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Abstract: As the world transitions towards a more sustainable future, it is imperative to develop
innovative solutions that address the pressing issue of plastic pollution. Microplastics, in particular,
have become a significant concern due to their widespread presence in the environment and potential
to interact with toxic pollutants. Organic compounds, which include a variety of harmful chemicals,
such as pesticides and other industrial chemicals, are often released into the environment and can
readily bind to microplastics. In this context, understanding the adsorption of organic compounds
on microplastics is crucial for designing effective strategies to mitigate their environmental impacts.
This study investigates the adsorption dynamics of organochlorine pesticides (OCPs) on polystyrene
microplastics, exploring the influence of pH and contact time, as well as utilizing kinetic models
and isothermal equations to elucidate the adsorption mechanism. The results suggest that the pH
level has a negligible impact on the adsorption capacity of PS for OCPs. In contrast, the contact
time plays a significant role in the amount of OCPs adsorbed onto the PS surface. Interestingly, a
relatively short time of up to 6 h was sufficient to reach equilibrium. The adsorption of OCPs on PS
follows a uniform pattern consistent with the Freundlich isotherm model, indicating a multilayer
adsorption process. The use of kinetic models to describe the adsorption process was also found
to be useful in understanding its mechanism. Specifically, the pseudo-second-order kinetic model
proved to be a suitable descriptor for the adsorption process of organochlorine pesticides on PS.
This study highlights the importance of understanding the interactions between microplastics and
organic pollutants, which is crucial for developing sustainable solutions to mitigate the environmental
impacts of plastic pollution, ultimately contributing to a more environmentally conscious future.
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1. Introduction

As the world grapples with an escalating environmental crisis, the interplay between
microplastics and persistent organic pollutants (POPs), like organochlorine pesticides
(OCPs) has emerged as a critical area of study [1,2]. OCPs are a class of chemical com-
pounds characterized by the presence of at least one carbon ring and several chlorine
atoms [3]. They were widely used around the globe until the 1970s when harmful effects
began to be observed and they began to be investigated in more detail. Over time, more
and more pesticides have been identified as persistent organic pollutants, and their use
was banned in several countries. In 2001 the Stockholm Convention was established, an
agreement between the signatory states to ban them completely [4]. Following European
Union (EU) regulations outlined in Directive 2020/2184, the maximum permissible limits
for pesticides in drinking water are set at 0.1 pg/L for individual pesticide compounds,
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0.3 ng/L for specific pesticides, such as aldrin, dieldrin, heptachlor, and heptachlor epoxide,
and 0.5 pg/L for the total concentration of all pesticides [5].

The main characteristic of organochlorine pesticides is their high stability, which
allows them to persist in nature for long periods. As most of them are lipophilic molecules,
they can also accumulate in the fatty tissue of living organisms and are therefore capable
of bioaccumulating, which increases their risk to the environment. The most common
toxic effects observed both in humans and animals following prolonged exposure to OCPs
are neuronal disorders, liver diseases, kidney damage, reproductive system disorders,
impairment of the immune system, and potential carcinogenic effects [6]. Also worth
noting are the negative effects that OCPs can manifest on developing fetuses and infants,
where growth can be severely impaired and malformations can occur [7].

On the other hand, microplastics (MPs) are a class of pollutants that have relatively
recently come to public attention and consist of plastic particles of very small size, usually
less than 5 mm in diameter [8]. They can either come from the decomposition of larger
plastics or can be manufactured directly at smaller sizes. Microplastics can take various
forms: fragments, granules, fibers, or finer particles. They can have a negative impact
on the environment and human health, as their very small size means they can enter all
environmental compartments (water, soil, and air) where they can be ingested by organisms.
They can also affect food chains, and the long-term impact of exposure to these particles is
still a subject of intense research [8,9].

A broad classification of MPs can be made according to their origin. Primary mi-
croplastics are purposely made of small particles, usually produced as beads to be included
in cosmetics or cleaning products, as granules for some agricultural applications, or as
fibers resulting from the textile industry. The other class of MPs, called secondary mi-
croplastics, are particles resulting from the degradation of larger pieces or objects under
the influence of natural factors, such as exposure to sunlight, temperature variation, or
mechanical breakdown [7]. Plastic waste thrown into nature is the source of this category
of MPs. The global production of plastics in massive quantities and the wide and varied
range of uses have led to the spread of microplastics across the globe and it is a matter of
concern that they can be detected in all environments, from streams to seas and oceans,
soils, sediments, and even in the Antarctic ice caps and ocean depths [8-13].

Recent studies have shown that microplastics can retain chemicals on their surface,
especially persistent organic contaminants, such as polycyclic aromatic hydrocarbons
(PAHs), polychlorinated biphenyls (PCBs), organochlorine pesticides (OCPs), polybromi-
nated diphenyl ethers (PBDEs), etc. [14], producing a significant preconcentration and
altering the interactions and toxicity of these contaminants in living organisms [15,16].
Thus, there has been extensive investigation of the adsorption mechanisms of various
materials onto microplastics, including heavy metals and other hazardous substances.
Research has shown that factors, such as particle size, surface chemistry, and environmental
conditions, significantly influence the adsorption dynamics [17,18]. However, while these
studies have established a foundation for understanding adsorption processes, there is a
notable gap regarding the specific interactions between organic contaminants, particularly
organochlorine pesticides (OCPs), and microplastics.

This study represents a pioneering investigation into the adsorption mechanism of
16 organochlorine compounds on polystyrene (PS) microparticles. It aims to determine the
adsorption capacity of PS for these organochlorine pesticides, evaluate the influence of pH
and contact time on the adsorption process, study adsorption isotherms to understand the
nature of the interactions between adsorbates and the adsorbent, and compare experimental
results with those predicted by kinetic models. As the first research paper to examine this
specific interaction, it contributes valuable insights into the environmental behavior of
microplastics and their potential role in the transport of harmful pesticides.

These two pollutants not only coexist but also interact chemically and physically,
with microplastics exhibiting an alarming capacity to adsorb and transport OCPs through
various environmental compartments. By investigating the adsorption processes, isotherm



Sustainability 2024, 16, 7743

3o0f14

models, and kinetics of OCPs on polystyrene microplastics, this study aims to provide
crucial insights into these interactions. Understanding the mechanisms governing the
adsorption of OCPs onto microplastics is vital for developing sustainable remediation
strategies, thereby reducing the environmental risks associated with both microplastics
and organic pollutants. The knowledge gained from this study will inform policy-makers
and researchers as they seek solutions to mitigate the impacts of these dual hazards,
emphasizing the need for sustainable practices in plastic production and waste management
to protect our ecosystems for future generations.

The importance of this study lies in its relevance to international research efforts aimed
at understanding the complex relationships between persistent organic pollutants, like
organochlorine pesticides and microplastics. As international collaborations continue to
grow in response to global environmental concerns, this study’s findings will contribute
significantly to our understanding of how microplastics interact with OCPs in aquatic envi-
ronments. The results will also inform strategies for mitigating pollution risks associated
with OCPs and microplastics in waterways worldwide. Furthermore, this study’s findings
will contribute to a broader understanding of how microplastics can serve as vectors for
transporting pollutants into ecosystems, emphasizing the need for sustainable practices in
plastic production and waste management.

2. Materials and Methods
2.1. Materials

A mixture of 16 organochlorine pesticides in acetone was used in this study, including
a-Hexachlorocyclohexane; 3-Hexachlorocyclohexane; y-Hexachlorocyclohexane (Lindane);
d-Hexachlorocyclohexane; Aldrin; Dieldrin; Endrin; Endrin Aldehyde; Heptachlor, Hep-
tachlor Epoxide; 4,4'-DDT; 4,4'-DDE; 4,4’-DDD; Endosulfan I; Endosulfan I and Endosulfan
Sulfate (Table 1). Pentachloronitrobenzene (PCNB) was used as internal reference standard.
The mixture was purchased from LGC, and the analytical standard from CPA Chem. Aque-
ous solutions were prepared using Milli-Q ultra-purified water from a Millipore system.
Liquid-liquid extractions were performed using hexane from Merk.

Table 1. Studied organochlorine compounds.

No. Compound Molecular Formula Molecular Mass CAS

1 a-Hexachlorocyclohexane C6H6Clo 290.8 319-84-6
2 -Hexachlorocyclohexane C6H6Cl6 290.8 319-85-7
3 v-Hexachlorocyclohexane C6H6Clo6 290.8 58-89-9
4 d-Hexachlorocyclohexane C6H6Clo 290.8 319-86-8
5 Aldrin C12H8Cl6 364.9 309-00-2
6 Dieldrin C12H8Cl60 380.9 60-57-1
7 Endrin C12H8Cl60 380.9 72-20-8
8 Endrin Aldehyde C12H8Cl60 380.9 7421-93-4
9 Heptachlor C10H5C17 373.3 76-44-8
10 Heptachlor Epoxide C10H5C170 389.3 1024-57-3
11 4,4'-DDT C14H9CI5 354.5 50-29-3
12 4,4'-DDE C14H8Cl4 318.0 72-55-9
13 4,4'-DDD C14H10Cl4 320.0 72-54-8
14 Endosulfan I CI9H6C16035 406.9 959-98-8
15 Endosulfan II CI9H6C1603S 406.9 33213-65-9
16 Endosulfan Sulfate CI9H6C16045 4229 1031-07-8

The plastic material used was polystyrene (PS), manufacturer Sigma-Aldrich (Darm-

stadt, Germany).

2.2. Batch Experiments

pH and contact time are critical variables in the study of organochlorine pesticide
adsorption onto microplastics due to their influence on the physicochemical properties of
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both the adsorbent and the adsorbate. pH affects the charge and solubility of pesticides,
which in turn can alter the interaction strength between the pollutants and the microplastic
surfaces. For instance, many organochlorine pesticides can become more ionized at different
pH levels, impacting their adsorption capacity. Additionally, contact time is essential as it
determines the duration for which the pesticides have the opportunity to interact with the
microplastics. Longer contact times generally facilitate greater adsorption as the system
approaches equilibrium, allowing for the maximum interaction between the contaminants
and the sorbent. Given the complex dynamics of these variables, understanding their
roles is vital for accurately assessing the environmental fate of pesticides associated with
microplastics.

For determination of the influence of pH and contact time for the microplastic, 200 mL
of OCP mix solution, 50 pg/L concentration, were prepared from the stock solution using
ultrapure water as solvent. For the experiments to determine the adsorption kinetics,
aqueous solutions at concentrations of 1, 10, 25, 50, and 75 ug/L OCPs were prepared in
ultrapure water. Equal volumes of all aqueous solutions were transferred in Erlenmeyer
flasks with 0.5 g of PS granules. Microplastic granules with a diameter of less than 100 pm
were obtained by milling and separated using a sieve.

To achieve adsorption of the pesticides on the added microplastics, the above-mentioned
solutions were stirred at about 150 rpm. The stirring time was 24 h, apart from the
experiment, to determine the influence of contact time, and samples were collected at 2, 4,
6, 8, and 24 h from the start. The experiments were carried out at a room temperature of
23-24 °C[19].

2.3. OCP Extraction

After finalizing the stirring, the samples were filtered on filter paper to remove the
microplastics. The aqueous microplastic-free samples thus obtained were collected in 50 mL
centrifuge tubes and subjected to liquid-liquid extraction with hexane. Each sample was
extracted three times. The extracts were collected in concentrator tubes and concentrated
under nitrogen flow to a volume of 1 mL and then collected using a Pasteur pipette and
placed in GC vials, where 50 puL of PCNB 2 mg/L internal standard solution was added.

2.4. OCP Chromatographic Determination

The analysis was conducted using an Agilent GC-ECD 7890B gas chromatograph
equipped with an autoinjector, split/splitless injection port, 14% cyanopropyl phenyl/86%
polysiloxane capillary column type 1701 (30 m long, 0.25 mm inner diameter and 0.25 um
stationary phase film thickness) and an electron capture detector. The chromatographic
parameters are as follows: the injector was set at 260 °C, injection volume was 1 pL, 5:1 split
ratio, Helium 6.0 purity carrier gas with a flow of 1 mL/min, oven temperature program
starting at 50 °C, hold for 3 min, ramp-up with 10 °C/min up to 260 °C, where it is held for
15 min. Detector temperature was set at 350 °C

2.5. Quality Assurance and Quality Control

A stock solution of 10 mg/L was made from the OCP mixture standard solution, which
has a concentration of 2000 mg/L of each compound, using hexane as solvent. An internal
reference standard solution containing 2 mg/L PCNB was prepared in iso-octane. From
the stock, six more solutions were made containing 2, 5, 10, 50, 100, 200 pg/L pesticides.
To each solution, internal reference standard was added. All calibration solutions were
made in hexane and 1 mL of each was analyzed by gas chromatography. The experiments
were performed in duplicate. Each batch of samples contained blank samples and a control
standard solution analysis.

2.6. PS Characterization

The surface morphology of the PS material was analyzed using the Quanta 250 FEG
scanning electron microscope (Thermo Fisher Scientific, Waltham, MA, USA).



Sustainability 2024, 16, 7743

50f 14

2.7. Adsorption Study

To determine the amount of pesticide retained per gram of microplastic, the following
formula was applied [20,21]:

Qe =((Co —Cp) x V)/m 1)

where Q; represents the retention capacity (adsorption) at time t, expressed as the amount
of pesticide retained per unit of adsorbent/microplastic (mg/g); Co defines the initial
concentration of pesticide in solution (mg/L); C; represents the concentration of pesticide
at time t (mg/L); V is the volume of the solution (L); and m defines the amount of adsorbent
material used (g).

2.8. Adsorption Isotherms

To express the balance of pollutant removal from wastewater and synthetic aqueous
solutions, adsorption isotherms are used, which are expressed mathematically. Whether
it is the removal of metal ions or organic compounds, two widely used isotherms are the
Freundlich isotherm and the Langmuir isotherm [22].

The Freundlich isotherm is used to describe non-ideal adsorption processes, in which
it is assumed that adsorption does not occur exclusively on a single mono-molecular layer
on the surface of the adsorbent material. The Freundlich isotherm equation (an equation of
the type y = mx + ¢) is given by:

Ln(Q) = (1/n) x Ln(Ce) + Ln(K¢) )

where Q is the amount of pollutant adsorbed at equilibrium (mg/g); Ce is the concentration
of pollutant in solution at equilibrium (pg/L); K¢ is the Freundlich constant representing the
capacity of the adsorbent material to retain the pollutant (mg/g) at a given concentration;
and (n) is the exponent indicating the intensity of adsorption: Ln(Ky) = ¢ — K¢ = exp(c)
The Langmuir isotherm is used to describe ideal adsorption processes, in which
adsorption takes place on a single mono-molecular layer on the adsorbent surface. The
Langmuir isotherm equation (it is an equation of the type y = mx + c) is given by:

Q = Qmax X (KL X Ce)/(l + Kp x Ce) (3)

where Qmax =1/m; K =1/(c X Qmax); Qmax is the maximum adsorption capacity (mg/g);
and Ky, is the Langmuir equilibrium constant indicating the ratio of adsorption to desorp-
tion rate.

2.9. Kinetic Study

The interactions that occur between the active centers of the adsorbent material (mi-
croplastic) and the retained pollutant (pesticide) are determined by kinetic study. In the
retention process of organochlorine pesticides, experimental results are correlated with
kinetic models widely used to characterize the adsorption process [19,23].

The pseudo-first-order kinetic model is used to characterize physical adsorption
processes, in which interactions are predominant between the pollutant and the surface
of the adsorbent material (microplastic). This model assumes that the adsorption rate is
directly proportional to the concentration of the pollutant in the solution.

The pseudo-order II kinetic model is used to describe adsorption processes involving
chemical reactions between the active centers of the adsorbent material (microplastic) and
the retained pollutant (pesticide). This model assumes that the adsorption rate is influenced
by the chemical reactions taking place between the pollutant and the adsorbent surface.

Analysis of experimental results using these kinetic models helps to determine the
mechanisms involved in the adsorption process and to determine the type of interactions
that take place between the adsorbent material and the retained pollutant [20,21].
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The mathematical equations used to express the two mentioned kinetic models,
the pseudo-order I kinetic model (Equation (4)) and the pseudo-order II kinetic model
(Equation (5)) are:

Ln(Qe — Q) =LnQ. — Ky 4

where k; = first order rate constant (min~!); t = time (min).
t/Qi=1/(ky x Qe2)+1/Qe )
where k; = second-order rate constant (g/mg/min).

3. Results
3.1. Polystyrene Characterization

PS surface morphology plays an important role in determining its adsorption capacity
for OCP compounds. SEM analysis was performed to evaluate the changes in PS surface
before and after the adsorption of different OCPs, as shown in Figure 1. The SEM images
showed that the original PS shows a smooth and regular surface, indicating a homogeneous
surface without significant features. However, after the adsorption of the POC compounds,
significant changes in surface morphology were observed. Deposits related to the adsorp-
tion of the pesticides were observed on the PS surface. These surface changes provide
visual evidence of the adsorption capacity of microplastics for POC compounds [24].

(b)

Figure 1. SEM images recorded for PS (a) and PS after pesticide adsorption (b,c).

3.2. Adsorption Parameters Optimization
3.2.1. pH Influence

pH can influence the adsorption process by altering the charge and structure of the
adsorbent material, as well as changes in the charge and structure of the pollutant molecules.
pH can also affect the solubility properties of the pollutants, which can influence the
adsorption capacity of the adsorbent material. Previous studies have shown that changing
pH can have significant effects on the adsorption processes of organic compounds, such as
dyes, pesticides, heavy metals, etc. In the case of organochlorine pesticide pollution, whose
physicochemical properties differ significantly, it is important to investigate the influence
of pH on the adsorption capacity for each individual compound.

The study of the influence of the pH of the organochlorine pesticide solution showed
that the pH value does not significantly influence the adsorption capacity of polystyrene
(Figure 2). This value remains almost constant over the whole pH range studied, for most of
the pesticides. A slight increase in the adsorption capacity of PS was observed for a-HCH,
v-HCH, and §-HCH at pH higher than 9. This may be caused by the formation of ionized
species of these compounds at higher pHs, which could interact more efficiently with
the adsorbent material. These results indicate that pH is not a determining factor for the
adsorption capacity of the adsorbent material, at least in the case of polystyrene for most
of the OCPs studied. It can be an advantage for applications to remove pollutants from
water or aqueous solutions, as pH can fluctuate significantly over time and affect other
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adsorption processes. This observation may also be useful for the design of adsorption
technologies, where regeneration processes may require adjustment of solution pH.
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Figure 2. The pH Influence on pesticide adsorption capacity of PS.
To ease the experimental procedure, it was chosen to run the experiments at the initial
pH of the samples, i.e., at approximately 5.5 pH units.
3.2.2. Effect of Contact Time
Contact time refers to the period of time that the pollutant solution and the adsorbent
material are in contact to allow the adsorption of the pollutant. Different factors, such
as particle size, surface structure configuration of the adsorbent material, concentration
gradient, temperature, and pH, can influence the effectiveness of the adsorption process
depending on the contact time. For this reason, it is important to study the influence of
contact time on the adsorption capacity of the material.
The data show that the adsorption of the pesticides Aldrin, Endosulfan I, DDE and
DDT increased rapidly during the first two hours of contact, after which the adsorption rate
slowly decreased, reaching equilibrium after only four hours of contact (Figure 3). These
data suggest that these pesticides can be removed efficiently using PS as adsorbent material
with a relatively short contact time. These findings could be used to develop effective
solutions for removing pesticides from aqueous solutions.
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Figure 3. Influence of contact time on the adsorption capacity of PS.

In the case of the organochlorine compounds Alachlor and Dieldrin, adsorption
increased rapidly in the first four hours, reaching a plateau after only six hours of contact.
These findings are in agreement with previous results in the literature and indicate that the
removal of these compounds requires longer periods of time in order to be affected by the
adsorption process [25-28].

3.3. Adsorption Isotherms

Adsorption isotherms are an essential component in the study of adsorption phe-
nomena and provide important information about the behavior of the adsorbent material
in contact with the adsorbed substances. These curves reflect how the amount of ad-
sorbed substance varies with its concentration in the liquid medium. By analyzing the
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adsorption isotherm, important data can be obtained about the adsorption capacity of the
material, the interactions between the adsorbent surface and the adsorbed substance, and
the mechanisms involved in the adsorption process.

The adsorption process of organochlorine pesticides on polystyrene particles is a
complex phenomenon involving interactions between pesticide molecules and the surface
of polystyrene particles. It is important to understand the mechanism of this process in
order to develop effective technologies for treating pesticide-contaminated water. In order
to study and understand the adsorption mechanism of organochlorinated pesticides on
polystyrene particles, Langmuir (Figure 4) and Freundlich (Figure 5) adsorption isotherms
were plotted.
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The Langmuir adsorption isotherm is based on the assumption that the adsorption
surface is uniform and that each adsorption site is independent. This is a simplification of
reality because polystyrene particles have a porous structure and different adsorption sites
with different binding energies. The Langmuir isotherm may underestimate adsorption if
there are non-specific interactions between the pesticide and polystyrene.

On the other hand, the Freundlich adsorption isotherm is more flexible and can
better describe non-ideal adsorption and heterogeneous interactions between pesticide
molecules and polystyrene particles. Correlation coefficients higher than 0.9 indicate that
the Freundlich model fits the experimental data very well and that the adsorption process
is more complex, which is expected in this case.

An analysis of the values of the Langmuir equation parameters for the adsorption
of organochlorine pesticides on polystyrene particles shows a significant variation in the
maximum adsorption capacity (Qmax), the Langmuir equilibrium constant (Ki ) and the
correlation coefficient (R?) (Table 2). Values for Qmax ranging from 1.02 to 29.7 ug/g indicate
a variable adsorption capacity of polystyrene particles for different types of organochlorine
pesticides. Higher values of Qmax suggest that polystyrene particles have a high adsorp-
tion capacity for these pesticides, which may be useful in contaminated water treatment
processes. The Langmuir equilibrium constant (Kp ) is important to determine how tightly
pesticide molecules bind to the surface of polystyrene particles. Values between 0.0003 and
12.4 L/mg indicate a significant variation in the adsorption efficiency of polystyrene parti-
cles. Higher K, values indicate more efficient adsorption of organochlorine pesticides on
polystyrene. The correlation coefficient (R?) is a measure of how well the Langmuir model
fits the experimental data. Values between 0.0009 and 0.8389 indicate a large dispersion in
the fit of the Langmuir model to the experimental data. Lower R? values indicate that this
model does not fit the experimental data perfectly and more complex models or additional
adjustments may be needed to correctly describe the adsorption process.

Table 2. Langmuir and Freundlich equation parameters for OCP adsorption on PS.

Compound Langmuir Parameters Freundlich Parameters
Qmax (1g/g) Ky (L/mg) R? Kr (ug/g) n 1/n R2

a-HCH 1.02 0.004 0.0101 2.05628 0.9767 1.0238 0.9951
b-HCH 29.7 0.009 0.092 0.84783 0.9461 1.0569 0.9959
d-HCH 22.6 0.014 0.0818 0.97658 0.9257 1.0802 0.9926
g-HCH 1.25 0.0003 0.0009 2.70689 0.9709 1.03 0.9954
Alachlor 3.47 9.127 0.7062 0.35354 2.01 0.4975 0.9356
Aldrin 4.69 12.38 0.3839 0.2271 0.8444 1.1843 0.9718
Dieldrin 7.78 3.813 0.4167 0.3203 1.2396 0.8067 0.9936
Endrin 7.67 3.033 0.3987 0.3468 1.2989 0.7699 0.9909
44’-DDT 5.13 4.145 0.4118 0.1762 0.8235 1.2143 0.9915
44'-DDE 5.41 4917 0.6949 0.35273 1.3644 0.7329 0.9963
44’-DDD 4.48 5.678 0.8389 0.2079 1.4741 0.6784 0.9969
Heptachlor 3.7 9.681 0.0588 0.21757 0.8655 1.1553 0.9834
Heptachlor epoxide 8.28 0.869 0.4558 0.47402 0.8211 1.2179 0.996
Endosulfan I 7.15 1.835 0.1537 0.50086 0.8399 1.1906 0.9963
Endosulfan II 1.33 1.705 0.4421 0.60637 0.6421 15574 0.9805
Endosulfan sulfate 6.23 0.564 0.2514 1.55008 0.927 1.0787 0.994

Analysis of the Freundlich equation parameters shows a significant variation in Fre-
undlich adsorption constant (Kg), n and 1/n constants, and correlation coefficients. Values
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of Freundlich adsorption constant Kg ranging from 0.176 to 2.707 pg/g show a variable
adsorption capacity of polystyrene particles for different types of organochlorine pesti-
cides. Higher Ky values suggest stronger and more efficient adsorption of organochlorine
pesticides on polystyrene particles. The constant n in the Freundlich equation can be inter-
preted as a measure of adsorbent heterogeneity. Values ranging from 0.8211 to 1.36 suggest
significant variation in polystyrene particle structure and adsorption sites for different
types of organochlorine pesticides. Another metric of heterogeneity is 1/N, which can be
interpreted as a measure of absorbability. Values between 0.678 and 1.55 show that the
adsorption process on polystyrene particles can be characterized by a significant variation
in the adsorbent’s ability to attract organochlorine pesticide molecules. Correlation coeffi-
cients (R?) greater than 0.9 indicate that the Freundlich model fits the experimental data
well. Values between 0.9356 and 0.9963 indicate a good fit between the Freundlich model
and the experimental data.

This suggests that the sorption process is characterized by a heterogeneous distribution
of sorption sites on the adsorbent surface, implying that the energy of adsorption varies
across different sites [26,29]. Consequently, the adsorption of OCPs onto PS is not confined
to a single layer, which is consistent with the multifaceted interactions that can occur in
complex environmental matrices. The Freundlich model is particularly suitable for systems
where the surface properties are uneven, allowing for variations in the energy of adsorption.
As such, the findings highlight the complexity of the sorption dynamics in contaminated
environments, emphasizing that multiple factors influence the extent and nature of the
adsorption processes for MPs on various pollutant substrates. This information can be
critical for understanding the behavior of MPs in the environment and their potential to
absorb and transport hazardous contaminants.

3.4. Adsorption Process Kinetics

The kinetics of adsorption processes is an important topic in chemical engineering
and the treatment of contaminated water. Among the best-known kinetic models are the
pseudo-order I (Figure 6) and pseudo-order II models (Figure 7).

Comparing the experimental and calculated values for adsorption capacity (Table 3) it
was observed that, when the pseudo-order II kinetic model was applied, the experimental
values were extremely close to the directly calculated values. These ranged from 0.64 to
2.18 pg/g and are considered to be very accurate.

In contrast, the adsorption capacity values determined by the pseudo-order I model
were between 0.28 and 2.04 ug/g and showed some discrepancies from the directly cal-
culated values (Table 2). These discrepancies between the calculated values and those
obtained by kinetic models can be attributed to the fact that the pseudo-order I model
is less suitable for the study of adsorption of organochlorine pesticide-contaminated wa-
ter on polystyrene particles. This kinetics model assumes a dependence on the initial
concentration and may underestimate the adsorption capacity for lower concentrations.

In contrast, the adsorption capacity values obtained by the pseudo-order Il model are
very close to the directly calculated values. This suggests that the pseudo-order II model
is more appropriate in describing the adsorption process. This kinetics model takes into
account both the amount of adsorbed substance and the adsorbent capacity, leading to a
more accurate description of the adsorption process.

The pseudo-order II kinetic model describes the adsorption process as dependent on
the concentration of adsorbate and the capacity of the adsorbent. An important parameter
in this model is the rate constant ky, which represents the adsorption rate of the substance.
The fast adsorption rates indicated by the k, values—ranging from 0.5908 to 1.6349—
align with the theory that higher rate constants reflect increased interaction between the
adsorbate and adsorbent at the molecular level. Specifically, the hydrophobic nature of
organochlorine pesticides promotes stronger van der Waals forces and enhances the affinity
for polystyrene surfaces, which contributes to rapid adsorption [16,24]. Furthermore, prior
studies corroborate that the physical characteristics of microplastics,, such as surface area
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and functional groups, play critical roles in adsorption dynamics. Therefore, our findings
are consistent with established literature, providing a more solid theoretical framework for
the observed adsorption behaviors.
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Table 3. Values of the kinetic parameters and correlation coefficients (R?) for the retention process of
organochlorine pesticides on PS.

Pseudo-Order I Pseudo-Order II
Compounds Calc(u la;e;:l Qe, exp . 2 Qe, exp ko 2
Qe (ug/g (1e/g) kg (min—1) R (1e/2) (g/mg-min) R

a-HCH 143 1.03 0.0007 0.6341 1.54 1.6349 0.999
b-HCH 1.86 0.59 0.0014 0.6005 1.52 0.533 0.999
g-HCH 1.58 0.82 0.0009 0.6635 1.69 0.5908 0.999
d-HCH 2.16 0.37 0.0038 0.8548 2.18 0.459 1.003
Aldrin 1.26 1.36 0.0002 0.1749 1.26 0.7953 1.001
Dieldrin 0.64 2.04 0.0003 0.1816 0.64 1.5555 1.012
Endrin 0.71 1.98 0.0003 0.1889 0.72 1.3976 1.006
44DDT 1.11 1.55 0.0003 0.1729 1.11 0.8987 1.002
44-DDE 1.25 1.38 0.0003 0.1762 1.25 0.7995 1.007
44DDD 0.9 1.73 0.0002 0.1768 0.89 1.1157 1.001
Heptachlor 1.27 1.34 0.0003 0.172 1.27 0.7856 1.008
Heptachlor epoxide 0.85 1.85 0.0003 0.194 0.86 1.165 1.015
Endosulfan I 0.9 1.78 0.0003 0.1986 0.92 1.082 1.023
Endosulfan IT 2.34 0.28 0.0017 0.244 2.35 0.4262 1.006
Endosulfan sulfate 1.51 1.27 0.0003 0.172 1.44 0.7856 1.003

The adsorption mechanism of OCPs on PS can be explained as follows. The beginning
of the adsorption process is dominated by the diffusion of the adsorbed substance from
the solution into the PS phase. This is due to the fact that, in the beginning, the active
surfaces of the PS are available for the adsorbed substances in solution and the adsorbate
loading process is relatively fast, with a higher adsorption rate. As the active surfaces
of the PS become more loaded, the adsorption process enters a phase where the binding
process becomes more important. This is the process that causes the formation of the stable
adsorbed layer and leads to a decrease in the adsorption rate on the PS surface [24,30]. The
adsorption mechanism of POC on PS is thus explained by means of adsorption kinetic
models, such as the pseudo-order II kinetic model, which allow the analysis of the steps
and mechanisms involved in this process and the determination of optimal adsorption
conditions.

4. Conclusions

The main objectives of the study included determining the adsorption capacity of
PS for organochlorine pesticides, assessing the influence of pH and contact time on the
adsorption process, studying the adsorption isotherm to understand the nature of the
interaction between adsorbates and adsorbent, and comparing experimental results with
those obtained using kinetic models. It was observed that pH does not influence the
adsorption efficiency in a significant way. The contact time study showed that OCPs are
adsorbed on the PS surface in a relatively short time of up to 6 h, reaching equilibrium
after this time. The adsorption isotherm study provided valuable information on the
nature of the interaction of pesticide molecules with the PS surface. The results show that
the adsorption of organochlorine pesticides on PSs follows unanimously the Freundlich
adsorption isotherm model, suggesting a multilayer adsorption process. The use of kinetic
models to describe the kinetics of the adsorption process was also useful in understanding
the mechanism of this process. The pseudo-order II kinetic model was found to be more
suitable for describing the adsorption process of organochlorine pesticides on PS compared
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to the pseudo-order I model, due to the higher accuracy of the results obtained. This study
demonstrated that PS can be effective in adsorbing organochlorine pesticides from water
and that variations in pH, contact time, and kinetic patterns can significantly influence the
efficiency of this adsorption process. The results obtained may be useful in developing
optimal strategies for treating organochlorine pesticide-contaminated water using PS as
adsorbent material.

The findings of this study are of significant international importance, particularly in
the context of environmental sustainability and the global challenge of water pollution
caused by organochlorine pesticides (OCPs). As the first research paper to investigate the
adsorption mechanism of 16 organochlorine compounds on polystyrene (PS) microplastics,
this work not only expands the scientific understanding of how microplastics can inter-
act with harmful contaminants but also offers practical implications for water treatment
strategies. Given the widespread prevalence of microplastics in aquatic environments
and their potential to adsorb hazardous substances, the results underscore the need for
effective remediation techniques aimed at mitigating the ecological and health impacts of
pesticide contamination. By demonstrating the capacity of PS to adsorb OCPs efficiently,
this study paves the way for the development of sustainable solutions to purify contam-
inated waterways, thereby contributing to global efforts in achieving cleaner and safer
water resources. Ultimately, the insights gained from this research could inform policy
decisions and promote practices that enhance environmental protection and public health
on an international scale.

Author Contributions: Conceptualization, LN.C. and F.L.C.; methodology, V.C.C. and I.A.L; software,
V.C.C, ILAP. and L.A.L; validation, LN.C., V.C.C. and FL.C.; formal analysis V.C.C. and L.A.P;
investigation, LN.C., V.C.C. and FL.C,; resources, L A.P. and I.A I ; data curation, V.C.C., LA.P. and
I.A.L; writing—original draft preparation, V.C.C., LN.C,, LA.P, LAl and EL.C.; writing—review and
editing, V.C.C.,, LN.C,, I.A.P, LAIL and FL.C; visualization, I.A.P. and I.A.L; supervision, LN.C. and
F.L.C.; project administration, FL.C.; funding acquisition, I.A.P. and I.A.I. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: This work was carried out through the “Nucleu” Program within the National
Research Development and Innovation Plan 2022-2027 with the support of Romanian Ministry of
Research, Innovation and Digitalization, contract no. 3N /2022, Project code PN 23 22 01 01. We
acknowledge the use of Al technology for its support in improving the English grammar in the final
stage of our manuscript preparation.

Conflicts of Interest: The authors declare no conflicts of interest.

1.  Siwach, S.; Bharti, M.; Yadav, S.; Dolkar, P.; Modeel, S.; Yadav, P.; Negi, T.; Negi, R K. Unveiling the ecotoxicological impact
of microplastics on organisms—The persistent organic pollutant (POP): A comprehensive review. J. Contam. Hydrol. 2024,
266, 104397. [CrossRef] [PubMed]

2. Chen, X; Yu, X.; Zhang, L.; Zhao, W.; Sui, Q. Organic pollutants adsorbed on microplastics: Potential indicators for source
appointment of microplastics. J. Hazard. Mater. 2024, 465, 133225. [CrossRef] [PubMed]

3. Sparling, D.W. Chapter 4—Organochlorine Pesticides. In Ecotoxicology Essentials; Sparling, D.W., Ed.; Academic Press: Cambridge,
MA, USA, 2016; pp. 69-107. ISBN 9780128019474 [CrossRef]

4. Stockholm Convention—History of the Negotiations of the Stockholm Convention. Available online: http://chm.pops.int/
TheConvention/Overview /History /Overview /tabid /3549 /Default.aspx (accessed on 12 March 2024).

5. Directive (EU) 2020/2184 of the European Parliament and of the Council of 16 December 2020 on the Quality of Water in-Tended
for Human Consumption. Available online: https:/ /faolex.fao.org/docs/pdf/eur201243.pdf (accessed on 12 March 2024).


https://doi.org/10.1016/j.jconhyd.2024.104397
https://www.ncbi.nlm.nih.gov/pubmed/39059355
https://doi.org/10.1016/j.jhazmat.2023.133225
https://www.ncbi.nlm.nih.gov/pubmed/38113732
https://doi.org/10.1016/B978-0-12-801947-4.00004-4
http://chm.pops.int/TheConvention/Overview/History/Overview/tabid/3549/Default.aspx
http://chm.pops.int/TheConvention/Overview/History/Overview/tabid/3549/Default.aspx
https://faolex.fao.org/docs/pdf/eur201243.pdf

Sustainability 2024, 16, 7743 14 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Hassaan, M.A.; El Nemr, A. Pesticides pollution: Classifications, human health impact, extraction and treatment techniques.
Egypt. ]. Aquat. Res. 2020, 46, 207-220. [CrossRef]

Tiemann, U. In vivo and in vitro effects of the organochlorine pesticides DDT, TCPM, methoxychlor, and lindane on the female
reproductive tract of mammals: A review. Reprod. Toxicol. 2008, 25, 316-326. [CrossRef]

Jiménez-Skrzypek, G.; Hernandez-Sanchez, C.; Ortega-Zamora, C.; Gonzalez-Salamo, J.; Gonzalez-Curbelo, M.A.; Hernandez-
Borges, ]. Microplastic-adsorbed organic contaminants: Analytical methods and occurrence. TrAC Trends Anal. Chem. 2021,
136, 116186. [CrossRef]

Zhang, Y.; Kang, S.; Allen, S.; Allen, D.; Gao, T. Sillanp&a. Atmospheric microplastics: A review on current status and perspectives.
Earth Sci. Res. 2020, 203, 103118. [CrossRef]

Waller, C.L.; Griffiths, H.J.; Waluda, C.M.; Thorpe, S.E.; Loaiza, I.; Moreno, B.; Pacherres, C.O.; Hughes, K.A. Microplastics in the
Antarctic marine system: An emerging area of research. Sci. Total Environ. 2017, 598, 220-227. [CrossRef]

Gonzalez-Pleiter, M.; Velazquez, D.; Edo, C.; Carretero, O.; Gago, J.; Baron-Sola, A.; Hernandez, L.E.; Yousef, I.; Quesada, A;
Leganes, E; et al. Fibers spreading worldwide: Microplastics and other anthropogenic litter in an Arctic freshwater lake. Sci. Total
Environ. 2020, 722, 137904. [CrossRef]

Courtene-Jones, W.; Quinn, B.; Gary, S.F.; Mogg, A.O.M.; Narayanaswamy, B.E. Microplastic pollution identified in deep-sea
water and ingested by benthic invertebrates in the Rockall trough North Atlantic Ocean. Environ. Pollut. 2017, 231, 271-280.
[CrossRef]

Xiao, S.; Cui, Y.; Brahney, J.; Mahowald, N.M.; Li, Q. Long-distance atmospheric transport of microplastic fibres influenced by
their shapes. Nat. Geosci. 2023, 16, 863-870. [CrossRef]

Rodrigues, ].P; Duarte, A.C.; Santos-Echeandia, J.; Rocha-Santos, T. Significance of interactions between microplastics and POPs
in the marine environment: A critical overview. TrAC Trends Anal. Chem. 2019, 111, 252-260. [CrossRef]

Bhagat, J.; Nishimura, N.; Shimada, Y. Toxicological interactions of microplastics/nanoplastics and environmental contaminants:
Current knowledge and future perspectives. |. Hazard. Mater. 2020, 405, 123913. [CrossRef] [PubMed]

Tourinho, P.S.; Koci, V.; Loureiro, S.; van Gestel, C.A.M. Partitioning of chemical contaminants to microplastics: Sorption
mechanisms, environmental distribution and effects on toxicity and bioaccumulation. Environ. Pollut. 2019, 252, 1246-1256.
[CrossRef]

Liu, Q.; Wu, H.; Chen, J.; Guo, B.; Zhao, X; Lin, H,; Li, W.; Zhao, X.; Lv, S.; Huang, C. Adsorption mechanism of trace heavy
metals on microplastics and simulating their effect on microalgae in river. Environ. Res. 2022, 214, 113777. [CrossRef] [PubMed]
Joo, S.H.; Liang, Y.; Kim, M.; Byun, J.; Choi, H. Microplastics with adsorbed contaminants: Mechanisms and Treatment. Environ.
Chall. 2021, 3, 100042. [CrossRef]

Li, Y.D.; Li, M,; Li, Z; Yang, L.; Liu, X. Effects of particle size and solution chemistry on Triclosan sorption on polystyrene
microplastic. Chemosphere 2019, 231, 308-314. [CrossRef]

McDougall, L.; Thomson, L.; Brand, S.; Wagstaff, A.; Lawton, L.; Petrie, B. Adsorption of a diverse range of pharmaceuticals
topolyethylene microplastics in wastewater and their desorption in environmental matrices. Sci. Total Environ. 2022, 808, 152071.
[CrossRef]

Lang, Z.; Xue, L. Can Polylactic Acid (PLA) Act as an Important Vector for Triclosan? Sustainability 2022, 14, 12872. [CrossRef]
Wang, T.; Yu, C.C.; Chu, Q.; Wang, EH.; Lan, T.; Wang, ].F. Adsorption behavior and mechanism of five pesticides on microplastics
from agricultural polyethylene films. Chemosphere 2020, 244, 125491. [CrossRef]

Dong, YM.; Gao, M.L,; Song, Z.G.; Qiu, W.W. As(III) adsorption onto different-sized polystyrene microplastic particles and its
mechanism. Chemosphere 2020, 239, 124792. [CrossRef]

Zhang, C.; Lei, Y.; Qian, J.; Qiao, Y.; Liu, J.; Li, S.; Dai, L.; Sun, K.; Guo, H.; Sui, G.; et al. Sorption of organochlorine pesticides on
polyethylene microplastics in soil suspension. Ecotox. Environ. Saf. 2021, 223, 112591. [CrossRef] [PubMed]

Zhang, X.J.; Zheng, M.G.; Wang, L.; Lou, Y.H.; Shi, L.; Jiang, S.J. Sorption of three synthetic musks by microplastics. Mar. Pollut.
Bull. 2018, 126, 606-609. [CrossRef] [PubMed]

Wang, W.E; Wang, ]. Comparative evaluation of sorption kinetics and isotherms of pyrene onto microplastics. Chemosphere 2018,
193, 567-573. [CrossRef]

Wang, Z.; Chen, M.L.; Zhang, LW.; Wang, K_; Yu, X.B.; Zheng, Z.M.; Zheng, R.Y. Sorption behaviors of phenanthrene on the
microplastics identified in a mariculture farm in Xiangshan Bay, southeastern China. Sci. Total Environ. 2018, 628-629, 1617-1626.
[CrossRef]

Guo, X.; Chen, C.; Wang, J.L. Sorption of sulfamethoxazole onto six types of microplastics. Chemosphere 2019, 228, 300-308.
[CrossRef] [PubMed]

Chen, X.; Gu, X.N.; Bao, L.J.; Ma, S.S.; Mu, Y.H. Comparison of adsorption and desorption of triclosan between microplastics and
soil particles. Chemosphere 2021, 263, 127947. [CrossRef]

Fan, X.; Zou, Y.; Geng, N.; Liu, J.; Hou, J.; Li, D.; Yang, C.; Li, Y. Investigation on the adsorption and desorption behaviors of
antibiotics by degradable MPs with or without UV ageing process. J. Hazard. Mater. 2021, 401, 123363. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.ejar.2020.08.007
https://doi.org/10.1016/j.reprotox.2008.03.002
https://doi.org/10.1016/j.trac.2021.116186
https://doi.org/10.1016/j.earscirev.2020.103118
https://doi.org/10.1016/j.scitotenv.2017.03.283
https://doi.org/10.1016/j.scitotenv.2020.137904
https://doi.org/10.1016/j.envpol.2017.08.026
https://doi.org/10.1038/s41561-023-01264-6
https://doi.org/10.1016/j.trac.2018.11.038
https://doi.org/10.1016/j.jhazmat.2020.123913
https://www.ncbi.nlm.nih.gov/pubmed/33127190
https://doi.org/10.1016/j.envpol.2019.06.030
https://doi.org/10.1016/j.envres.2022.113777
https://www.ncbi.nlm.nih.gov/pubmed/35780846
https://doi.org/10.1016/j.envc.2021.100042
https://doi.org/10.1016/j.chemosphere.2019.05.116
https://doi.org/10.1016/j.scitotenv.2021.152071
https://doi.org/10.3390/su141912872
https://doi.org/10.1016/j.chemosphere.2019.125491
https://doi.org/10.1016/j.chemosphere.2019.124792
https://doi.org/10.1016/j.ecoenv.2021.112591
https://www.ncbi.nlm.nih.gov/pubmed/34364123
https://doi.org/10.1016/j.marpolbul.2017.09.025
https://www.ncbi.nlm.nih.gov/pubmed/28982477
https://doi.org/10.1016/j.chemosphere.2017.11.078
https://doi.org/10.1016/j.scitotenv.2018.02.146
https://doi.org/10.1016/j.chemosphere.2019.04.155
https://www.ncbi.nlm.nih.gov/pubmed/31035168
https://doi.org/10.1016/j.chemosphere.2020.127947
https://doi.org/10.1016/j.jhazmat.2020.123363

	Introduction 
	Materials and Methods 
	Materials 
	Batch Experiments 
	OCP Extraction 
	OCP Chromatographic Determination 
	Quality Assurance and Quality Control 
	PS Characterization 
	Adsorption Study 
	Adsorption Isotherms 
	Kinetic Study 

	Results 
	Polystyrene Characterization 
	Adsorption Parameters Optimization 
	pH Influence 
	Effect of Contact Time 

	Adsorption Isotherms 
	Adsorption Process Kinetics 

	Conclusions 
	References

