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The negative impact of microplastics (MPs) act as metals vectors to environment and ecosystem have been paid
more and more attention, and the accumulation risk of them to human body through the food chains and food
webs needs to attract attention. In addition, the MPs bonded with heavy metals transport from river into the sea

;i:::on with high salinity may also have metals release risk. Herein, natural aged microplastics prepared from artificially
Risk broken macroplastics adsorbed with heavy metals accumulated from the natural environment were tested for

their states and release risk in several simulated solution (NaCl and gastrointestinal solutions) to understand their
effects on environment and human health. The adsorption capacity of different heavy metals on MPs was
different during natural aging process proved by four-acid digestion method. Metals with high accumulation
(including Pb, As, Cr, Mn, Ni, Zn, Co, Cu and Cd) on NAMPs were selected for further study. Results obtained via
three-step extraction method showed that these heavy metals were mainly present as acid-extractable and
reducible ions, which were characterized by high bioavailability. Release experiments suggested the notable Mn,
Zn, As, Cr, Cu and Ni release in NaCl solution, and significant release of Mn, Zn, As, Cr, Cu, Pb and Ni in
gastrointestinal solutions. The high metal release ratio in the simulated gastric solution was attributed to the
weak binding of metal ions to NAMPs in acidic environment. This study will play a vital rule in assessing the
ecological risks associated with MPs in natural environment.

1. Introduction

Owing to their aging and degradation under natural conditions,
plastics unconsciously released into the environment transform into
microplastics (<5 mm in particle size). Microplastics (MPs) negatively
impact the natural environment and organisms. MPs are ingested by
several aquatic fauna, thereby posing serious threats to these organisms
(Ajith et al., 2020). MPs have negative effects on the health of aquatic
organisms (da Costa Araujo et al., 2020) such as phytoplankton (Long
et al.,, 2015), zooplankton (Desforges et al., 2015), and pelagic fish
(Mukasa-Tebandeke et al., 2016). In addition, MPs also cause adverse
reactions in fish, such as impairing their predatory ability, inhibiting
lipid oxidation, reducing growth and energy reserves, and damaging the
gallbladder and liver (Barboza et al., 2018; Ferreira et al., 2016; Yin

et al., 2018). MPs are harmful to phytoplankton, zooplankton and even
fish, so there are also potential risks to accumulate to higher levels and
even among consumers through the food chain food network.

Studies have shown that MPs have the ability to adsorb and accu-
mulate various pollutants from the environment (Shen et al., 2019),
especially the aged MPs. Compared with large plastics, MPs are char-
acterized by large surface areas, elevated porosity, and higher hydro-
phobicity (Dong et al., 2019; Liu et al., 2020), which enhance their
contaminant adsorption abilities. Compared with commercialized MPs,
the higher negatively charged surfaces of naturally-aged MPs (NAMPs)
and higher hydrophilicity enhance their ability to adsorb pollutants such
as heavy metals in aquatic environments (Salehi et al., 2018). According
to the experimental studies, MPs serve as heavy metal carriers, with
higher adsorption as the polarity and surface area increase (Brennecke
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et al., 2016; Zhou et al., 2019). Besson et al. (2020) reported that the
adsorption capacities of Cd, Cs, and Zn on pristine polyethylene (PE)
MPs are higher than those of sediment particles. According to previous
studies, aging promotes the combination of non-polar and polar pol-
lutants, thereby promoting the migration of contaminants (Liu et al.,
2019). In fact, NAMPs adsorb higher amounts of metals (e.g., silver)
than pristine MPs, and subsequently yield more metals during leaching
(Kalcikova et al., 2020). Previously, higher adsorption capacities of
trace metals on aging PE than that on pristine PE has been reported
(Kalcikova et al., 2020). However, further experiments are required to
elucidate the differences in the adsorption capacities of aging and pris-
tine MPs.

As metal ion vectors, MPs promoted the accumulation of toxic sub-
stances in aquatic environments. Meanwhile, the heavy metals adsorbed
to the NAMPs were at risk of release. Owing to the wide occurrence of
heavy metals in aquatic environments, their potential to negatively
affect human health through direct accumulation, i.e., from drinking
water, or indirect accumulation, i.e., through crops, marine organism,
etc, cannot be neglected (Sharma et al., 2019). Heavy metals can be
hyperaccumulated in the root of oilseed crops, negatively affect the
survival and fecundity of zooplankton, and damage the health of higher
organisms in a food chain (Almeida et al., 2020; Bassegio et al., 2020;
Vroom et al., 2017). The presence of Pb(II) can result in kidney damage
or cancer (Tang et al., 2020), while that of As results in chronic health
problems, including neurological diseases (Bessaies et al., 2020; Cui
et al., 2016). As co-pollutants, MPs and heavy metal eventually reach
organisms via ingestion (Browne et al., 2013; Wright et al., 2013) and
cause harm to humans (Zhou et al., 2020), such as impairing the nervous
system (Biamis et al., 2021), promoting cytotoxicity, and causing
morphological changes (Wu et al., 2019). Therefore, determining the
characteristics, sources, and health hazards of pollution is crucial to
reduce risk to human.

Considering that desorption is an interfacial process, it is available
for investigating the stability and ecological risk of pollutants adsorbed
by MPs in aquatic environments. The presence of PE MPs in the gut of an
organism is reported to increase the desorption rate of metal ions such as
Zn (Hodson et al., 2017). In addition, Cd(II) adsorbed on PE MPs can be
easily desorbed in aqueous solution with different contact time, solution
PH, particle size, and salinity (Wang et al., 2019). Although there are
several studies on the adsorption-desorption characteristics of MPs and
heavy metal ions, the stability and potential release potential of heavy
metal ions adsorbed on NAMPs has not been investigated in detail.

Therefore, in this study, we used the artificially broken naturally-
aged macroplastics to simulate the naturally-aged MPs (NAMPs). The
stability of the adsorption between NAMPs and heavy metals, as well as
their impacts in the background of the human digestive solutions, are
investigated. This study aims to: (1) detect the types of heavy metals
adsorbed on NAMP accumulated from the environment; (2) determine
different states of heavy metals adsorbed on NAMPs; (3) analyze the
release of heavy metals with high accumulation (As, Pb, Cr, Ni, Co, Zn,
Mn, Cu and Cd) in solution with different salinity and simulated
gastrointestinal solutions of the human digestive system, and (4) high-
light the properties of NAMPs as heavy metal carriers and potential
pollution sources.

2. Methods and materials
2.1. Materials

The natural-aged (beached) plastics were collected using pickup
device from the bottomland of central section of the Xiangjiang River in
Hunan Province, China. During the collection process of natural-aged
plastics, we mainly choose plastics of transparent film material with
attached biofilm and without color. Large pieces of plastic which had
organic matter and attached particles as more as possible on the surface
was chosen for the experiment. Reference to the previous study, the
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plastics were soaked in ultra-pure water to carefully remove the surface
sand (Ye et al., 2020). After drying, the sample was cut below 5 mm in
diameter with scissors, then screened through 10 mesh to obtain simu-
lated NAMPs used in the study. The picture of the obtained NAMPs is
shown in Fig. S1. Before experiment, we prepared enough NAMPs for the
whole study using the same kind of plastics and the obtained NAMPs
were evenly mixed to reduce the experimental error caused by different
plastics.

Sodium chloride (NaCl), sodium hydroxide (NaOH), sodium car-
bonate (NapCO3), calcium chloride (CaCly), acetic acid (CH3COOH),
hydroxylamine hydrochloride (HONHHCI), nitric acid (HNOsg),
hydrogen peroxide (H03), ammonium acetate (NH4CH;COOH), hy-
drofluoric acid (HF), and perchloric acid (HCIO4) were purchased from
Sinopharm Chemical Reagent Co. Ltd., China. HNOs, HF, and HClO4
were of guaranteed reagent (GR) purity, while all the other reagents
were of analytical reagent (AR) grade. The concentrations of ions in
different solutions were measured by inductively coupled plasma mass
spectrometry (ICP-MS; Agilent 7900, Japan).

2.2. Characterization of MPs

To characterize and evaluate the release mechanisms of MPs, several
methods were employed. Suitable amount of evenly mixed NAMPs was
used for the following analysis. Scanning electron microscopy (SEM;
TESCAN MIRA4, Tesken, Czech) and optical microscopy (OM;
OLYMPUS CX31 RTSF, Japan) were utilized for examining the
morphology of MPs surfaces. Elemental mapping of microstructures of
MPs was analyzed by SEM-energy dispersive X-ray spectrometry (SEM-
EDS; Xplore, Oxford, UK) before and after being soaked in nitric acid
solution (pH = 2) for 7 days. Fourier transform infrared spectroscopy
(FTIR; NICOLET5700 FT-IR spectrometer, United States) was used for
the identification of polymer type. X-ray diffractometry (XRD; Brucker
D8 Advanced, Germany) was used to identify the quartz and other
phases on MPs surface. X-ray photoelectron spectrometry (XPS; ESCA-
LAB250XI, SEMEL technology, United States; binding energy in Cls
284.8 eV calibration) were used for characterizing the MPs before and
after immersion in simulated gastrointestinal solutions.

2.3. Determination of different heavy metals on MPs

In order to determine the heavy metals on MPs surface, 0.01 mol/L
HNOg3 solution (pH = 2) was used for heavy metals release while not able
to dissolve the PMs particles. The MPs (75 mg) were added into conical
flask containing 150 mL HNOj3 solutions. Then the experiments were
conducted in a vertical constant temperature air shaker at ambient
temperature (298 K) and pressure, at a shaking speed of 160 rpm. The
samples were taken out at different time intervals, and passed through
0.45 pm membrane filters, then diluted using HNO3 before testing. After
reaction for 7 d, the MPs were separated from solution and dried in oven
at 60 °C for 24 h. The obtained MPs were tested using optical micro-
scopy, SEM-EDS, FTIR and XRD. The residual contents of heavy metals
in MPs after being soaked in nitric acid solution (pH = 2) for 7 days was
determined by four-acid digestion method.

2.4. Sequential extraction of heavy metals on MPs

Three-step sequential extraction from the Community Bureau of
Reference (BCR) was used to measure different forms of metal ions of
soil and sediment (Zemberyova et al., 2006). And the modified processes
used in this study can be summarized as follows:

Step one (acid-extractable metal ion content determination):
Approximately 40 mL CH3COOH (0.11 M) was added to 1 g of a dried
MPs sample in a centrifuging tube. The tube was then placed in a shaker
for 22 h (150 rpm) at 298 K. After reaction, the tube was placed in a
centrifuge and centrifuged at 6000 rpm for 10 min. The supernatant was
sucked out using a syringe and the obtained solution was diluted using
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Milli-Q water and stored at 277 K for subsequent analysis. The solid
residues were washed twice using Milli-Q water and utilized in next step.

Step two (reducible metal ion content determination): Approxi-
mately 30 mL HONH,HCI (0.5 M) and HNO3 (0.05 M) mixture was
added to the tube containing the residual solids and shaken for 22 h
(150 rpm) at 298 K. After reaction, the tube was placed in a centrifuge
and centrifuged at 6000 rpm for 10 min. The supernatant was sucked out
using a syringe and the obtained solution was stored at 277 K until
analysis, while the residual solids were cleaned and used in step three.

Step three (oxidized metal ion content measurement): Approxi-
mately 10 mL HyO4 with its pH adjusted 2.0 using HNO3 (0.1 M) was
added to the residual solid. The mixture was stirred at 298 K for 1 h, and
then held at 358 K for 1 h. The lid of tube was opened, and the mixture
was heated until the volume decreased to about 5 mL. And then, 10 mL
H0, was added to the tube and kept at 358 K for 1 h. The lid of tube was
then reopened and the mixture was heated until the volume was less
than 3 mL. After cooling to room temperature, approximately 30 mL
CH3COONH4 (1.0 M, pH = 2.0) was added to the solution, and the tube
was shaken (150 rpm) for 22 h at 298 K. The extraction in step one was
repeated to obtain a solution for testing the organically bound
components.

Four-acid digestion method (using HCl, HNOs, HF, and HCIO4) was
used to measure the total content of different heavy metals of MPs
including the heavy metals on their surface and in their structures
themselves. The detailed steps of digestion are as follows: 0.5 g NAMPs
samples were placed in digestion tank and mixed with 0.5 mL Milli-Q
water and 5 mL HCl. After thoroughly homogenized by shaking,
mixture was held at 393 K for 2 h in an automatic graphite digestion
instrument (Gedana DS-72, China). After cooling, 8 mL of HNO3, 5 mL of
HF, and 3 mL HCIO4 were added into digestion tank and mixed well with
shaking. The mixture was heated at 403 K for 80 min, and then the
temperature was increased to 423 K and maintained for 60 min. After
further shaking, the tank was heated to 438 K and held isothermally to
dissolve all solids. The remaining solution was diluted with deionized
water and filtered through a 0.45 pm filter membrane for subsequent
testing. The experiment process was repeated three times to reduce the
errors.

The metal concentrations measured after the four-acid digestion
minus the acid-extractable, reducible, and oxidized ions concentrations
for each metal provided the residual concentration. The modified three-
step sequential extraction three-step sequential extraction from Com-
munity Bureau of Reference (BCR) enabled the analysis of metal con-
tents associated with the following forms (Zemberyova et al., 2006): 1)
Acid-extractable ions involving the coprecipitation binding of heavy
metals in soils on carbonate minerals; and 2) Reducible metal ions linked
to mineral exosomes and fine dispersed particles. Owing to the high
specific surface areas of active ferromanganese oxides, these easily
adsorbed or co-precipitated anions. 3) Oxidized ions linked to chelation
with organic matter and sulfides; and 4) Residual ions in crystal lattices
of soils that were hardly absorbed by plants.

2.5. Release risk of heavy metals on MPs

To assess the effect of ionic strength on the surface stability of heavy
metals on MPs, NaCl with different concentrations (0, 50, 100, and 200
mg L1) were used. After sampling, the obtained solution was passed
through 0.45 pm membrane filters and diluted 10 times before detection
using ICP-MS. Then, a background solution (0.01 M CaCl,, pH = 6.6),
simulated intestinal solution (SIS, 0.12 M NaCl and 0.02 M Na,COs, pH
= 7.5), and simulated gastric solution (SGS, 0.1 M NaCl prepared using
the background solution above, pH = 2.0) were utilized to investigate
the stability of metal ions on the surfaces of NAMPs in simulated envi-
ronments at 310 K. The solutions for release were adjusted to the desired
pH values using NaOH (0.01 M and 0.1 M) or HNO3 (0.01 M and 0.1 M).
Batch release experiments were conducted in a vertical constant tem-
perature air shaker at ambient temperature (298 K) and pressure, at a
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shaking speed of 160 rpm. Samples were then taken from the 150 mL
solutions containing 0.5 g L™ of MPs at different time intervals. After
passing through 0.45 pm membrane filters, the samples were diluted
using HNO3 before testing. Each experiment was repeated three times.
After reaction for 7 d, the MPs were separated from solution and dried in
oven at 60 °C for 24 h. The obtained MPs were tested using optical
microscopy, SEM-EDS, FTIR and XRD.

2.6. Statistical analysis

The calculated means amount of the released metals in NaCl solution
of different concentrations, released amount of metals in SIS and SGS
solutions at different times, and the results of sequential extraction of
heavy metals on MPs were analyzed for statistical significance by One-
Way ANOVA followed by LSD and Duncan’s test for multiple compari-
son. Differences in the released amount of metals were considered sta-
tistically significant when p < 0.05. Statistical analysis was performed
using SPSS Statistics 27.

3. Results and discussion
3.1. Characteristics of microplastics

3.1.1. Characterization of NAMPs

The surface morphologies of the NAMPs were analyzed by SEM and
OM (shown in Fig. 1 and Fig. 2). The images obtained at different
magnification clearly exhibit organic layers with fluffy structures on the
front and side surface of NAMPs. These layers enhanced the specific
surface area values of MPs (Rozman et al., 2021) and provided sites for
heavy metal adsorption for NAMPs (Ye et al., 2020), thereby improving
the chances of interaction between the NAMPs and heavy metals in the
environment.

FTIR spectrum of a representative NAMPs sample, as shown in
Fig. 3a, exhibits six prominent peaks including 717, 2915, 1471, and
2846 cm™! which are the characteristic peaks of polyethylene (PE).
1643.1 cm ™! and 1007.61 cm™! were assigned to the stretching vibra-
tion of carbon-oxygen double bond (C—=O0) and silica. These results
indicated that the main source of NAMPs collected is PE, which was also
confirmed using XRD (Fig. 3b). The XRD data for the unused NAMPs
were processed using the MDI Jade software, and the results were
compared with the standard results. The peaks displayed by the NAMPs
sample corresponds to (CHg)x (PDF#40-1995) and Quartz SiOg
(PDF#46-1045), with the (CHy)x peak area indicating PE dominance.
The presence of SiO; suggested a non-conforming soil particle attached
to the plastics.

3.1.2. Content and speciation of heavy metals on naturally-aged
microplastics

After being soaked in nitric acid solution (pH = 2) for 7 days, most
particles were dissolved in the solution and the surface of MPs became
much cleaner (Fig. 2). Most metals on MPs were released into the so-
lution after being soaked in nitric acid solution, and the released amount
increased with soaking time (Fig. S2). The tested As, Cr, Cu, Ni, Zn, and
Cd reached their release equilibrium in 7 d, while Pb, Mn and Co did not.
The order of release quantity is Mn > Zn > Ni > Cu > Pb > As > Cd > Co
> Cr. The residual contents of heavy metals in MPs after being soaked in
nitric acid solution (pH = 2) for 7 days was determined by four-acid
digestion method. It was found that some heavy metals were still
detected in MPs (Fig. S3). This might be due to that some minerals, such
as talcum, and some plasticizer are often used during plastic product to
enhance its performance, which contain some heavy metals. In addition,
some heavy metals were still remained on MPs surface as they were not
completely removed from MPs.

The total content of metals of the NAMPs were measured after four-
acid digestion method. The accumulation capacity of MPs to different
metals was different. Totally fifteen metals were detected and the
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Fig. 2. Optical microscopy images of NAMPs (a—c) before and (d-f) after being soaked in nitric acid solution (pH = 2) for 7 days.

concentrations of Cr, Pb, As, Ni, Co, Zn, Mn, Cu and Cd were the nine
highest concentrations among all the heavy metals. The results from
measurements after the sequential extraction for the nine heavy metals
are shown in Fig. 4 and Fig. 5. The total content of heavy metals on the
MPs and compared with other studies are shown in Table S2. As can be
seen, the content of Mn and As in our tested MPs are much higher than
that of other studies (Fl Hadri et al., 2020; Gao et al., 2019), while the
content of Cr and Pb are significantly lower than that of other studies (El
Hadri et al., 2020; Guo and Wang, 2021).

According to the data shown in Fig. 4 and Table S1, before the release
experiments, the residual concentrations of the nine heavy metals (Cr =

1.185, Cu = 0.45, As = 0.887, Ni = 0.618, Co = 0.159, Zn = 3.851, Mn
=281.85,Pb =0.49 ug g}, and Cd = 0.113 pg g~ 1) were less than 10%
of the total concentrations. Among the nine heavy metals, the highest
fractions were obtained from the reducible metal ions samples for Cr,
Cu, Mn, Pb, Co and As, with values of 54%, 57%, 62%, 68%, 78% and
79%, respectively. However, the acid-extractable metal was the domi-
nant speciation for Ni, Zn and Cd. Acid-extractable and reducible metal
ions are more bioavailable forms of the tested metals, which accounted
for more than 84% of the total amounts, except for Cr (61% of the total
amounts). In addition, the high concentration of acid-extractable Mn
and Zn was also noteworthy. This form of toxic metals was sensitive to
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environmental changes, and it was easily transported, transformed, and
absorbed by plants (Gupta, 2016). Therefore, the sequential extraction
experiments demonstrated that if MPs were transported into an aquatic
environment, some heavy metals can release into the water and even-
tually enter the body, thereby negatively affecting human health.
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3.2. Release risk of heavy metals on naturally-aged microplastics

3.2.1. Effect of ionic strength

In the body fluid environment, the presence of salts may affect the
heavy metals desorption capacities of NAMPs. Herein, the release of nine
metals (As, Pb, Cr, Ni, Co, Zn, Mn, Cu and Cd) from the NAMPs varied at
different NaCl concentrations (shown in Fig. 6). Depending on the ionic
strength of a solution, the salting-out effect was beneficial for metal
adsorption, whereas the squeezing effect was unfavorable (Yin et al.,
2019). Thus, release was a dynamic process involving the simultaneous
release and adsorption of heavy metals. What we did not expect was that
little amount of Cd (not detected in solution) was released into the NaCl
solution, while different amount of As, Pb, Cr, Ni, Co, Zn, Mn and Cu was
released. As shown in Fig. 6, the continuous release of As, Cr, Cu, Mn and
Zn on the NAMPs into the solution occurred with time while Co, Pb and
Ni displayed inconspicuous changes.

3.2.2. Effect of gastrointestinal solution

NAMPs potentially enter the human body through the food chain.
Therefore, release of the studied metal ions from NAMPs was investi-
gated in a simulated human gastrointestinal environment by configuring
simulated solution. In Fig. 7, the effects of SIS and SGS on the ions
release were different. However, in both simulated solutions, these
metals exhibited obvious release compared to their initial concentra-
tions over time, and displayed different changes among nine metals.
These behaviors were consistent with results obtained from BCR
extraction. Acid-extractable and reducible metals ions represented the
dominant proportions, which highlighted the high bioavailability of
these metals, thereby supporting their relatively elevated release in SGS.
The release of metals displayed an increasing trend for SGS solution, and
the effect of SGS on metals appeared more significant than that of SIS.
The As release in SIS was more obvious over time than other metals. The
presence of CO32™ in the SIS can promote the desorption of As, since
Cng’ can compete for binding sites in NAMPs (Guo et al., 2013),
thereby enhancing the release of As from the NAMPs. The release con-
centration of Mn from SIS reached its maximum within 48 h, followed by
the adsorption of Mn by NAMPs with an increase in time, and eventually
attaining an adsorption—desorption equilibrium. Conversely, in SGS, the
release of Mn continuously increased with time. The release concen-
tration of Pb and Ni from SIS did not change significantly during the
reaction time. But in SGS, the release concentration of Pb and Ni
increased over time. The increasing release concentration may be
attributed to the negative surface charges of the NAMPs (Fu et al., 2021)
and different metal properties. Moreover, the redox potential increased
with decreasing pH, which was unfavorable for the interaction of the
metal cations and NAMPs. It is expected that high proportions of
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acid-extractable form of heavy metals should release more in SGS so-
lution. However, the results in this study did not support this assump-
tion. This might be due to that the simulated gastric solution (SGS)
contained 0.1 M NaCl and 0.01 M CaCl, (pH = 2.0), which made the
release process more complex. And each polymer has a different ca-
pacity of adsorption for heavy metals. In addition, the release potential
of cationic and anionic metals in these systems might be different.

3.2.3. Release ratio

Due to the different initial content of the metals of the NAMPs, the
release ratio of nine metals from NAMPs in different stimulated solutions
was calculated to compare the release potential of the different metals in
different solution environments. The release ratio (r, %) was equal to the
release content (R, pg) of the metals in different solution environments
versus the initial content (I, pg) on the NAMPs. In the formula, ¢ (pg LH
is the release-concentration of the metals in solutions and i (pg g~ 1) is
the initial content on each gram of NAMPs (equation (1)).

R 300c

1 g

= (€)]
The calculated results are shown in Table S3. The release ratio of
nine metals from NAMPs reached a maximum in the simulated gastric
solution (97.80% Cr, 14.68% Pb, 40.77% As, 55.08% Cu, 35.64% Mn,
42.83% Ni, 52.93% Zn, 15.22% Co, and 20.00% Cd). In simulated in-
testinal solution, release ratio of Cr was significantly higher than other
metals and reached 74.00%. Besides, Cr was more easily desorbed in
other simulated solution than other metals. Especially, the release ratio
of Cr, which in the range of 43.08%-51.60%, in different concentrations
of NaCl solutions were much higher than other metals, and followed by
Cu whose release ratio was in the range of 19.10%-20.79%. Release
ratio of Cr and Zn increased with NaCl solution concentrations, while Co
showed the opposite trend. And there is no obviously difference of Pb,
As, Cu, Mn and Ni in different NaCl solution. It may be related to the
charge of the ions, electronegativity and other metal properties.
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Fig. 7. Plots demonstrating the effects of gastrointestinal solutions on the release of heavy metals from naturally-aged microplastics including (a) As, (b) Cr, (c) Cu,

(d) Pb, (e) Mn,

(f) Ni, (g) Co, (h) Zn and (i) Cd.

3.3. Release mechanism

XPS spectra of the NAMPs surfaces, shown in Fig. 8, display Cls
peaks at 284.5 eV (CH2-CH>), 284.9 eV (C-C), 285.4 eV (C=C), and
287.8 eV (C=0), and O1s peaks at 532.8 eV (Si-0-Si), 532.3 eV (C-OH
and CO-), 531.6 eV (C-0) (Hao et al., 2021; Li and Yao, 2020; Ma et al.,
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2021; Ma et al., 2019; Misran et al., 2018; Qiao et al., 2018; Sun and
Wen, 2020; Zhao et al., 2021). The C1s and O1s peaks of the XPS spectra
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of NAMPs after exposed to the simulated gastrointestinal solutions was
shifted slightly. The Cls peaks for NAMPs exposed to the SIS
(NAMPs-SIS) exhibited a shift of 0.5 eV to the right for C=C at 285.4 eV,
while the peak initially at 287.8 eV shifted to 288.04 eV. The peak at
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Fig. 8. XPS spectra for (a) C1s of the naturally-aged microplastics (NAMPs), (b) O1s of the NAMPs, (c) C1s of the NAMPs-simulated intestinal solution (SIS), (d) Ols

of the NAMPs-SIS, (e) Cls of the NAMPs-simulated gastric solution (SGS), and (f) Ols of the NAMPs-SGS.
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285.9 eV was assigned to C-OH, while that at 288.04 eV was still
assigned to C=0 (Sahu et al., 2012; Sethumadhavan et al., 2020). The
O1s peaks revealed no change in the binding energy at 532.8 eV, indi-
cating that the sand and gravel particles associated with the NAMPs
participate minimally in the interactions between the heavy metals and
NAMPs (Misran et al., 2018). This phenomenon was also reflected in the
binding energy data for the NAMPs that were exposed to the SGS
(NAMPs-SGS). However, the C-O signal at 531.6 eV shifted slightly by
0.2 eV-531.4 eV, and this was assigned to C=0. In the binding energy
data for the SIS-exposed samples, the peaks at 285.9 eV (C-OH) and
531.4 eV (C=0) were assigned to C032’. This phenomenon confirmed
the earlier observation that CO52~ in the SIS competed with As for active
sites of NAMPs, thereby occupying the original positions of some heavy
metals. After immersing the NAMPs in the SGS, the C-C signal at 284.9
eV shifted to the right by 0.2 eV to produce a C=C signal. The C=0
signal at 287.8 eV also shifted to the right by 0.2 eV, but remained a
C=O signal, similar to the response after treatment in the SIS. Then O1s
peaks at a binding energy of 532.3 eV shifted to the left by 0.2 eV, similar
to that for the treatment in the SIS, while the new peak at 532.1 eV was
assigned to the presence of water in crystals.

Regarding the FTIR data, compared with the NAMPs, the NAMPs-SIS
and NAMPs-SGS data showed new peaks between 450 and 650 cm ™7,
which were similar to those at 466, 528, 530, and 608 cm’l, and these
small peaks were assigned to SiOy (Hayati-Ashtiani, 2011; Jiang et al.,
2019; Mukasa-Tebandeke et al., 2016; Nikitin and Khriachtchev, 2015;
Young et al., 2000; Zhang et al., 2019). In the FTIR spectrum of the
NAMPs-SIS sample (Fig. 3a), two new peaks were present at 693 and
1428 cm~!. These peaks were considered as CO3%~ vibration peaks,
which is consistent with the XPS results and further confirms the
competition for active sites by the CO32~ in SIS. In the spectrum of the
NAMPs-SGS sample, the original peak at 1643 cm™! attributed to the
presence of water in crystals disappeared. This shift in position may be
caused by the acidic SGS changing the original binding form of the water
in crystals. The peaks between 450 and 650 cm ™' which were assigned
to SiO, were became much smaller after nitric acid solution treatment,
suggesting that most inorganic particles were removed from the surface
of MPs. Moreover, The XRD traces revealed that compared with the
NAMPs sample, the main peaks in the NAMPs-SIS, NAMPs-SGS and
NAMPs-HNO3 samples were similar (Fig. 3b). This proves that the
original crystal structure of the NAMPs was preserved after the release
experiments, indicating that the organic matter attached to the surfaces
of the MPs during aging may be active in the process. The intensity of
quartz solid peak at about 20 = 26° significantly decreased after SIS, SGS
and HNOj3 treatment, which also confirmed the removal of minerals
particles from MPs.

In order to distinguish the fine particle and organic matter on MPs,
elemental mapping of microstructures of MPs was analyzed by scanning
electron microscopy-energy dispersive X-ray spectrometry (SEM-EDS)
before and after being soaked in nitric acid solution (pH = 2) for 7 days.
Si was regarded as the representative element of sediment particles on
the surface of MPs, and C was regarded as the representative element of
organic matter on the surface of MPs or matrix of MPs. As can be seen
from Fig. 9 and Fig. 54, a lot of Si element (7.25 wt%) was existed on the
NAMPs surface, which suggested that many mud or sand particles (SiOy
as main component) were attached on the MPs surface (can be also seen
from Fig. 2). About 90.28 wt% of C on MPs surface suggested the
existing of some organic matter on the surface and the exposure of MPs
matrix. Mn, As and Pb could be obviously observed in the mapping
image. Comparing the elemental mapping of Si, C, Mn, As and Pb, we
could infer that these metals were mainly combined with the inorganic
mineral particles, and some of which were bonded with organic matter
on the MPs. After being soaked in nitric acid solution (pH = 2) for 7 days,
most particles were dissolved in the solution and the surface of MPs
became much cleaner (Fig. 2). Most metals on MPs were released into
the solution after being soaked in nitric acid solution, and the released
amount increased with soaking time (Fig. S2). The content of C on MPs
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Fig. 9. Elemental mapping of microstructures of NAMPs analyzed by scanning
electron microscopy-energy dispersive X-ray spectrometry (SEM-EDS).

surface increased to 97.76 wt%, while Si element decreased to 1.26 wt%
(Fig. S4). However, some stable particles were still firmly attached onto
the MPs surface (Fig. S5). A small amount of residual Mn, As and Pb were
observed. By comparing the elemental mapping of Si and Mn, we could
also see that the residual Mn was mainly combined with the inorganic
mineral particles on the MPs. The dissolution of the mineral particles
bonded with metals might be an important reason for the release of
metals.

4. Conclusion

Herein, heavy metals adsorbed by NAMPs under natural conditions,
after transportation to aquatic environments in different salinity and
simulated gastrointestinal solutions of the human digestive system, was
investigated and their possible release mechanisms were proposed.
NAMPs can accumulate different heavy metals including As, Pb, Cr, Mn,
Ni, Zn, Co, Cu and Cd from the environment. High proportion reducible
and acid-extractable metal form suggested that they could be easily
desorbed into stimulated solutions from the NAMPs. CO3%~ in SIS was
active during the desorption of heavy metals by competing for binding
sites between the metal ions and NAMPs. In SGS, the strong acidic
environment induced changes in the surface of NAMPs, thereby
reducing the electrostatic attraction of NAMPs for metal ions, which
promoted the release of heavy metal ions. The dissolution of the mineral
particles bonded with metals was also account for the release of metals.
This study proves that heavy metals attached on NAMPs can release in
the digestive environment and salt water, and provides theoretical basis
to the management of the ecological risks combined pollution of heavy
metals and NAMPs. In this study, artificially broken macroplastics was
used to simulate microplastics, the actual microplastics in the environ-
ment should be further studied. Each polymer has a different capacity of
adsorption for heavy metals. Further studies are needed to distinguish
different plastic polymers, illustrate their bonding and release properties
for different heavy metals, and figure out the relation of polymer.
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