849 (Llamas and Talamantes 2014)-PP 
2845 (Jung et al. 2018)-PE 
2839 (Llamas and Talamantes 2014)-PP 
2838 (Jung et al. 2018)-PP 
2837 (Gorassini et al. 2016) -PP 

C 
CH2 band 
1473-1455 

1473 (Gulmine et al. 2002) -PE 
1468 (Rajandas et al. 2012) 
1467 (Jung et al. 2018)-PE 
1463 (Gulmine et al. 2002) -PE 
1462 (Jung et al. 2018)-PE 
1457 (Llamas and Talamantes 2014)-PP 
1455 (Jung et al. 2018)-PP 

D 
CH3 band 
1377-1373 

1377 (Jung et al. 2018) –PE, PP 
1375 (Gorassini et al. 2016) –PP 
1376 (Llamas and Talamantes 2014)-PP 

1373 (Gulmine et al. 2002) (Rajandas et al. 2012) –PE 

E 
Various rock 

 related with PP 
1166-808 

1166 (Jung et al. 2018) –PP (CH3 rock, CH bend, C-C stretch) 

1165 (Gorassini et al. 2016) –PP (CH3 rock, CH bend, C-C stretch) 

997 (Jung et al. 2018) –PP (CH3 rock) 
996 (Gorassini et al. 2016) –PP (CH3 rock) 
972 (Gorassini et al. 2016) (Jung et al. 2018) –PP (CH3 rock, C-C stretch)

840 
(Gorassini et al. 2016) (Jung et al. 2018) –PP  

(CH2 rock, C-CH3 stretch) 
808 (Jung et al. 2018) –PP (CH2 rock, C-C stretch) 

F 
CH2 rock  

related with PE 
731-717 

731-720 (Gulmine et al. 2002) -PE 
717 (Jung et al. 2018) -PE 
718 (Rajandas et al. 2012)-PE 
730 (Jung et al. 2018) -PE 

G 
Related with 

photo-oxidized polymer (1) 
991-888 

965 Vinylene (CH=CH) 

(Gardette et al. 2013)-PE 

909, 991 Vinyl (CH2=CHR) 

888 Vinylidene (CH2=CR2) 

H 
Related with 

photo-oxidized polymer (2) 
1780-1640 

1780 Lactones 
1735 Esters 
1720 Ketones 
1713 Carboxylic acids 
1640 Double bonds 



 
Figure S2. FTIR absorbance spectra between 1200 and 2000 cm-1 of: (a-d) Variations of the DOM 
from PE (PE-DOM) and PP (PP-DOM) polymers with leaching time for dark (a and c) and light 
treatments (b and d). The letters represent the main absorption bands (cm-1) used to identify PP 
and PE plastic structures in Table S1. 

 

 



 

Figure S3. Changes in dissolved organic carbon (DOC) concentrations of DOM leached from PE 
(a) and PP (b) microplastic polymers with increasing polymer doses from 0.1 to 2.0 g L-1 under 
dark condition. The error bars represent the standard errors based on three replicate samples. The 
instantaneously leached DOC refers to the concentrations measured for the samples collected 
immediately after the addition of the microplastics polymer to artificial freshwater solutions. The 
total leached DOC represents the amount of DOM measured after the full leaching time period of 
7 days. 

 

 

 

 

 

 

 

 

 



 

Figure S4. Relative abundances (%) of five different size fractions of aquatic NOM samples from 
(a) Suwannee River NOM, (c) Paldang Lake, (f) Han River. The corresponding SEC 
chromatograpms: (b) Suwannee River NOM, (d) Paldang Lake, (e) Han River.   

 

 

 

 

 

 

 

 
 



 
Figure S5. Compositional changes in the different size fractions (%) of the MP-DOM leached 
from (a) PE and (b) PP polymers (1 g-MP L-1, <100 μm in diameter) by leaching experiments for 
14 days under UV irradiation. (c) Correlation between HS+BB (%) and LMN (%) of the leached 
MP-DOM under the light conditions. 

 

 

 

 

 

 

 

 

 

(c) Correlation between HS+BB(%) and LMWN(%)
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Table S2. Coefficients of determination (R2) and correlation (r) between DOC concentrations of 
bulk MP-DOM or three individual size fractions (HS+BB, LMWA, and LMWN) produced under 
light and dark conditions and the total trihalomethanes formation potentials (THMFPs). 

R2 (r) 
Dark (n=26) Light (n=26) All (n=52) 

THMFP † THMFP † THMFP † 
[µg-THM L-1] [µg-THM L-1] [µg-THM L-1] 

DOC 
0.0136 

(+0.1166) 
0.9799 ** 

(+0.9899) 
0.9755 ** 

(0.9877) 
[mg-C L-1] 

Molecular size 
results 

HS+BB 0.0387 
(-0.1968) 

0.6834 ** 

(+0.8359) 
0.7018 ** 

(+0.8378) [µg-C L-1] 

LMWA 0.0526 
(-0.2294) 

0.9203* 

(+0.9593) 
0.9301 ** 

(+0.9644) [µg-C L-1] 

LMWN 0.0226 
(-0.1502) 

0.8280 ** 

(+0.9099) 
0.8270 ** 

(+0.9094) [µg-C L-1] 

† The dilution factor is taken into account for the samples with relatively high DOC concentrations 

(> 1 mg-C L-1) by multiplying the corresponding DOC to the measured THMFP values. 

* p < 0.05, **p < 0.01. 
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