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Microplastics (MPs) and heavy metals are two major types of pollutants that interact with
each other, but they are poorly understood. Polystyrene (PS) is one type of MPs that
is often detected in aquatic environments. In this study, we examined the adsorption
capacity and release rate of heavy metals with respect to different particle sizes of
PS, heavy metals, initial heavy metal concentrations, and salinities. Virgin (new) PS
with diameters of 20, 50, 130, and 250 µm was used in this study, and four heavy
metals (lead, cadmium, copper, and zinc) were used. The results showed that larger
PS particle sizes adsorbed more heavy metals even though it took longer to achieve
equilibrium adsorption. An increase in heavy metal concentration caused the adsorption
capacity (µg g−1) of PS particles to also increase, but the adsorption rate (%) decreased.
Increased salinity of the heavy metal solution resulted in a slower adsorption time and
a lower adsorption capacity and release rate from the surface of PS particles. Different
heavy metals also had different adsorption capacities. Pb was consistently more highly
adsorbed by MPs, followed by Cu, Zn, and Cd. Larger PS sizes released heavy metals
faster than smaller PS sizes, and the amounts of heavy metals released were higher.
The heavy metal with the highest release rate was Cd, followed by Pb, Cu, and Zn.
Finally, our findings highlight the interactions between PS and heavy metals and strongly
support that PS particles can act as vectors for heavy metals in aquatic systems.

Keywords: polystyrene, adsorption capacity, heavy metal, release rate, salinity

INTRODUCTION

The term microplastic (MP), defined as microscopic plastic particles with a diameter of
approximately 20 µm, was first used in 2004 (Thompson et al., 2004). MPs are derived from plastics
that break down into small particles. MP sources are divided into two types, namely, primary MPs,
derived from cosmetic products such as body scrubs, and secondary MPs, derived from plastics
that have fragmented and been reduced in size (GESAMP Joint Group of Experts on the Scientific
Aspects of Marine Environmental Protection, 2015). MPs are found in many coastal and marine
areas. In surface waters, the maximum number of MPs reached 9,200 particles m−3 (Desforges
et al., 2014), and in sediment, the maximum number reached 100,000 items m−3 (Wright et al.,
2013). Hidalgo-Ruz et al. (2012) stated that in sediments and water, MPs are found in the form of
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fragments, fibers, and films. The entry of MPs into the bodies
of organisms can damage the function of organs such as
the digestive tract, reduce the growth rate, inhibit enzyme
production, reduce the levels of steroid hormones, affect
reproduction and cause exposure to plastic additives with even
greater toxicity (Wright et al., 2013; Xu et al., 2018).

Heavy metals can be divided into two categories: toxic
and essential. Toxic metals such as Ni, Cd, Pb, and Hg are
harmful to organisms even at low concentrations, but essential
metals such as Zn, Cu, Mn, Se, and Fe can also be toxic if
they accumulate at high concentrations in organisms (Zhang
et al., 2014; Gu et al., 2015). Heavy metal pollution comes
from the disposal of industrial waste, such as wastes from the
paint industry, agriculture, and fuel combustion (Brennecke
et al., 2016; Yousefzadeh et al., 2018). Various studies have
been conducted on heavy metals in the environment due to
pollution, which continues to increase due to anthropogenic
activity (Edmunds et al., 2003; Marengo et al., 2016). Heavy
metals can also be adsorbed by objects such as MPs (Holmes et al.,
2014; Gao et al., 2019; Li et al., 2020).

Although they are very small, MPs are very difficult to degrade
because of their physical and chemical properties, so they persist
and accumulate in the ocean (Lu et al., 2016; Pedà et al., 2016). In
addition, MPs have the potential to carry other pollutants, such
as heavy metals, to ecosystems in both seawater (Ashton et al.,
2010; Holmes et al., 2012; Brennecke et al., 2016) and freshwater
(Holmes et al., 2012). Holmes et al. (2014) reported that the rate
of adsorption of heavy metals by MPs in river water was higher
than that in seawater. The heavy metals lead (Pb), copper (Cu),
zinc (Zn), aluminum (Al), iron (Fe), manganese (Mn), and silver
(Ag) were found in virgin (new) MP pellets, including polystyrene
(PS) pellets, in similar and higher concentrations than in local
sediments in SW England harbor waters (Ashton et al., 2010).
MPs and heavy metals were very difficult to degrade in the
environment and persist in organisms, causing bioaccumulation
in the food chain and potentially reaching higher trophic levels
(Rios et al., 2007; Galloway, 2015).

Interactions between MPs and heavy metals may occur via two
pathways. First, heavy metals can be adsorbed by MPs, leading to
adverse effects when the particles are eaten by organisms. Second,
the adsorbed metals may be released into the water, contributing
to exposure from direct contact between marine organisms and
metal-contaminated water.

Polystyrene is known for its insulating characteristics and
low weight, as it is made from the petroleum-based plastic
monomer styrene (vinyl benzene). PS is synthesized for a variety
of applications, such as packaging. In 2011, approximately 32.7
million tons of PS plastic was produced globally (Lithner et al.,
2011). Overproduction, use, and disposal of PS can cause various
harms to the environment. PS contains a carcinogenic substance,
styrene monomer, which can pose a serious threat to aquatic
organisms. PS is one type of MPs that is often detected in aquatic
environments (Hidalgo-Ruz et al., 2012; Sjollema et al., 2016;
Andrady, 2017; Gambardella et al., 2017). PS particles measuring
20–50 µm have caused severe damage to a wide variety of aquatic
species, including crustaceans, fish, microalgae, sea urchins, and
mussels (Mattsson et al., 2015; Yooeun et al., 2018). PS is mobile,

spreads across ocean boundaries via currents, and is an invasive
species because of its light weight (Brandts et al., 2018; Jin et al.,
2018). PS particles generated from land activities are distributed
and accumulate in aquatic ecosystems through various processes
(Kik et al., 2020). Aquatic ecosystems include not only marine
waters but also fresh and brackish waters. Each of these water
types has a different salinity value. Therefore, we speculate that
differences in salinity are thought to influence the interactions
between PS particles and heavy metals in these waters.

Although there have been many studies on heavy metals and
MPs, it is very rare to study the interaction of the two, especially
for PS. Some studies only focus on the absorption of heavy metals
in MPs but did not analyze heavy metals that were adsorbed in
MPs which can be released and polluted the aquatic environment.
The purpose of this study was to examine the adsorption capacity
and release rate of heavy metals (Pb, Zn, Cd, and Cu) for
different PS particle sizes, initial heavy metal concentrations, and
salinities. This study would provide an overview of PS particles
as carriers for heavy metal pollutants in aquatic environments,
both fresh, brackish, and marine waters with various factors
that influence them.

MATERIALS AND METHODS

Materials
Virgin (new) PS with diameters of 20, 50, 130, and 250 µm
was purchased from Tersulan Chemical Co., Ltd. (Guangdong,
China). To ensure the correct size of the PS particles, we made
observations under a microscope. The sizes after checking for PS
20, 50, 130, and 250 µm particles were 21.224, 50.328, 130.876,
and 250.773 µm, respectively. We chose PS because this type of
plastic is often found in the environment, especially in aquatic
environments (Hidalgo-Ruz et al., 2012; Sjollema et al., 2016;
Andrady, 2017; Gambardella et al., 2017).

The four types of heavy metals used in this study were lead
(Pb), copper (Cu), cadmium (Cd), and zinc (Zn), which were
purchased from Merck KGaA (Darmstadt, Germany). The heavy
metal test solution was prepared by dissolving heavy metals in
1 L of distilled water to make a 1,000 mg L−1 stock solution,
which was then diluted to 1, 2, 5, and 10 mg L−1. To prepare a
stock solution of 1,000 mg L−1 heavy metal, we first calculated
how much heavy metal powder was needed and dissolved it in
distilled water. These four concentrations were used to test the
effect of differences in heavy metal concentrations on heavy metal
adsorption. Tests were also carried out under different salinity
conditions. Heavy metal test solutions were also prepared by
dissolving heavy metals in artificial seawater with salinities of
0, 15, and 30h. The use of an artificial seawater to ensure that
the heavy metals dissolved in the water remain evenly mixed so
as not to interfere with the adsorption process of heavy metals
in PS particles.

Adsorption Capacity Experiment
This experiment investigated how the adsorption capacity
of heavy metals on PS particle was influenced by different
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sizes of particle, different heavy metal concentrations, and
different salinities.

A PS sample weighing 0.05 g was placed in a beaker, 10 mL
of heavy metals was added, and the mixture was stirred on a
magnetic stirrer with a fixed stirring speed of 180 rpm. Different
exposure times (5, 15, 30, 60, 75, and 90 min) between the
PS and heavy metal were used, and the test continued until it
reached the equilibrium adsorption point. In the equilibrium
adsorption point, the entire surface of the PS particles has
reached its maximum capacity to adsorb heavy metals so that
there is no significant change in adsorption value after that
time. PS particles were filtered using filter paper with a size of
0.45 µm (Advantec, Toyo Roshi Kaisha, Ltd., Japan). Filtered
water was put in 50 mL glass tubes. Each test was repeated
three times. The test was performed under different initial heavy
metal concentrations (1, 2, 5, and 10 mg L−1) and salinities (0,
15, and 30h). The concentrations of metals in the filtrate were
determined using a flame atomic adsorption spectrophotometer
(SpeactAA 240-FS, VARIAN, Palo Alto, CA, United States). The
adsorption percentage was calculated based on the following Eq. 1
(Oz et al., 2019):

%Ads =
(

100−
[A]ta

[A]0

)
× 100%

where %ads is the adsorption rate; [A]ta is the concentration of
the heavy metal remaining in solution after time t; and [A]0 is the
concentration of the heavy metal at time 0.

Release Efficiency Experiment
This experiment was conducted to analyze the release efficiency
(µg g−1) of heavy metals from PS particles with respect to
different sizes of particle and different salinities.

The measured heavy metal adsorption values for the PS
particles were used as the standard initial values for heavy metal
release. In this test, we used 0.1 µg g−1 as the heavy metal
amount adsorbed by PS particles. PS particles that had adsorbed
0.1 µg g−1 heavy metals were put into a glass beaker and washed
using 10 mL distilled water (salinity 0h) to analyze the heavy
metal release efficiency (µg g−1) from the surface of the particles.
The test was also carried out under different salinity conditions
(15 and 30h) using artificial seawater. The heavy metal content
in the filtered water was analyzed after different exposure times
(5, 15, 30, 60, 120, 150, 180, and 240 min). Three replicates
were carried out for each test. The filtrate was put in 50 mL
glass tubes. The heavy metal concentrations in the filtered water
were analyzed by a flame atomic adsorption spectrophotometer
(SpeactAA 240-FS, VARIAN, Palo Alto, CA, United States). The
release rate was calculated based on Eq. 2:

%Rls =
(

100−
[R]tr

[R]0

)
× 100%

where %Rls is the release rate; [R]tr is the concentration of the
heavy metal remaining in the solution after time t; and [R]0 is the
concentration of the heavy metal at time 0.

Data Analysis
All adsorption and release data were assessed by two-way
analysis of variance (ANOVA). If the results showed significant
differences (p < 0.05), then Duncan’s multiple range test was
used to analyze significant differences between all treatments.
In this study, we tested for significant differences between the
adsorption capacity (µg g−1) and adsorption rate (%) of heavy
metals with respect to different sizes of PS, different salinities,
and different types of heavy metals. Significant differences in the
release efficiency (µg g−1) and release rate (%) of heavy metals
with respect to different sizes of PS and different salinities were
also assessed. The linear relationships among the adsorption and
release rates of each heavy metal in this study under all conditions
were tested using a general linear model and Statistica computer
software. For all tests, statistical significance was considered at the
p < 0.05 level.

RESULTS

Heavy Metal Adsorption Capacity
The adsorption capacity of heavy metals on the PS surface
increased with increasing PS size. PS with a size of 250 µm
adsorbed most of heavy metals, followed by PS with sizes of 130,
50, and 20 µm. Increase in heavy metal concentration caused
the adsorption capacity (µg g−1) of PS particles to also increase
but the adsorption rate (%) to decrease. A higher salinity of the
solution containing heavy metals resulted in slower adsorption
and a lower adsorption rate.

Statistical analysis indicated that the initial heavy metal
concentration, particle size, and salinity had a significant effect
on the equilibrium adsorption of all heavy metals in this study.
The relationships between the adsorption rate (Ads. Rate) for
each heavy metal in this study and the initial heavy metal
concentration (C), particle size (Sz) and salinity (S) are as follows:

Ads. Rate Zn = 13.791 − 8.481 C + 11.607 Sz − 4.641 S
(R2
= 0.836)

Ads. Rate Pb = 12.390 − 8.909 C + 9.962 Sz − 2.652 S
(R2
= 0.808)

Ads. Rate Cd = 14.140 − 10.332 C + 14.572 Sz − 3.615 S
(R2
= 0.882)

Ads. Rate Cu = 11.422 − 8.672 C + 9.183 Sz − 2.844 S
(R2
= 0.792)

The size of the PS particles affected the time to adsorption
equilibrium. At a salinity of 0h, PS with sizes of 20 and 50 µm
adsorbed increasing amounts of heavy metals until reaching
the equilibrium adsorption point after 45 min, and then the
adsorption curve flattened. For the larger particles (130 and
250 µm), the rate of adsorption of heavy metals increased until
60 min and then flattened out. A similar adsorption duration was
found for all types of heavy metals except Zn. For all PS sizes,
Zn reached an equilibrium absorption point at 45 min of contact
duration (Figure 1).

Figure 1 shows that the adsorption of the heavy metals. Zn
and Cd in PS particles with a size of 250 µm was significantly
higher (p < 0.05) than that of the other three sizes at a
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FIGURE 1 | Heavy metal (Zn, Pb, Cu, and Cd) adsorption capacity (µg g−1) of PS of different sizes (20, 50, 130, and 250 µm) with a 1 mg L−1 heavy metal
concentration and 0h salinity. Data for the adsorption capacity (µg g−1) of the same heavy metal with different letters (a, b, c, and d) are significantly different
(p < 0.05) between each PS size.

5-min exposure time. At 60 min, the adsorption capacities
of all types of heavy metals at all PS sizes were significantly
different (p < 0.05). This difference persisted up to 90 min.
At equilibrium point, the Zn adsorption of 20 µm PS was
0.048 ± 0.005 µg g−1, that of 50 µm was 0.067 ± 0.003 µg g−1,
that of 130 µm was 0.125 ± 0.019 µg g−1, and that of 250 µm
was 0.170± 0.021 µg g−1.

The optimum adsorption rate (%) was found at a heavy metal
concentration of 1 mg L−1. The adsorption rates of Zn and Cd
at an initial concentration of 1 mg L−1 by all PS particle sizes
differed significantly (p < 0.05) from those at 2 mg L−1, whereas
the adsorption rates of Pb and Cu at an initial concentration
of 1 mg L−1 by 20 µm particles were not significantly different
(p > 0.05) from those at 2 mg L−1. The adsorption rates of Pb and
Cd at 2 mg L−1 by 250 and 130 µm particles were not significantly
different (p > 0.05) from those at 5 mg L−1, whereas the
adsorption rates by 50 and 30 µm PS particles were significantly
different (p < 0.05). For Zn, the adsorption rate by all sizes of
PS particles at a concentration of 2 mg L−1 was not significantly
different (p > 0.05) from that at a concentration of 5 mg L−1.
For Cu, the adsorption rate by all particle sizes of PS at an initial
concentration of 2 mg L−1 differed significantly (p < 0.05) from

that at 5 mg L−1 except for 130 µm particles. The adsorption
rate of all heavy metals at an initial concentration of 5 mg L−1

by all particle sizes differed significantly (p < 0.05) from that at
10 mg L−1. These results indicated that the initial concentration
was also an important factor affecting the adsorption of heavy
metals by MP particles.

In the test with an initial concentration of 1 mg L−1 and
salinity of 15h, adsorption equilibrium at all particle PS sizes was
achieved at 90 min of heavy metal exposure (Figure 2), whereas
at a salinity of 30h, adsorption equilibrium was achieved at
120 min (Figure 3). The equilibrium adsorption amount of Zn
by 250 µm PS at a salinity of 0h was 0.156 µg g−1, while that at
a salinity of 15h was 0.131 µg g−1, and that at a salinity of 30h
was 0.116 µg g−1.

The adsorption rate (%) of all heavy metals at a salinity of
0h was significantly higher (p < 0.05) than that at a salinity
of 15h, and the adsorption rate of heavy metals at a salinity of
15h was significantly higher (p < 0.05) than that at a salinity of
30h (Figure 4).

In all experiments with different salinities, the adsorption rate
of heavy metals differed significantly (p < 0.05) between all types
of heavy metals in this study. The highest adsorption rate was
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FIGURE 2 | Heavy metal (Zn, Pb, Cu, and Cd) adsorption capacity (µg g−1) of PS of different sizes (20, 50, 130, and 250 µm) with a 1 mg L−1 heavy metal
concentration and salinity of 15h. See Figure 1 for statistical information.

found for Pb, followed by Cu, Zn, and Cd. At a salinity of 0h,
the equilibrium adsorption rate of Pb by 250 µm PS particles was
22.41 ± 1.69%, that of Cu was 19.77 ± 1.02%, that of Zn was
15.03 ± 0.21%, and that of Cd was 12.09 ± 0.22%. At a salinity
of 15h, the adsorption rate of Pb was 19.76 ± 0.46%, that of Cu
was 16.16± 0.57%, that of Zn was 12.68± 0.15%, and that of Cd
was 10.40 ± 0.50%, whereas at a salinity of 30h, the adsorption
rate of Pb was 15.95± 0.82%, that of Cu was 12.23± 0.41%, that
of Zn was 10.56± 0.36%, and that of Cd was 9.43± 0.82%. These
results indicated that salinity and the type of heavy metal have
important roles in the adsorption of heavy metals on the surface
of PS particles.

Heavy Metal Release
After obtaining adsorption results at all initial heavy metal
concentrations, we assessed the adsorption capacity at an
initial concentration of 5 mg L−1. From observations at
various exposure times, an adsorption capacity of approximately
0.1 mg L−1 was found at approximately 15 min of exposure time
for PS particles of size 130 and 250 µm, while for PS particles
of 20 and 50 µm, this value was reached at 30 min of exposure
time. We chose these exposure times so that the initial amount of
heavy metals that was adsorbed on the surface of the PS particles
was approximately the same.

The release of heavy metals varied based on the particle size
and type of heavy metal. Larger particles released more heavy
metals than smaller particles. PS with a size of 250 µm released
most of heavy metals, followed by PS with sizes of 130, 50, and
20 µm. An increase in the salinity of the solution caused the value
of heavy metal release to be lower and the time needed to achieve
equilibrium to be longer.

Statistical analysis showed that the particle size and salinity
had a significant effect on the release amount at equilibrium of
all heavy metals in this study. The relationships between the rate
of release (Rls. Rate) of each heavy metal in this study and the
particle size (Sz) and salinity (S) are as follows:

Rls. Rate Zn= 90.918+ 3.416 Sz− 4.620 S (R2
= 0.785)

Rls. Rate Pb= 85.915+ 5.404 Sz− 5.263 S (R2
= 0.863)

Rls. Rate Cd= 68.082+ 6.707 Sz− 5.404 S (R2
= 0.892)

Rls. Rate Cu= 56.562+ 3.768 Sz− 5.407 S (R2
= 0.828)

At a salinity of 0h, all particle sizes reached equilibrium
release efficiencies at the same exposure time of 90 min, and
then the release curve flattened out. For Pb, Cu, and Cd, the
release efficiency of 250 µm PS particles at 90 min exposure
differed significantly (p < 0.05) from those of the other three
sizes. The release efficiency of 130 µm PS particles was not
significantly different (p > 0.05) from that of 50 µm particles
but was significantly different (p < 0.05) from that of 20 µm
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FIGURE 3 | Heavy metal (Zn, Pb, Cu, and Cd) adsorption capacity (µg g−1) of PS of different sizes (20, 50, 130, and 250 µm) with a 1 mg L−1 heavy metal
concentration and salinity of 30h. See Figure 1 for statistical information.

FIGURE 4 | Heavy metal (Zn, Pb, Cu, and Cd) equilibrium adsorption rate of 250 µm PS with a 1 mg L−1 heavy metal concentration and different salinities (0, 15,
30h). Data for the adsorption rate (%) of the same heavy metal with different letters (a, b, c, and d) are significantly different (p < 0.05) between each heavy metal
and each salinity.
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FIGURE 5 | Heavy metal (Zn, Pb, Cu, and Cd) release efficiency (µg g−1) in MPs of different sizes (20, 50, 130, and 250 µm) in water with a salinity of 0h. Data for
the release efficiency (µg g−1) of the same heavy metal with different letters (a, b, c, and d) are significantly different (p < 0.05) between each PS size.

particles. Whereas, the release of Zn from 250 µm PS was not
significantly different (p > 0.05) from that with 130 µm PS but
was significantly different (p < 0.05) from those with 50 and
20 µm PS (Figure 5).

Figure 6 shows that at a salinity of 15h, the release of
heavy metals in particles of smaller size (20 and 50 µm) was
slower than that at a salinity of 0h. The larger particles (130
and 250 µm) achieved equilibrium release of Pb, Zn, and Cu at
90 min exposure, and then the release curves flattened, whereas
the smaller PS particles (20 and 50 µm) reached equilibrium at
120 min exposure, and then the release curves flattened. At this
salinity, the difference in release efficiency was more pronounced
among the larger PS particles than the smaller ones. For all heavy
metals, the release efficiencies from larger PS particles differed
significantly (p < 0.05) from those of smaller particles at 90 min
exposure until the last observation (Figure 6).

At a salinity of 30h, for Pb, Zn, and Cu, the larger PS
particles (130 and 250 µm) reached equilibrium sooner, released
heavy metals more rapidly and had higher release values than the
smaller PS particles (20 and 50 µm). Particles with sizes of 130
and 250 µm reached equilibrium release of Pb, Zn, and Cu at
120 min of exposure time, while particles with sizes of 20 and
50 µm reached equilibrium at 150 min exposure (Figure 7). This
result indicated that salinity is an important factor in the release
of heavy metals from the surface of PS particles.

We compared the equilibrium release rates of 250 µm PS
particles to clearly show the effect of salinity on the release
rate of heavy metals. The results clearly show that for all heavy
metals, the release rate at a salinity of 0h was significantly higher
(p < 0.05) than those at the other two salinities. The release rate
at a salinity of 15h was also significantly higher (p < 0.05) than
that at a salinity of 30h (Figure 8).

Figure 8 also shows that each heavy metal had a different level
of release. In the experiment with the three salinity values, the
highest level of heavy metal release was found for Cd, followed
by Pb, Cu, and Zn. At a salinity of 0h, the release rate of Zn was
not significantly different (p > 0.05) from that of Cu, but both
were significantly lower (p < 0.05) than those of Pb and Cd. The
levels of Pb and Cd release did not differ significantly (p > 0.05).
At equilibrium, the release rate of Cd was 94.45 ± 0.77%, that
of Pb was 93.40 ± 1.41%, that of Cu was 91.75 ± 0.97%, and
that of Zn was 89.48 ± 2.46%. At a salinity of 15h, the release
rate of h Zn was not significantly different (p > 0.05) from that
of Cu. The release rate of Cd was significantly higher (p < 0.05)
than that of Pb, and both were significantly higher (p < 0.05) than
those of Zn and Cu (Figure 8). At equilibrium, with 250 µm PS
particles, the release rate of Cd was 92.40 ± 0.78%, that of Pb
was 89.52± 0.86%, that of Cu was 87.49± 0.82%, and that of Zn
was 87.16 ± 1.25%. At a salinity of 30h, the differences in the
release rates among the four heavy metals were similar to those at
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FIGURE 6 | Heavy metal (Zn, Pb, Cu, and Cd) release efficiency (µg g−1) in different sizes (20, 50, 130, and 250 µm) of MPs in water with a salinity of 15h. See
Figure 5 for statistical information.

a salinity of 0h. The release rate of Cd was 88.81 ± 1.25%, that
of Pb was 88.16 ± 0.29%, that of Cu was 84.57 ± 1.76% and that
of Zn was 82.72± 1.25% (Figure 8).

Overall, the results of the three different salinity experiments
above indicate that the heavy metal with the highest release rate
was Cd, followed by Pb, Cu and Zn. These results indicated that
the type of heavy metals also affects the release rate heavy metals.

DISCUSSION

Plastic comes from synthetic materials and additives and is
lightweight and durable; accordingly, the use of plastic continues
to increase, but its nature makes it difficult to decompose in both
terrestrial and aquatic environments (Law and Thompson, 2014).
Galgani et al. (2015) reported that the plastic decomposition
process takes place very slowly, and it can take up to hundreds
of years for plastic to be degraded into MPs through various
physical, chemical, and biological processes. MPs also have the
potential to be carriers of other pollutants, such as heavy metals,
to aquatic ecosystems.

This study is concerned with analyzing short-term
interactions between micro PS particles and heavy metals

with respect to different sizes of PS particles, salinities, heavy
metals, and heavy metal concentrations. The interactions, in
this case, were assessed by analyzing the adsorption and release
efficiency of heavy metals on the surface of PS particles. Such
assessment is important because it can show opportunities for
MPs to act as pollution carriers, especially for heavy metals.
Vieira et al. (2021) stated that there was an indication of a
correlation between heavy metal content and particle MPs in
oyster bodies. Heavy metal concentrations were found to be
higher in oysters contaminated with MPs.

In this study, we used PS with relatively very small sizes,
namely, 20, 50, 130, and 250 µm. Smaller MP particles would
be more dangerous if they entered the bodies of organisms
(Wang et al., 2019). MP particles with very small sizes can reduce
the swimming performance of fish (Puga et al., 2016; Barboza
et al., 2018a). Moreover, very small MP particles have a more
adverse effect on organisms when combined with heavy metals
(Barboza et al., 2018b).

Our results indicated that PS particle size is an important
factor in the adsorption of heavy metals. Fred-Ahmadu
et al. (2019) said that MP particle size is a factor that
affects the adsorption of pollutants. PS particle sizes of 130
and 250 µm reached adsorption equilibrium after 60 min,
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FIGURE 7 | Heavy metal (Zn, Pb, Cu, and Cd) release efficiency (µg g−1) in MPs of different sizes (20, 50, 130, and 250 µm) in water with a salinity of 30h. See
Figure 5 for statistical information.

FIGURE 8 | Heavy metal (Zn, Pb, Cu, and Cd) release rates in water with different salinities (0, 15, 30h). Data for the release rate (%) of the same heavy metal with
different letters (a, b, c, and d) are significantly different (p < 0.05) between each heavy metal and each salinity.
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whereas particle sizes of 20 and 50 µm reached adsorption
equilibrium after 45 min. This finding is similar to Oz et al.
(2019), who reported that heavy metals (Pb and Al) need
60 min to reach adsorption equilibrium on the surface of
MP particles. Larger PS particles have a greater surface area
for the adsorption of heavy metals, so the time needed to
cover the surface is also longer than that needed for smaller
particles. This result is supported by Wang et al. (2018),
who stated that smaller MPs reached adsorption equilibrium
with various contaminants more easily and quickly than
larger particles.

In this study, PS particles with a diameter of 250 µm adsorbed
most of heavy metals. Particles with a larger diameter will
provide a greater adsorption area for heavy metals. This greater
particle surface area will also cause the time to adsorption
equilibrium to be longer. This relationship means that larger
particles adsorb more heavy metals. This result was consistent
with previous studies (Rochman et al., 2013; Holmes et al.,
2014). These results are supported by the results of correlation
analysis, which showed that the adsorption capacities for the
four heavy metals in this study had a strong and positive
correlation with the PS particle size. The larger the particle was,
the higher the adsorption capacity for heavy metals (Figure 1).
However, Gao et al. (2019) showed the opposite result: larger
MPs adsorbed lower amounts of heavy metals due to the
diminished specific surface area, resulting in a decrease in
adsorption sites.

Generally, PS and polyethylene (PE) have higher sorption
capacities than other plastic types under laboratory conditions
(Khalid et al., 2020). Several studies have demonstrated the
interaction between various types of MPs and heavy metals
under various conditions (Table 1). Holmes et al. (2014) reported
that virgin and beached PE pellets can adsorb approximately
0.19–2.73 µg g−1 Pb in filtered river water and seawater. PP
and polyvinyl chloride (PVC) particles adsorbed approximately
1.3 µg g−1 more Pb than Cu (0.2 µg g−1) and Cd (0.10 µg g−1)
in a seawater environment (Gao et al., 2019). The physical
and chemical characteristics of plastics, for example, their small
size, crystallinity, and surface area-to-volume ratio, help in the
accumulation of chemical ions on plastics and can affect the fate
of these contaminants in aquatic settings (Filella and Turner,
2018; Wang et al., 2018).

Differences in the initial heavy metal concentration also
caused the adsorption capacity for the heavy metals to be
different. A higher initial concentration of heavy metals caused
the adsorption capacity to be higher but the adsorption rate to
be lower. Hodson et al. (2017) reported that at relatively high
initial concentrations of Zn (0.1–100 mg L−1), the adsorption
capacities reached 236–7,171 mg g−1, much larger than those
observed at low initial concentrations (Holmes et al., 2012;
Turner and Holmes, 2015). In general, heavy metal adsorption
by all particle sizes of PS at 1 mg L−1 was significantly
different from that at 2 mg L−1, whereas the adsorption
rate at an initial concentration of 2 mg L−1 was not
significantly different from that at 5 mg L−1. Furthermore, the
adsorption rate at an initial concentration of 5 mg L−1 was
significantly higher than the adsorption rate at 10 mg L−1.

The highest adsorption rate of heavy metals was found at the
lower concentration (1 mg L−1) because low concentrations
of heavy metal solution could provide multiple adsorption
sites for MP particles. Conversely, when the concentration
was higher, the adsorption rate decreased, probably because
the surface reached a certain coverage rate, affecting the
subsequent adsorption rate (Gao et al., 2019). The results
above clearly show that the concentration of heavy metals in
solution was a factor that greatly influenced the adsorption
value of heavy metals on the surface of the PS particles.
Oz et al. (2019) said that differences in initial heavy metal
concentrations caused differences in the adsorption capacity
of MP particles.

Previous studies reported that salinity affects the adsorption
behavior between MPs and contaminants (Zhan et al., 2016;
Hu et al., 2017). Our results showed that salinity also has an
effect on heavy metal adsorption. A higher salinity of the heavy
metal solution resulted in a slower adsorption time and lower
adsorption capacity. For all types of heavy metals, the adsorption
rate at a salinity of 0h was significantly higher than that at a
salinity of 15h, and the adsorption rate at a salinity of 15h was
significantly higher than that at a salinity of 30h. Adsorption
can decrease due to cation competition (Li et al., 2018; Liu et al.,
2018).

These results are consistent with Holmes et al. (2014), who
reported that the adsorption of the heavy metals Cd, Co, and
Ni decreased with increasing salinity. Free ions have the most
interactions with the particle surface, and increasing competition
for adsorption sites on the particle surface is an important factor.

The type of heavy metal was also an important factor
in the adsorption of heavy metals on the surface of MPs.
In general, the heavy metals with the highest adsorption
amount in this study was Pb, followed by Cu, Zn, and Cd.
Figure 4 shows that Pb adsorption was significantly higher
than that of Cu, Cu adsorption was significantly higher than
that of Zn, and Zn adsorption was significantly higher than
that of Cd. These results were similar to those reported
by Turner and Holmes (2015) and Gao et al. (2019). Gao
et al. (2019) reported that in both freshwater and seawater,
Pb had a higher adsorption capacity than the other three
heavy metals. This result means that Pb has more affinity
with all types and sizes of particles and may have a higher
chance of becoming a pollutant combined with MPs. The
difference in the adsorption amount of each type of heavy metal
may be related to several relevant metal properties, such as
hydrolysis value, ionic radius and softness (Covelo et al., 2011;
Hu et al., 2018). The value of the ionic radius is inversely
proportional to the adsorption affinity for a given metal with
the same charge (Saha et al., 2002; Covelo et al., 2011). The
hydrated ionic radii of Cu2+, Cd2+, and Pb2+ are 0.419, 0.426,
and 0.401 nm, respectively. The order of adsorption affinity
was consistent with the order of the hydrated ionic radius,
which suggests that electrostatic interactions determine metal
adsorption on MPs to some extent, particularly for Pb2+,
which has the lowest hydrated ionic radius and the largest
electrostatic interaction with MPs among the considered heavy
metals. The higher the electrostatic strength of a heavy metal
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TABLE 1 | Various MPs and their sorbed metallic pollutants.

Metallic
pollutant

MP type Environment Adsorption capacity
(µg g−1)

References

Pb PP, PVC Seawater 1.3 Gao et al. (Gao et al., 2019)

Aged nylon Aqueous solution, Temp 25◦C, pH 7–8 1.05 Tang et al. (Tang et al., 2020)

Virgin and bleached PE pellets Filtered river water and seawater, pH 4–10.5 0.19–2.73 Holmes et al. (Holmes et al., 2014)

PS 20 µm Artificial seawater with salinities of 0, 15, and
30h; different initial heavy metal
concentrations of 1, 2, 5, and 10 mg L−1

0.07–0.23 This study

50 µm 0.09–0.25

130 µm 0.13–0.51

250 µm 0.19–0.69

Cu PE, PP, PS Natural sandy beaches 0.89 Li et al. (Li et al., 2020)

PP, PVC Seawater 0.20 Gao et al. (Gao et al., 2019)

Virgin and aged PET Aqueous solution, pH 3–7 175 Wang et al. (Wang et al., 2020)

PS 20 µm Artificial seawater with salinities of 0, 15, and 30
h; different initial heavy metal concentration of
1, 2, 5, and 10 mg L−1

0.049–0.227 This study

50 µm 0.078–0.264

130 µm 0.102–0.481

250 µm 0.174–0.602

Zn PE, PP, PS Sandy beaches 19.6 Li et al. (Li et al., 2020)

Virgin and aged PET Aqueous solution, pH 3–7 89 Wang et al. (Wang et al., 2020)

Virgin PS beads and aged PVC
fragments

Seawater 0.18–270 Brennecke et al.
(Brennecke et al., 2016)

PS 20 µm Artificial Seawater with salinities of 0, 15, and
30h; different initial heavy metal
concentrations of 1, 2, 5, and 10 mg L−1

0.0433–0.2049 This study

50 µm 0.0634–0.2443

130 µm 0.0998–0.4476

250 µm 0.5907

Cd PP, PVC Seawater 0.10 Gao et al. (Gao et al., 2019)

PS 20 µm Artificial Seawater with salinities of 0, 15, and
30h; different initial heavy metal
concentrations of 1, 2, 5, and 10 mg L−1

0.031–0.121 This study

50 µm 0.037–0.187

130 µm 0.090–0.366

250 µm 0.106–0.460

is, the more likely it will be for the heavy metal to be adsorbed
on the surface of PS particles. Zou et al. (2020) reported
that Pb had stronger adsorption than Cu and Cd on two PE
plastic particles, PVC and chlorinated polyethylene (CPE). The
high electrostatic strength of Pb played a crucial role in this
adsorption. Each PS size adsorbs a different amount of heavy
metal. A larger diameter will result in a greater surface area
as a medium for the adsorption of heavy metals. The higher
the salinity of a solution is, the higher the competition for
free metals (Holmes et al., 2014; Hu et al., 2017; Li et al.,
2018; Liu et al., 2018). These factors caused the adsorption
capacity to be lower and the time needed to reach adsorption
equilibrium to be longer.

Polystyrene particles that have adsorbed heavy metals have
an opportunity to release heavy metals again if they come
into contact with solutions that do not contain heavy metals.

Previous studies reported that acidic solutions were used to
acidify and release heavy metals from the surface of MPs
(Rochman et al., 2013; Holmes et al., 2014). In this study,
to examine the level of heavy metal release, we used artificial
seawater with salinities of 0, 15, and 30h and ensured
that the water was free from heavy metal contamination.
The results showed that after contact with the water, heavy
metals were released from the surface of the PS particles,
even though the release rate was slower than those in acidic
solutions. The rate of release also differs depending on the
size of the PS particles. In general, almost all tests in this
study revealed that larger MPs release more heavy metals
than smaller particles. The results also showed that the level
of heavy metal release was strongly influenced by the PS
particle size. Larger particles released heavy metals faster than
smaller particles in pure water. This result may be because
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smaller particles have a higher particle density than larger
particles; accordingly, heavy metals adsorbed on the particles
would be bound more tightly and would be more difficult
to release. Figure 5 shows that at a salinity of 0h, the
release efficiency of Pb, Cd, and Cu at 60 mins exposure
by 20 µm PS was significantly lower than that by 50 and
130 µm PS, and the release efficiency by 250 µm PS was
significantly higher than that by 50 and 130 µm PS. This result
means that the surface area affected not only the adsorption
capacity for heavy metals but also the time required for
heavy metal release.

Our results also show that salinity can influence the release
of heavy metals from PS particles. In general, an increase in the
salinity of the liquid in direct contact with particles that have
adsorbed heavy metals causes the release time to be slower and
the release efficiency to be lower (Figures 6, 7). This effect may
be closely related to free ion competition. Solutions that have
a higher salt content have higher competition and a higher ion
density (Holmes et al., 2014; Li et al., 2018; Liu et al., 2018), which
causes heavy metal ions that are adsorbed on the surface of the PS
particles to be more difficult to release.

The type of heavy metal was also an important factor in
the release rate of heavy metals from the surface of MPs.
In general, the heavy metal with the greatest release amount
at the equilibrium in this study was Cd, followed by Pb,
Cu, and Zn. This situation was found in three different
salinity tests. This result was also related to the ionic radius
of each heavy metal. Cd2+ has a larger ion radius than
the other three heavy metals. The larger the radius of a
heavy metal ion is, the weaker the bonds between the ion
and the surface of PS particles (Saha et al., 2002; Covelo
et al., 2011). These results were similar to Brennecke et al.
(2016). Brennecke et al. (2016) reported that a PVC plate
(5 × 10 cm) with two additional layers of copper and
zinc released more Cu than Zn after contact with solution.
This process can also be a serious threat to the water
environment. MPs are an important intermediary for the
transportation of metals in aquatic environments, and they
display a higher adsorption affinity for heavy metals in freshwater
than seawater environments (Holmes et al., 2014). MP particles
containing heavy metals will be transported to clean waters
and eaten by organisms. Aquatic organisms cannot degrade
these contaminants through digestion, which leads the heavy
metals to bioaccumulate in the food chain, potentially reaching
higher trophic levels.

Our findings clearly showed the interactions between MPs and
heavy metals and strongly support recent findings that plastic can
play a key role as a vector for heavy metals in aquatic systems. It
should be noted that this study was limited to a laboratory scale
with short-term observations.

CONCLUSION

Our research indicated that all the variables used in this
study influenced the interaction of PS particles with heavy
metals in terms of both adsorption capacity and release

efficiency. Each heavy metal had a different adsorption and
release efficiency due to differences in electrostatic strength. PS
particle size was also an important factor in the interactions
between heavy metals and PS particles. The larger the particle
size was, the higher the adsorption capacity. The release of
heavy metals from larger particles was also higher. Salinity
also plays an important role in the adsorption capacity and
release of heavy metals on the surface of PS particles. The
higher the salinity value of the heavy metal solution is, the
smaller the adsorption capacity and the longer the time to
reach adsorption equilibrium. Likewise, in the release of heavy
metals, the higher the salinity value of the solution in contact
with the surface of the PS particles is, the lower the release
efficiency and the longer it takes to achieve equilibrium. An
increase in the concentration of heavy metals in the solution
caused the adsorption amount on the surface of the PS
particles to also increase, but the adsorption rate decreased.
These results clearly showed that PS particles have strong
interactions with heavy metals in aquatic systems, influenced by
environmental conditions.
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