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• UV photodegradation increased the up
take of Cu, Zn, and Pb by MPs. 

• Photodegradation enhanced the leach
ing of dissolved organic carbon from 
MPs. 

• The presence of photodegraded MPs 
reduced the metal uptake by sediments. 

• The second-order kinetic model 
described the metal uptake by MPs and 
sediments.  
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A B S T R A C T   

Microplastics could act as vehicles for transporting heavy metals from urban environments to water resources via 
stormwater runoff. Although the transport of heavy metals by sediments has been widely studied, there is a lack 
of mechanistic understanding of their competition with microplastics (MPs) for heavy metal uptake. Therefore, 
this study was conducted to examine the partitioning of heavy metals in microplastics and sediments from 
stormwater runoff. For this purpose, new low density polyethylene (LDPE) pellets were selected as representative 
MPs, and accelerated UV-B irradiation experiments were conducted for eight weeks to generate photodegraded 
MPs. The competition of Cu, Zn, and Pb species for the occupation of available surface sites on sediments and 
new and photodegraded LDPE MPs was examined through 48 h kinetics experiments. Additionally, leaching 
experiments were conducted to identify the extent of organics released into the contact water by new and 
photodegraded MPs. Moreover, 24 h metal exposure experiments were conducted to identify the role of initial 
metal concentrations on their accumulation onto the MPs and sediments. The photodegradation process altered 
the LDPE MPs’ surface chemistry by creating the oxidized carbon functional groups [>C––O, >C–O–C<], and it 
also enhanced their dissolved organic carbon (DOC) leaching into the contact water. The results showed 
significantly greater levels of Cu, Zn, and Pb accumulations on photodegraded MPs compared to the new MPs in 
either absence or presence of sediments. Heavy metal uptake by sediments when photodegraded MPs were 
present was significantly reduced. This might be due to the organic matter leached by photodegraded MPs into 
the contact water.   
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1. Introduction 

Heavy metals (HMs) are considered to be the primary pollutants 
present in urban environment (Jahandari, 2020). They are generated by 
natural processes and anthropogenic activities within the urban areas. 
Abundance of commonly found HMs [e.g., Zn, Cu, Pb, Cd, Ni] varies by 
population density, type of industrial activities [e.g., power plants, coal 
combustion], and traffic emission [e.g., vehicle exhaust, tire wear par
ticles] (Kamali et al., 2023). Despite significant efforts dedicated to 
exploring the spatial variations of HMs in stormwater and urban dust 
(Fiala and Hwang, 2021; Salehi et al., 2020), less attention has been paid 
to their accumulation onto and transport by other suspended solids, such 
as plastic particles that are present within the urban sediments. Global 
plastic consumption has increased due to its pleasing features, such as 
low cost, flexibility, durability, lightweight, and corrosion resistance 
(Zhang et al., 2021). It’s estimated that more than 8300 million metric 
tons of plastics produced since the early 1900s have been dumped into 
landfilled or left within the environment (Geyer et al., 2017). 

By maintaining similar plastic production rates and waste manage
ment practices, it is projected that by 2050, approximately 12,000 
million metric tons of plastic waste will accumulate within landfills and 
the environment (Geyer et al., 2017). The critical impacts of plastics on 
ecology and human health are not limited to their persistent nature and 
chemical leaching [flame retardant, plasticizers] (Kitahara and Nakata, 
2020) but also to their ability to transport contaminants such as HMs, 
pathogens, and organics to the adjacent water resources (Gao et al., 
2021; Scott et al., 2021). The major drivers of plastic pollution within 
the urban environment include littering, tire wear particles, road 
marking, atmospheric fallout, and improper solid waste management 
(Rødland et al., 2022). Exposure of plastic residuals to biological, me
chanical, and physiochemical factors results in their conversion to 
smaller particles known as microplastics (MPs). Stormwater runoff is a 
significant pathway for MPs [1.1 to 24.6 particles/L] to reach aquatic 
habitats (Werbowski et al., 2021). Therefore, it is essential to understand 
how MPs interact with other contaminants present in stormwater runoff 
to evaluate their contaminant transport behavior. We have recently re
ported that abrasion of low density polyethylene (LDPE) and poly
ethylene terephthalate (PET) MPs with sediments results in silt 
accumulation onto their surface, which increases their Pb and Zn up
take. Subsequent exposure of the metal-accumulated MPs to the syn
thetic stormwater at pH = 5.0 resulted in the Zn and Pb release to the 
contact water, which occurred at a greater rate for the new MPs than for 
weathered MPs (Aghilinasrollahabadi et al., 2021). We also underscored 
the critical role of plastics’ intrinsic properties, such as molecular 
structure and orientation, in their photodegradation behavior, where a 
greater polymeric crystallinity promoted both LDPE and HDPE UV sta
bility (Herath and Salehi, 2022). 

Heavy metals that are present in stormwater runoff can attach to 
suspended solids because of their larger surface areas and greater cation 
exchange capacities (Herngren et al., 2005). It’s estimated that more 
than 90% of the total HMs found in urban waterways accumulate onto 
sediments, posing a relatively low risk to the aquatic environment 
(Miranda et al., 2022). On the other hand, the enhanced surface polarity 
of MPs due to the weathering may result in their increased metal 
accumulation (Huang et al., 2020; Hadiuzzaman et al., 2022). Variations 
in water chemistry, such as pH, could result in the desorption of accu
mulated HMs, thus, increasing their bioavailability (Aghilinasrollaha
badi et al., 2021; Ahamed et al., 2020). 

In recent years, metal accumulation onto MPs has been well inves
tigated in the marine environment; however, less attention has been 
paid to metal uptake by MPs in stormwater, despite stormwater being a 
major route for transporting MPs to both fresh and marine environ
ments. Furthermore, information regarding the partitioning of HMs 
between MPs and sediment is lacking despite the abundance of sediment 
within stormwater runoff. This critical information is needed to better 
assess the risk of MPs to ecology and also to evaluate the extent of HMs 

transport via sediment and MPs transport processes. The lower density 
of MPs with respect to sediments enhances their mobility and thus in
creases the risk of HMs transport from the urban environment to the 
surrounding water resources. Therefore, it is imperative to investigate 
the HM uptake characteristics of MPs in stormwater. Thus, this study 
aims to elucidate the Pb, Zn, and Cu partitioning between new and 
photodegraded LDPE MPs and the sediments present in the stormwater. 
Moreover, it provides an understanding of the alterations of MPs’ sur
face chemistry and dissolved organic carbon (DOC) leaching charac
teristics due to the accelerated photodegradation process. The null 
hypotheses in this study are as follows: (i) there is no difference in metal 
uptake between new and photodegraded MPs, and (ii) there are no 
impacts caused by new and photodegraded MPs on heavy metals uptake 
by sediments present in stormwater. 

2. Experimental 

2.1. Materials 

In this study, new (as received from the manufacturer) low density 
polyethylene (LDPE) pellets (r = 1.77 mm) were used as the model MPs 
(Figure S1). They were purchased from Sigma Aldrich and had a melt 
index of 25 g/10 min. ICP-MS standards for Cu2+, Zn2+, and Pb2+ (1000 
mg/L in 3% nitric acid) were purchased from RICCA chemical company. 
The water used to create the synthetic stormwater was treated with 
Ultrapure Milli-Q (18 MΩ*cm). Sand was used as the representative of 
the sediments for the experiments, and its size distribution is presented 
in Table S1. Before conducting metal uptake experiments, the sand was 
pyrolyzed at 500 ◦C for 4 h in a muffle furnace to eliminate its organic 
components and exclude the impact of soil organic content on metal 
uptake results. 

2.2. Accelerated photodegradation experiments and MPs’ 
characterization 

The new LDPE MPs were placed in the open glass Petri dishes and 
exposed to UV-B radiation in a Q-UV accelerated weathering tester (The 
Q-panel Company, Cleveland, OH, USA) at a constant intensity of 1.25 
mWcm−2. The UV-B lamps irradiated at wavelengths of 280–315 nm. 
The photodegradation experiments were conducted for 8 weeks at 50 ◦C. 
LDPE MPs were evenly placed in Petri dishes for uniform exposure to 
UV-B radiation. The MPs were randomly mixed every four days for 
uniform exposure to UV-B irradiation (Herath and Salehi, 2022; 
Hadiuzzaman et al., 2022; Bonyadinejad et al., 2022). Surface chemistry 
characterization was conducted for new and UV-B exposed MPs using 
Attenuated Total Reflectance Fourier Transformed Infrared Spectros
copy (ATR-FTIR). For this purpose, the ATR-FTIR spectra were recorded 
using a Thermoscientific ATR-FTIR spectrophotometer from 4000 to 
400 cm−1 with a 4 cm−1 resolution. The degree of plastic photo
degradation was evaluated by calculating the Carbonyl Index (CI) ac
cording to equation (1), where A1723 and A2870 are the absorbances of 
carbonyl and methylene bonds, respectively (Salehi et al., 2018; Baba
ghayou et al., 2016). 

CI = A1723 / A2870 (1) 

The Brunauer–Emmett–Teller (BET) model was used to determine 
the surface area. An ASAP2020 analyzer from the Micromeritics In
strument Corp. Was used to measure MPs’ BET surface area. About 100 
mg of MPs was initially degassed at 70 ◦C for 15 h under vacuum (less 
than 5 μm Hg) before analysis. Nitrogen gas adsorption isotherms were 
obtained for the MPs from the relative pressure of 10 μm Hg to 760 mm 
Hg at 77.5 K. Surface area of the samples wascalculated using the BET 
equation. 
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2.3. Dissolved organic carbon (DOC) leaching experiments 

DOC leaching experiments were conducted to identify the extent of 
organic carbon leached from new and photodegraded LDPE MPs into the 
contact water. For this purpose, 300 mg of unrinsed new and photo
degraded LDPE pellets were added to 24 mL of synthetic stormwater 
with a pH of 7.0, and shaken using an orbital shaker at 200 rpm at 25 ◦C. 
Water samples were collected at different time intervals [2 h, 12 h, 24 h, 
48 h, 120 h], filtered using 0.45 μm glass fiber syringe filters, and stored 
in airtight glass vials at 4 ◦C prior to the analysis. Duplicate samples 
were collected, and their DOC concentrations were quantified using 
Shimadzu TOC VCPN total organic carbon analyzer. The calibration 
curve for the analysis was developed using standard solutions of 0, 5, 10, 
and 20 mg/L DOC, and the R2 value for the calibration curve was 
0.9999. Samples over the concentration of 20 mg/L were diluted ten 
times using Millipore-treated water before analysis. The detection limit 
for measurement of DOC concentration was 0.2 mg/L. The chemical 
composition of synthetic stormwater used for these experiments is 
shown in Table S2. 

2.4. Heavy metal exposure experiments 

In this study, a series of metal exposure experiments were conducted 
to examine the partitioning of HMs between MPs and sediments. Cu2+, 
Zn2+, and Pb2+ were selected for the HM exposure experiments due to 
their persistence in urban storm runoff (Salehi et al., 2020; Herngren 
et al., 2005). Synthetic stormwater (Table S2) was used for HM exposure 
experiments. LDPE MPs (300 mg) were added into polypropylene tubes 
with 24 mL of an aqueous solution containing a mixture of Cu, Zn, and 
Pb. Initially, the metal accumulation onto the new and photodegraded 
MPs was compared by conducting metal exposures for 6 h and 12 h using 
initial concentrations of 300 μg/L at pH = 7.0 in the absence of sedi
ments. Similar experiments were conducted only for sediments at three 
different concentrations of 200 mg/L, 400 mg/L, and 600 mg/L, which 
correspond to the addition of 4.8, 9.6, and 14.4 mg of sediments to 
aqueous samples (24 mL), respectively. Then, kinetics experiments were 
conducted for five different systems containing (a) only new MPs, (b) 
only photodegraded MPs, (c) only sediments, (d) new MPs and sedi
ments, and (e) photodegraded MPs and sediments, as summarized in 
Table 1. All metal exposure experiments were performed in triplicate. 
The polypropylene tubes containing new and photodegraded LDPE MPs 
were shaken using an orbital shaker at 200 rpm at room temperature. 
The samples were filtered using Whatman filter paper (No. 1) at in
tervals of 2, 6, 12, 24, and 48 h, and the sediments were separated from 
the LDPE MPs. After the metal exposure experiments, the plastic pellets 
were digested in 2% HNO3 acid (10 mL) for 24 h, the remaining filtrate 
was acidified with 2% HNO3 acid, and the tubes were rinsed with 2% 
HNO3 acid (10 mL). The Cu, Zn, and Pb concentrations were analyzed 
using an Inductively Coupled Plasma Optical Emission Spectrometer 
(ICP-OES, Varian 710-ES). Calibration curves for all metal ions were 
constructed from 1 to 300 μg/L. The limit of detection (LOD) for Cu2+, 
Zn2+, and Pb2+ was calculated as 3.1, 3.9, and 4.9 μg/L, respectively. 

This study examined the metal adsorption onto the new and photo
degraded MPs and sediment particles using first and second-order ki

netics models. Moreover, the influence of HMs’ initial concentrations on 
the rate of accumulation onto the MPs and sediments was examined via 
24 h metal exposure experiments. Batch sorption experiments were 
conducted for five different systems, including the new and photo
degraded MPs, and sediments, similar to the kinetics experiments. The 
initial concentrations of Cu2+, Zn2+, and Pb2+ varied from 100 μg/L to 
2000 μg/L in synthetic stormwater at pH 7.0. The extent of metal uptake 
by sediments in the aqueous mixture of MPs and sediments was deter
mined by applying the mass balance equation as shown in equation (2), 
in which Msed is the mass of metal accumulated by the sediments, Mt is 
the total mass of metal present in the system, Maq is the total metal 
present in the aqueous phase after metal exposure experiments, MMPs is 
the mass of metal accumulated onto the MPs, and Mtube is the mass of 
metal quantified in the tubes’ rinsate. 

Msed = Mt −
(
Maq + MMPs + Mtube

)
(2) 

Adherence of sediment particles to the surface of MPs during the 
metal exposure experiments was a challenge. To address this, after 
removing the MPs from the solution, they were rinsed with a small 
volume of synthetic stormwater with similar pH to the aqueous solution. 
The student t-test was performed to identify the significant difference in 
HM uptake and organic leaching by new and photodegraded MPs. Sta
tistical significance was determined with a 95% corresponding confi
dence interval. 

3. Results and discussion 

3.1. Heavy metals speciation 

The speciation of Pb2+, Cu2+, and Zn2+ in synthetic stormwater was 
studied using Visual MINTEQ 3.1. As shown in Fig. S2, at pH = 7.0 that 
HM exposure experiments were conducted, the majority of Pb was 
present in the forms of Pb2+ (48%), PbSO4 (11%), PbHCO3

+ (10%), and 
PbOH+(9%), with no solid specie present. At this pH, the majority of Cu 
was found as aqueous species of Cu2+ (48%), CuCO3 (33%), CuOH+

(12%), and CuSO4 (5%) (Fig. S3). Increasing the water pH to more than 
8 results in the formation of Pb(OH)2 (s) and Cu(OH)2 (s) precipitates. At 
pH = 7.0, the majority of Zn was present as Zn2+(88%), and it pre
cipitates as Zn(OH)2 (s) when the pH varied between 9 and 11 (Fig. S4). 

3.2. Surface chemistry variation due to the photodegradation 

The ATR-FTIR spectroscopy analysis revealed significant variations 
in LDPE MPs’ surface chemistry due to the eight weeks of UV-B radiation 
(Fig. 1a). The major peaks in the new LDPE MPs spectra appeared as a 
strong doublet at 2918 cm−1 and 2853 cm−1, which attribute to –CH2 
asymmetrical and symmetrical stretching vibrations. Additionally, the 
–CH2 bending deformation and –CH2 rocking deformation peaks 
occurred at 1468 cm−1 and 718 cm−1, respectively, as confirmed by the 
literature (Bonyadinejad et al., 2022; Gulmine et al., 2003). After 
exposure of LDPE MPs to UV-B radiation for eight weeks, a major peak 
was observed at 1723 cm−1 representing the carbonyl group’s (>C––O) 
formation. Additionally, the peaks were found at 1162 cm−1 and in the 
region of 3100–360 cm−1 correspond to > C–O< and >OH functions, 
respectively (Martínez-Romo et al., 2015; Babaghayou et al., 2016). The 
carbonyl index of photodegraded LDPE MPs (1.7) was found to be 
greater than that of new LDPE MPs (0.3). 

3.3. Organic carbon leaching from new and photodegraded MPs 

To identify the impact of organic carbon leached from the new and 
photodegraded LDPE MPs on their HM uptake behavior, the organic 
leaching experiments were conducted under similar conditions as the 
kinetics experiments. The results revealed a quadratic increase in DOC 
concentration for both new (R2 = 0.9520) and photodegraded MPs (R2 

Table 1 
Experimental conditions for the kinetics experiments.  

Condition (a) (b) (c) (d) (e) 

Parameter 

Type of MPs New Photodegraded None New Photodegraded 
MPs mass (mg) 300 300 0 300 300 
Sediment (mg/L) 0 0 200 200 200 
Cu2+ (μg/L) 500 500 500 500 500 
Zn2+ (μg/L) 500 500 500 500 500 
Pb2+ (μg/L) 500 500 500 500 500  
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= 0.9889) throughout the 120 h exposure period (Fig. 1b). However, a 
significantly greater concentration of DOC was released from photo
degraded LDPE MPs compared to the new MPs (p-value<0.05). The 
average DOC concentration increased from 2.7 mg/L to 5.3 mg/L for the 
water contacted new LDPE MPs and from 31.2 mg/L to 52.8 mg/L for 
the water contacted photodegraded LDPE MPs. The dynamic condition 
caused by mixing may have enhanced the leaching of these dissolved 
organic matter from MPs to the water by increasing the concentration 
gradient. Unreacted monomers and oligomers leached out of the new 
LDPE MPs could have increased the DOC concentration over the expo
sure period. On the other hand, photodegradation creates the oxidized 
surface functional groups on the plastic surface and results in the 
polymeric chain scission (Bonyadinejad et al., 2022). Thus, the gener
ated photodegradation byproducts and short polymeric chains may have 
leached out of the MPs into the contact water. Our findings are sup
ported by Romera-Castillo et al. (2022), that reported more than two 
orders of magnitude DOC leaching from photodegraded LDPE MPs 
compared to new MPs (Cristina et al., 2022). Moreover, Zhu et al. (2020) 
reported the photo dissolution of plastics due to solar radiation and 
suggested that DOC is the major by-product of sunlight-induced pho
todegradation of plastics. 

3.4. Heavy metals accumulation onto the new and photodegraded LDPE 
MPs 

The Cu, Zn, and Pb accumulation onto the new and photodegraded 
LDPE MPs was studied at two intervals (6 h and 12 h) at the initial 
concentration of 300 μg/L and in the absence of the sediments. The new 
MPs showed negligible Cu, Zn, and Pb uptake (<0.1 μg/g) at both in
tervals. However, significantly greater levels of Cu, Zn, and Pb were 
accumulated onto the photodegraded LDPE MPs compared to the new 
MPs (p-value<0.05) (Fig. S5). The order of HMs accumulation onto the 
photodegraded MPs after 6 h exposure period was Pb > Cu > Zn with 
9.9 μg/g of Pb, 5.6 μg/g of Cu, and 2.4 μg/g of Zn. Extending the 
exposure duration to 12 h did not result in a significant increase of metal 
loadings (p-value>0.05), suggesting that the photodegraded MPs have 
been saturated in the first 6 h of the exposure period and that prolonged 
exposure may not influence the metal loadings. The photodegradation 
process led to the formation of oxidized carbon surface functional 
groups [>C––O, >C–O–C<] on MPs, which may have promoted elec
trostatic interaction and complexation between MPs and HM species 

present in the aqueous solution. Moreover, surface cracks, crazes, and 
increased surface roughness due to photodegradation could have 
increased the physical confinement of the HM species onto the photo
degraded MPs (Herath and Salehi, 2022; Hadiuzzaman et al., 2022; 
Salehi et al., 2018). BET surface area analysis revealed that the surface 
area of the new LDPE MPs increased from 0.8 m2/g to 3.3 m2/g due to 
the photodegradation process. Additionally, DOC leaching experiments 
showed the presence of 22.7 mg/L of DOC in the water that contacted 
the photodegraded LDPE samples for 12 h, which could have formed 
complexes with HMs and prevented their further accumulation onto the 
photodegraded MPs (Salehi et al., 2018; Weng et al., 2002). Ionic 
competition could explain the lower Zn and Cu uptake compared to Pb. 
The results suggest that the HMs’ surface loading is inversely propor
tional to the respective hydrated ionic radius. Pb2+, with the smallest 
hydrated ionic radius of 0.401 nm, had the highest metal uptake 
compared to Cu2+ and Zn2+, with respective hydrated ionic radii of 
0.419 and 0.430 nm (Hawari and Mulligan, 2007; Nightingale Jr, 1959; 
Zou et al., 2020). Furthermore, the electronegativity of metal ions in
fluences their adsorption, with Pb-(2.33) exhibiting the greatest elec
tronegativity and adsorption onto LDPE compared to Cu-(1.90) and 
Zn-(1.65) (Allen and Brown, 1995; Faur-Brasquet et al., 2002; Salam 
et al., 2012). This finding is consistent with the previous research re
ported greater Pb adsorption than Zn onto plastic materials in HMs 
mixture solutions (Aghilinasrollahabadi et al., 2021; Rochman et al., 
2014). 

3.5. Heavy metals adsorption by sediments 

The extent of Cu, Zn, and Pb uptake by the sediments at three 
different sediments concentrations (200 mg/L, 400 mg/L, 600 mg/L) 
when MPs were absent was studied (Fig. 2). Similar to MPs, increasing 
the contact time from 6 h to 12 h did not affect the metal sorption ca
pacities for all studied metals (p-value>0.05), indicating that surface 
saturation had occurred at 6 h. The sediments’ adsorption of HMs fol
lowed a sequence of Pb, Cu > Zn, which is consistent with the results 
reported by Elliott et al. (1986) and corresponds to increasing the pKa for 
the first hydrolysis product of each metal ion [PbOH+, CuOH+, ZnOH+]. 
Although organic matters were removed from the sediments during 
pretreatment, the sediments contained a variety of oxide minerals with 
hydroxyl groups (-OH) that could donate their proton to the surrounding 
aqueous solution and uptake the metal ions. For instance, goethite 

Fig. 1. (a) ATR-FTIR spectra and (b) DOC leaching by new and photodegraded LDPE MPs.  
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(α-FeOOH) has four hydroxyls with different reactivities, and alumino
silicate contains both silanol (≡Si–OH) and aluminol (≡Al–OH) 
edge-surface groups (Bradl, 2004). As expected, HM loading on sedi
ments decreased with increasing the sediment concentration as more 
sites became available for their accumulation. The greatest HM mass 
loadings on sediment particles were found at 200 mg/L of sediment 
concentration, with maximum Cu, Zn, and Pb mass loadings of 1228 
μg/g, 1010 μg/g, and 1223 μg/g, respectively. Therefore, this sediment 
concentration (200 mg/L) was used for the kinetics experiments. 

3.6. The kinetics of HMs partitioning between MPs and sediments 

The partitioning of HMs between the MPs and sediment was studied 
by conducting the kinetics experiment for an aqueous system containing 
MPs and sediments. Results showed that Pb, Cu, and Zn adsorptions by 
new MPs were below detection limits during the entire exposure period, 
whereas HMs mass loadings on photodegraded MPs increased sharply to 
21.7, 16.4, and 25.1 μg/g for Cu, Zn, and Pb, respectively, after 24 h 
exposure period (Fig. 3a). However, increasing the exposure duration 
from 24 h to 48 h, caused a decrease in the mass loadings of all target 
metals for photodegraded LDPE, possibly due to the release of metal ions 
upon prolonged periods. The percentage reductions of Cu, Zn, and Pb 
loadings on photodegraded MPs by increasing the metal exposure 
duration from 24 h to 48 h were 12.5%, 30.3%, and 26.8%, respectively. 
Considering the results of DOC leaching, it is worth noting that the 
increasing number of organic molecules released from photodegraded 
MPs over the exposure duration may have led to the formation of 
complexes with HMs present on the MPs surface, resulting in their 
release back into the aqueous phase (Salehi et al., 2018). 

The Cu, Zn, and Pb mass loadings on sediments, after 48 h exposure 

period and in the presence of the new MPs were found as 484 μg/g, 
1101 μg/g, and 1877 μg/g, respectively (Fig. 3b), lower than the con
ditions where only sediments were present within the system. However, 
using the mass balance approach, no detectable HMs uptake was found 
for sediments when they were present with the photodegraded MPs in 
kinetics experiments. The DOC leaching results demonstrated that a 
significant amount of organic carbon was leached by the photodegraded 
MPs into the contact water during the exposure period. Therefore, the 
three main components of sediment minerals, photodegraded MPs, and 
dissolved organic matter, competed with each other in making com
plexes with the HMs. From HMs uptake results, it inferred the affinity of 
the HMs toward sediments was reduced when photodegraded MPs were 
present. Based on the extent of dissolved organic carbon released from 
photodegraded MPs to the contact water, it can be inferred that the HMs 
could be associated with the DOC in the aqueous phase, as reported in 
the literature (Jönsson et al., 2006). Fig. 4 provides a schematic illus
tration of HMs uptake by new and photodegraded MPs and sediments. 

First- and second-order kinetics models were applied for the metal 
adsorption data to identify the mechanism of HM uptake by MPs and 
sediments according to equations (3) and (4), where t is the contact time 
(h), qe denotes the Cu, Zn, or Pb mass loading (μg/g) at the equilibrium 
time, qt is metal mass loading at time t (μg/g) and k1 and k2 are the first- 
and second-order rate constants. Nonlinear forms of the first- and second 
order kinetics equations were used to calculate the kinetics parameters 
using the solver in Excel. R2 values were calculated using equation (5), 
where ASSR is the sum of the squared differences between capacity 
average for experiment and model, and SSR is the sum of the squared 
differences between capacity for experiment and model. Greater R2 

values were found using the second-order kinetics model for metal up
take by both sediments and photodegraded MPs compared to the first- 

Fig. 2. (a) Cu, (b) Zn, and (c) Pb mass loadings on sediments at different time intervals at 200 mg/L, 400 mg/L, and 600 mg/L sediment concentrations ([Cu]t = 300 
μg/L, [Pb]t = 300 μg/L, [Zn]t = 300 μg/L, pH = 7.0). 
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order kinetics model in the majority of the cases, as shown in Table 2. 
This indicates that the rate-limiting step for metal adsorption onto 
photodegraded MPs and sediment mainly occurs through chemical as
sociation, which involves sharing electrons between metal cations and 
active sites on MPs and sediment surfaces. Several studies (Hadiuzza
man et al., 2022; Tang et al., 2021) have shown that HM accumulation 
onto MPs follows second-order kinetics, which involves metal 

complexation, coordination, and chelation. Furthermore, additional 
experiments were conducted to examine the rapid metal uptake by 
photodegraded MPs and sediments in their mixture by quantifying the 
metal uptake by those after 5 min, 15 min, 30 min, and 60 min exposure 
at conditions similar to the kinetics experiments. The results (Figure S6) 
showed a gradual increase in HMs uptake by photodegraded MPs when 
sediments were present during their early stages of HMs exposure. 
Moreover, some HM uptake by sediments was found during the early 
stages of HMs exposure (t ≤ 1 h) when they were present with the 
photodegraded MPs, with its reduction over time indicating the 
desorption process. On the other hand, the HM uptake by sediments 
when new MPs were present was constantly high, which shows their 
very rapid metal uptake. The partitioning coefficient (Kd) was calculated 
by dividing the metal mass loading on MPs or sediments (μg/g) by the 
metal mass concentration (μg/L) in the aqueous solution at the equi
librium (24 h). Since the metal uptake on the new LDPE was very low 
and below the detection limits, the partition coefficient values calcu
lated were insignificant. Partitioning coefficients for Cu, Zn, and Pb 
uptake on photodegraded LDPE were obtained as 0.16, 0.09, and 4.43 
(L/g), respectively. Pb exhibited the highest value indicating the greater 
metal uptake on MPs surface compared to Cu and Zn, which is consistent 
with the kinetics data. The partitioning coefficients for sediments, when 
they were present with the new MPs, were calculated as 1.16 for Cu, 
4.12 for Zn, and 23.2 (L/g) for Pb. 

qt = qe
(
1 − e−k1 t) (3)  

t/qt = t
/

qe+1/k2q2
e (4)  

R2 = 1 – (ASSR / SSR) (5)  

3.7. The influence of heavy metals’ initial concentrations on their 
partitioning between microplastics and sediments 

This study investigated the influence of increasing the HMs’ con
centrations on their partitioning between MPs and sediments. The initial 
concentrations of Cu, Zn, and Pb were increased from 100 μg/L to 2000 
μg/L to determine the impact on the HMs accumulation onto new and 
photodegraded MPs and sediments. The Cu, Zn, and Pb loadings onto the 
new MPs were below the detection limits, regardless of the presence of 

Fig. 3. Cu, Zn, and Pb mass loadings for (a) photodegraded MPs when sedi
ments were present and (b) sediments when new MPs were present ([Cu]t =

500, [Pb]t = 500, [Zn]t = 500), pH = 7.0], and fitted second-order ki
netics model. 

Fig. 4. Schematic demonstrating the metal uptake by new and photodegraded MPs, sediments, and a mixture of sediment, photodegraded, and new MPs.  

Table 2 
Kinetics parameters of Cu, Zn, and Pb accumulation on photodegraded MPs and sediments for an aqueous system containing MPs and sediments.    

Kinetics model   

First order Second order 

Metal qe (exp.) (μg g−1) qe (cal.) (μg g−1) k1 (h−1) R2 qe (cal.) (μg g−1) k2 (g μg−1 h−1) R2 

Photodegraded LDPE Cu 20.26 20.833 0.238 0.936 24.421 0.008 0.982 
Zn 13.88 13.934 0.293 0.999 15.101 0.030 0.999 
Pb 21.71 20.707 0.943 0.999 21.148 0.134 1 

Sediments/New LDPE Cu 474 465.412 4.112 0.999 465.61 0.371 1 
Zn 1093 1073.30 0.980 0.987 1073.29 0.009 0.989 
Pb 1811 1904.82 0.493 0.969 1917.29 0.005 0.972  
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sediments. This lower metal uptake may be attributed to the minimal 
diffusion of metal species to the MPs’ surface sites caused by a lower 
electrostatic attraction and surface confinement of the HM species. 
However, increasing the initial HMs concentrations led to similar rates 
of HMs accumulation onto the photodegraded MPs in the absence and 
presence of the sediments (Fig. 5). In the absence of the sediments and at 
the initial HMs concentration of 2000 μg/L, the Cu, Zn, and Pb mass 
loadings on photodegraded LDPE were found as 56, 22, 103 μg/g, 
respectively. Although HMs’ loadings were slightly greater for photo
degraded LDPE in the absence of sediments, they were not significantly 
different from when sediments were present (p-value>0.05). The Cu (r2 

= 0.888) and Pb (r2 = 0.941) mass loadings on photodegraded MPs were 
increased linearly by increasing initial metal concentrations, but the 
linear regression coefficient (r2 = 0.495) was lower for Zn uptake by 
photodegraded MPs in the absence of the sediments. A similar trend was 
found for Zn and Pb uptake by photodegraded MPs in the presence of the 
sediments. HMs uptake by sediments in the absence or presence of new 
MPs increased linearly with increasing initial metal concentrations 
(r2>0.99) (Fig. 6). Increasing the initial concentrations of Cu, Zn, and Pb 
from 100 μg/L to 2000 μg/L resulted in an increase in their mass load
ings on sediments from 413 μg/g, 386 μg/g, 433 μg/g to 9971 μg/g, 
9864 μg/g, 9857 μg/g, respectively. The metal loadings on sediments 
did not change in the presence of new MPs (p-value>0.05). However, 
having a mixture of sediments with photodegraded MPs lowered the 
sediments’ metal uptake in which applying the mass balance approach 
revealed no significant HM uptake for the sediments. This could be due 
to the elevated level of organic matter leached by photodegraded MPs 
into the water, which may have formed complexes with HMs and pre
vented their accumulation onto the sediments. 

Photodegraded MPs showed a greater Pb surface loading than Cu and 
Zn. Although all metal ions were in the divalent form, they had different 
affinities towards MPs. It can be observed that metal surface loading is 
inversely proportional to their respective hydrated ionic radius. Surface 
oxidation caused by UV-B photodegradation of MPs introduced oxygen- 
containing functionalities that are more susceptible to metal uptake 
through electrostatic attractions, metal complexation, and chelation 
(Mao et al., 2020; Li et al., 2019; Fu et al., 2021). Moreover, the alter
ation of MPs’ physiochemical properties and an increase in surface area, 
polarity, and hydrophilicity facilitate HM uptake (Liu et al., 2022). 
However, it has been reported that an increase in solution ionic strength 
due to salinity could inhibit metal uptake as the counter ions strongly 
compete for cationic adsorption sites on MPs’ surface and impede the 
electrostatic interactions for the HMs (Zou et al., 2020). 

4. Limitations and broader implications 

In this study, we excluded the impact of the sediments’ organic 
matter content to solely elucidate the interaction of their inorganic 
functions with the HM species present within the stormwater runoff. 
However, under natural or built environmental conditions, organic 

matter is present within the sediment structure ranging from 0.5% to 5% 
(Huang and Keller, 2020). These organic matters originate from 
decaying plants, vegetation, organisms, and anthropogenic pollution 
and could form coordinated bonding with HM ions present within the 
stormwater runoff. Future investigation is needed to identify how 
different levels and types of organic matter present within the sediments 
impact their susceptibility to accumulate HMs while co-present with 
new and weathered MPs. Additionally, the biofilm presence on MPs and 
sediments may critically affect the HM accumulation behavior through 
biosorption, microbial-mediated metal transformation, and surface 
complexation. The metal release process should also be further investi
gated in addition to the metal uptake, as it will influence the bioavail
ability of HMs. All metal uptake experiments in this study were 
conducted using bivalent metal cations as they are the most common 
valences for Pb, Zn, and Cu found within the environment (Gledhill 
et al., 1997; Tang et al., 2021). Although, other possible valences such as 
Pb4+ and Cu1+ are only present under certain conditions [e.g., oxidizing 
environment] (Yeom et al., 1997; Salehi et al., 2018; Cook et al., 2012), 
which rarely occur within the stormwater environment. With the 
alteration of metal valences, different complexes form in the water, and 
hydrated ionic radii and charges may change. All these variations could 
influence the physical confinement of metallic ions onto the plastic 
surface sites and their electrostatic attractions. Future study is required 
to investigate the influence of metal valency on its adsorption behavior. 
Moreover, determining HMs uptake by sediments through applications 
of mass balance rather than directly digesting and quantifying the sed
iments’ metal content is considered a limitation for this study as this 
method might not be sensitive enough to identify the small metal up
takes by the sediment. However, it clearly showed a significant reduc
tion of HMs uptake by sediments when they were present with the 
photodegraded MPs in the aqueous solution compared to the condition 
that the photodegraded MPs were absent. Even though this study was 
associated with several limitations, it provided valuable information 
that sheds light on the important mechanisms of HM’s transport by MPs 
present within stormwater. Notably, it demonstrated that as plastic 
particles age within the environment, they become susceptible to HMs 
uptake. On the other hand, aged plastics leach more organic matter to 
the contact water, creating another medium to compete with the inor
ganic sediments in creating complexes with the available HMs, thus 
limiting their sequestration within the mineral components. It could be 
alarming as this process facilitates the transport of HMs via stormwater 
runoff to adjacent water resources and might threaten aquatic lives. 
Moreover, as reported in the literature, most plastic-derived DOC com
pounds are low molecular weight organics that make them very 
bioavailable (Zhu et al., 2020). This is concerning as their transport via 
stormwater runoff to freshwater resources could perturb the activities, 
diversity, and composition of the microbial communities (Carlson et al., 
2002). 

Fig. 5. Cu, Zn, and Pb mass loadings on photodegraded LDPE in the absence and presence of sediments.  
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5. Conclusion 

In this study, a systematic investigation was conducted to identify 
how the co-presence of new and photodegraded MPs and sediments 
influence the transport of HMs via stormwater runoff. For this purpose, 
the influence of accelerated photodegradation of LDPE MPs on their 
surface chemistry alterations and DOC leaching was studied, and its link 
to the accumulation of Cu, Zn, and Pb onto new and photodegraded MPs 
in the presence and absence of sediments was examined. The results 
revealed significant surface oxidation of MPs due to eight weeks of 
photodegradation and greater levels of DOC leaching compared to new 
MPs during the entire exposure period. Although the HMs uptake by new 
MPs in the absence/presence of sediments was negligible, it was sig
nificant for photodegraded MPs. The HM uptake by sediments was 
significantly reduced when the photodegraded MPs were present within 
the aqueous system. Considering the DOC leaching results, it was 
inferred that organic matters leached by photodegraded MPs had a 
greater affinity to form complexes with available HMs within the sys
tem. For most metals, the second-order kinetics model better fits the 
metal accumulation onto the photodegraded MPs and sediments, indi
cating the possible chemical association as the rate-controlling step. 
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