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A B S T R A C T   

In recent years, microplastics (MPs) as emerging carriers for environmental pollutants have attracted increasing 
worldwide attention. However, the adsorption of heavy metals on MPs, especially for biodegradable MPs, has 
been still poorly understood in estuarine environments. In this study, we investigated the aging of biodegradable 
and conventional MPs in the Pearl River Estuary after long-term exposure and their impacts on the adsorption of 
heavy metals from seawater. The results showed that the changes in surface characteristics were more prominent 
on biodegradable MPs than on conventional MPs after aging. Both biodegradable and conventional MPs could 
adsorb heavy metals, and their adsorption capacities fluctuated greatly on different MPs and different exposure 
times. The adsorption capacities of Cu, Pb, and As on biodegradable MPs were higher than those on conventional 
MPs, whereas Mn, Cr, and Co had lower adsorption on biodegradable MPs after 9–12 months by inductively 
coupled plasma-mass spectrometry (ICP-MS). The aging characteristics (CI, O/C, and Xc) of MPs accounted for a 
contribution of 51.0% on heavy metal adsorption, while the environmental factors (temperature, salinity, pH, 
and heavy metal concentration) only contributed to 13.2%. Therefore, the present study can provide important 
evidence on the environmental behaviors and ecological risks of biodegradable and conventional MPs in estu
arine systems.   

1. Introduction 

Microplastics have gained worldwide attention due to their wide
spread distribution in the land, freshwater, and marine environments 
(Rochman, 2018). There are 80% of marine plastic debris derived from 
land sources and rivers have become an important pathway for plastic 
inputs from land into the oceans (Jambeck et al., 2015; Lebreton et al., 
2017). Due to the hydrophobicity and high specific surface area, MPs 
can serve as new vectors for the adsorption and transportation of other 
environmental pollutants (e.g., POPs and heavy metals), thus posing 
potential risks to the marine ecosystem and human health (Dobaradaran 
et al., 2018; Feng et al., 2022; Khalid et al., 2021; Li et al., 2022; Wang 
et al., 2022b). The urgency of MPs pollution is an emerging threat to the 
global challenge. Researchers and scientists endeavor to find promising 
alternatives for conventional plastics to solve the serious plastics and 

MPs pollution (Rujnić-Sokele and Pilipović, 2017). 
Biodegradable plastics are regarded as a substitute for conventional 

plastics and can degrade to CO2 and H2O in a composting environment 
(Lambert and Wagner, 2017; Tokiwa et al., 2009). Environmental con
ditions such as ultraviolet light, microorganism colonization, high 
temperature and humidity can speed up plastics degradation by 
breaking the polymer chain (Luo et al., 2022; Tabasi and Ajji, 2015; 
Tokiwa et al., 2009; Wu et al., 2021). However, those specific conditions 
for the rapid degradation of biodegradable plastics may not exist 
extensively in the natural environments, especially in the oligotrophic 
marine environment (Nazareth et al., 2019). Therefore, the degrad
ability, fates, and ecological impacts of biodegradable plastics in the 
natural environments are still limited known (Shen et al., 2020; Viera 
et al., 2021). A study documented that polyhydroxyalkanoates (PHAs) 
failed to completely degrade after 160 days in seawater (Volova et al., 
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2010). Moreover, biodegradable plastics can generate much more sec
ondary MPs in a short term (Kubowicz and Booth, 2017; Liao and Chen, 
2021). For example, MPs formation was found with an abundance of 441 
± 326 and 2103 ± 131 item/g plastic after poly (p-dioxanone) degra
dation in the air and soil environments (Liao and Chen, 2021). In a 
laboratory experiment, thousands of MPs per gram of biodegradable 
blended plastic were generated after 90 days in the air, deionized water, 
and seawater (Bao et al., 2022). It should be noted that biodegradable 
MPs as a new part of MPs may interact with the coexisting pollutants 
(such as heavy metals) in the natural environments (Li et al., 2020; Qin 
et al., 2021). Hence, it is essential to assess the environmental behaviors 
and ecological risks of biodegradable MPs before promoting their wide 
application in commercial uses. 

Generally, the adsorption mechanisms of heavy metals on MPs 
involve electrostatic interaction, complexation, π-π interaction, and 
hydrophobic interaction (Aghilinasrollahabadi et al., 2021; Luo et al., 
2020; Sun et al., 2022; Zhou et al., 2020). The adsorption of heavy 
metals can be affected by the physicochemical characteristics of MPs 
and the ambient concentration of heavy metals, as well as the envi
ronmental factors including temperature, salinity, pH, etc. (Fu et al., 
2021; Guo and Wang, 2019; Holmes et al., 2014). Additionally, the 
aging of MPs also plays an important role in the adsorption behavior of 
metals on their surfaces. In the actual environments, MPs would undergo 
aging caused by photothermal oxidation, mechanical wear, biodegra
dation, and other processes (Alimi et al., 2018). Compared with con
ventional MPs, biodegradable MPs may be more susceptible to aging, 
resulting in increased surface area, hydrophilicity, and 
oxygen-containing groups. Those obvious changes may result in higher 
affinities to heavy metals in the ambient environments. For example, 
weathered biodegradable poly (butylene adipate-co-terephthalate) MPs 
in the soil incubation exhibited higher heavy metals adsorption capacity 
when compared to polyethylene MPs (Li et al., 2020). The adsorption 
capacity of Pb(II) on aged polylactic acid (PLA) MPs was stronger than 
those virgin MPs, possibly due to the aged MPs surface with lower zeta 
potential and more oxygen-containing groups that increased Pb(II) 
adsorption through electrostatic interaction and surface complexation 
(Liu et al., 2022b). So far, the current studies have focused on the con
ventional MPs interacted with toxic metals in field and lab experiments, 
whereas overlooked the potential threats of so-called biodegradable MPs 
due to their negligible output. Although a few studies reported the 
adsorption/desorption of heavy metals on biodegradable MPs through 
simulation experiments in the laboratory (Guan et al., 2022; Liao and 
Yang, 2020), there is still a knowledge gap on whether biodegradable 
MPs can act as a novel carrier of heavy metals in the actual 
environments. 

The Pearl River Estuary (PRE) is the largest estuary in southern China 
and the Pearl River Delta has become the most important regions of 
urbanization, industrialization, and population intensification. The 
intensively anthropogenic activities along the PRE resulted in large 
amounts of contaminants such as MPs and heavy metals inputs. It was 
estimated that approximately 66 tons of MPs entering to the South China 
Sea through eight major outlets of the PRE in 2018 (Mai et al., 2019). 
Additionally, the PRE region is a hotspot of heavy metal pollution (Chen 
et al., 2012; Zhao et al., 2018). The annual inputs of Cd, Pb, As, Cu, and 
Zn into the PRE and South China Sea were 43.9, 471.7, 621.9, 1524.6, 
and 3819.6 tons per year, respectively (Zhen et al., 2016). Although the 
widespread MPs and heavy metals in the PRE, their interactions and 
potential ecological risks are less known (Xie et al., 2021b). In recent 
years, the production capacities of biodegradable plastics have 
increased rapidly (European-Bioplastics, 2021). However, it is worrying 
that the potential of biodegradable plastics to generate more secondary 
MPs could pose a threat to future environment (Fojt et al., 2020; Shruti 
and Kutralam-Muniasamy, 2019). Thus, it is important to evaluate 
whether biodegradable MPs will have negative influences on the 
ecological environment for the promotion and application of biode
gradable plastics. 

In this study, we conducted a comprehensive investigation on the 
adsorption of heavy metals on biodegradable and conventional MPs 
after exposing them to surface seawaters for 3–12 months in the PRE. 
Our central goals are: (1) to explore the physicochemical changes in 
biodegradable and conventional MPs being exposed in the estuarine 
environment; (2) to assess the adsorption of heavy metals from sur
rounding seawater on different types of MPs; and (3) to discuss the 
affecting factors (e.g., environmental parameters, MPs aging charac
teristics) on the adsorption capacity of heavy metals. We believe these 
results will be valuable for a better understanding the environmental 
behaviors and ecological risks of MPs in the natural environments. 

2. Materials and methods 

2.1. Microplastics selection 

Three representative biodegradable MPs, including polylactic acid 
(PLA), poly (butylene adipate-co-terephthalate) (PBAT), and poly
caprolactone (PCL), were selected due to their considerable proportions 
in global plastic production (European-Bioplastics, 2021). The conven
tional MPs, polyethylene (PE), was also chosen as a control given that 
they were abundant in the environmental pollution. The above raw MPs 
pellets were purchased from Shunjie Plastic Technology Co., Ltd. 
(Dongguan, China). All chemical solvents were purchased from ANPEL 
Laboratory Technologies Co., Ltd. (Shanghai, China). 

2.2. Experimental design 

To investigate the aging of MPs and the adsorption of heavy metals, 
an in situ field experiment was conducted from July 2020 to July 2021 
in Guishan Island (22◦08′38′′N, 113◦48′53′′E) of the PRE (Fig. 1). 
Biodegradable (PLA, PBAT, PCL) and conventional (PE) MPs were 
cleaned with 70% alcohol and then rinsed with ultrapure water before 
use. 100 g MP pellets were weighed as a sample and four repeats were 
prepared for a given polymer type (Fig. S1). The sample was placed in a 
nylon mesh bag (pore size 1 mm) and subsequently put inside a stainless- 
steel case (pore size 1.2 mm) to reduce the organism interference during 
experiment. The stainless-steel cases with different types of MPs were 
finally placed into a large stainless-steel cage (49 × 36 × 21 cm3). Four 
stainless-steel cages were set for the sample collection after 3, 6, 9, and 
12 months of exposure to the seawater. In the field, the stainless-steel 
cages were hung on an artificial raft and submerged into a water 
depth of 0.5 m. During MPs collection, seawater samples were also 
collected at 3, 6, 9, and 12 months respectively and the water quality 
was detected by using a YSI multi-parameter water quality analyzer 
(professional plus, USA). All the samples were stored at − 20 ◦C until 
laboratory analysis. 

2.3. Aging characteristics of microplastics 

The MPs used in the tests were selected randomly. The surface 
structure of five MP pellets from each treatment was observed by ste
reoscope (OLYMPUS SZX10, Japan) and scanning electron microscope 
(SEM, Hitachi SU3500, Japan). The functional groups on the aged MPs 
were identified by using Fourier transform infrared spectroscopy with 
attenuated total reflectance attachment (ATR-FTIR, Thermo Scientific 
Nicolet iS50R, USA) at a resolution of 4 cm− 1. The carbonyl index (CI) 
was calculated by the ratio of the absorbance area of carbonyl peak and 
reference peak to characterize the weathering degrees (Ter Halle et al., 
2017). Four individual pellets from each treatment were analyzed, 
resulting in an average CI value. The selection of carbonyl peaks and 
reference peaks from different MPs can be referred to in the Supple
mentary data (Table S1). The carbon and oxygen compositions of one 
MP pellet from each treatment were analyzed using X-ray photoelectron 
spectroscopy (XPS, Thermo Scientific ESCALAB Xi+, USA). The thermal 
properties were measured using differential scanning calorimetry (DSC, 
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Mettler Toledo DSC1, Switzerland). More details on the methods of DSC 
analysis were provided in the Supplementary data. Crystallinity (Xc) was 
calculated on the second heating step using the following equation: 

Xc (%) =
ΔHm

ΔH0
m
× 100 (1)  

Xc (%) =
ΔHm − ΔHc

ΔH0
m

× 100 (2)  

where ΔHm and ΔHc were the melting enthalpy and cold crystallization 
enthalpy, respectively. ΔH0

m was enthalpy of melting for a 100% crys
talline plastic sample, where PE, PLA, PBAT, and PCL were 293, 93, 114, 
and 139 J/g, respectively (Chivrac et al., 2006; Fischer et al., 1973; 
Koenig and Huangt, 1995; Sahebian et al., 2009). Given that the virgin 
PLA sample had the enthalpy of cold crystallization, which was applied 
to equation (2). The crystallinity of other samples was calculated using 
equation (1). 

2.4. Heavy metal analysis 

MP samples from the field experiment were gently rinsed with ul
trapure water to remove the biofilm and sediment on their surfaces. The 
amount of biofilm and sediment residue on MPs surface can be ignored 
at the end of pretreatment, and they have negligible effect on the 
adsorption of heavy metals on MPs (Xie et al., 2021a). Then, 0.2 g MPs 
(i.e. 7 PE pellets, or 9 PLA pellets, or 5 PBAT/PCL pellets) in each sample 
were weighted and digested in a microwave oven (Anton Paar Multi
wave PRO 41HVT56, Austria) with 1 mL HNO3 (65–68%, GR), 3 mL HCl 
(35%, GR), 1 mL H2O2 (30%, GR), and 1 mL HF (30%, GR) as digestion 
solution. After digestion, the acids were removed at 180 ◦C until 1 mL of 
digested solution was left. The solution was then transferred to a 
colorimetric tube and added with ultrapure water to 50 mL. Finally, the 
supernatant was diluted with 2% nitric acid and analyzed the target 
metals (Cu, Pb, As, Mn, Cr, and Co) using an inductively coupled 
plasma-mass spectrometry (ICP-MS, Agilent 7500 cx, USA). The con
centration of heavy metals in virgin MPs was deducted to calculate the 

adsorption capacity of heavy metals on aged MPs after being exposed to 
seawater. Target heavy metals were also detected in seawater samples 
collected at 3, 6, 9, and 12 months. The concentration units of heavy 
metals in MPs and seawater were μg/g and μg/L, respectively. 

The partition coefficient (Kpw, mL/g) that described the ability of 
MPs to adsorb heavy metals from the ambient environment (Brennecke 
et al., 2016; Gao et al., 2019; Holmes et al., 2014) was given as follows: 

Kpw =
[MeP]
[MeW]

× 1000  

where [MeP] (μg/g) was the concentration of heavy metals adsorbed by 
MPs, [MeW] (μg/mL) described heavy metals concentration in seawater. 

2.5. Quality assurance (QA) and quality control (QC) 

The offshore marine sediment (GBW 07314) was used to evaluate 
and verify the accuracy of the analytical method. The recoveries of 
heavy metals were varied from 75% to 115%. The method quantitation 
limit (MQL) of Cu, Pb, As, Cr, Mn, and Co in MP samples were 0.008, 
0.07, 0.18, 0.07, 0.011, and 0.016 μg/g, respectively. The MQL of Cu, 
Pb, As, Cr, Mn, and Co in seawater samples were 0.12, 0.07, 0.05, 0.05, 
0.01, and 0.05 μg/L, respectively. The glassware was soaked in 20% 
HNO3 for 24 h and washed several times with ultrapure water before 
use. 

2.6. Statistical analysis 

Since the data were not well fit to the homogeneity of variance, non- 
parametric Kruskal-Wallis tests were adopted. The relationships of 
heavy metals adsorption and the environmental factors (temperature, 
salinity, pH, and heavy metals concentration), or the polymer aging 
properties (carbonyl index, O/C ratio, and crystallinity) were analyzed 
by Spearman correlation test and redundancy analysis (RDA). Variance 
partitioning analysis (VPA) was used to test the contribution of envi
ronmental factors or the aging properties of MPs on heavy metals 
adsorption. The FTIR and XPS spectra data were analyzed using OMNIC 

Fig. 1. The field experiment location in the Pearl River Estuary.  
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9 and Avantage 5.9922, respectively. IBM SPSS Statistics 25, Origin 
2021, Canoco 5.0, and Ocean Data View 5.5.1 were used for data 
analysis and visualization. 

3. Results 

3.1. Aging characteristics of MPs 

The outer surfaces of aged MPs especially PCL underwent a yellow
ing effect after being exposed to seawater (Fig. S2). From the SEM im
ages, the features of MPs morphology were found at different aging 
degrees (Fig. 2). After 3 months, both PBAT and PCL surfaces appeared 
with plentiful cavities and rugged texture, while the PLA surface pro
duced the exfoliation of small pieces. Few changes can be observed in 
the surface morphology of PE. After 6, 9, and 12 months, the exfoliation 
of fragments was observed more obviously on the surfaces of PBAT and 
PCL. The surface cavities were further eroded on the aged PBAT and 
PCL, resulting in the formation of a rough outer surface and exposures of 
the inner surface. Overall, the morphological changes in biodegradable 
MPs (PBAT, PCL, PLA) were more distinct than in conventional MPs 
(PE). 

The FTIR spectra results of MPs surface oxidation were shown in 
Fig. 3. MPs produced oxygen-containing functional groups after the field 
exposure. For both conventional and biodegradable MP, two new ab
sorption peaks were observed as C––O (at about 530 cm− 1) and O–H (at 
about 3300 cm− 1) after being exposed to seawater. In addition, the peak 

intensity of C––O increased at 1724 cm− 1 and C–O formed at 1030 cm− 1 

on the aged PE. For three biodegradable MPs, both C––O stretching (at 
1747 cm− 1) and C–O stretching (at 1082 and 1180 cm− 1) increased 
significantly on the aged PLA; the intensity of absorption peak of the 
phenylene ring (at 727 cm− 1), O–C (at 1103 and 1270 cm− 1), C––O (at 
1713 cm− 1), and CH2 (at 2951 cm− 1) decreased obviously on aged 
PBAT; the peak intensity of C–O at 1170 and 1240 cm− 1 increased 
evidently for the aged PCL. 

According to Fig. S3, the carbonyl index (CI) values of virgin PE MPs 
was only 0.03, which was obviously lower than those (4.05–10.38) of 
virgin biodegradable MPs (PLA, PBAT, and PCL). In comparison, the CI 
values of aged PE increased significantly more than the virgin PE 
(Kruskal-Wallis tests, p < 0.05). For the biodegradable MPs, the CI 
values of PBAT and PCL continuously decreased to the lowest at 9 
months and then increased at 12 months, while the CI values of PLA first 
increased at 3 months and then decreased to the lowest and finally 
increased at 12 months. 

The variation in surface carbon and oxygen composition of MPs was 
further confirmed by XPS (Fig. S4 and Table S2). The peaks at 284.80 
and 288.09 eV on the surface of virgin PE represented C–C/H and C––O, 
respectively, while new peaks (C–O) at about 286.50 eV were shown on 
the aged PE. For three biodegradable MPs, the percentage of O–C––O 
decreased clearly on the aged PLA, while the percentage of C–O 
increased on the aged PBAT and PCL (Table S2). Compared with the 
virgin biodegradable MPs, the O/C ratio of virgin PE was relatively 
lower. In general, the O/C ratio of MPs increased and then decreased 

Fig. 2. SEM images of biodegradable and conventional MPs before and after exposure in seawater.  
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after being exposed to seawater. 
The variation in thermal parameters of plastics can be seen from the 

DSC results (Fig. S5 and Table S3). The melting temperature (Tm) of 
virgin PE was 111 ◦C, while that of aged PE was about 132 ◦C. By 
contrast, the Tm of both PLA and PBAT decreased evidently after the field 
experiment. The crystallinity (Xc) of PE and PBAT increased after aging, 
whereas the Xc of aged PLA decreased. In addition, PLA had an enthalpy 
relaxation peak at around 60 ◦C, and the cold crystallization peak at 
approximately 110 ◦C disappeared for the aged PLA. The Tm and Xc of 
PCL samples varied slightly throughout the aging process. 

3.2. Adsorption of heavy metals 

In Fig. 4, the adsorption of heavy metals on MPs was variable during 
the field experiment. Generally, heavy metals adsorption on biode
gradable and conventional MPs was in the following order: Mn > Cr >
Pb > As and Cu > Co. After 3 months of exposure, the adsorption ca
pacity of Cu, Pb, As, and Co on aged PE was lower than the method 
quantitation limit (MQL). The adsorption capacity of metals (except Pb) 
was relatively higher at 9 or 12 months of aged PE. On the contrary, the 
biodegradable MPs (PLA, PBAT, and PCL) had a low adsorption capacity 
for most of the targeted metals at 9 or 12 months. In addition, the 
adsorption of heavy metals on different types of MPs was variable 
greatly. Generally, the accumulation of Cu, Pb, and As on biodegradable 
MPs was higher than on PE, while the adsorption capacity of Mn, Cr, and 
Co was relatively higher on PE after 9–12 months of exposure. 

In seawater, the concentration of Cr and Pb was relatively lower 
when compared to other metals (Fig. S6). The partition coefficients 
(Kpw) can reflect the accumulation rate and adsorption ability of metals. 

Accumulation of heavy metals on MPs at 12 months and the annual 
average concentration of heavy metals in seawater were used to calcu
late the partition coefficients (Table 1). MPs exhibited the adsorption 
ability of heavy metals in the following orders: (1) PE MPs: Cr > Mn >
Pb > As > Co > Cu; (2) PLA MPs: Pb > Cr > Mn > As > Cu > Co; (3) 
PBAT MPs: Pb > Cr > Mn > Cu > As > Co; (4) PCL MPs: Pb > Cr > Mn >
Cu > As > Co. Generally, for different types of MPs, the Kpw of Pb and Cr 
was much higher than that of other metals. The Kpw of Pb, Cu, and As 
was higher for biodegradable MPs, whereas the Kpw of Mn, Cr, and Co 
was higher for PE. 

3.3. The affecting factors on heavy metals adsorption 

Spearman correlation analysis was used to explore the relationship 
between heavy metals adsorption and the specific factors, such as water 
parameters, CI, O/C, and Xc (Fig. 5). The adsorption capacity of Cu, Pb, 
and As on MPs was positively correlated with CI values, whereas the 
adsorption capacity of Mn, Cr, and Co was negatively correlated with CI 
values. The O/C ratio and Xc had opposite effects on As and Cr 
adsorption capacity. The adsorption capacity of Pb, Mn, Cr, and Co was 
negatively correlated with seawater salinity. In addition, pH and the 
coexisting metals in seawater were related to the adsorption capacity of 
heavy metals. However, water temperature showed no correlation with 
the adsorption capacity of heavy metals. 

The adsorption capacity of heavy metals on PE and PLA were posi
tively correlated with Xc and O/C, respectively (Fig. 6A). Heavy metals 
adsorption on PBAT or PCL was positively correlated with CI values. It 
was noteworthy that environmental factors accounted for 13.2% of the 
total contribution to the heavy metal adsorption on MPs, which was 

Fig. 3. FTIR spectra of PE (A), PLA (B), PBAT (C), and PCL (D) being exposure to seawater for 0–12 months in wavenumber of 4000–400 cm− 1. The shaded areas 
represented new functional groups on the aged MPs surfaces. 
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significantly lower than the contribution (51.0%) of MPs aging prop
erties including CI, O/C, and Xc (Fig. 6B). 

4. Discussion 

4.1. Changes in physicochemical characteristics of MPs during aging 

MPs were subject to aging or weathering in the marine environment 
(Jahnke et al., 2017; Luo et al., 2022). During the aging process, the 
physicochemical properties of MPs (e.g., surface morphology, functional 
groups, and crystallinity) would change to different degrees, which 
subsequently affect the adsorption of environmental pollutants. In this 
study, biodegradable and conventional MPs suffered various degrees of 
yellowing effects, which may be related to the formation of chromo
phore products in the degradation process (Guo and Wang, 2019). 
Moreover, there were evident fragments, pits, and cavities on the aged 
MPs, indicating the occurrence of surface erosion (Fig. 2). The surface of 
MPs especially biodegradable MPs was further eroded with increasing 
exposure time, resulting in the loss of the highly aged outer layer and the 
appearance of a new inner layer. However, the aging mechanism of 
biodegradable and conventional MPs may be very complex in this study 
because they were exposed to the variable seawater environment in the 
PRE for a long time. 

Generally, the polymer chain of MPs can break down and produce 
free radicals during aging, and eventually, their surfaces are oxidized 
and formed oxygen-containing groups including carboxylic acid, alde
hydes, and ketones (Mao et al., 2020). The oxygen element on the sur
face of virgin PE MPs may be attributed to the oxidation that occurred 
during production and transportation (Mao et al., 2020). In this study, 
we found that all the aged MPs could generate new oxygen-containing 
groups, such as C––O at about 530 cm− 1 and O–H at about 3300 
cm− 1. Similarly, a previous study found a new band (535 cm− 1) on aged 

Fig. 4. The concentration of heavy metals on biodegradable and conventional MPs. ND meant the value was lower than method quantitation limit (MQL).  

Table 1 
The partition coefficients (Kpw) of heavy metals between seawater and MPs at 12 
months.  

MPs Cu Pb As Mn Cr Co 

PE 32.87 2747.33 95.29 5150.75 17,776.13 61.84 
PLA 91.26 3752.62 194.02 2221.73 3282.02 23.01 
PBAT 214.10 7444.25 160.87 871.55 5396.51 24.13 
PCL 138.29 15,306.41 131.16 163.25 8594.37 0.00  

Fig. 5. Spearman correlation between heavy metal adsorption capacity and the 
MPs or environmental parameters. Water temperature (T), the concentration of 
Cu (SWCu), Pb (SWPb), As (SWAs), Mn (SWMn), Cr (SWCr), and Co (SWCo) in 
seawater, the carbonyl index (CI), O/C ratio (O/C), and crystallinity (Xc) of 
MPs. “*” p < 0.05, “**” p < 0.01, “***” p < 0.001. 
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MPs surfaces, and another study identified O–H region (3000 - 3800 
cm− 1) on aged PP MPs in ultrapure water, estuarine water, and seawater 
(Wu et al., 2021; Ye et al., 2020). Furthermore, absorption peaks at 
2951, 1713, 1270, and 727 cm− 1 were significantly weakened on the 
aged PBAT, indicating that the molecular chain might have been broken 
under the impacts of photo-oxidation, hydrolysis, and microorganism 
interaction (Jia et al., 2021; Kanwal et al., 2021). Compared to the virgin 
MPs, the strength of peaks at 1100 cm− 1 increased significantly on the 
aged PE, PLA, and PCL in the present study, which might be owed to the 
changes caused by the degradation process of plastic chemical structure 
(Beltrán-Sanahuja et al., 2021). In addition, the percentage of O–C––O 
decreased for aged PLA, which could be attributed to the hydrolysis of 
ester groups in molecular chains (Lv et al., 2018). In general, the O/C 
ratio was higher for aged MPs than for virgin MPs, indicating a raising of 
oxygen-containing groups on the aged MPs surface (Wang et al., 2022a). 
In the aging process, the decreased CI values and O/C ratio of biode
gradable MPs might be attributed to the exposure of less oxidized inner 
layer due to the fragmentation of the outer surface, or the transfer of 
carboxylic acid to seawater environment, or the assimilation of carbonyl 
compounds by microorganisms (Briassoulis et al., 2015; Hakkarainen 
and Albertsson, 2004; Müller et al., 2018; Song et al., 2017; Wang et al., 
2022a). 

In this study, the increased crystallinity of PE and PBAT may be 
stemmed from the preferential degradation of amorphous polymers, and 
the chemical crystallization of polymers with low molecular weight was 
produced by chain scission in the aging process (Lv et al., 2015; Rouillon 
et al., 2016). The melting enthalpy and crystallinity of aged PLA 
decreased and even disappeared after 12 months of exposure to 
seawater, which may be dominated by the defects caused by 
oxygen-containing functional groups generated in the aging process 
(Chen et al., 2021b; Liu et al., 2021). The Tm of both aged PLA and PBAT 
exhibited a left shift, indicating the reduction of the chain length of MPs 
(Lv et al., 2017). However, the Tm of aged PE MPs increased from 111 ◦C 
to 132 ◦C, implying that aging had different effects on the thermal 
properties of PE MPs (Liu et al., 2019; Liu et al., 2021). During the aging 
period, PLA MPs showed an enthalpy relaxation peak at about 60 ◦C, 
which further suggested that PLA underwent aging effects (Martucci and 
Ruseckaite, 2015). In addition, the cold crystallization peak (at 
approximately 110 ◦C) of the aged PLA disappeared, indicating the 
aging change of thermal properties of MPs. Compared with PE, PLA, and 
PBAT, the aged PCL had relatively slight changes in the thermal prop
erties. Similarly, a previous study found that the thermal parameters (Tm 

and Xc) of PCL varied slightly compared with poly-β-hydroxybutyrate 
(PHB) during thermal aging, which might be attributed to the stable 
thermal properties of PCL (dos Santos Rosa et al., 2004). 

4.2. Heavy metals adsorption on MPs 

In this study, both biodegradable and conventional MPs could adsorb 
heavy metals from surrounding seawater in the PRE, and their adsorp
tion fluctuated greatly during the field experiment. The adsorption 
mainly depends on intermolecular interactions between the polymers 
and heavy metals (Godoy et al., 2019). Heavy metal ions can be 
adsorbed to the charged or polar regions on MPs surface by electrostatic 
action, whereas the neutral metal-organic complexes can be adsorbed to 
MPs surface through non-specific interactions (Cao et al., 2021; Holmes 
et al., 2012; Holmes et al., 2014). Besides, metals can co-precipitate with 
or adsorb onto the oxides/hydroxides of Fe and Mn on the MPs surface 
(Ashton et al., 2010; Xie et al., 2021a). The fouling (e.g., biofilms and 
natural organic substances) on MPs surface also contributes to heavy 
metals adsorption. Therefore, MPs acting as emerging carriers may 
affect the environmental behavior and fate of heavy metals in the marine 
ecosystem. 

Adsorption of heavy metals on MPs was greatly variable among 
different metals. In our study, the order of accumulation of heavy metals 
on four types of MPs was roughly shown as Mn > Pb > Cu. The result 
was consistent with the adsorption of Mn, Pb, and Cu on PE, polyvinyl 
chloride (PVC), and PP pellets that were exposed to seawater (Ashton 
et al., 2010). In this study, Pb and Cr concentration was relatively lower 
than that of other metals in seawater, while the adsorption capacity of 
Pb and Cr was relatively higher on different MPs. This phenomenon 
indicated that MPs were preferential to adsorb Pb and Cr from the 
ambient environment, which may be attributed to the strong reactivity, 
high ion exchange capacity, and large partition coefficient of Pb and Cr 
(Purwiyanto et al., 2020). 

The present study documented that biodegradable and conventional 
MPs exhibited different affinities for special metals. Our results showed 
that biodegradable MPs can adsorb higher concentrations of Cu, Pb, and 
As than the conventional PE. Similarly, a previous study found that the 
adsorption capacity of Pb on PLA was higher than that on PE (Guan 
et al., 2022). In another study, PLA had the weakest Cr adsorption ca
pacity when compared to conventional MPs (PE, PVC, PS, and PP), 
which was consistent with our results (Liao and Yang, 2020). However, 
heavy metals adsorption on conventional MPs was not dependent on 

Fig. 6. RDA of heavy metals adsorption on different MPs (A), and VPA differentiating the impacts of environmental factors (temperature, salinity, pH, and heavy 
metals concentration) and MPs aging properties (carbonyl index, O/C ratio, and crystallinity) (B). 
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polymer types after a long-term immersion in San Diego Bay, which may 
be because the adsorption of heavy metals on different types of MPs was 
dominated by the surface biofilms (Rochman et al., 2014). 

In a laboratory experiment, heavy metals adsorption capacity on MPs 
increased with the exposure time and tended to be stable after reaching 
equilibrium (Chen et al., 2021a; Wang et al., 2022b). A previous study 
found that Cr and Pb adsorption on both PP and PVC was strongly 
related to the metals concentration in seawater, indicating that the 
metals adsorption was in dynamic exchange between MPs and seawater 
(Gao et al., 2019). However, in our study, the adsorption trends of heavy 
metals on both biodegradable and conventional MPs were not syn
chronous with the variation of metal concentration in the seawater. 
Additionally, heavy metal adsorption was found to vary greatly on 
biodegradable MPs than on conventional MPs, which might be due to 
the shedding of the aged outer layer and the loss of oxygen-containing 
groups on the aged biodegradable MPs. 

4.3. Factors influencing heavy metals adsorption 

In this study, we demonstrated that MPs could adsorb heavy metals 
from the surrounding environment. Their adsorption process may be 
affected by various factors, including environmental parameters and the 
aging characteristics of MPs (Cao et al., 2021). The adsorption capacity 
of Pb, Mn, Cr, and Co on MPs was negatively related to salinity in this 
study. This may be because the saltwater environment can contribute to 
the formation of electrostatic shielding between positive metals and 
negative MPs surfaces, and the salt ions may compete for the limited 
adsorption sites on MPs surfaces (Yu et al., 2021). Besides, we found that 
the accumulation of Mn on MPs was positively correlated with the water 
pH, which may be due to the electrostatic interaction, as illustrated in 
Fig. S7. With the increase of pH, the negatively charged MP surfaces 
could be able to attract more metal cations (Guo et al., 2020). In our 
study, there was no statistical correlation between heavy metals 
adsorption on MPs and the environmental concentration of corre
sponding metals in seawater (Spearman correlation analysis, p > 0.05). 
This was in line with the previous observations of Cu and Mn concen
tration on MPs (Gao et al., 2019). However, heavy metals adsorption on 
MPs may be affected by other coexisting metals. We found that Mn 
concentration in seawater was positively related to the adsorption of Pb 
and As on MPs, whereas the concentration of Cu in seawater showed a 
positive correlation with the accumulation of Co on MPs. This indicated 
the promoting effects among metals in a complex seawater environment 
(Liu et al., 2022a). Additionally, limited adsorption sites on MPs surface 
could lead to a competitive effect, e.g., the inhibition of Pb, Cr, and Co 
existed in the adsorption of Mn on MPs. 

In addition, heavy metal adsorption is related to the physical and 
chemical properties of MPs. It has been concluded that PVC absorbs 
more Cu than PS due to its larger surface area and higher polarity 
(Brennecke et al., 2016). Furthermore, the chemical groups on MPs 
surface can affect heavy metals adsorption. For example, metal ions can 
bind to some functional groups such as –COOH, –NH2, and phenyl-OH 
by complexation (Cao et al., 2021). In this study, three types of biode
gradable MPs (PLA, PBAT, and PCL) had abundant oxygen-containing 
groups, which might increase polymer polarity and facilitate heavy 
metals adsorption on MPs (Li et al., 2019; Mato et al., 2001). 

The aging of MPs also plays a vital role in metals adsorption. The 
generation of oxygen-containing groups and variation in crystallinity 
may affect metals adsorption during MPs aging (Zhou et al., 2020). We 
found that the adsorption capacity of Cu, Pb, and As on MPs was posi
tively correlated with the carbonyl index used to characterize the aging 
degree of MPs, indicating that those metals may adsorb onto MPs by 
electrostatic interaction or/and surface complexation with 
oxygen-containing functional groups. However, in this study, Cr 
adsorption on MPs was negatively correlated with CI and O/C, which 
may be due to the oxyanions form being the dominant species of Cr in 
seawater (Marinho et al., 2018). Oxygen-containing groups, such as 

carboxyl and hydroxyl groups, can increase the negative surface charges 
on MPs, and electrostatic repulsion between MPs and oxyanions led to a 
decrease in adsorption amount (Liu et al., 2020; Zhou et al., 2020). 
Moreover, those groups can form hydrogen bonds with water molecules, 
resulting in the reduction of adsorption sites on MPs surface and the 
obstruction of heavy metals adsorption (Hüffer et al., 2018). Thus, the 
negative correlation between Mn/Co adsorption and the CI values of 
MPs could also be well explained in this study. The crystallinity was 
negatively correlated with the adsorption capacity of As but positively 
correlated with Cr adsorption. This indicated that interaction between 
MPs and As was dominated by the internal partition in amorphous re
gions, while Cr adsorption on MPs was induced by the surface interac
tion in crystalline regions (Velez et al., 2018). 

In the natural environment, the adsorption mechanism of heavy 
metals on MPs is extremely complex. Compared with the environmental 
factors, changes in carbonyl index, O/C, and crystallinity of aged MPs 
were found to have significant effects on heavy metals adsorption in this 
study. Furthermore, these aging parameters had greatly variable effects 
on the adsorption of different heavy metals on MPs. In a previous study, 
the adsorption behavior of Pb onto MPs correlated with electrostatic 
interactions, while surface complexation was important for MPs to 
adsorb Cd and Cu (Zou et al., 2020). Additionally, the adsorption 
mechanism of heavy metals may be variable on different MPs. For 
example, Cd (II) adsorption onto polyamide and acrylonitrile butadiene 
styrene was related to the π-π interaction, while oxygen-containing 
functional groups determined the adsorption process of Cd (II) on 
PVC, PS and PET to some extent (Zhou et al., 2020). Therefore, the 
adsorption mechanism of specific heavy metals on MPs should be further 
explored in future studies. 

5. Conclusion 

In this study, we revealed the physicochemical changes in aged 
biodegradable and conventional MPs, and their effects on heavy metals 
adsorption after 3–12 months of exposure to the seawater environment 
in the PRE. The appearance of new oxygen-containing groups on the 
rough surface and the changes in carbonyl index, O/C ratio, and crys
tallinity of polymers indicated that both biodegradable and conven
tional MPs had undergone an aging process in the field. Generally, the 
characteristic changes in the aged biodegradable MPs were more 
prominent than in the conventional MPs. The adsorption capacity of Cu, 
Pb, and As on biodegradable MPs was found higher than that on PE. The 
fluctuant adsorption of heavy metals on MPs was related to the seawater 
parameters (e.g., salinity, pH, heavy metals concentration) and the 
aging characteristics of MPs (e.g., carbonyl index, O/C ratio, and crys
tallinity). And the latter had significant effects on the adsorption ca
pacity of heavy metals on MPs, accounting for 51.0% of the 
contribution. Thus, it can be documented that biodegradable and con
ventional MPs will pose physical and chemical risks to the environment. 
When considering that the widespread adoption of biodegradable plas
tics as a substitute for conventional plastics, the potential threats of 
biodegradable plastics and their generated MPs to marine ecosystems 
and human health should be deserved more attention in future research. 
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