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a b s t r a c t 

Despite numerous studies on microplastics (MPs), little attention has been paid to the dissolved organic 

substances leached from MPs and their environmental fate. In this study, we explored the copper-binding 

characteristics of MP-derived dissolved organic matter (MP-DOM) leached from several MP types, includ- 

ing commercial polypropylene, polyvinylchloride, and expanded polystyrene, under dark and UV irradi- 

ation conditions. The copper-binding affinity of MP-DOM was examined using fluorescence quenching 

method based on different fluorophores identified via the excitation emission matrix-parallel factor anal- 

ysis (EEM-PARAFAC). The heterogeneous distribution of binding sites across the functional groups of MP- 

DOM was further elucidated by utilizing two-dimensional correlation spectroscopy (2D-COS) based on 

Fourier transform infrared spectroscopy (FTIR). Phenol/protein-like fluorescence prevailed in all MP-DOM 

samples, whereas humic-like fluorescence was more pronounced in the irradiated MP-DOM. For all tested 

plastic types, two plastic-derived fluorescent components (C2 and C3) exhibited substantial fluorescence 

quenching with increasing copper concentrations. The calculated stability constants showed larger dif- 

ferences between the two leaching conditions than between the three MP types with higher log K M 
values for the UV-irradiated (4.08–5.36) than dark-treated MP-DOM (1.05–3.60). The binding constants 

were comparable to those of natural organic matter with aquatic/terrestrial origins. The 2D-COS results 

further revealed that the oxygen-containing structures in MP-DOM generated by UV irradiation might be 

responsible for the higher binding affinity of the irradiated MP-DOM. This is the first study demonstrating 

the environmental reactivity of MP-DOM towards metal binding, highlighting the importance of leaching 

conditions for the metal-binding behavior of MP-DOM. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Owing to the massive production of plastic and its incor- 

ect disposal, micro-sized plastic particles (so-called microplastics, 

Ps) pose a great risk to aquatic ecosystems ( He et al., 2018 ;

yberg et al., 2015 ). Many studies have investigated the occur- 

ence and fate of MPs in aquatic/terrestrial environments from 

arious aspects ( Eerkes-Medrano et al., 2015 ; Van Cauwenberghe 

t al., 2015 ; Wang et al., 2019 ). Recent studies have revealed that

Ps can release a substantial amount of dissolved organic sub- 

tances, so-called MP-derived dissolved organic matter (MP-DOM), 

hen they are in contact with water ( Lee et al., 2020c ; Romera-

astillo et al., 2018 ). MP-DOM comprises multiple organic com- 
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ounds such as additives and various chain scission products from 

he main polymers including bisphenol, phthalates, and styrene as 

onomer of PS plastics ( Gewert et al., 2018 ; Suhrhoff and Scholz- 

öttcher, 2016 ). In aquatic systems, MPs may undergo a series of 

eathering processes, including turbulence by wave and/or expo- 

ure to UV light, which can facilitate the release of MP-DOM into 

heir surroundings ( Potthoff et al., 2017 ). 

Of the weathering processes that affect the release of MP- 

OM, UV irradiation can be considered as a strong driver for 

he production of MP-DOM from plastic particles ( Lee et al., 

020c ; Potthoff et al., 2017 ). It was previously reported that MP- 

OM leached under UV irradiation contained more abundance of 

xygen-containing groups (e.g., carboxylic and/or phenolic groups) 

nd more pronounced humic-like fluorescence compared to those 

nder dark condition ( Galgani et al., 2018 ; Lee et al., 2020b ) al-

hough the specific features of MP-DOM depended on the plas- 

ic type and leaching conditions ( Galgani et al., 2018 ; Lee et al.,

https://doi.org/10.1016/j.watres.2020.116775
http://www.ScienceDirect.com
http://www.elsevier.com/locate/watres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2020.116775&domain=pdf
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020b ). Furthermore, recent literature has shown that MP-DOM 

ould have observable environmental reactivities at levels similar 

o natural organic matter (NOM) in terms of their tendency to ad- 

orb onto minerals and disinfection byproduct precursors ( Lee and 

ur, 2020 ; Lee et al., 2020c ). 

The interaction of DOM with trace metals is considered to 

e a critical factor in determining the fate, mobility, and toxic- 

ty of metals in aqueous systems ( de Polo and Scrimshaw, 2012 ; 

antore et al., 2001 ). Under the chemistry of fixed solution, the ex- 

ent of metal binding is heavily impacted by the chemical compo- 

ition and structures of DOM. Numerous studies have shown that 

arboxylic and phenolic groups in DOM serve as effective bind- 

ng sites/ligands for metals ( Croué et al., 2003 ; Shi et al., 2016 ).

s fluorescence spectroscopy is a fast, highly sensitive, and cost- 

ffective measurement technique, the metal-binding property of 

OM has been frequently studied using the fluorescence quench- 

ng method (FQM) ( Wang et al., 2015 ; Wu et al., 2004 ). In the

QM, a 1:1 metal-ligand complex is assumed ( Hays et al., 2004 ; 

yan and Weber, 1982 ) and the binding constants are estimated 

y applying the Ryan–Weber model or the Stern–Volmer equa- 

ion. The metal-binding dcharacteristics of DOM can be further ex- 

mined with respect to the heterogeneous distribution of bind- 

ng sites in bulk DOM. For example, metal-binding affinities of 

ifferent fluorophores within bulk DOM have been estimated by 

pplying the FQM on different com ponents identified using the 

arallel factor analysis (PARAFAC) model on the fluorescence ex- 

itation emission matrix (EEM) ( Song et al., 2017a ; Xu et al., 

013a ; Yamashita and Jaffé, 2008 ). Two-dimensional correlation 

pectroscopy (2D-COS) has been coupled with fluorescence spec- 

roscopy ( Hur and Lee, 2011 ; Lee et al., 2020a ) or Fourier transform

nfrared spectroscopy (FTIR) ( Huang et al., 2018 ; Li et al., 2017 ) to

urther investigate the complex interactions between metals and 

OM. 

Fluorescence spectroscopy has been long used to determine the 

istributions of different fluorophores in DOM samples ( Brogi et al., 

020 ; Coble, 1996 ). The peak locations and intensities of detected 

uorophores have been associated with different chemical com- 

osition and molecular sizes ( Yang et al., 2015 ). FTIR can offer 

he information on relative abundances of basic functional groups 

ontained in DOM samples. Both tools have gained popularity 

or easily exploring the variations of DOM characteristics due to 

heir preferred merits such as fast measurements, low cost, and 

inimal sample treatment. In particular, they have been widely 

mployed to examine the interactions between DOM and metals 

 Huang et al., 2018 ; Plaza et al., 2006 ; Yamashita and Jaffé, 2008 ).

he two methods are complementary to each other for DOM char- 

cterization in that FTIR is a qualitative method but can reveal 

on-fluorescent structures while fluorescence spectroscopy gives 

he quantitative estimation of specific fluorescent components. 

Previous studies have revealed that MP-DOM has fluores- 

ence properties as well as complex functional groups ( Lee and 

ur, 2020 ; Lee et al., 2020c ). This feature is similar to NOM. In the

ontext, whether MP-DOM behaves similar to NOM in its interac- 

ions with trace metals in the environment is an interesting and 

hallenging question of environmental significance. No previous 

tudy has examined the interactions between MP-DOM and trace 

etals. Furthermore, the information regarding the interaction of 

P-DOM with metals is essential for understanding the fate and 

ransport of metals in MPs-polluted environments where the re- 

ease of MP-DOM from plastic particles is likely to occur. Thus, this 

tudy specifically aimed to (1) characterize MP-DOM obtained un- 

er two different leaching conditions (dark and UV irradiation) and 

rom three plastic types (PP, PVC, and EPS) via measurements of 

issolved organic carbon (DOC), fluorescence EEM, and FTIR analy- 

es; (2) explore the binding behaviors of different fluorescent com- 

onents within bulk MP-DOM towards copper; (3) apply 2D-COS 
2 
o elucidate the potentially complex interactions involving various 

unctional groups; and (4) compare the binding stability constants 

f MP-DOM with those of aquatic/terrestrial NOM. 

. Materials and methods 

.1. Preparation for MP-DOM samples 

.1.1. Microplastics 

In this study, polypropylene (PP), polyvinylchloride (PVC), and 

xpanded polystyrene (EPS) were selected as representative plastic 

ypes. Commercial plastics were purchased in sheet form (1 mm in 

hickness) for PP and PVC and as beads (1 mm in diameter) for EPS 

rom a local market in Seoul, South Korea. Plastics were cut into 

ieces of approximately 1 mm × 1 mm, and the cut pieces were 

ufficiently washed with distilled water to remove any impurities 

hat might have been introduced during the cutting process. 

.1.2. Leaching experiments 

Leaching experiments were conducted for 14 days with an ar- 

ificial freshwater solution containing 5.0 g/L plastic pieces under 

wo different experimental conditions (i.e., dark and UV irradia- 

ion). The added plastic dose (i.e., 5 g/L) was determined based 

n the ranges used in other similar studies ( Lee and Hur, 2020 ;

uhrhoff and Scholz-Böttcher, 2016 ). As the main goal of this 

tudy was to characterize the metal-binding properties of MP- 

OM, the MP doses were intentionally set at a relatively higher 

evel compared to those typically observed in natural environments 

 Alimi et al., 2018 ; Chae and An, 2018 ). The total number of MP

ieces was additionally estimated by taking into account the aver- 

ge weight of one piece, which was 1,316 pieces for PP, 649 pieces 

or PVC, and 48,387 pieces for EPS (Table S1). The leaching solution 

onsisted of NaHCO 3 (96 mg/L), CaSO 4 (47.4 mg/L), MgSO 4 •7H 2 O 

122.86 mg/L), and KCl (4 mg/L), which mimics the ion compo- 

ition of typical freshwater ( Majedi et al., 2014 ). The MP pieces 

ere added to the artificial freshwater solution (1 L) in a steril- 

zed amber glass bottle before the solution was placed on a shaker 

t 150 rpm during the 14 days of leaching in the dark. 

For the UV irradiation setup, the MP-containing freshwater so- 

ution was transferred into a quartz tube that was previously auto- 

laved at 120 °C for 15 min. The tube was placed in the center of

 closed cabinet equipped with six 8 W UVA lamps (Sankyo Denki, 

8T5BL) as a light source ( Lee et al., 2020c ). A stirrer was placed

t the bottom of the quartz tube to maintain continuous mixing 

hroughout the leaching period. At the end of leaching, the mix- 

ng solution was filtered through pre-ashed Whatman GF/F filters 

o obtain the MP-DOM samples. For this step, a glass vacuum fil- 

ration device was used to avoid contact with extraneous plastic 

aterials. As representative NOM materials for comparison, Suwa- 

ee River fulvic acid (SRFA) and Elliott Soil humic acid (ESHA) were 

urchased from the International Humic Substances Society. The 

OM stock solutions were prepared by dissolving 10 mg of the 

owder in 1 L of Milli-Q water, which resulted in concentrations 

f 6.4 mg-C/L for SRFA and 4.5 mg-C/L for ESHA. 

.2. Determination of copper complexing capacities and stability 

onstants 

Prior to the copper-binding experiments, the MP-DOM and 

OM solutions were diluted such that the three types of MP-DOM 

amples (i.e., PP-, PVC-, and EPS-DOM) had identical DOC concen- 

ration (i.e., ~0.25 mg-C/L), which was the same as the concen- 

ration of PP-DOM (Fig. S1). Copper was used as a representa- 

ive metal in this study because it has been previously studied for 

etal-DOM interactions; thus, the results can be easily compared 

ith those of previous studies ( Hu et al., 2017 ; Yamashita and Jaffé, 
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008 ). The copper stock solutions were prepared by dissolving dif- 

erent amounts of Cu(NO 3 ) 2 in Milli-Q water to obtain copper con- 

entrations of 0.2, 1.0, and 5.0 mM. The DOM solutions, either MP- 

OM or NOM, were transferred into polytetrafluorethylene (PTFE) 

ials (20 mL). The copper stock solutions were then spiked into the 

OM-containing vials to obtain final copper concentrations varying 

rom 5 to 200 μM ( Hur and Lee, 2011 ; Lee and Hur, 2017 ). The to-

al volume was kept the same (20 mL). The vials were then placed 

n a shaker at 150 rpm and allowed to equilibrate for 15 min. As 

ignificant DOM leaching was not observed from the PTFE vial con- 

aining only the copper solution, it was considered as a blank (Fig. 

2b). 

Fluorescence quenching models such as the Ryan–Weber model 

nd the modified Stern–Volmer equation have been widely applied 

o calculate the parameters related to the metal-binding behavior 

f DOM ( Guo et al., 2019 ; Hur and Lee, 2011 ). Although the models

ave the inherent limitation of not being able to fully character- 

ze metal-DOM interactions, which arises from the simple assump- 

ion of 1:1 complexation, they are still popular owing to the ad- 

antages of easy and fast measurements. In this study, we adopted 

he modified Stern–Volmer equation as a fluorescence quenching 

odel, where nonlinear fluorescence responses to metal binding 

re considered to estimate the relative portions of unquenched flu- 

rophores ( da Silva et al., 1998 ; Hays et al., 2004 ). The model pa-

ameters related to binding affinity and relative abundance of bind- 

ng sites were calculated based on the following equation: 

 0 / ( F 0 − F ) = 1 / ( f · K M 

· C M 

) + 1 / f (1) 

here F, F 0 , f , and C M 

refer to the measured fluorescence intensity,

he initial fluorescence intensity, the fraction of the fluorophores 

articipating in binding, and Cu 

2 + concentration, respectively. The 

onditional stability constant, K M 

, was estimated from the slope of 

 0 /( F 0 − F ) against 1/ C M 

. 

.3. Analytical measurements 

.3.1. DOC and FTIR spectroscopy 

The DOC concentrations of the samples were determined us- 

ng a TOC analyzer (Shimadzu l -series, TOC 

–CHP, Japan). The sam- 

les for DOC analyses were collected in pre-combusted 40 mL glass 

ials. They were acidified with 1 M HCl solution to a pH of ~2.0 to

inimize biodegradation and were stored at 4 °C until measure- 

ent. 

FTIR spectroscopy (Nicolet iS10, Thermo Scientific, USA) was 

sed to identify the functional groups present in the MP-DOM 

amples. The detailed procedure for FTIR analysis is available in 

ther reports ( Chen et al., 2018 ; Lee et al., 2020c ). In brief, 10 mL

f a filtered MP-DOM sample was mixed with 100 mg of KBr pow- 

er (Sigma Aldrich, FTIR grade) and freeze-dried for further anal- 

sis. As a blank, clean KBr pellets were prepared by drying at 

05 °C for 2 h. The scanned wavenumber range was between 650 

nd 40 0 0 cm 

−1 . Each FTIR spectrum was corrected for baseline 

hifts and smoothed using Origin 9.0 software (12 points, Savitzky–

olay method). The FTIR peak intensities were normalized by the 

ummed intensities of all the observed peaks ( Yang et al., 2015 ). 

.3.2. Fluorescence EEM measurements and PARAFAC modeling 

Fluorescence EEM spectra were obtained using a fluorescence 

pectrophotometer (F-70 0 0, Hitachi, Japan). The scan was run at 

n emission wavelength (Em) from 280 to 550 nm with steps of 

 nm. The excitation wavelengths (Ex) for the emission scan were 

aried in the range of 220–500 nm with a stepwise increment of 

 nm. The excitation and emission slits were adjusted to 10 nm. 

he fluorescence response to Milli-Q water was taken into account 

s a blank to obtain the final EEM data of DOM samples through 
3 
ubtraction. The fluorescence intensities were normalized to Ra- 

an units (R.U.) using the intensity of the integrated Raman peak 

t 350 nm (Em) ( Lawaetz and Stedmon, 2009 ). 

PARAFAC modeling was performed using MATLAB 7.0 

Mathworks, Natick, MA, USA) along with the drEEM Toolbox 

 Murphy et al., 2013 ). The number of independent fluorescent 

OM (FDOM) components was determined using split-half valida- 

ion of the EEM results obtained from copper binding experiment 

nd the percentage of the explained variance (95.2%). The max- 

mum fluorescence intensities ( F max ) of the identified FDOM 

omponents were adopted to represent the relative quantities of 

he individual components. In this study, the EEM data of NOM 

amples were also incorporated into the modeling to directly 

ompare MP-DOM and NOM samples. 

.3.3. 2D-COS 

2D-COS was applied to identify sequential changes occurring 

n the FTIR spectra of MP-DOM caused by the addition of cop- 

er as an external perturbation. Typically, the procedure gen- 

rates two types of two-dimensional maps called synchronous 

nd asynchronous maps, which were obtained using an open- 

ccess software (2D-Shige version 1.3, https://sites.google.com/site/ 

higemorita/home/2dshige ). In the synchronous map, auto peaks, 

hich appear on the diagonal line, indicate spectral changes due 

o the addition of copper and their locations. Cross-peaks located 

ff the diagonal line represent simultaneous changes of the vari- 

bles occurring at two different locations (i.e., x- and y-axis). Pos- 

tive cross-peaks imply that the changes occur in the same direc- 

ion for the two variables, whereas negative cross-peaks imply that 

he changes are in opposite directions. On the other hand, cross- 

eaks in the asynchronous map provide information on the se- 

uence of changes. The interpretation is entirely based on Noda’s 

ule ( Noda and Ozaki, 2005 ). According to the rule, if the signs

f cross-peaks (positive or negative) are the same in both types 

f maps, the signal change on the x-axis precedes that on the y- 

xis, whereas the order of the sequence is reversed if the signs 

f peaks on the two maps are opposite. The mathematical expres- 

ions for the 2D-COS and map generation are described elsewhere 

 Noda, 2016 ; Park et al., 2016 ). 

. Results and discussion 

.1. Basic characteristics of MP-DOMs 

.1.1. Functional groups 

The MPs used in this study presented distinct features in the 

TIR spectra for the individual plastic types with the appearance of 

our peaks for PP (designated as peaks A, C, D, and G), five peaks 

or PVC (designated as peaks A’, E’, F’, G’, and J’), and six peaks 

or EPS (designated as peaks A”, B”, F”, G”, H”, and I”) ( Fig. 1 a and

able S2). Some of the peaks originate from carbon chains consist- 

ng of repeating C 

–H units, which correspond to peaks A and C for 

P, peaks A’ and E’ for PVC, and peaks B” and G” for EPS. Peaks 

ave also been observed in other plastic types such as polyethy- 

ene (PE) and PP in a previous study ( Jung et al., 2018 ). In this

tudy, PP and EPS types were well discriminated by the exclusive 

resence of peaks D and G for PP and peaks A” and F” for EPS. 

o chlorine-related peak was observed in the PVC particles in the 

resent study, although a few prior studies reported the presence 

f a unique peak for PVC ( Noda et al., 2007 ; Verleye et al., 2001 ). 

For the MP-DOM samples, the peaks of C 

–H bands were ob- 

erved in the FTIR spectra as a common plastic proxy (e.g., peaks 

, A’, or B”) independent of the plastic types and leaching condi- 

ions. Similar observations were previously reported for MP-DOM 

erived from PE and PP polymer materials ( Lee et al., 2020c ). Ad-

itionally, new peaks were identified from the MP-DOM samples, 

https://sites.google.com/site/Shigemorita/home/2dshige
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Fig. 1. Basic characteristics of leached DOM from PP, PVC, and EPS plastics after 14 days of leaching (5 g-MP/L) under dark and UV irradiation conditions. FTIR spectra of (a) 

MP particles and MP-DOM under (b) dark and (c) UV irradiation conditions. DOC concentrations of MP-DOM (d) per added mass of plastics and (e) per number of MP pieces. 

The letters in the IR spectra represent the main absorption bands (cm 

−1 ) associated with the corresponding plastic structures in Table S2. Information on the estimation of 

the number of MP pieces is presented in Table S1. 
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hich were not observed in the MP particles. For example, peaks 

’ and D’, which are related to additives, emerged in the spectra 

f the dark-treated PVC-DOM, while peak D”, which represents the 

onomers of EPS, appeared in the leached DOM from EPS plas- 

ic under dark conditions ( Fig. 1 b). For the UV-treated MP-DOM 

amples, additional features were observed with the appearance 

f peaks B’ and G’ for PVC-DOM and peaks C” and E” for EPS- 

OM ( Fig. 1 c). No oxygen-containing functional groups was found 

or the irradiated PP-DOM. Unique peaks of the UV-irradiated MP- 

OM samples have been reported for other oxidized polymers 

 Gugumus, 1999 ; Lucki and Rånby, 1979 ), which suggested that 

he new peaks might be associated with oxygen-containing com- 

ounds generated by photo-oxidation via UV irradiation (Table S2). 

he FTIR results of the irradiated MP-DOM are in line with those 

rom a previous study employing mass spectroscopy that provided 

olecular evidence of the release of polymer fragments with oxi- 

ized end groups into the aqueous phase from PET and EPS plastics 

fter exposure to UV light ( Gewert et al., 2018 ). 

.1.2. Concentration of leached DOC 

Under dark conditions, the released DOC concentrations per 

ram of PVC or EPS were more than two-fold higher than that 

rom PP (0.140 ± 0.003 mg-C/g-PVC and 0.130 ± 0.003 mg-C/g- 

PS versus 0.050 ± 0.002 mg-C/g-PP) ( Fig. 1 d). The results sug- 

ested that the amounts of leached DOC might be highly depen- 

ent on the plastic type. PVC and EPS plastics contain a relatively 

igh content of additives than PP, and the additives can be leached 

o a greater extent by close contact with the aqueous phase than 
4 
he main plastic structures such as polymers ( Hermabessiere et al., 

017 ; Jang et al., 2017 ). The leached amounts of MP-DOM per plas-

ic mass were much greater for the UV-irradiated samples than 

hose for the dark-treated samples. For example, after 14 days 

f irradiation, the DOC concentration per mass of EPS-DOM was 

ore than 80 times higher than that under dark conditions, which 

mplies that UV irradiation could play a role in changing plastic 

urfaces into structures vulnerable to dissolution ( Gardette et al., 

013 ). In this study, the high leaching tendency of MP-DOM upon 

V stimulation was more pronounced for EPS than for PP and 

VC with leached concentrations of 11.08 ± 0.14, 0.20 ± 0.003 and 

.89 ± 0.004 mg-C/g, respectively, at the end of the UV irradiation. 

he structural instability of EPS under UV irradiation was also re- 

orted in a previous study ( Song et al., 2017b ), in which a signif-

cant difference was observed in the number of fragmented plas- 

ic particles with and without 6-month-long exposure to UV light 

12,152 ± 3,276 particles per pellet under light versus 4,220 ± 33 

articles per pellet in the dark). 

Similar to the DOC concentration per added mass, the leached 

uantities of MP-DOM per number of plastic pieces also showed 

lear differences among the different plastic types ( Fig. 1 e). For 

xample, under dark conditions, the DOC concentration per num- 

er of PVC pieces was nearly 100 times higher than that of EPS. 

his trend agrees well with a previous report ( Suhrhoff and Scholz- 

öttcher, 2016 ), showing that the amount of released additives 

er surface area of PVC in the dark was nearly ten times greater 

han that released by PS. This result is noteworthy considering 
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Fig. 2. Fluorescence EEM plots of the DOM leached from (a and g) PP, (b and h) PVC, and (c and i) EPS in the dark, and from (d and j) PP, (e and k) PVC and (f and l) EPS 

under UV irradiation conditions after 14 days of leaching (5 g-MP/L) (a to f) before or (g to l) after the addition of copper (200 μmol/L). The numbers in each figure indicate 

the position (Ex/Em) of the strongest peak in the EEM and its intensity. 
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he current situation, in which many soil/sediment environments 

re polluted with PVC plastics ( Van Cauwenberghe et al., 2015 ; 

ang et al., 2019 ). Thus, it is expected that a substantial amount of

OM could be leached from PVC in such environments. In addition, 

arge differences in the piece number-normalized DOC concentra- 

ions of MP-DOM were found between the two different leaching 

onditions ( Fig. 1 e). 

.1.3. Fluorescence EEMs 

The fluorescence EEMs of the MP-DOM samples are shown in 

ig. 2 . The samples were obtained from the leaching solutions at 

 g-MP/L. As all samples were diluted to the same DOC concentra- 

ion (i.e., 0.25 mg-C/L), they were comparable to one another on 

he same scale. No fluorescence peak was detected for the control 

ample (i.e., the artificial freshwater solution without MPs) (Fig. 

2a), which indicated that the observed fluorescence peaks orig- 

nated solely from the plastics added to the artificial freshwater 

olution. 

Regardless of the plastic type, prominent peaks appeared 

n the phenol/protein-like fluorescence region, which are typ- 

cally defined as peak B (~225(~280)/~305 nm) and peak T 

~225(~280)/~350 nm) (Ex/Em) ( Coble, 1996 ) of the EEM for the 

ark-treated MP-DOM ( Figs. 2 a–c). The peak B may represent 

henol-like substances ( Carstea et al., 2016 ; Ou et al., 2014 ), while

he peak T is typically related to bio-labile properties, its pres- 

nce in the EEMs is in line with a previous study, which re- 

orted that a substantial portion (approximately 60%) of the DOM 

eached from plastics was degraded in less than 5 days under mi- 

robial incubation ( Romera-Castillo et al., 2018 ). The dark-treated 

P-DOM samples exhibited additional peaks in the humic-like flu- 

rescence region, from 260 to 310 nm (Ex) and 405 nm (Em). Ex- 

ept for PP, the humic-like fluorescence was more pronounced for 

he UV-irradiated samples, suggesting that the fluorescence might 

e associated with photo-induced structures ( Figs. 2 d and f). For 

xample, the humic-like peak intensity at 295/405 nm (Ex/Em) 

as higher for the EPS-DOM obtained under UV irradiation (0.037 

.U.) compared to that in the dark (0.011 R.U.). In contrast, the 

henol/protein-like peak at 250/309 nm (Ex/Em) showed a lower 

ntensity for the irradiated MP-DOM than the dark-treated coun- 

erparts (e.g., 0.070 versus 0.001 R.U. for EPS-DOM), which can be 

ttributed to photolytic degradation. The photo-labile property of 

rotein-like fluorophores has been previously reported for aquatic 

OM ( Phong and Hur, 2015 ). 
5 
Changes in the EEM spectra upon the addition of copper were 

ompared for three different plastic types under dark and UV irra- 

iation conditions ( Fig. 2 a–f versus 2 g to 2l). Fluorescence quench- 

ng by copper addition was observed for all MP-DOM similarly 

o the NOM samples, which suggested that electronic structural 

hanges occurred in MP-DOM via the formation of complexes with 

opper ( Plaza et al., 2006 ). However, the quenching behavior was 

ot the same for all MP-DOM samples, indicating that the degree 

f quenching and the associated structures may depend upon the 

lastic type and the leaching conditions. EEM alone is not capa- 

le of characterizing the interactions of independent fluorophores 

ith copper as the apparent EEM peaks may consist of multiple 

uorescent components. Thus, it is necessary to track fluorescence 

uenching of independent fluorescent components identified from 

EM-PARAFAC. 

.2. Copper-binding characteristics of different fluorescent 

omponents 

.2.1. Fluorescent components identified by PARAFAC modeling 

The PARAFAC modeling revealed that the three-component 

odel best describes the copper-inducing variations in the fluo- 

escence features of the MP-DOM samples with the core consis- 

ency of 95.3% ( Fig. 3 and Table S3). Component 1 (C1) peaked at 

65(325)/463 nm (Ex/Em). Components 2 (C2) and 3 (C3) exhib- 

ted maxima at 250(325)/324 nm (Ex/Em) and 295(250)/411 nm 

Ex/Em), respectively. The peak locations of C2 and C3 were consis- 

ent with those of the previous EEM spectra of the MP-DOM under 

ark and UV irradiation conditions. These fluorescent components 

re analogous to those typically found in natural aquatic systems 

 Brogi et al., 2020 ; Kothawala et al., 2014 ) as well as those obtained

rom the leaching of plastic materials ( Lee et al., 2020b ) (Table S3).

1 can be assigned to a terrestrial humic-like component, which 

oughly represents the fluorescence feature of the NOM materials 

sed in this study. 

.2.2. Fluorescence quenching behavior of different fluorescent 

omponents 

The quenching trend of each FDOM component upon the ad- 

ition of copper is shown in Fig. S3. For the same plastic type, 

he quenching curves differed greatly depending on the FDOM 

omponent, the plastic types (i.e., PP, PVC, and EPS), and the 

eaching conditions (i.e., dark and UV irradiation). In the dark- 

reated MP-DOM, the two plastic-derived components, C2 and C3, 
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Fig. 3. PARAFAC model output showing three different fluorescent components (up) and the corresponding excitation/emission loadings (down). 
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howed obvious fluorescence quenching upon the addition of cop- 

er, while negligible quenching was observed for C1 (Fig. S3). Even 

he same FDOM component showed different degrees of fluores- 

ence quenching, depending on the plastic type (Fig. S3). For ex- 

mple, for the dark-treated MP-DOM, the extent of quenching in 

henol/protein-like C2 reached a reduction of up to 48.6 ± 3.6% 

or EPS and 48.3 ± 2.7% for PVC, while it was only 28.5 ± 1.2% for 

P. However, the extent of quenching of the PP-DOM, in which no 

umic-like fluorescence peak was shown, was more pronounced 

nder UV-irradiation versus dark conditions (reduction of up to 

8.9 ± 2.7% for C2). The metal addition-induced quenching for 

he phenol/protein-like component in DOM has been previously 

eported in many studies ( Hu et al., 2017 ; Hur and Lee, 2011 ).

his result strongly implies that the phenol/protein-like component 

ontains structures that are actively involved in copper binding, 

rrespective of the plastic type. On the other hand, the extent of 

uenching in the plastic-derived humic component (C3) was more 

ronounced for the PVC-DOM and EPS-DOM under UV irradiation 

han under dark conditions (EPS-DOM: 69.2 ± 7.8% under UV ir- 

adiation versus 61.0 ± 1.4% in the dark; PVC-DOM: 67.7 ± 0.1% 

ersus 54.4 ± 4.3%) (Fig. S3). The greater extent of fluorescence 

uenching of the humic-like component in the irradiated MP-DOM 

ay be associated with the presence of more acidic functional 

roups in the MP-DOM obtained under UV irradiation than un- 

er dark conditions. This explanation is supported by a previous 

tudy that used mass spectroscopy, in which oxygen-containing 

roups such as carboxylate were detected in the leached solution 

rom UV-irradiated plastics ( Gewert et al., 2018 ). In the same con- 

ext, previous studies using NOM have shown that aromatic struc- 

ures and acidic functional groups are responsible for strong cop- 

er binding ( Plaza et al., 2006 ). Slight increase and/or fluctuation 

f some components in the quenching curves (Fig. S3) can be as- 

ribed to the changes of quantum yields as a result of structural 

odification of fluorescent molecules caused by high levels of cop- 

er ( Yamashita and Jaffé, 2008 ). 
2

6 
NOM samples (i.e., SRFA and ESHA) showed clear fluorescence 

uenching in C1 but negligible quenching in C2 and C3. The max- 

mum extent of C1 quenching was 44.7 ± 0.6% for SRFA and 

3.7 ± 0.4% for ESHA. Interestingly, C2 was clearly quenched by 

opper addition to MP-DOM, but not for the NOM samples. This 

esult suggests that the C2 component may have completely dif- 

erent structures between MP-DOM and NOM in terms of copper 

inding, even though it has identical spectral features. 

.2.3. Comparison of copper-binding parameters for different 

uorescent components 

To explore differences in the binding properties of different flu- 

rescent components and different MP-DOM samples, the copper- 

inding parameters were calculated using the best-fit of the mod- 

fied Stern–Volmer equation based on the F max values of the in- 

ividual components exhibiting quenching behaviors ( Table 1 and 

ig. 4 ). The fluorescent components included in the model fittings 

ere C1 from SRFA and ESHA, C2 in the MP-DOM samples from PP, 

VC, EPS in the dark and PP obtained under UV-irradiation, and C3 

rom EPS-DOM and PVC-DOM obtained under both dark and UV ir- 

adiation conditions. The results for the copper-binding parameter 

f the fluorescent components are listed in Table 1 with statistical 

ignificance ( p < 0.01). 

A range of binding constants (or stability constants) was ob- 

erved for the same fluorescent component among the different 

P-DOM samples ( Table 1 ). For example, the log K M 

values of the

2 component in the dark-treated MP-DOM samples ranged from 

.05 ± 0.01 to 3.09 ± 0.08, with variations depending on the plas- 

ic type. Independent of the plastic type and the fluorescent com- 

onent, the UV-irradiated MP-DOM exhibited higher stability con- 

tants than the dark-treated counterparts, as shown by the log K M 

alues of C3 ranging from 4.82 ± 0.72 to 5.36 ± 0.77 for the for- 

er versus from 1.97 ± 0.03 to 3.60 ± 0.05 for the latter ( Table 1 ).

or the PP-DOM, the log K M 

values of C2 were 4.08 ± 0.25 and 

.62 ± 0.09 for UV-irradiation and dark conditions, respectively. 
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Table 1 

Copper-binding parameters of three different fluorescent components calculated by the modified Stern–Volmer equation 

using the representative NOM and MP-DOM samples under different leaching conditions. 

Conditions Type 

PARAFAC 

Components † 

Modified Stern–Volmer 

r a Log K M 
b f c 

MP-DOM Dark EPS C2 0.993 ∗ 1.05 0.81 

±0.01 ±0.01 

C3 0.977 ∗ 3.60 0.46 

±0.04 ±0.07 

PVC C2 0.932 ∗ 3.09 0.63 

±0.08 ±0.05 

C3 0.985 ∗ 1.97 0.47 

±0.03 ±0.02 

PP C2 0.984 ∗ 2.62 0.36 

±0.09 ±0.06 

UV irradiation EPS C3 0.994 ∗ 5.36 0.51 

±0.77 ±0.06 

PVC C3 0.985 ∗ 4.82 0.46 

±0.72 ±0.02 

PP C2 0.952 ∗ 4.08 0.61 

±0.25 ±0.05 

NOM SRFA C1 0.982 ∗ 5.21 0.37 

±0.73 ±0.04 

ESHA C1 0.989 ∗ 5.56 0.46 

±0.74 ±0.02 

† The quenched components were selected based on the observed changes in the F max values of the individual fluo- 

rescence components with increasing copper concentrations (5 to 200 μmol/L) in Figure S1. 
∗ p < 0.01. 
a Correlation coefficients ( r ) between predicted and observed fluorescence intensity. 
b Conditional stability constants ( log K M ). 
c Fraction of the initial fluorescence corresponding to the binding sites ( f ). 

Fig. 4. Modified Stern–Volmer plots of the fluorescence quenching of three individual fluorescent components of SRFA and ESHA as representative NOM and the plastic- 

derived DOM under dark and UV irradiation conditions. The quenched components (a: C1 for SRFA and ESHA; b: C2 for PP-DOM, PVC-DOM, EPS-DOM in the dark and 

PP-DOM under UV irradiation condition; c: C3 for PVC-DOM and EPS-DOM under dark and UV irradiation conditions) were selected based on the observed changes (i.e., 

consistent reduction) in the F max values of the components with increasing copper concentrations (from 5 to 200 μmol/L) in Figure S1. 
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his result can be ascribed to the previous observation regarding 

he presence of oxygen-containing functional groups in irradiated 

P-DOM. 

Interestingly, the calculated stability constants of the C3 com- 

onent in the MP-DOM samples were comparable to or even 

reater than those of similar fluorescence peaks previously re- 

orted for aquatic/terrestrial NOM (ranging from 3.97 to 5.39) 

 Hur and Lee, 2011 ; Lee and Hur, 2017 ; Xu et al., 2013a , 2013b ).

or the NOM samples in the present study, the humic-like compo- 

ent (C1) exhibited significant model parameters, and the stability 

onstants were similar to those of C3 in the irradiated MP-DOM 

 Table 1 ). These results suggest that dissolved organic substances 

rom the photochemical breakdown of plastics can interact with 

etals strongly enough to alter the fate and transport of metals 

n natural and engineered systems, which can be comparable to 

he effect of NOM on metal transport. In contrast to the stability 

onstants, there was no consistent trend of the f values between 

he irradiated and the dark-treated samples ( Table 1 ). However, the 
7 
hoto-induced humic-like component (C3) exhibited lower f values 

ompared to phenol/protein-like C2 for both EPS- and PVC-DOM. 

he results suggested that the fraction of the participating binding 

ites might be more affected by variations in FDOM components 

han the leaching conditions for MP-DOM. 

In fact, interaction of metals with the surface of MP parti- 

les has also been studied in recent years ( Guan et al., 2020 ;

urner and Holmes, 2015 ). In the studies, it was found that 

iofilm development on MP surfaces could enhance the metal ad- 

orption via alteration of the physical and chemical properties 

f the MPs’ surfaces in a way to enrich carboxyl, amino, and 

henyl-OH groups ( Guan et al., 2020 ). However, regardless of the 

iofilm formation, MP particles exhibited a much lower adsorp- 

ion tendency than natural particles such as suspended sediment 

 Guan et al., 2020 ). The result of the previous study is in stark

ontrast to the comparable copper binding affinity of MP-DOM 

especially, irradiated MP-DOM) to those of NOM in this study 

 Table 1 ). 
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Fig. 5. (a to d) Synchronous and (e to h) asynchronous maps of 2D-COS using the FTIR spectra at 10 0 0–310 0 cm 

−1 . The DOM leached from (a, b, e, and f) PVC and (c, d, g, 

and h) EPS with increasing copper concentrations under (a, c, e, and g) dark and (b, d, f, and h) UV irradiation conditions. The IR spectra on the diagonal of the synchronous 

map are displayed above the maps. The red lines and the corresponding letters indicate the main peaks of the asynchronous maps. The signs of the main peaks are shown 

in Tables S4 and S5. 
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.3. Change in FTIR spectra with copper addition: 2D-CoIR analysis 

To obtain further information regarding the sequential changes 

n the functional groups of MP-DOM with the addition of cop- 

er, 2D-COS was performed with a series of FTIR spectra obtained 

ith varying amounts of added copper. To examine the effect of 

he leaching conditions on changes in the FTIR spectra, the 2D- 

OS was explored only for PVC- and EPS-DOM. Regardless of the 

lastic type and the leaching conditions, all FTIR peaks identified 

n the original MP-DOM samples were observed after the addition 

f copper with varying intensities. The spectral changes on cop- 

er addition are presented in Fig. S4. The extent of changes in the 

eak intensities differed depending on the peak locations and sam- 

le types (Fig. S4). 

On the diagonal lines of the synchronous maps ( Figs. 5 a–d), 

everal distinctive peaks were observed, including peaks A’, C’, D’, 

nd F’ for the dark-treated PVC-DOM, peaks D”, F”, and I” for the 

ark-treated EPS-DOM, peaks A’, B’, F’, and G’ for the irradiated 

VC-DOM, and peaks B”, C”, D”, and I” for the irradiated EPS-DOM. 

he signs of the cross-peaks were positive in all synchronous maps, 

ndicating that the spectral changes associated with copper bind- 

ng occurred in the same direction. In addition, the asynchronous 

ap revealed information concerning the sequential changes in the 

TIR spectra in response to increasing copper concentrations. For 

he dark-treated PVC-DOM, two positive signed peaks were iden- 

ified at the locations (x-axis/y-axis) of peaks C’/F’ and D’/F’. The 

eak locations corresponded to the same positive region in the 

ynchronous map ( Figs. 5 e–h and Table S4). According to Noda’s 

ules ( Hur and Lee, 2011 ; Noda et al., 20 0 0 ), the features can be

nterpreted as the binding affinity for copper increasing of carboxy- 

ates in additives (peak C’) > bisphenol A(BPA) (peak D’) > CH 

ends (peak F’). Under the same rules, the sequential changes of 

he dark-treated EPS-DOM occurred in the order of aromatic CH 

peak I”) > aromatic ring (peak F”) > C = C (peak D”) > CH 2 bend

peak G”). These results suggest that leached additives from plas- 

ic have stronger binding affinities for copper than other leached 

tructures, and that aromatic ring structures of plastics are more 
D

8 
ctive in binding copper than the common plastic structures re- 

ated to CH 2 bend. 

For the irradiated MP-DOM, one positively and one negatively 

igned cross-peaks were found in the asynchronous map of the 

VC-DOM at the x/y locations corresponding to peaks B’/F’ and 

’/B’, respectively. For the irradiated EPS-DOM, there was one pos- 

tively signed peak at C”/I” and two negatively signed cross-peaks 

t B”/I” and D”/I”. According to Noda’s rules, the features can 

ead to the following sequential orders of peak B’ ( C = O ) > F’

CH bend) > A’ (CH stretch) for PVC-DOM, and peak C” ( C = O )

 I ” (aromatic CH) > D ” ( C = C ) > B ” (CH stretch) for EPS-

OM. From the results, the oxidized structures of MP-DOM re- 

ealed their priority in the sequence of copper binding over the 

dditives and polymer-derived substances irrespective of the plas- 

ic type. The general trend of the binding preferences in different 

unctional groups agrees with those previously reported for NOM. 

or example, oxygen-containing structures of NOM such as car- 

oxylic group have revealed a stronger binding affinity for copper 

ompared to other functional groups based on the same analytic 

ethod ( Chen et al., 2015 ; Hu et al., 2019 ; Huang et al., 2018 ). Fur-

hermore, from the perspective of the environmental reactivity of 

P-DOM, it is worth noting a recent study demonstrated stronger 

nteraction of oxidized structures in irradiated MP-DOM with min- 

ral surfaces, which was also revealed by utilizing 2D-COS based 

n FTIR spectra ( Lee and Hur, 2020 ). 

.4. Environmental implications and future studies 

This study demonstrated the capability of plastic-derived DOM 

o bind copper via the FQM. A range of binding constants 

ere found among the different fluorescent components identified 

ithin the bulk MP-DOM samples. 2D-COS combined with FTIR 

pectra provided further insights into the heterogeneous distribu- 

ion of copper-binding sites within bulk MP-DOM as well as the 

equence in sites with higher affinity. Considering the massive pro- 

uction of plastics that might result in a substantial amount of MP- 

OM released into natural ecosystems, this information is essential 
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or understanding the fate and transport of metals in MP-polluted 

nvironments. The environmental fate of metals might be altered 

y interacting with the previously overlooked MP-DOM under such 

ircumstances, and the information on metal binding with NOM 

lone may be misleading to fully understand the fate and trans- 

ort of metals in such environments. For example, there might 

e competition between NOM and MP-DOM for binding metals in 

P-polluted environments. As this study used copper as a model 

etal, further metal-binding experiments using other trace met- 

ls are recommended to extend and generalize the findings of this 

ork. 

The extent of the interaction can be strongly affected by sev- 

ral factors such as leaching conditions, plastic types, and amounts 

f additives contained in MPs. The presented results demonstrated 

hat the interactions between copper and plastic-derived DOM, 

specially irradiated MP-DOM, could be as strong as those with 

OM. Thus, a tool to distinguish between naturally occurring and 

lastic-derived DOM in natural environments is required to prop- 

rly identify the environmental impacts (e.g., interactions with 

etals) of plastic-derived DOM because of its similar environmen- 

al behavior as NOM. For example, although the C3 revealed a dis- 

inctive for the MP-DOM produced under UV-irradiation in this 

tudy, this fluorescence feature overlapped with those from com- 

on aquatic NOM, hampering the clear distinction of DOM with 

P origins from those that originate naturally. 

. Conclusions 

This is the first report to demonstrate the metal-binding ability 

f plastic-derived DOM. The following conclusions can be drawn 

rom the results of this study. 

1) This study demonstrated the interactions between plastic- 

derived DOM and copper via the FQM. The EEM-PARAFAC 

identified two specific fluorescent components from MP-DOM 

leached under dark and UV irradiation conditions. The two 

plastic-derived components (phenol/protein-like C2 and photo- 

induced humic-like C3) showed clear fluorescence quenching 

behaviors with increasing copper concentrations. 

2) MP-DOM exhibited a high binding affinity towards copper. For 

EPS and PVC plastics, the stability constants, or log K M 

, were 

higher for the UV-irradiated than the dark-treated MP-DOM. 

The results highlight the impact of the leaching conditions on 

the metal-binding behavior of MP-DOM. 

3) 2D-COS combined with FTIR revealed preferential binding 

affinities for copper among different functional groups in MP- 

DOM. Additives and aromatic ring structures in MP-DOM in- 

teracted with copper more strongly than polymer-associated 

structures in the dark-treated MP-DOM, whereas oxygen- 

containing functional groups were found to be the most pre- 

ferred structures for copper binding among all the structures 

identified from the FTIR of the UV-irradiated MP-DOM. 

4) The estimated binding constants of MP-DOM were compara- 

ble to those of the aquatic/terrestrial NOM. This finding implies 

that the interaction of plastic-derived DOM with trace metals 

should be taken into account to fully understand the fate and 

consequences of metals in MP-polluted environments. 
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Table S1. Estimated numbers of MP pieces in the samples for leaching experiments using different 

plastic types. 

Plastic type 

MP concentrations  
in the mixture 

 for designed leaching 
test 

weight per piece Number of MP pieces † 

(g-MP/L) (mg/piece-MP) (piece-MP/L) 

PP 

5 

3.8 Approx. 1,316 
(Density: 895-920 kg/m3) 

PVC 
7.7 Approx. 649 

(Density: 1300-1450 kg/m3) 

EPS 
0.1 * Approx. 48,387 

(Density: 11-32 kg/m3) 

* The weight per EPS piece was calculated using a collection of 30 pieces due to the light weight. 
† The calculated values are rounded to integer. 
The information was used to compare the leached MP-DOM amount per piece in Fig. 1e. 

 

 

 

Figure S1. Leached DOC concentrations from PP, PVC, and EPS plastics after 14 days of leaching 

(5 g-MP/L) under dark and UV irradiation conditions. 

 



Table S2. Main adsorption bands in the FTIR spectra of plastic (PP, PVC, and EPS plastics) 

particles and the leached MP-DOM, and their group assignments for identification. 

Used plastic 
type 

Chemical 
structure 

Absorption bands Assignment band used for 
identification  

Bands reported in literatures  
(plastic type) (cm-1) 

 

 

 

2921-2953 P, D, L 
A C-H stretch 

 
 2915 P (Jung et al., 2018) – PP, PE, EPS 
 2835-2850 P, D, L  

 1602 L B C=C stretch (Jung et al., 2018) - Nitrile 
 1454 P, D, L C CH2 bend (Jung et al., 2018) - PP 
 1376 P D CH3 bend (Jung et al., 2018) - PP 
Polypropylene 1253 D E CH bend (Noda et al., 2007) - PVC 

(PP) 1096 D,L F C-C stretch (Noda et al., 2007) - PVC 
 Various rock related with PP (1167-810) (Jung et al., 2018) - PP 
 1167 P 

G 

CH3 rock, C-C stretch  
 998 P CH3 rock, CH3 bend, CH bend  
 968-972 P, D CH3 rock, C-C stretch  
 842 P CH2 rock, C-CH3 stretch  

  810 P CH2 rock, C-C stretch  
 

 

 

2960 P 
A’ C-H stretch 

 
 2928-2930 P, D, L (Jung et al., 2018) – PP, PE, EPS 
 2855-2865 P, D, L  

 1739 L B’ C=O stretch (Lucki and Rånby, 1979)-EPS 
Carbonyl groups in photo-oxidized PS  

 1575 D C’ COO stretch 
(Bodecchi et al., 2005) - PVC 
Ca/Zn/Pb carboxylates used as heat 
stabilizers in PVC 

Polyvinyl 
chloride 1493 D D’ BPA (Wawrzyn et al., 2012) – BPA 

(PVC) 1457 P E’ CH2 bend (Jung et al., 2018) - PVC 
 1334-1383 P, L F’ CH bend (Jung et al., 2018) - PVC 
 1253-1265 P, D    
 1172 L G’ C-O stretch (Gugumus, 1999) – Oxidized PE 
 1107 P H’ C-C stretch (Jung et al., 2018) - PVC 
 1055 D I’ C-O-C stretch (Passos et al., 2015) - PE 

  960 P J’ CH2 rock (Jung et al., 2018) - PVC 
 

 

 

3024 P A’’ CH ring stretch (Jung et al., 2018) – EPS 
 2922-2932 P, D, L B’’ C-H stretch (Jung et al., 2018) – PP, PE, EPS 
 2847-2858 P, D, L  

 1745 L C’’ C=O stretch (Lucki and Rånby, 1979)-EPS 
Carbonyl groups in photo-oxidized PS  

Expanded 
polystrene 1643-1648 D, L D’’ C=C stretch (Yang and Zhang, 2004)-PS 

Monomer of PS 

(EPS) 1544 L E’’ COO stretch 
(Bodecchi et al., 2005) - PVC 
Ca/Zn/Pb carboxylates used as heat 
stabilizers in PVC 

 1600 P F’’ Aromatic ring stretch (Jung et al., 2018) - EPS 
 1491-1498 P, D  
 1449-1456 P, L G’’ CH2 bend (Jung et al., 2018) - PVC 
 1020-1030 P, L H’’ Aromatic CH bend (Jung et al., 2018) - PVC 



  693-699 P, D, L I’’  
P : MP powder, D : MP-DOM in the dark, L : MP-DOM under UV irradiation condition 
Letters can be cross referenced to bands shown in FT-IR spectrum in Figure 1a to 1c. 
Letter for PP, Letter’ for PVC, and Letter’’ for EPS 
 

 

 

Figure S2. Fluorescence EEM plots of the artificial freshwater solutions used as a background 

before and after contact with polytetrafluoroethylene (PTFE) vial. Note that the scales of the EEM 

plots are same as those in Figure 2. 

 

 

 

 

 

 

 

 



Table S3. Excitation and emission maxima of the fluorescent components of the plastic-derived 

DOM (validated by PARAFAC), their assignments, and the comparison with previous literatures. 

Components Ex Em 
Assignments 

(Labeled by Coble (1996)) 
Literature Comparison 

C1 265(325) 463 
(Terrestrial) Humic-like 

 
(Combination of traditionally defined 

peak A and C) 

C1: <260/440 [Porewater] 

(Chen et al., 2017) 

C1: 240(345)/462 [Soil, Leaf] 

(Garcia et al., 2018) 

C1: 260(350)/470 [Soil] 

(Sharma et al., 2017) 

C2 250(325) 324 
(Plastic-derived) Phenol/Protein-like 

(Combination of traditionally defined 
peak B and T) 

C7: 275/326 [Wetland] 

(Yamashita et al., 2010) 

C2: 275/345 [Leaf leachate] 

(Wheeler et al., 2017) 

C4: 280/335 [River] 

(Brogi et al., 2020) 

C3 295(250) 411 

Photo-induced Humic-like 
 

(Marine or microbial humic-like 
substance, 

Traditionally defined peak M) 

C2: 290(235)/410 [Plastic] 

(Lee et al., 2020) 

C2: 305(<260)/414 [River]  

(Lambert et al., 2016) 

C1: 305(<250)/408 [River] 

(Brogi et al., 2020) 

C2: 310(<250)/400 [Lake] 

(Kothawala et al., 2014) 

The comparison is based on the similarity >94 % obtained using the OpenFluor database. 

 

 



 

Figure S3. Changes in the Fmax values of the individual components of SRFA, ESHA and MP-

DOM under dark and UV irradiation conditions with increasing copper concentrations (from 5 to 

200 μmol/L). The experimental condition is the same for MP-DOM and NOM samples. 

 

 

 

 

 



 

Figure S4. Changes in the FTIR spectra of PVC-DOM (a and b) and EPS-DOM (c and d) in the 

600–3200 cm-1 region with increasing copper concentrations (from 5 to 200 μmol/L) under dark 

(a and c) and UV irradiation (b and d).  

 

 

 

 

 



Table S4. Signs of cross-peaks (synchronous/asynchronous) in the asynchronous map of PVC-

DOM with increasing copper concentration under the dark and the UV irradiation conditions. 

    X-axis 
F’ D’ C’ B’ A’ 

  Y-axis   

PVC-DOM 
(Dark) 

F’  
(1255) C-H bend   

(++) (++) 

No signal 

1.1E-13 1.3E-13 

D’ 
(1498) 

Related 
with BPA 

   
(+) 

7.3E-14 

C’ 
(1575) 

COO 
stretch 

    

PVC-DOM 
(Light) 

F’ 
(1371) C-H bend   No signal 

(++) (-) 
8.1E-14 -1.0E-14 

B’  
(1729) 

C=O 
stretch 

     
(- -) 

-7.8E-14 

A’  
(2931) C-H stretch       

(+), (-) : Positively and negatively signed cross peaks below the diagonal of the map over the FTIR 
range corresponding to the positive region of the synchronous map. 
The bold letters refer to the cross peaks with the highest intensity in asynchronous map and marked 
with a red dotted line in Figure 5. 

 

 

 

 

 

 

 

 

 



 

Table S5. Signs of cross-peaks (synchronous/asynchronous) in the asynchronous map of EPS-

DOM with increasing copper concentration under the dark and the UV irradiation conditions. 

    X-axis 
I’’ G’’ F’’ D’’ C’’ B’’ 

  Y-axis   

EPS-
DOM 
(Dark) 

I’’ 
(702) 

Aromatic 
CH bend   

(-) (- -) (- -) 

No signal 

-1.5E-09 -5.5E-09 -4.6E-09 

G’’ 
(1450) CH2 bend    

(+) (+) 
4.2E-10 1.7E-10 

F’’ 
(1500) 

Aromatic 
ring 

stretch 
    

(-) 

-2.9E-10 

D’’ 
(1653) 

C=C 
stretch 

     

EPS-
DOM 
(Light) 

I’’ 
(702) 

Aromatic 
CH bend   No signal 

(- -) (++) (- -) 
-3.0E-08 2.7E-08 -4.1E-08 

D’’ 
(1648) 

C=C 
stretch 

     
(+) (-) 

1.3E-10 -5.8E-09 

C’’ 
(1742) 

C=O 
stretch 

      
(-) 

-4.9E-09 

B’’ 
(2915) 

C-H 
stretch 

       

(+), (-) : Positively and negatively signed cross peaks below the diagonal of the map over the FTIR range 
corresponding to the positive region of the synchronous map. 
The bold letters refers to the cross peaks with the highest intensity in asynchronous map and marked with a 
red dotted line in Figure 5. 
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