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Abstract

Microplastics and heavy metals are two different classes of pollutants that are often present in aquatic systems. However,
the interaction between these two pollutants is poorly understood in freshwater systems. This research has examined the
sorption of cadmium(II) ions onto polyethylene microplastic (PEMP) under freshwater conditions. The scanning electron
microscope, X-ray diffraction, and Fourier transform infrared analyses confirmed the existence of different functional groups
and the porous nature of the PEMP surface. The influences of physicochemical parameters such as the solution pH, contact
time, and initial Cd(II) concentration have been examined. The Langmuir isotherm predicted the Cd(II) sorption capacity by
PEMP at pH 5 as 1.37 mg/g. Several isotherm models were utilized, including the Freundlich, Langmuir, and Sips models.
The results confirmed that the Sips model has been more appropriate for Cd(I)-PEMP isotherm based on percentage errors
and correlation coefficient values. Furthermore, the pseudo-first kinetic model fitted Cd(II)-PEMP more accurately than the
pseudo-second kinetic equation. Desorption experiments were conducted to release Cd(II) ions from Cd(II)-bearing PEMP
using different chemical agents. The findings showed that using 0.01 M nitric acid resulted in a desorption efficiency exceed-
ing 99.8%. This demonstrates that microplastics loaded with Cd(II) may release Cd(II) ions in highly acidic environments,
potentially allowing for the uptake of Cd(II) ions by aquatic organisms in their digestive tracts.
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Introduction

Microplastics are small synthetic particles, ranging from
1 um to 5 mm in size, that are either produced directly dur-
ing manufacturing or as a result of the degradation of larger
plastic items (Issac and Kandasubramanian 2021; Arpia
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et al. 2021). They have become a prevalent pollutant in both
freshwater and marine environments (Nunes et al. 2023;
Citterich et al. 2023; Das et al. 2023). Microplastics can
be harmful to aquatic life, impacting the photosynthesis of
marine and freshwater algae as well as the reproduction and
hatching of several aquatic organisms, resulting in malnu-
trition, as well as the eventual demise of species (Banaee
et al. 2019; Wang et al. 2023). Compared to larger plastic
debris, microplastics have a larger surface area per unit of
volume, are highly hydrophobic, and have a higher likeli-
hood of interacting with microorganisms (Joo et al. 2021).
These physical and chemical properties of microplastics
result in an increased accumulation of pollutants, includ-
ing heavy metals and persistent organic contaminants (Liu
et al. 2022a; Fue et al. 2021). Moreover, plastic material
itself constitutes toxic additives including plasticizers, flame
retardants, and antibacterial agents, thereby contributing to
additional contamination when released into water sources
(Campanale et al. 2020). Microplastics can transport pol-
lutants and deliver them globally, resulting in toxic effects
on marine beings, accumulation, and transfer through the
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food chain (Brennecke et al. 2016). Therefore, they pose a
significant risk to marine life and human health.

Many studies have investigated the interaction and
adsorption of organic pollutants on microplastics in aquatic
environments, including bisphenol (Liu et al. 2019), tetracy-
cline hydrochloride (Chen et al. 2021a), phenanthrene (Bao
et al. 2021), and triclosan (Chen et al. 2021b). Recently,
there has been a growing focus on the role of microplastics
in the accumulation of heavy metals (Kutralam-Muniasamy
et al. 2021; Khalid et al. 2021). Wang et al. (2022) inves-
tigated the adsorption behavior of Cu(Il) ions in simulated
seawater onto polystyrene and polyethylene terephthalate
microplastics. Due to the physisorption mechanism, both
microplastics were able to adsorb Cu(Il) ions. The authors
established that microplastics act as vectors for metal ions
in marine environments.

Industries such as electroplating, metal plating, textile,
storage batteries, mining, and glass release heavy metals
into waste, causing significant environmental harm. Heavy
metal pollution is a significant issue due to its potential to
harm human health even at low concentrations. Cadmium
is one such important heavy metal, which is widely used
in various industries. Cadmium is very toxic and known to
cause renal disturbances, bone lesions, cancer, and hyperten-
sion in humans (Verougstraete et al. 2002; Vijayaraghavan
et al. 2012). Due to its prevalent usage in various applica-
tions, cadmium is generally detected in urban stormwaters
(Vijayaraghavan et al. 2010). The existence of microplas-
tic particles increases the likelihood of Cd interacting with
them, thereby altering its behavior, toxicological properties,
environmental impact, as well as bioavailability. However,
studies related to the behavior of Cd(I) and microplastics in
freshwater environments are scarce. This research aimed to
investigate the influences of various operational parameters
(equilibrium pH, contact time, and initial solute concentra-
tions) on the interaction between microplastics (polyethyl-
ene) and Cd(II) ions. To analyze the experimental data, dif-
ferent kinetics and isotherm models were used. The surface
characterization techniques were also utilized to evaluate the
adsorption removal mechanism.

Materials and methods
Microplastics and surface analyses

Microplastics (polyethylene) with an average particle diam-
eter of 125 um and a density of 0.94 g/cm3 were obtained
from a local supplier. Cd(II) solution (stock) was made using
Cd(NO;),-4H,0 (analytical grade, Sigma-Aldrich).

The surfaces of the polyethylene microplastics (PEMP)
were analyzed using a Hitachi-S4800 scanning electron
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microscope (SEM) from Japan. The samples were placed on
copper grids before being photographed. Fourier transform
infrared spectroscopy (FTIR) was performed on the samples
using a Bruker-ATR IR from Germany, with the KBr pellet
procedure and a range of 600-4000 cm™!. The crystallo-
graphic structure of the samples was identified through X-ray
diffraction (XRD) analysis using a Bruker D8 Advance from
Germany.

Batch experiments

The study of Cd(II) adsorption onto PEMP in batch systems
was conducted with 100 mL Cd(II) solution of desired initial
concentrations and 0.1 g (1 g/L) of PEMP. The equilibrium pH
of the Cd(IT)-PEMP suspension was maintained in the range
of 2.0-5.0 with the use of either 0.1 M HC1/0.1 M NaOH.
The Cd(II)-PEMP suspension was placed in a shaker (MaxQ
8000, Thermo Scientific, USA) and agitated at 160 rpm, with
temperature maintained at 30+ 1 °C. After the Cd(Il)-PEMP
equilibrium was attained at 24 h of agitation, the samples were
filtered with 0.45-mm polytetrafluoroethylene membrane, and
Cd(II) in filtrate samples was examined using inductively cou-
pled plasma optical emission spectroscopy (ICP-OES). For the
detection and quantification of heavy metal ions in an aque-
ous solution, ICP-OES is generally used (Vijayaraghavan
and Segovia 2013). The Cd(II)-PEMP isotherm experiments
were conducted by altering the initial Cd(II) concentration
(2-25 mg/L) at the optimum equilibrium solution pH. The
kinetic experimental analyses were conducted similarly to that
of isotherm trials, and it involves taking samples at predeter-
mined time intervals to quantify the equilibrium time. The elu-
tion experiments were conducted using Cd(II)-loaded PEMP
contacted with different eluants including acids (0.01 M HCl,
001 M H2504, and 0.01 M HNO), deionized water, and base
(0.01 M NaOH). The elution experiments were conducted for
1 h of agitation at 160 rpm.

Data modeling

The experimental Cd(IT) isotherm data are described using the
following models:
Langmuir model:

— Omax-Cy-b, )

Freundlich model:
0 =K..C/"™ )

Sips model:
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where Q is experimental Cd(II) uptake by PEMP (mg/g);
Cyis the final Cd(II) concentration in solution (mg/L); O,
is the maximum Cd(II) uptake by PEMP (mg/g); b, is the
Langmuir model constant (L/mg); Ky is the Freundlich
model constant (mg/g) (L/mg)""; ny is the Freundlich
model exponent; K is the Sips model isotherm constant
(L/gy’ ; ag1s the Sips model constant (L/mg)’; and Py s the
Sips model exponent.

The experimental Cd(II) kinetics data are described using
the following models,

Pseudo-first-order model:

0, = 0,(1 — exp(—k,.5) 4)
Pseudo-second-order model:
Q% ky.t
Q=— 5
14+ Q, k.t

where Q, (mg/g) corresponds to Cd(II) sorptional capacity at
time #; Q, (mg/g) corresponds to equilibrium Cd(II) uptake
by PEMP; k; denotes pseudo-first-order model constant; and
k, denotes the pseudo-second-order model constant.

The models were evaluated through nonlinear regression
in Sigma Plot software (version 11.0, USA). The experi-
ments were duplicated, and error bars were included for all
data.

Results and discussion
Influence of equilibrium pH

The equilibrium pH is a critical characteristic that affects
the chemical properties of metals and the surface charac-
teristics of microplastic particles (Joo et al. 2021). To study
this effect, the pH of the PEMP-Cd(II) mixture was varied
by keeping the initial Cd(II) concentration fixed at 10 mg/L.
As indicated in Fig. 1, as the pH of the PEMP-Cd(II) mixture
increased from 2 to 5, the Cd(II) uptake capacity of PEMP
increased with the highest sorption capacity reached at pH
5. This enhanced Cd(II) uptakes by PEMP as the equilibrium
pH changes from 2.0 to 5.0 is due to various reasons. One
reason for this is that when the pH is below 8, Cd exists
in the form of Cd(II) in solutions (Vijayaraghavan et al.
2012). In highly acidic conditions, the surplus H* binds to
the microplastic surface instead of the divalent metal ion,
leading to the protonation of the microplastic. This causes
a decrease in the uptake of Cd(II) by the microplastic. As
the pH amplifies, the availability of H* ions declines, which
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Fig. 1 Effects of solution pH on Cd(II) adsorption by PEMP (initial
Cd(II) concentration= 10 mg/L)

allows additional Cd(II) ions to bind to the microplastic and
increases the uptake of Cd**. Experiments were not per-
formed beyond pH 5 as there exists a possibility of metal ion
precipitation, which may interfere with the sorption process.
The results denoted that the Cd(II) adsorption capacity of
PEMP increased from 0.34 at pH 2 to 1.21 mg/g at pH 5.

PEMP surface analyses

Figure 2 shows the SEM of raw PEMP and Cd(II)-bearing
PEMP. The SEM technique is generally employed to analyze
the surface morphology of microplastics (Dong et al. 2020;
Wang et al. 2022). The raw PEMP surface was character-
ized by its irregularity and a high number of pores. Thus,
the raw PEMP displayed characteristics of porous polymer,
which make it more likely for pollutants to be adsorbed (Li
et al. 2018). On the other hand, exposure of PEMP to Cd(II)
results in a comparatively smooth surface. The XRD of both
raw and Cd(II)-bearing PEMP is displayed in Fig. 3. The
XRD spectra allow for the clear observation of the degree
of crystallinity in polyethylene microplastics (Moura et al.
2023). Typically, microplastics with a high level of crystal-
linity display sharp diffraction peaks (Krasucka et al. 2022).
The existence of sharp and clear peaks in the XRD analy-
ses confirms that PEMP has an elevated crystalline nature
(Fig. 3). On contact with Cd(II) ions, Cd(II)-bearing PEMP
displayed decreased peaks at 21.5 and 23.4°.

FTIR spectra of both raw and Cd(Il)-exposed PEMP sam-
ples are presented in Fig. 4. FTIR spectroscopy is frequently
utilized to analyze the surface of microplastics (Liu et al.
2022b; Moura et al. 2023). The peaks observed at 2913,
2849, 1465, and 717 cm™! in the FTIR spectra can be attrib-
uted to the carbon chains of polyethylene microplastics,
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15000 i respectively. As shown in Fig. 4, slight variations in peaks

/[ within the 600—1500 cm™' range were observed in the PEMP
~~~~~ - sample exposed to Cd(II), indicating that electrostatic inter-
action between various functional groups on the surface of
PEMP with Cd(II) ions caused by the existence of double
bonds in PEMP.
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Fig.3 X-ray diffraction analyses of PEMP and Cd(II)-laden PEMP The sorptional isotherms are crucial for determining the
maximum adsorption capacity of a sorbent as well as the
attraction of sorbate to the adsorbent (Vijayaraghavan
and Yun 2008). The isotherm trials were performed at an
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Table 1 Sorption isotherm constants during removal of Cd(II) by
PEMP

Freundlich Ky (mg/g) (L/mg)'"™y, 0.920
ng 6.32
R? 0.942
% error 3.28

Langmuir O nax (Mg/g) 1.37
b; (L/mg) 4.93
R? 0.996
% error 0.98

Sips Ky (LIl 521
ag (L/mg)’s 3.83
By 0.87
R? 0.997
% error 0.71

equilibrium pH of 5, by altering the Cd(II) concentration
from 2 to 25 mg/L. As indicated in Fig. 5, Cd(II) sorption
isotherm by PEMP was favorable as indicated by a steep
slope. This confirms that PEMP has a strong attraction to
Cd(II) ions. The sorptional uptake of PEMP increased as the
initial Cd(II) concentration enhanced and attained a maxi-
mum at 25 mg/L with the highest uptake of 1.36 mg/g.

To evaluate the sorption process and the affinity of PEMP
toward Cd(II) ions, several isotherm model equations were
used. This includes the Freundlich, Langmuir, and Sips
models. The constants of isotherm models, the respective
correlation coefficient, and percentage errors are provided
in Table 1. The Langmuir equation is a popular sorption
isotherm for describing the sorption isotherm (Langmuir
1918). The model comprises of two constants, with the
first constant (Q,,,,) representing the highest possible sorp-
tion capacity and the second constant (b;) characterizing
the affinity of the adsorbate toward the sorbent. In the case
of Cd(IT)-PEMP, the b; and Q,,,, were recorded as 4.93 L/
mg and 1.37 mg/g, respectively (Table 1). Additionally, the
Langmuir equation exhibited the potential to predict the
Cd(II) isotherm accurately, as proved by the low percent-
age errors and high correlation coefficients. The Freundlich
equation is empirical and was often utilized to assess adsor-
bent surfaces with different degrees of attraction (Freun-
dlich 1907). The model involves two constants, with the first
constant (K), representing the adsorbent binding strength
and the second constant (ny) representing the attraction
between PEMP and Cd(II) ions. The K was observed to
be 0.920, and the n; was recorded as 6.32. Nevertheless,
the Freundlich model was unable to accurately represent the
experimental Cd(II)-PEMP isotherm as evidenced by the
significantly low correlation coefficient and high percentage
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Fig. 6 Influence of contact time during removal of Cd(II) by PEMP
(equilibrium pH=5)

errors (Table 1). It is important to note that the model is only
applicable at the low-to-intermediate concentration levels.
Additionally, as signified in Fig. 5, the Cd(II)-PEMP iso-
therm as predicted by the Freundlich model does not pla-
teau as the Cd(II) concentration increases. The Sips model
(Sips 1948) is a three-parameter equation that integrates the
characteristics of Langmuir and Freundlich equations. The
Sips model behaves similarly to the Freundlich equation at
low adsorbate concentration. However, the model reduces
to the Langmuir equation at a high adsorbate concentration.
The Sips model, which includes an additional parameter,
was able to accurately predict the adsorption of Cd(II) by
PEMP, as demonstrated by the high correlation coefficient
and low percentage error values (Table 1). The model pre-
dicted sorptional uptake agreed well with the experimen-
tal Cd(II) sorptional uptake. The exponent (fg) of the Sips
model was determined to be closer to unity, indicating that
Cd(II)-PEMP isotherm was consistent with the Langmuir
form. Figure 5 presents isotherm curves calculated from all
three isotherm equations.

Kinetics and modeling

Figure 6 illustrates time versus Cd(II) sorptional capac-
ity plots for PEMP at various initial Cd(II) concentrations
(10 and 20 mg/L). Complete knowledge of the adsorption
kinetic profile is essential for understanding the sorption
mechanism, interaction pathway, and estimation of contact
time required to attain sorbent—sorbate equilibrium (Azi-
zian 2004). As clear from Fig. 6, rapid Cd(II) sorptional
rate by PEMP was observed when the Cd(II) concentration
was at its lowest (10 mg/L). The results indicated that PEMP
recorded 85% total Cd(II) removal in 12 h. After this initial

* @ Springer
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Table2 Sorption kinetic constants during removal of Cd(II) by
PEMP

Model equations 10 mg/L 25 mg/L.
Pseudo-first order 0, (mg/g) 1.26 1.35

k; (1/min) 0.165 0.199

R 0.998 0.994

% error 0.29 0.38
Pseudo-second order 0, (mg/g) 1.62 1.65

k, (g/(mg-min)) 0.095 0.125

R 0.997 0.991

% error 0.36 0.44

quick sorption rate, the Cd(II) sorption rate decelerated, and
equilibrium was reached after 22 h. This dual-stage behavior
is frequently visualized in adsorption systems due to the
abundance of binding groups that can be exchanged on the
PEMP surface at the start of the adsorption (Vijayaraghavan
and Ashokkumar 2019). As the Cd(IT)-PEMP sorption con-
tinues, the binding sites were occupied, which leads to a
decrease in the rate and eventually attaining equilibrium.
As seen in Fig. 6, the sorption rate declined as the Cd(II)
concentrations enhanced.

The pseudo-first- and second-order models were
employed to evaluate Cd(II)-PEMP kinetic data (Ho and
McKay 1999; McKay et al. 1999). The results, including
predicted uptakes, rate constants, R? values, and percentage
error, are shown in Table 2. The pseudo-first-order equation
was observed to be more accurate in describing the Cd(II)
kinetics, as it had a low percentage error and high R? values.
Additionally, the predicted Cd(II) equilibrium uptake was in
good agreement with the experimentally predicted values.
Furthermore, as the initial Cd(IT) concentrations enhanced,
the rate constant (k) increased. While the pseudo-second-
order kinetics gave good results with high correlation coef-
ficient values and low percentage errors as indicated in
Table 2, it was found to over-evaluate the equilibrium sorp-
tion capacity. Furthermore, a comparison of the percent-
age error and correlation coefficient values (Table 2) indi-
cated that the pseudo-first model equation better predicted
the experimental Cd(IT)-PEMP kinetics. This can also be
observed in Fig. 6, which displays the experimental Cd(IT)
kinetics data alongside the model predictions.

Desorption

The goal of the desorption trials is to determine how effec-
tively metal ions, such as Cd(I), are transported from

* @ Springer

Cd-loaded microplastics to aquatic environments when
various acidic/alkaline environments prevail. The pH of
the aquatic freshwater environment is generally favorable
for the sorption of metal ions onto microplastics. How-
ever, if the microplastics are transported to environments
such as the digestive tract of aquatic animals where acidic
(low pH) conditions exist, the adsorbed metal ions may be
released from the microplastics (Prinz and Korez 2020).
To investigate how Cd(II)-loaded PEMP behaves in acidic
environments, three different acidic agents were tested,
namely 0.01 M nitric acid, sulfuric acid, and hydrochloric
acid. These desorbents were effective at releasing Cd(II)
from PEMP, with desorption efficiencies of 99.1, 99.8,
and 99.2% respectively, observed for 0.01 M hydrochloric,
nitric acid, and sulfuric acids. These findings align with
the results of the pH trials (Fig. 1), which demonstrate that
acidic pH resulted in inferior Cd(II) sorption uptake due
to the protonation of the microplastics. In contrast, con-
trol experimental trials with distilled water as desorbent
showed that PEMP exhibited a high affinity toward Cd(Il),
with a low desorption efficiency of 2.5%. Similarly, the
desorption was not as effective in the case of alkaline des-
orbent, as 0.01 M NaOH exhibited 6.4% elution efficiency.
Therefore, the elution experimental trials demonstrate that
microplastics can act as carriers for metal ions, such as
Cd(II), and eventually release them into acidic environ-
ments and biological tissues.

Conclusion

Microplastics and heavy metals often pollute freshwater
ecosystems. The combination of these pollutants can pose
a significant threat to aquatic environments. The present
research studied the adsorption potential of PEMP toward
Cd(II) ions as well as desorption under different pH con-
ditions. The XRD, SEM, and FTIR characterization of
Cd(II)-PEMP samples provided evidence on the presence
of different functional sites and the porous nature of the
PEMP surface. Under the conditions examined, pH edge
experiments indicated that maximum Cd(II) adsorption by
PEMP occurred at pH 5. The experimental sorption iso-
therm was well-described by the Sips model, followed by
the Langmuir and Freundlich models. Kinetic experiments
signified that the adsorption of Cd(II) was slow and attain-
ment of equilibrium required 22 h. The pseudo-first-order
equation predicted the Cd(II) kinetics well with a high cor-
relation coefficient and low percentage error values. Elu-
tion experiments indicate that it is possible to completely
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desorb Cd(II) ions from Cd(II)-loaded PEMP with acidic
eluants. These results confirmed that microplastics con-
taining Cd(II) may release Cd(II) ions in acidic condi-
tions, potentially leading to the ingestion of Cd(II) ions by
aquatic animals. Thus, the present study provided evidence
that polyethylene microplastics can act an adsorbent for
Cd(II) ions under examined optimum conditions and can
leach the bounded Cd(II) ions in acidic environments.
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ing the current study are available from the corresponding author on
reasonable request.
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