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Abstract Microplastics can act as carriers of pollut-
ants in the aquatic environment and have the potential
to absorb and release heavy metal pollutants. In this
study, copper (Cu(Il)) was chosen as the classical pol-
lutant, mainly investigated the desorption behavior of
the heavy metal Cu(Il) from polystyrene (PS) micro-
plastics in Milli-Q water, artificial seawater, and sim-
ulated gastric fluid. The results showed that the des-
orption occurred rapidly, within a few hours or even
minutes in different media. The desorption of copper
was consistent with pseudo-second-order model and
the Freundlich isothermal model. The desorption
amounts were in the order of simulated gastric fluid
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> artificial seawater > Milli-Q water. In addition,
hysteresis was obviously detected in the adsorption/
desorption of Cu(Il) in the three environments media.
Moreover, the influence of adsorption medium is
greater than the desorption medium on desorption.
Increasing the temperature would improve the des-
orption ability. There was a higher risk of exposure in
warm-blooded organisms than in cold-blooded organ-
isms. In addition, the presence of sediment particles
had a significant effect on desorption, which would
reduce the desorption ratio. This study reveals the
migration behavior of heavy metals carried by micro-
plastics, which provides a scientific basis for assess-
ing ecological risks and studying the migration and
transformation patterns of contaminants.

Keywords PS microplastics - Cu(Il) - Desorption -
Simulated gastric fluid - Temperature

1 Introduction

The problem of microplastic pollution has received
attention widely around the world. Thompson et al.
(2004) first introduced the concept of microplastics
and defined them as plastic debris and particles less
than Smm in diameter (Law & Thompson 2014). Due
to its strong plasticity, chemical stability, multifunc-
tional, durable, lightweight, cheap, and other char-
acteristics have been widely used in the world (Rios
et al. 2007). Previous research investigations have
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found that microplastics are ubiquitous in aquatic
environments, mainly discharged from urban waste-
water treatment plants into freshwater systems and
transported from rivers to the ocean (Iyare et al. 2020,
Kay et al. 2018, Zhang et al. 2020). So far, micro-
plastics have been detected in freshwater, seawater,
and sediments all over the world (Eerkes-Medrano
et al. 2015, Law &Thompson 2014, van Sebille et al.
2015).

Due to their small size and widespread existence,
micro/nano plastics are highly likely to be ingested
by aquatic animals (Galloway et al. 2017, Scherer
et al. 2018, Steer et al. 2017).Atamanalp et al. (2021)
reported that microplastics were detected in the brain,
gastrointestinal tract, gills, and muscles of Marine
fish. In addition, microplastics have been reported to
be present in the digestive tracts of many wild aquatic
animals, such as molluscs, fish, bivalves, birds, pin-
nipeds, and even zooplankton (Botterell et al. 2019,
Holland et al. 2016, Hurley et al. 2017, Sanchez
et al. 2014). Studies have shown that the ingestion
of microplastics will harm the health of organisms,
affect the normal physiological function of organ-
isms, may affect the structure of intestinal microor-
ganisms (Jin et al. 2018), cause tissue inflammation
(von Moos et al. 2012), and even destroy cell mem-
branes (Ding et al. 2021) and lead to oxidative stress
(Hu &Palic 2020). In addition, microplastics can be
passed and accumulated along the food chain, even-
tually endangering human health (Cole et al. 2013,
Nelms et al. 2018). In recent years, microplastics have
been found in the human body (Schwabl et al. 2019),
which demonstrated the presence of microplastics in
the human gastrointestinal tract.

In addition to their own toxicity (Min et al. 2020),
microplastics are more likely to adsorb and accumu-
late various pollutants in aquatic environment, such as
persistent organic matter heavy metal ions and antibi-
otics, due to their unique surface characteristics, such
as large specific surface area, high porosity, strong
hydrophobicity, and multi-spatial structure (Ashton
et al. 2010, Atugoda et al. 2020, Ogata et al. 2009).
The adsorption properties of microplastics make them
become carriers, carrying pollutants to migrate in the
water environment, and then enter the living organ-
isms through biological ingestion, resulting in com-
bined toxicity (Rochman et al. 2013, Rochman et al.
2014). Moreover, the adsorption and desorption effect
of microplastics on typical pollutants can change their
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concentration distribution, medium distribution law,
and environmental behavior, thus affecting the toxic
effect of pollutants (Allen et al. 2019). Studies indi-
cate that microplastics can alter Ag pathways, uptake
and increase Zn and Cd bioavailability under appro-
priate conditions (Hodson et al. 2017, Lu et al. 2018).
It also found that the association of microplastics and
Cd increased Cd accumulation in zebrafish liver, vis-
cera, and gills (Lu et al. 2018).

Desorption, as an interface process, plays an
important role in determining the fate and ecological
risk of toxic pollutants adsorbed by microplastics in
water environment (Zhang et al. 2020). However, at
present, a large number of studies are mainly focused
on the desorption of organic pollutants by micro-
plastics, such as polycyclic aromatic hydrocarbons
(Voparil &Mayer 2000), phenylalanine (Teuten et al.
2009) and drugs (Fan et al. 2021). Previous studies
have found that pollutants have a lower desorption
capacity in aqueous environments than in the gas-
trointestinal tract. The low desorption of drugs by
polyamide and polyethylene microplastics in rivers
suggest that adsorbed drugs can be transported over
considerable distances (McDougall et al. 2022, Wag-
staff et al. 2022). Bakir et al. (2014a) found that poly-
vinyl chloride (PVC) and polyethylene (PE) micro-
plastics desorbed persistent organic pollutants more
than 30 times as much in intestinal conditions as in
seawater, indicating that the presence of intestinal
surfactants enhances pollutant desorption. In addi-
tion, temperature and pH are considered to be impor-
tant factors affecting desorption (Bakir et al. 2014a,
Bakir et al. 2014b). Liu et al. (2020) found that high
temperature slightly enhanced the desorption of anti-
hyperlipidemia atorvastatin (ATV) and antihyperten-
sive amlodipine (AML) in gastric and intestinal fluid,
and increasing pH could promote the dissolution of
ATV but inhibit the dissolution of AML. McDou-
gall et al. (2022) showed that the pH of the solution
affected the morphology of the drug and the amount
of surface charge of microplastics. At low pH, maxi-
mal desorption of cationic drugs in gastric fluid was
observed due to the decrease in surface charge of
microplastics.

Due to the desorption mechanism of metals,
microplastics can be used as point sources of heavy
metals in the environment (Munier &Bendell 2018).
Similarly, the interaction between heavy metals and
microplastics, i.e. their adsorption and desorption
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mechanisms, has also attracted attention. Chen et al.
(2022) found that PVC microplastics have high
adsorption and low desorption capacity for heavy
metals, which can effectively accumulate heavy met-
als in the heavy metal—polluted aquatic environment,
and then migrate and release them into the human
digestive system. What is more, Wang et al. (2019)
reported that microplastics had a very high desorp-
tion rate of cadmium ions (up to 92.9%). Zhou et al.
(2020) observed a high desorption rate in the simu-
lated intestinal environment. Hodson et al. (2017)
also found that the high desorption rate (59.5%) of
Zn ions adsorbed by polyethylene microplastics in
the intestinal tract of synthetic earthworms means
that adsorbed metal ions are likely to be re-released,
thus metal-contaminated microplastics pose a higher
ecological risk. However, the desorption behavior of
microplastics in carrying heavy metal pollutants into
various environments (fresh water, seawater, gas-
tric fluid) is not clear. Therefore, further studies are
needed to accurately assess the migration and trans-
formation behavior of heavy metals carried by micro-
plastics in natural environments (Zhou et al. 2020).
Copper (Cu(Il)) is widely used in production and
life. Improper discharge of wastewater containing
copper in smelting, metal processing, machinery
manufacturing, organic synthesis, and other indus-
tries, makes it become a heavy metal pollutant in
the environment. In addition, copper is an essential
trace element for aquatic animals (Linder &Hazegh-
Azam 1996), but excess copper can have toxic
effects on organisms (Craig et al. 2007, Liu et al.
2010). According to previous studies, copper can be
adsorbed by microplastics (Ashton et al. 2010, Godoy
et al. 2019; Tang et al. 2021b), and microplastics-cop-
per composite has higher toxicity than copper alone,
suggesting that microplastics may play an impor-
tant role in the bioavailability and toxicity of copper
in the environment (Santos et al. 2021). Polystyrene
(PS) has become a major source of plastic pollu-
tion worldwide (Kwon et al. 2018), which is widely
used in cosmetics, personal care, and other applica-
tions (Andrady &Neal 2009) for its stability and
cost-effective properties. The high consumption of
polystyrene has caused some environmental problems
and has become a common type of microplastic in
the water environment (Liu et al. 2019). The desorp-
tion behavior of polystyrene microplastics on Cu(Il)
in different media (fresh water, seawater, and gastric

fluid) was investigated by laboratory simulation. The
main research objectives of this paper include the fol-
lowing: (i) to study the kinetics of desorption of PS
microplastics and the isotherms of copper desorption
in fresh water, seawater, and gastric fluid; (ii) investi-
gate the effect of temperature on desorption; and (iii)
to explore the influence of the existence of sediment
particles on desorption.

2 Materials and Methods
2.1 Materials and Reagents

Copper (solid power, purity > 99.9%) was obtained from
Shanghai Meyer Co., Ltd., China. The sea salt used to
simulate seawater was purchased from China Academy
of salt Engineering and Technology Co., Ltd. Pepsin A
(= 250 units/mg solid) was bought from Hefei Qian-
sheng Biotechnology Co., Ltd., China. PS microplastics
(average particle size of 180 pm) was purchased from
Dongguan Hua Chuang Plastic Chemical Raw Materi-
als Co., Ltd., China. Copper quantitation was performed
using an inductively coupled plasma mass spectrometer
(ICP-MS, Thermo Scientific, US) measurement.

2.2 Adsorption Experiments

Adsorption kinetics experiment was conducted in fresh
water at 27°C. Milli-Q water was used to simulate fresh
water. 60 mg PS sample and 30 mL Cu(Il) solution with
initial concentration of 1 mg/L. were mixed in 250 mL
conical flask and sealed the bottle with a sealing film, and
then, the bottles were shaken in temperature-controlled
shaking incubator (ZWYR-2102C, China) at 27°C, and
180 rpm. Samples were collected in sequence at 15,
30, 60, 120, 180, 300, 420, 540, 720, 1080, and 1440
min. The sample was filtered with 0.45 pm membrane
to obtain the supernatant and the adsorption amount of
Cu(II) was detected.

Adsorption isothermal experiments were carried out
in Milli-Q water and artificial seawater respectively.
Artificial sea water was prepared according to the manu-
facturer instructions, 30 g sea salt was dissolved in 1L of
pure water to simulate natural seawater. In this experi-
ment, 60 mg of PS was added to 30 mL Cu(Il) solutions
with different initial concentrations (0.1 ~ 1 mg/L). The
mixtures were subsequently placed in temperature-con-
trolled shaking incubator and shaken at a fixed speed
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of 180 rpm at 18°C, 27°C, and 37°C respectively. The
shaking time was specified based on previous kinetic
experiments to reach adsorption equilibrium. In the pre-
sent study, each experiment was conducted in triplicate.

The formula for calculatiing the adsorption amount
of copper on microplastics is shown as Eq. 1:

q, = M (D
m

where g, (mg/g) is the adsorption amount of Cu(II)
adsorped at time t (min); C, (mg/L) reflects the ini-
tial adsorption concentration of Cu(Il) in solution; C,
(mg/L) is the concentration of Cu(II) in solution after
adsorption; V (mL) is the volume of adsorption solu-
tion; m (g) is the mass of microplastics.

2.3 Desorption Experiments

Cu(Il) laden solid particles were prepared for the des-
orption experiment. The preparation process followed
the above adsorption experiment. After adsorption equi-
librium, the microplastics were collected via vacuum
filtration, air-dried for 48 h, and then used for desorp-
tion experiment. Simulated gastric fluid was prepared by
dissolve 2.0 g of sodium chloride and 3.2 g of pepsin A
in water to a final volume of 1000 mL. The pH of simu-
lated gastric fluid was adjusted to 2.0 by hydrochloric
acid to mimic the acidic stomach (Convention 2013).
Simulated fresh water (pH = 7.0) and artificial seawater
(pH ~ 8.0) were prepared for comparison. For desorp-
tion kinetic experiments, 30 mL background solutions
of different media were spiked into conical flasks con-
taining 60 mg Cu-loaded PS microplastics, respectively,
and then were oscillated in temperature-controlled shak-
ing incubator at 180 rpm. The temperatures were kept
at 18°C and 37°C to mimic the digestive conditions of
cold- and warm-blooded aquatic organisms, respectively
(Tanaka et al. 2015). The desorption kinetics experi-
ments of Milli-Q water and artificial seawater mediums
were explored under 18°C, 27°C, and 37°C.

Desorption isotherms were conducted for Cu-laden
PS microplastics from the adsorption processes with
initial concentrations of 0.1~1.0 mg/L. The weighing
method was adopted in desorption isotherms experi-
ments. The specific operation method is as follows: The
conical flasks with microplastics (M) were weighed
before adsorption isothermal experiment. After the
adsorption isothermal experiment, all the supernatant
were removed as far as possible using the needle tube
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(the loss ratio of microplastic was < 0.1%, which was
negligible), and the conical flasks with the superna-
tant removed (M) were weighed again. Thereafter, the
same volume of background solution was added, the
weight was recorded as M,. The sample bottles were
then shaken under the same conditions for another
720 min. The isothermal desorption of simulated gas-
tric fluid was completed with Milli-Q water medium
as adsorption medium. All of the experiments were
conducted in triplicate. Considering the density of the
background solution, the quantity of the desorption was
calculated by mass balance. The calculation formula is
shown in Eq. 2:

CIx(My—M,) C,x(M,—M,)
_ ) P 2
m

X

where qed (mg/g) is the desorption amount of Cu(Il)
under desorption equilibrium; C, (mg/L) and Ced (mg/L)
reflect the adsorption and desorption equilibrium con-
centration of Cu(Il) in solution, respectively; m (g) is
the mass of PS microplastic added; p, (g/em?®) and P, (gl
cm?) are the density of Cu(II) solution and the density of
background solution, respectively.

2.4 Effect of Sediment Particles on Desorption in the
Presence

The effects of sediment (S) particles on desorption were
investigated in the system with Milli-Q water, artificial
seawater, and simulated gastric fluid as background solu-
tions. The sediment used in this study comes from the
intertidal zone of Gaoshaling, which has a high content
of sand and belongs to silty sand. The retrieved sediment
is air-dried, ground, and sieved to remove large particu-
late matter and residual organisms. Ultimately, the parti-
cles intercepted between 60 mesh and 100 mesh screens
were selected for this experiment. The solid-liquid ratio
of the experiment was 2 g/L, and the experimental setups
were as follows: (i) only PS-Cu(Il) microplastics were
added, that is, 60 mg PS-Cu(Il) + 30 mL background
solution; (ii) sediment particles were added, namely, 30
mg PS-Cu(I) + 30 mg S + 30 mL background solution.
Similarly, the samples were put in temperature-controlled
shaking incubator for 720 min at a constant temperature
of 27°C and a rotational speed of 180 rpm. Since most
organisms are in a warm blood state, thus, an extra set of
37°C simulated gastric fluid desorption experiments was
added to the experimental setup.
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2.5 Date Analysis

The uptake kinetics was fitted using the pseudo-first-
order model (Eq. 3) and the pseudo-second-order
model (Eq. 4):

g, =q,(1-¢™) 3)
2
q;kyt
=_"¢°% 4
4 1 +k2qet @)

where ¢, (mg/g) and g, (mg/g) are the adsorption
amount of Cu(Il) adsorbed at any time and under
equilibrium. k; (1/min) and %, (g'mgl-min’!) rep-
resent the rate constants of pseudo-first-order and
pseudo-second-order adsorption Kkinetics, respec-
tively. In desorption experiment, ¢ and ¢, are used
to represent the desorption amount of Cu(II) desorbed
at any time and under equilibrium, respectively.

Langmuir model (Eq. 5) and Freundlich model
(Eq. 6) were applied by the isotherm experimental
data:

_ KLCe
Qe - qm 1 + KLCE (5)
g, = K.C)/" 6)

where C, (mg/L) reflects the adsorption equilibrium
concentration of Cu(Il) in solution; K; (g/mg) and K
(mg L") are the affinity constants of the Langmuir
and Freundlich; g,, (mg/g) is the theoretical maximum
adsorption capacity of microplastics; 1/n is the Freun-
dlich constants.

The desorption degree during desorption were
quantified by the desorption hysteresis index (HI)
(Liu et al. 2018), which was calculated according
to the formula below (Eq. 7) (Wu &Sun 2010):

qd _ qs
Hysteresis index (HI) = ——

@)

e T,C

e

where ¢,% and g, referred to the equilibrium
concentrations in the solid phase in the absorp-
tion and desorption experiments, respectively. And
the bracket subscripts T and C, specify conditions
held constant. HI suggests whether the reversibility
of the adsorption process, with a higher value for

more irreversible adsorption and the value of 0 for
completely reversible adsorption.

The kinetics and isotherms models were fitted
by using Origin 2018 software.

3 Results and Discussion

3.1 Adsorption Kinetics and Isotherms of Cu(II)
onto PS

In order to determine the adsorption equilibrium time and
better prepare copper-loaded microplastics, the adsorp-
tion of Cu(I) onto PS microplastics in Milli-Q water was
studied firstly. The adsorption kinetics of Cu(ll) to PS
are given in Fig. 1. In this study, the amount adsorption
of PS to Cu(ll) increased rapidly in the first 15 min, fol-
lowing the adsorption quantity hardly increases and end-
ing to dynamic equilibrium. The results showed that the
adsorption process was divided into two stages: the first
stage was the rapid adsorption stage, and the second stage
was the slow equilibrium stage. The reason for this phe-
nomenon was that in the early stage of adsorption, Cu**
ions were rapidly adsorbed by the adsorption active sites
in microplastics, resulting in less and less adsorption sites,
and finally reaching saturation and entering dynamic
equilibrium (Ma et al. 2019). Fitted parameters based
on pseudo-first-order and pseudo-second-order models
are summarized in Table 1. The fitted results indicated
that the pseudo-second-order kinetic model could better

0.30

0.20 ‘*l B %
LT
2 0.5 4 :
E;
0.10 4
0.05 4
0.00 ) Pseudo-first-order model

- - = - Pseudo-second-order model

T T T T T T T T
-200 0 200 400 600 800 1000 1200 1400 1600

t(min)

Fig.1 The pseudo-first-order model and the pseudo-second-
order model fitting curve of Cu(II) onto PS microplastics in
Milli-Q water
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Table 1 Parameters of the kinetics models for sorption experi-
mental date of Cu(Il) on PS microplastics (temperature =
27°C)

Model q/(mgeg 1) K/(min 1) R?
Pseudo-first order 0.206 0.1371 0.9884
Pseudo-second order 0.209 2.1852 0.9900

describe the adsorption (R*: 0.9900 > 0.9884). It was
speculated that the adsorption of Cu®* by PS is a complex
process, which is not determined by a single factor, but
the result of the joint action of many factors. This adsorp-
tion process was not only affected by the concentration of
adsorbent itself, but also affected by the active adsorption
site on the surface of the adsorbent and electrostatic force.
It may include both physical adsorption and chemical
adsorption (Liu et al. 2019; Yin and Peng 2018).

In order to better understand the adsorption capac-
ity between adsorbate and adsorbent, isothermal
adsorption experiments of PS to Cu(II) were carried

(a)
0.20
0.16
)
% 0124
g
0.08
= 18°C
e 27°C
0.04 1 A 37°C
= Langmuir
4. - - - Freundlich
0.00
T T T T T
0.0 0.2 0.4 0.6 0.8

C(mg/L)

out in Milli-Q water and artificial seawater medium
respectively. On the basis of the results above, in
order to ensure that the adsorption of Cu>* on micro-
plastics can completely achieve adsorption equilib-
rium, 720 min was chosen as the shake time for the
adsorption isotherm study. Figure 2 illustrates the
modeling results of Cu(II) on PS microplastics based
on Langmuir and Freundlich isotherms, and the
parameters of isotherm models are given in Table 2.
As shown in Fig. 2, the adsorption quantity of Cu(II)
on the PS surface also increases gradually with the
increase of Cu(Il) concentration in solution, but the
slope of the curve was decreasing, that is, the adsorp-
tion rate showed a decreasing trend. This may be due
to the fact that the adsorption sites on the surface of
PS microplastics are less occupied and more in the
exposed state in the solution with lower copper con-
centration. With the increase of Cu(Il) concentration,
more adsorption sites were occupied by Cu?". When
the amount of Cu*" ions exceeds the adsorption point
on the PS microplastic surface, the adsorption mainly

( )0,32 5 A
0.28
0.24
cy
2 020+
0.16
= 18°C
e 27°C
0.12 1 A 3790
Langmuir
0.08 - - - Freundlich
T T T
0.0 0.2 04 0.6

C(mg/L)

Fig. 2 Adsorption isotherms of Cu(II) on PS microplastics in a Milli-Q water and b artificial seawater

Table 2 Isotherm

Model Parameter Milli-Q water Atrtificial seawater
parameters for the
adsorption of Cu(II) on PS 18°C 27°C 37°C 18°C 27°C 37°C
microplastics in Milli-Q
water and artificial seawater Langmuir K;(g/mg) 2.0029 2.0295 2.8356 0.3549 0.5046  0.4939
q,,(mg/g) 0.2154  0.2627 02437 1.6110 1.7115  1.9443
R? 0.9608 09171 09655 0.9596 0.9687 0.9412
Freundlich K (mg'"L1gly  0.1556 0.1961 02183 04143 0.7163  0.8034
I/n 0.5712  0.6111 0.5396 0.8223  0.9608  0.9595
R? 0.9192 0.8548 09180 0.9643 0.9729  0.9582
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occurs on the surface of the PS microplastic would
be close to saturation, thus affecting the subsequent
adsorption rate.

According to the isotherm curves, the Langmuir
model and Freundlich model can describe the adsorp-
tion of copper on PS well. However, the data of the
fitting parameters indicated that the adsorption of
Cu(I) on PS in Milli-Q water was well matched by
Langmuir curve (R* 0.9171~0.9613). For artificial
seawater medium, the fitting coefficient of Freundlich
model is higher than Langmuir model, indicating that
the adsorption in artificial seawater conforms to the
Freundlich model (R* 0.9282~0.9716). Other stud-
ies of the adsorption in microplastics have confirmed
this result. Godoy et al. (2019) found that the adsorp-
tion of copper by five types of microplastics, in Mill-
Q, including PS, followed the Langmuir model. Wang
et al. (2022) study showed that the Freundlich model
was more suitable to describe the adsorption of copper
by PS and PET microplastics in simulated seawater. It
indicates that monolayer adsorption may be the main
adsorption mechanism in Milli-Q water and the main
adsorption mechanism was multilayer adsorption in
artificial seawater medium, which was mainly affected
by van der Waals force and electrostatic force.

The estimated ¢,,, values of Langmuir model indi-
cated that PS microplastics of the adsorption capac-
ity for copper in artificial seawater is higher than
that in Milli-Q water. On the other hand, the values
of 1/n < 1 from Freundlich modeling, indicating
that the adsorption is favorable. This means that the
increase of concentrations of metals in the solution
as the adsorption will be enhanced (Guo et al. 2018a,
Guo et al. 2018b, Hameed &Rahman 2008, Wu et al.
2019). Another important parameter in the Freun-
dlich model, the value of K can reflect the adsorption
capacity of the adsorbent. The higher the value of K,
the higher the affinity to the adsorbate (Tang et al.
2021a). The order of K (artificial seawater) > Kj
(Milli-Q water), indicating the binding ability of PS
and copper in artificial seawater is stronger than that
in Milli-Q water. Similar results were found by Godoy
et al. (2019) in their study about the potential of
microplastic as carriers of metals. They reported that
possibly due to new molecules were formed for cati-
ons bind to microplastics, resulting better adsorbed of
chromium and copper onto polyvinyl chloride (PVC)
and polypropylene (PP), respectively in seawater than
Distilled water. On the whole, the results showed that

the adsorption of Cu(Il) on PS microplastic is benefi-
cial in water with high ionic strength. The adsorption
of Cu(Il) by PS exist monolayer adsorption and mul-
tilayer adsorption process and it is a complex process,
in which physical adsorption and chemical adsorption
coexist (Lang et al. 2020). It was consistent with the
results of adsorption kinetics.

Furthermore, increasing temperature will promote
adsorption. Langmuir isotherm model showed that in
the same background solution medium, the maximum
adsorption amount ¢,, value showed an increasing
trend with the arise of temperature. In this study, the
K- value increased with the elevated of temperature,
indicating that the temperature increase enhanced the
affinity of PS microplastics for Cu(Il).

3.2 Desorption Kinetics and Isotherms in Different
Media

3.2.1 Desorption Kinetics of Cu(Il) from PS
Microplastics

Based on the above results, to ensure that the adsorp-
tion state could fully achieve dynamic equilibrium, Cu-
loaded PS was prepared in batches at 24 h in Milli-Q
water. Cu(I) laden PS microplastics of the adsorption
concentrations were in the range of 0.093-0.150 mg/g.
The desorption kinetics experiments were carried out
in a solid-liquid ratio of 5 g/L.. Fig. 3 summarizes the
desorption kinetics behaviors under the conditions of
Milli-Q water, artificial seawater, and simulated gastric
fluid environments at different temperatures. The results
showed that the desorption occurred of Cu(Il) from PS
microplastics is a rapidly process. Previous studies have
found that the rapid desorption of Cu(Ill) by triethyl-
enetetramine-functionalized polymeric adsorbents can
be completed in a matter of minutes (Liu et al. 2012).
As can be seen from Fig. 3, the desorption capacity of
Cu(Il) by microplastics in Milli-Q water and artificial
seawater environments increased rapidly in the first 120
min and then tended to desorption dynamic equilibrium.
It was noteworthy that desorption reached to dynamic
equilibrate at 15 min in simulated gastric fluid medium.
The fitting results are listed in Table 3. Compared to
pseudo-first-order model, for simulated gastric fluid
environment, the desorption of copper from PS micro-
plastics was more consistent with the pseudo-second
order kinetic model. According to the correlation coef-
ficient R?, both the pseudo first-order model and the
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Fig. 3 Desorbed Cu(Il) concentrations (pg/g) from PS microplastics in a Milli-Q water, b artificial seawater, and ¢ simulated gastric
fluid at different temperatures. Data is fitted using the pseudo-first order and pseudo-second order kinetics models

Table 3 Desorption kinetics fitting parameters in three environmental media at different temperatures

Model Parameter Milli-Q water Artificial seawater Simulated gastric
fluid

18°C 27°C 37°C 18°C 27°C 37°C 18°C 37°C
Pseudo-first order g (ugg™ 0.1002 0.1688 0.2060 0.1734 0.2022 0.2310 0.8331 0.8927
K,(min!) 0.0232 0.0517 0.0946 0.0161 0.0453 0.0314 0.1917 0.1799
R? 0.8803 0.9651 0.9949 0.9033 0.8836 0.8442 0.8713 0.9467
Pseudo-second order 7 (pggh 0.1177 0.1858 0.2138 0.1970 0.2117 0.2455 0.8465 0.9096
K (min!) 0.2246 0.3927 1.0234 0.0958 0.3814 0.2126 1.0163 0.7320
R? 0.8441 0.9800 0.9843 0.8659 0.8637 0.8728 0.8717 0.9484
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pseudo-second-order model could better fit the desorp-
tion of copper in Milli-Q water and artificial seawater,
but combined with the fitting graph and fitting param-
eters, it was found that the theoretical equilibrium des-
orption amounts of the pseudo-second order model were
closer to the real equilibrium desorption amounts and
the fitting curves were closer to the experimental date
points, which can better describe desorption.

Through comparing the value of desorption veloc-
ity constant k, values (Table 3), the desorption velocity
in different media were evaluated more accurately. It
was obvious that the desorption velocity of copper on
PS microplastics follows that simulated gastric fluid >
Milli-Q water > artificial seawater on a whole. The find-
ings were consistent with previous research results (Bakir
et al. 2014a) that the desorption rates of HOCs were
faster under physiological conditions than in water with-
out organic matters.

Moreover, the equilibrium desorption qed values
(Table 3) displayed that at the same temperature, com-
pared with other substrates, PS microplastic for copper
have the highest desorption quantity and desorption ratio
in simulated gastric fluid. The results showed that heavy
metals were released more in simulated gastric fluid
medium due to the carrier effect of PS microplastics.
Many previous studies have also found this phenom-
enon. Previous studies had shown that PS microplas-
tics can adsorb pepsin, thus, which may also depend on
pepsin competing for adsorption sites through n-x and
hydrophobic interactions, resulting in enhanced desorp-
tion (Liu et al. 2020). In addition, this can be attributed
to low pH reduced the surface charge of microplas-
tic, thus reduce the adsorption strength of microplas-
tic heavy metal ions adsorption (Wagstaff et al. 2022).
On the other hand, the desorption amounts of copper
in Milli-Q water and artificial seawater were 0.1858
pg/g and 0.2117 pg/g at 27°C, respectively. The corre-
sponding desorption ratio was 0.198% and 0.228%. It
is observed that the desorption ratio of copper in artifi-
cial seawater was higher than that in fresh water. This
result was also arisen in previous desorption studies of
pharmaceutical desorption on microplastics, mainly
attributed to the effect of surface electrostatic interaction
(Wagstaff and Petrie 2022). It was reported that electro-
static interaction is generally treated as the mechanisms
effecting of the adsorption process of heavy ions (Kab-
bashi et al. 2009). Since the high concentration of Na*
ions in seawater had a charge shielding effect on the sur-
face of microplastics, a low zeta potential was detected

(Wagstaft & Petrie 2022). It means that the surface of
microplastic particles was reduced the electronegativity,
thereby weakening the adsorption of positively charged
copper ions (Zou et al. 2020).

The desorption capacity of Cu(Il) in artificial seawa-
ter was stronger than in Milli-Q water. Therefore, after
adsorbing copper ions to PS microplastics, the poten-
tial for transport of PS microplastics for Cu(Il) in sim-
ulated fresh water is considerable. Cu>" ions adsorbed
by microplastics will migrate with the migration of
microplastics. When Cu-loaded PS is transported from
freshwater to seawater, more of the adsorbed copper
may be released, resulting in the accumulation of cop-
per in the Marine environment, thus posing a potential
risk to Marine life. Moreover, as the adsorption results
above show that the stronger adsorption capacity of PS
microplastics on copper in seawater, the initial adsorp-
tion amount was larger, so the bioavailability may be
increased after being ingested by organisms, which will
bring greater toxicity to Marine organisms.

3.2.2 The Effect of Temperature on Desorption

According to the desorption velocity constant k value, the
desorption velocity was all accelerated with the increase
of temperature in the three media. The results showed
that the increasing temperature accelerates the desorption
of copper, means, the copper desorption amount per unit
time increases. Table 3 shows that the desorption amount
of simulated gastric fluid at 37°C (0.9096 pg/g) was
higher than that at 18°C (0.8465 pg/g). In other words,
the exposure risk of desorption of PS microplastics car-
rying Cu(Il) in warm-blooded organisms was higher
than that in cold-blooded organisms. However, compared
with the water environment, the effect of temperature on
simulated gastric fluid desorption was very small. The
desorption quantity increased by about two times from
0.1177 to 0.2138 pg/g in Milli-Q water with the tempera-
ture increasing from 18°C to 37°C, while that in artificial
seawater was less than double. The results showed that
the effect of temperature on the desorption in fresh water
was greater than that in seawater. This study confirmed
the effect of temperature on desorption, that is, increas-
ing temperature is beneficial to enhance desorption.
These results were similar to a previous study where it
was found high temperature slightly enhanced the des-
orption of pharmaceuticals in gastric and intestinal fluid
(Fan et al. 2021).
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3.2.3 Desorption Isotherms of Cu(Il) from PS
Microplastics

In order to better explore the desorption, the desorp-
tion isothermal experiments were carried out and fit-
ted by Langmuir and Freundlich isotherm models.
The fitting diagrams and parameters of all these mod-
els are shown in Fig. 4 and Table 4, respectively. The
correlation coefficient R? of the Freundlich model
range from 0.8654 to 0.9758 in Milli-Q water, from
0.5516 to 0.8117 in artificial seawater, and from
0.6441 to 0.9249 in simulated gastric fluid, and these
values are higher than the Langmuir model fitting val-
ues, indicating that there is a multilayer desorption
process of copper on PS microplastics.
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The desorption isotherm experiment of Cu(Il)
from PS microplastics in Milli-Q water and simu-
lated gastric fluid were conducted after the adsorp-
tion isotherm experiment in Milli-Q water medium.
Artificial seawater prepared with sea salt was used
as the background solution in the simulated seawa-
ter medium adsorption and desorption experiments.
Through the Freundlich model, it can be found that
the KFd value in Milli-Q water was larger than the
corresponding value in simulated gastric fluid, which
possibly because of the high affinity of Cu(Il) and PS
microplastics in Milli-Q water than that of simulated
gastric fluid, that is, the desorption degree of Cu(Il)
from PS microplastics in Milli-Q water was relatively
lower. According to the desorption concentration C ed,
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Fig. 4 Desorption isotherm of Cu(II) by PS at different temperatures in a Milli-Q water, b artificial seawater, and ¢ simulated gastric

fluid at different temperatures
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Table 4 Desorption isothermal fitting parameters in three environmental media at different temperatures

Model Parameter Milli-Q water Artificial seawater Simulated gastric
fluid

18°C 27°C 37°C 18°C 27°C 37°C 18°C 37°C
Langmuir  K,%g/mg) 106591 112581 975545  0.5669  0.8366  0.4048 122.078  126.239
g, (mg/g) 0.1754 0.1669 0.1674 72670 64587  93.635 0.2011 0.2032

R’ 0.9745 0.8577 0.8549 0.4386  0.7852  0.5875 0.9181 0.6294

Freundlich K {mg""L gy 23202 1.2103 1.2250 41240 43539  31.3008  0.8097 1.0894
1/n 0.4702 0.3768 0.3866 0.9998  0.9621  0.9657 0.4573 0.5940

R’ 0.9758 0.8717 0.8654 0.5516  0.8117  0.6537 0.9249 0.6441

it was found that the copper concentration of des-
orption in artificial seawater was greater than that of
Milli-Q water, which was consistent with the above
desorption kinetic results. However, the values of K Fd
showed that K Fd (artificial seawater) > K, Fd Milli-Q
water), it suggests that the desorption intensity in arti-
ficial seawater is weaker than that in Milli-Q water
(Wu et al. 2020). It may be the result that the affin-
ity of PS microplastics after adsorption of copper ions
in artificial seawater is stronger than that in Milli-Q
water (as described in “Section 3.1°). Therefore, in
addition to the influence of initial desorption medium,
desorption may also be related to the initial adsorp-
tion medium. Moreover, the influence of adsorption
medium is greater than the desorption medium on
desorption. In addition, at the same temperature K
(Milli-Q water) > K Fd (simulated gastric fluid) > Kj
(Milli-Q water), and KFd (artificial seawater) > Kjp
(artificial seawater), indicating the existence of des-
orption hysteresis in Milli-Q water, simulated gastric
fluid, and artificial seawater environments (Wu et al.
2020).

3.3 Hysteresis Analysis

The desorption hysteresis of PS microplastics to cop-
per was observed in three environmental media. The
desorption hysteresis coefficient (HI) for the desorp-
tion isotherms of Cu(Il) from the microplastics was
calculated using the Freundlich model (Ma et al.
2017). Theoretically, HI > 0 means that the adsorp-
tion is irreversible and hysteresis occurs; if HI < 0
indicates that adsorption is completely reversible and
there is no desorption hysteresis (Zuo et al. 2019).
As shown in Table 5, the values of HI > 0 in Milli-Q
water, artificial seawater, and simulated gastric fluid

Table S Desorption hysteresis index (HI) in three environ-
mental media at different temperatures

Milli-Q water Artificial Simulated
seawater gastric
fluid
18°C 13.9 98.5 4.20
27°C 5.17 59.8 -
37°C 4.61 38.0 3.99

environmental media. What’s more, the HI values of
in three environments were large than 1. It means that
Cu(Il) was greatly affected by desorption hysteresis,
which occurred significant irreversible hysteresis dur-
ing the desorption processes all in Milli-Q water, sim-
ulated gastric fluid, and artificial seawater environ-
ments. The desorption capacity of PS microplastics as
a carrier for copper is very low. Additionally, the HI
values in artificial seawater > Milli-Q water > simu-
lated gastric fluid mean that the desorption hysteresis
exists obviously in artificial seawater. This is incon-
sistent with the results of desorption kinetics, which
may be due to the fact that the influence of adsorp-
tion medium is greater than the desorption medium
on desorption. What’s more, in the same desorption
background solution, it was found that the values of
HI decreased with the temperature rising, suggesting
the desorption ability was enhanced by high tempera-
ture. This result was also illustrated in the desorption
kinetics.

3.4 Effect of Sediment Particles on Desorption
Besides microplastic particles, sediment particles

can also act as the carrier of contaminant, produc-
ing in adsorption-desorption effect on contaminant
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Fig. 5 Desorption rates of copper in Milli-Q water at
27°C (F-27°C), artificial seawater at 27°C (S-27°C), simulated
gastric fluid at 27°C (G-27°C), and simulated gastric fluid at
37°C (G-37°C) under coexistence of PS, PS + S

(Kaeseberg et al. 2018; Yu et al. 2022). In addition,
the co-existence of the two can also be swallowed by
organisms with sediment filter feeding, into the organ-
ism (Van Cauwenberghe et al. 2015). In this study, the
effect of sediment particles on microplastic desorption
in Milli-Q water, artificial seawater, and simulated gas-
tric fluid was explored by adding sediment particles
to copper-laden microplastics. The results are shown
in Fig. 5. The desorption percentage of Cu(Il) after
the addition of sediment particles was significantly
reduced in all media, possibly due to the sediment
contains various organic and inorganic components,
which have strong adsorption capacity for metal ions,
resulting in a higher adsorption velocity than the des-
orption velocity, so that part of the desorption copper
in the solution is adsorbed on the sediment particles. It
showed that the copper on the microplastics was trans-
ferred to the sediment, increasing the accumulation
of pollutants in the sediment. The presence of a large
number of sediment particles reduced the bioavail-
ability and toxic effects of metals in microplastics, but
posed additional risks to the sediment system.

What'’s more, with the addition of sediment particles,
the desorption percentage in different environmental
media were relatively decreased by 42.1% (Milli-Q at
27°C), 81.3% (artificial seawater at 27°C), 9.2% (simu-
lated gastric fluid at 27°C), and 75.7% (simulated gas-
tric fluid at 37°C), respectively. It was observed that
the effect of sediment particles on the desorption of
copper from PS microplastics in artificial seawater was

@ Springer

greater than that in Milli-Q water and simulated gastric
fluid. Furthermore, the influence of sediment particles
on desorption increased with the rise of temperature in
simulated gastric fluid medium. Therefore, compared
to cold-blooded organisms, the sediment particles pos-
sibly have a significant effect on the desorption of cop-
per from microplastics in the simulated gastric fluid of
warm-blooded organisms. In addition, at the same tem-
perature, the relatively decreased of desorption percent-
ages in artificial seawater is higher than Milli-Q water.
Therefore, it was speculated that when contaminated
microplastics migrate from freshwater sediments to
Marine sediment environments, they will increase the
migration of pollutants of Marine sediments and bring
greater risks to the Marine environment.

4 Conclusions

Microplastics are carriers of pollutants because of their
unique surface properties. In this study, the desorp-
tion behavior of PS microplastics for copper in different
environments was mainly explored. The results of batch
experiments showed that the desorption of Cu(Il) from
PS microplastics was rapid and occurred within 120 min
in Milli-Q water and artificial seawater. Specially, the
simulated gastric fluid reached equilibrium in 15 min.
Cu(II) desorption from the PS microplastics could be
well fitted by the pseudo-second-order kinetics and the
Freundlich isotherm models. The desorption velocity of
copper on PS follows: simulate simulated gastric fluid >
Milli-Q water > artificial seawater. Desorption quantity
in the following order: simulated gastric fluid > artificial
seawater > Milli-Q water. The desorption capacity of PS
microplastics as a carrier for copper is very low in water
environment, indicating that Cu** ions can be trans-
ported over long distances with microplastics, increasing
the migration of metal pollutants. Desorption hysteresis
phenomena occurred in all three environments matrices.
Moreover, the influence of adsorption medium is greater
than the desorption medium on desorption. More copper
ions were released in gastric fluid, which leads to greater
biotoxicity. What's more, temperature increase was ben-
eficial to improve the desorption of copper by PS, and
the exposure risk of Cu(II) in warm-blooded animals was
higher than that in cold-blooded animals. In addition, the
presence of sediment particles had a significant effect on
desorption, which would reduce the desorption ratio.
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