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Abstract

MPs have raised significant public concern due to their role as carriers of organic contaminants in aqueous solutions. DZN
is a non-systemic organophosphorus pesticide that poses risks to human and environmental health. This study aimed to
investigate the adsorption of DZN onto PE MPs by examining factors such as PE dose, reaction time, pesticide concentration,
and pH through experimental runs based on the Box—Behnken model. According to the Langmuir model, the maximum
adsorption capacity of PE for DZN was 0.35 mg/g. The results indicated that the highest adsorption rate of DZN (92%) was
observed in distilled water, while the lowest adsorption rate (57%) was observed in municipal wastewater. The AH° and AS°®
values were obtained as —0.16 kJ/mol and 54.41 J/(mol K), respectively. Therefore, regarding negative AG® values, it can
be concluded that the adsorption of DZN onto PE MPs is an exothermic, highly disordered, and spontaneous process. The
findings indicate a reduction in the adsorption rate of DZN as the concentrations of interfering compounds increase. These
findings offer understanding of the interaction between MPs and organic contaminants, emphasizing the need for further
studies and approaches to reduce their harmful impact on human health and the environment.
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Abbreviations VAY Zeta potential

MPs Microplastics DLS Dynamic light scattering
DZN Diazinon

PE Polyethylene

EDX Energy-dispersive X-ray spectroscopy Introduction

FTIR Fourier transform infrared spectroscopy
FESEM Field emission scanning electron microscopy Plastics are commonly used in our everyday lives because
HPLC  High-performance liquid chromatography of their unique characteristics like being affordable, light-

weight, strong, and long-lasting. The global production and
consumption of plastic have increased significantly over the
years, with plastic particles being found in marine ecosys-
tems since the 1970s (Zahmatkesh Anbarani et al. 2023a,
b). Plastic waste pollution is visible in various water bodies
and sewage treatment plants, and it is estimated that by 2025,
around 11 billion tons of plastic waste will have accumu-
lated in the environment (Barari and Bonyadi 2023). Soil
pollution caused by solid plastic waste poses a significant
environmental threat (Wang et al. 2023a, b).

Larger plastic items can break down into smaller particles
called MPs through natural processes like wear and exposure
to sunlight. These particles are also present in cosmetic and
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industrial products (Esmaeili Nasrabadi et al. 2023). MPs are
synthetic polymer particles or fibers with sizes ranging from
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0.1 to 5000 pm, and their concentration in water bodies and
shorelines can be quite high (Nasrabadi et al. 2023). Each
year, approximately 300 million tons of MPs enter the envi-
ronment, mostly in soil and freshwater environments (Zhang
et al. 2021; Zahmatkesh Anbarani et al. 2024). MPs have a
small size, large surface area, and high hydrophobicity, mak-
ing them ideal carriers for various pollutants like pesticides,
PCBs, cyanide, PAHs, Antibiotics, and heavy metals, which
can easily spread throughout the ecosystem (Bonyadi et al.
2012; Esmaili et al. 2023; Yu et al. 2024). Feng et al. (2021)
conducted a study examining the adsorption characteristics
of three pesticides, including imidacloprid, buprofezin, and
difenoconazole on PE MPs in a water-based solution (Li
et al. 2021). The research highlighted the gradual adsorption
of pesticides onto plastic layers utilized as protective covers
in agricultural soil (Cheng et al. 2023). The geopolymers
in the soil can be fragmented and destroyed in a complex
process under the influence of environmental factors such
as temperature, humidity, and microbial activity, turning
into microplastic particles (Bai et al. 2023). The proxim-
ity of agricultural PE MPs to human habitats compared to
marine microplastics results in a more severe combined
pollution of plastic and pesticides in soil, posing increased
risks to human health (Lan et al. 2021; Eydi Gabrabad et al.
2024). Studies indicate a significantly higher abundance of
these pollutants in terrestrial environments, ranging from
4 to 23 times more prevalent than in marine settings (Beg
et al. 2016; Zhou et al. 2024). Even red mud in agricultural
soil can interact with PE mulch and DZN, affecting their
degradation and persistence in the environment (Chen et al.
2024). PE, a versatile material widely employed in agricul-
ture, composite materials, and packaging, is a predominant
component of microplastics found in various water bodies.
It has been reported that mulch layers made of plastic con-
tain significant amounts of pesticides, with concentrations
ranging from 584 to 2284 mg/g (Salama and Geyer 2023).
Agricultural soil contamination by pollutants such as heavy
metals, pesticides, and toxic organic chemicals poses signifi-
cant risks to both human health and the environment (Forou-
tan et al. 2020; Zafarzadeh et al. 2021). It is estimated that
12.5 million tons of plastic products are used annually for
agricultural purposes. In some parts of the world, plastics
used in agriculture absorb environmental pollutants, such
as toxins (Mongil-Manso et al. 2023). Previous studies have
demonstrated the adsorption of pesticides, such as difluben-
zuron and difenoconazole, onto PE MPs. Additionally, the
presence of MPs in water has been linked to a reduction
in pesticide residues (Wang et al. 2020a, b). PE MPs can
infiltrate water environments and may pass through water
treatment plants untreated, ultimately entering the drinking
water distribution network (Du et al. 2022).

Pesticides are transferred to other environments through
MPs. Due to their relatively high resistance to degradation
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by environmental factors, MPs enter the food chain, posing
a threat to both humans and the environment (Pirsaheb et al.
2013; Kafaei et al. 2020). DZN, a non-systemic organophos-
phorus pesticide, is known for its moderate water solubility
and resistance (Ehrampoush et al. 2017). DZN poses sig-
nificant health risks due to its inhibitory effects on enzymes,
particularly acetylcholinesterase, leading to central nervous
system disorders and a range of adverse effects, including
gastrointestinal, neurological, mutagenic, and carcinogenic
manifestations. Symptoms of DZN poisoning include intes-
tinal contractions, chest tightness, blurred vision, headaches,
diarrhea, hypotension, coma, and various neurological com-
plications (Haji Abolhasani and Sahebghadam Lotfi 2022).

This article investigated the impact of PE MPs on the
adsorption of DZN pesticide in aquatic environments, aim-
ing to provide a more comprehensive understanding of the
potential ecological consequences. The study aims to inves-
tigate the impact of PE on the adsorption of DZN pesticide
in aquatic solutions, focusing on how PE influences the
adsorption process and the distribution of DZN pesticide
in water bodies. Additionally, the study seeks to character-
ize the properties of PE using EDX, FTIR, and FESEM to
analyze the elemental composition, functional groups, and
surface morphology of PE.

Materials and methods
Materials

PE granules, characterized by a high purity percentage,
white color, and transparency, were acquired from an engi-
neering company in Mashhad, Iran, and processed into MPs
of various dimensions using a mechanical milling technique.
DZN was acquired from the Sigma-Aldrich company with a
purity of 99%. Other chemicals with a purity of 99%, such as
CaCO;, MgSO,, NaHCO;, NaNO;, Na,HPO,, NaCl, HCI,
NaOH, methanol, and distilled water of HPLC grade, were
obtained from Merck Company (Germany).

MPs preparation

Initially, PE MPs were pulverized using a grinder and sifted
into sizes less than 425 um. Subsequently, to eliminate
organic compounds from the surfaces of MPs, they were
immersed in an ethanol solution for 48 h with agitation using
a magnetic stirrer, rinsed with distilled water, and desic-
cated in an oven at 50 °C. A DZN solution was prepared at
an initial concentration of 30 mg/L. Then, a series of DZN
solutions were prepared at concentrations ranging from 0.5
to 8.5 mg/L and stored in a shaded and cool environment.
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Preparation of reaction mixture

The reaction mixture, comprising 50 cc, was exposed to
different conditions, such as the initial DZN concentra-
tion (ranging from 0.5 to 8.5 mg/L), solution pH (ranging
from 4 to 10), adsorbent dose (ranging from 0.2 to 1 g/L),
and reaction time (ranging from 10 to 90 min). Table 1
outlines the scope and levels of the key factors used for
DZN adsorption.

Analytical methods

At defined time intervals, 10 mL of sample was extracted
from each Erlenmeyer flask. Subsequently, the samples
were centrifuged at 4000 rpm for 10 min. The concentra-
tion of DZN was determined using an HPLC (KNAUER
model, Germany) at a wavelength of 275 nm and a flow
rate of 1 mL/min. The analysis was performed on a C-18
column that was 25 cm in length and 6.4 mm in diameter,
at ambient temperature, using a mobile phase consisting
of a methanol-to-water ratio of 30:70 (Ehrampoush et al.
2017).The adsorption rate of DZN was determined using
formula 1:

Table 1 Range and levels of the main factors used for DZN adsorp-

(CO - Ce)

0

DZN adsorption% = x 100 €Y

where “C,)” represents the initial level of DZN (mg/L) and
“C,” represents the equilibrium level of DZN (mg/L).

(G -C
m

qe = v 2)

where “m” represents the mass of PE (g), and “V” represents
the volume of the reaction mixture (L). Figure 1 shows DZN
calibration curve at levels ranging from 0.5 to 8.5 mg/L.

Thermodynamic equation

In order to advance our comprehension of the adsorption
mechanism of the DZN pesticide on polyethylene (PE), a
thorough thermodynamic analysis was carried out. The tests
of adsorption thermodynamics were conducted under vari-
ous conditions, including PE MPs (0.6 g/L) and diazinon
(0.5 mg/L), at different temperatures (288 °K, 298 °K,
308 °K, 318 °K) for a duration of 50 min at a pH of 10. The
thermodynamic parameters, namely the standard enthalpy
change (AH®) as per Eq. (3), standard entropy change (AS°)
as per Eq. (4), and standard Gibbs free energy change (AG®)
as per Eq. (5), were determined (Frescura et al. 2023):

A AG° = —RTInK 3
tion
Parameter Code Variable level AG® = AH® — TAS® )
-1 0 +1
DZN Conc. (mg/L) A 0.5 4.5 8.5 InK = - ARI;{ + A; &)
Time (min) B 10 50 90
PE dose (g/L) C 0.2 06 1 In this formula, AG represents the change in Gibbs free
pH D 4 7 10 energy measured in kJ/mol, K stands for the equilibrium
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constant, R denotes the gas constant (8.314 J/mol K), and T
signifies the temperature in °K (Bonyadi et al. 2022).

Results and discussion
Characterization
FT-IR

The FTIR spectrum of PE was shown in Fig. 2a and b
before and after adsorbing DZN. In Fig. 1a, the peak
at 3426.47 cm™~! is linked to O—H groups. Peaks at
2919.39 cm™! and 2850.41 cm™! represent the asymmetric
and symmetric stretches of CH,, respectively. The peak at
1747.83 cm™! corresponds to C=0 stretching bands. The
peak at 1468 cm™! indicates bending deformation, while the
peak at 1373 cm™! corresponds to symmetric deformation
of CH;. The peak at 719.29 cm~! shows the presence of
the benzene ring, which remained largely unchanged after
removal. (Caro and Comas 2017). Figure 2b shows that the
DZN pesticide most likely contains C—H and C—O groups.
Figure 2b shows that the adsorption bands of the DZN pesti-
cide underwent changes in vibration and intensity range after
being adsorbed by PE. The FTIR spectrum of PE after DZN
adsorption exhibits several characteristic peaks. The peak
observed at 3437.44 cm™! in the spectrum indicates the pos-
sible existence of hydroxyl groups or adsorbed water mol-
ecules. Peaks detected at 2918.65 cm™! and 2850.45 cm™!
are associated with the stretching vibrations of C—H bonds
in methylene (CH,) groups inherent to PE. The presence
of carbonyl groups (C=0) is suggested by the peak at

Fig.2 FT-IR spectrum of a PE,
and b PE-DZN

1747.83 cm™!, potentially arising from chemical interactions
between DZN and PE. The peak at 1630.43 cm™! indicates
unsaturation, which could be attributed to DZN or reac-
tions with PE. Peaks at 1469.23 cm™', 1376.65 cm™', and
1306.53 cm™ are linked to bending vibrations of methylene
(CH,) groups, confirming the presence of PE. The peak at
1155.25 cm™! is associated with C—O stretching vibrations,
indicating the formation of ether or ester groups during
DZN adsorption. Furthermore, the peak at 1080.24 cm™!
corresponds to C—O-C stretching vibrations, providing
additional evidence for the presence of ether groups. The
peak at 719.23 cm™! suggests the existence of aromatic C—H
bending vibrations, potentially originating from DZN or its
degradation byproducts. Lastly, the peak at 452.32 cm™!
corresponds to C—H bending vibrations of alkyl or methyl-
ene groups, further supporting the presence of PE (Du et al.
2022; Wang et al. 2024).

FESEM

FESEM is the most effective technique for magnifying and
analyzing surface structures, allowing for the observation
of characteristics such as roughness, porosity, and surface
cracks (Hussain et al. 2023; Song et al. 2023). As depicted
in Fig. 3, PE has an uneven surface composition with elon-
gated chains, prominent valleys, and grooves. This unique
surface structure contributes to the expansion of the active
site area for adsorption. Guo et al. (2023) validated that
the capability of polyethylene microplastics (PE MPs) to
adsorb pesticides is attributed to their irregular surfaces
(Guo and Wang 2019). The unique characteristics of PE
contribute to its superior pollutant adsorption capacity
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Fig.3 FESEM images of PE
before DZN pesticide adsorp-
tion
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compared to other types of MPs (Wang et al. 2023a, b).
Additionally, the ability of MPs to form strong covalent
bonds with pollutants, along with the crystalline structure
of PE MPs, enhances their density, mechanical strength,
and chemical stability. This makes them an effective car-
rier for pollutants (Liu et al. 2008; Zhou et al. 2022).
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Fig.4 EDX spectrum of PE a before and b after DZN adsorption

EDX

The EDX analysis was utilized to determine the elemental
composition of PE both before and after the adsorption of
DZN. Figure 4a and b illustrates the elemental components
present in PE prior to and following the adsorption process.
As indicated in Fig. 4a, the concentrations of carbon (C),
potassium (K), nitrogen (N), oxygen (O), and phosphorus
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(P) in PE were 78.38, 0.07, 8.36, 17.16, and 0.03%, respec-
tively. Figure 4b indicates that after the adsorption process,
some sulfur (S) and phosphorus (P) atoms from DZN mol-
ecules are transferred to the surface of PE, leading to an
increased concentration of S and P in PE. The decrease in
carbon content may be attributed to the displacement or
adsorption of carbon-containing compounds from the sur-
face of PE during the adsorption process. The adsorption
of organic compounds, such as DZN, onto MP surfaces can
result in changes to the chemical composition of the surface.
This process is facilitated by physical adsorption or chemical
interactions between the pesticide and the microplastic sur-
face. During the adsorption process, DZN molecules, which
contain nitrogen and oxygen, may attach to the surface of
PE, leading to an increase in nitrogen and oxygen content
(Hadiyanto et al. 2021; Liao et al. 2024a, b).

Mapping analysis

Mapping analysis is used to identify and measure the abun-
dance of elements in the sample (Sobhani et al. 2020). From
Fig. 5, the percentage of elements present is indicated by
different colors. The highest percentage is related to calcium,
carbon, and oxygen elements, while the lowest percentage
is related to nitrogen.

ZP

ZP is a measure of the electrostatic dispersion process and the
inter-particle stability of desired particles. When coagulating

j———————————{1000nm Name=C N O P K _15kV 5000 nA
CNOPK

Fig. 5 Map analysis of PE MPs
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particles exhibit a substantial positive or negative zeta potential
(€> +30mV and £ <—30 mV), they repel each other, leading
to dispersion stability. Conversely, when the zeta potential is
close to zero (—30 mV <{ <30 mV), there may not be a sig-
nificant repulsive force to prevent particle aggregation, result-
ing in dispersion instability (Liao et al. 2024a, b). According to
Table 2, the zeta potential value for PE was —36.5 mV.

DLS

DLS is a commonly employed method for assessing the distri-
bution of particle sizes in colloidal suspensions and emulsions.
Due to the widely available, easy-to-use, and cost-effective
instrumentation, rapid analysis is facilitated (Babick 2020).
From Table 2, we used a DLS size of 425 pm for the experi-
ments, because this size was closer to the ambient conditions.
Filella (2015) used the microplastic particles at size distribu-
tion of ranging from 50 to 425 um (Filella 2015).

Modeling the DZN adsorption rate

The study examined the impact of various factors, including
the amount of PE used, the initial concentration of DZN, con-
tact time, and pH levels, on the adsorption process of DZN.
The findings indicate that DZN is effectively adsorbed onto
PE.

The experimental results were subjected to statistical anal-
ysis employing linear, 2FI, quadratic, and cubic models to
ascertain the most suitable model for data representation. From
Table 3, the adsorption rate of DZN varied between 18.64 and
98%. Table 4 illustrates the assessment of the statistical valid-
ity of the models utilized.

Table 5 displays the coefficients pertaining to the quadratic
model (QM) utilized for the adsorption of DZN by PE. As
indicated in Table 5, the QM was applied to the empirical
data for analysis.

Based on Table 5, the QM for DZN adsorption according
to the coded parameters is presented in Eq. (6):

Y =75.70-7.62A + 8.84 B —7.33C-3.25D
+ 16.99AB + 4.61 AC—5.87AD
—4.68BC + 11.76 BD + 7.00 CD + 1.17 A?
—4.30B%> —37.57C* +11.03D?

(6)

In this equation, each model comprises both fixed and
variable elements. As per the calculation, the anticipated

Table 2 Zeta potential and DLS values for PE MPs

Material Zeta potential (mV) Average diameter (um)

PE —36.5 425
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Table 3 Matrix of BBD for

° Run No  Coded variable Removal (%) RunNo Coded variable Removal (%)
the adsorption of DZN onto
polyethylene A B C D A B C D
1 0 0 0 0 7375 16 1 0 0 1 7153
2 1 0 1 0 3075 17 -1 1 0 0 70
3 0 -1 1 0 26.04 18 0 1 -1 0 5345
4 0 -1 0 1 5284 19 0 1 1 1 98
5 -1 0 1 0 3033 20 0 0 0 0 8345
6 0 0 0 0 77.64 21 0 0 1 1 4375
7 -1 0 -1 0 5494 22 0 1 0 -1 8635
8 0 0 0 0 71.84 23 0 -1 0 -1 8825
9 1 0 0 -1 093 24 0 0 1 -1 27.64
10 1 0 -1 0 3693 25 -1 -1 0 0 98
11 1 1 0 0 80.79 26 0 0 -1 1 5635
12 0 0 -1 -1 6825 27 0o -1 -1 0 18.64
13 0 0 0 0 71.84 28 -1 0 0 -1 95
14 0 1 1 0 4215 29 -1 0 0 1 97
15 1 -1 0 0 40.83
Table 4 Evaluation of statistical Source Sequential p value Lack of Fit p value Adjusted R? Predicted R?
adequacy for models
Linear 0.4339 0.0023 0.0020 0.3212
2F1 0.7751 0.0017 0.1340 1.3077
Quadratic <0.0001 0.1421 0.8994 0.7344
Cubic 0.0385 0.6707 0.9674 0.8092
Tal?le 5_ Coefficients of Factor Coefficient df Standard Error 95% CI Low 95% CI High VIF
estimation for the QM of DZN Estimate
adsorption
Intercept 75.7 1 3.50 68.20 83.21
A-Conc -7.62 1 2.26 —12.46 —2.78 1.0000
B-Time 8.84 1 2.26 4.00 13.69 1.0000
C-Dose -17.33 1 2.26 —12.17 —2.48 1.0000
D-pH -3.25 1 2.26 —-8.10 1.59 1.0000
AB +16.99 1 391 8.60 25.38 1.0000
AC 4.61 1 391 —3.78 13.00 1.0000
AD —5.87 1 391 —14.26 2.52 1.0000
BC —4.68 1 391 —13.07 3.72 1.0000
BD +11.76 1 391 3.37 20.16 1.0000
CD 7.00 1 391 -1.39 15.39 1.0000
A? 1.17 1 3.07 -5.42 7.76 1.08
B’ -4.30 1 3.07 —10.89 2.29 1.08
c? -37.57 1 3.07 —44.16 —30.98 1.08
D’ 11.03 1 3.07 4.44 17.62 1.08

adsorption efficiency was determined to be 75.70%. The coded
factors A, B, C, and D displayed coefficients of —7.62,+ 8.84,
—7.33, and —3.25, respectively. Factor B had the highest
coefficient of + 8.84 for the level of DZN adsorption. The
variables AB exhibited the most significant interaction effect

with a coefficient of + 16.99, whereas the squared effect of
D2 emerged as a notable factor with a coefficient of +11.03.
The ANOVA results for the quadratic model are pre-
sented in Table 6. The coefficients for R2, adjusted R?,
predicted R%, and adequacy precision were calculated as
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Table 6 ANOVA for the QM of adsorption rate

Sum of Df Mean Square F value P value
Squares
Model 16,192.15 14 1156.58 18.89 0.0001
A 696.77 1 696.77 11.38 0.0045
B 939.81 1 939.81 15.33 0.0016
C 643.87 1 643.87 10.52 0.0059
D 126.88 1 126.88 2.07 0.1720
AB 1154.64 1 1154.64 18.86 0.0007
AC 84.92 1 84.92 1.39 0.25.86
AD 137.71 1 137.71 2.25 0.1559
BC 87.42 1 87.42 1.43 0.2520
BD 553.66 1 553.66 9.04 0.0094
CD 196.14 1 196.14 3.20 0.0951
A? 8.86 1 8.86 0.1446 <0.7094
B 120.02 1 12002 196 0.1833
c? 9154.04 1 9154.04 149.50 0.0001
D? 788.57 1 788.57 12.88 0.0030
Residual 857.21 14 61.23 -
Lack of Fit 759.78 10 75.98 3.12 0.1421
Pure Error 97.43 4 24.36
Cor Total 17,049.36 28
R? 0.9497 Predicted R 0.7344
Adjusted R? 0.8994 Adeq Preci- 13.7617

sion

0.94, 0.89, 0.73, and 13.76, respectively. It is important to
note that the results outlined in Table 6 were statistically
significant (p value < 0.05).

In Table 6, the statistical significance of each primary
variable is evidenced by p values below 0.05, indicating
a significant impact on the level of DZN adsorption. Fur-
thermore, the difference between R? and the expected R?
is less than 0.2, which aligns with the specified standards
for this model. Figure 6 presents a visual representation of
the correlation between the observed and projected DZN
removal rates. The findings from Fig. 6 indicate proficient
performance of the model in accurately forecasting DZN
adsorption.

Effect of main factors on adsorption efficiency
Effect of initial DZN concentration

As depicted in Fig. 7a, an increase in concentration from 0.5
to 8.5 mg/L resulted in a 17.85% decrease in adsorption rate.
This reduction at higher concentrations is linked to the satu-
ration of active adsorption sites on PE. The binding of DZN
molecules to the adsorbent surface may not occur uniformly,
leading to reduced efficiency in attaching to the adsorbent
surface. Additionally, the presence of specific pesticide
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Fig.6 Comparison between the experimental and predicted adsorp-
tion rates

molecules on the adsorbent creates a repulsive force, which
hinders the adsorption of other molecules onto the adsor-
bent medium (Ren et al. 2024). Zahmatkesh Anbaran et al.
(2023) demonstrated that higher initial concentrations result
in a decrease in adsorption capacity due to the saturation of
active sites on the adsorbent surface (Zahmatkesh Anbarani
et al. 2023a, b).

Effect of contact time

According to Fig. 7a, the duration of contact time directly
influenced the adsorption of DZN. Consequently, extend-
ing the contact time from 10 to 50 min resulted in a 25%
increase in adsorption efficiency. Moreover, the optimal con-
tact time for maximum adsorption efficiency was 50 min.
With prolonged contact time, there is an increasing likeli-
hood of interaction between DZN pesticide molecules and
MPs, leading to a higher adsorption of DZN by polyeth-
ylene. Based on the findings, the adsorption of DZN onto
PE MPs exhibited a significant increase in the initial stages
(Wang et al. 2020a, b). These results were consistent with
the study by Li et al. (2021), in which they investigated the
adsorption of three pesticides on polyethylene microplastics
in aqueous solutions (Li et al. 2021).

Effect of dose
With regard to Fig. 7b, the adsorption rate increased as

the adsorbent dosage ranged from 0.2 to 1 g/L and then
gradually decreased to approximately 33% (p value < 0.05).
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Fig.7 Response surface plots depicting the effects of time versus
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According to the findings, the optimal dose of adsorbent
to achieve the highest absorption rate of DZN was 0.6 g/L.
At high doses, the large quantity of PE particles and their
increased proximity to each other hinder the interaction
of DZN molecules with all MPs. This reduced the adsor-
bent-pesticide interaction and slowed down the adsorption
process. At low levels of PE, a decrease in the interaction
between MPs and the pesticide led to a lower amount of
DZN molecules being attached to the surface of PE. Simi-
larly, in a study, it was observed that at low concentra-
tions (ranging from 0.01 to 0.4 g/L), microplastics (MPs)
impacted pesticide residues, whereas high concentrations
(ranging from 2 to 50 g/L) decreased pesticide residues in
water (Wang et al. 2020a, b). In another study, an increase
in dosage from 40 to 200 mg/L resulted in a decrease in
the adsorption of carbofuran pesticide onto PE from 4.01

to 1.2 mg/g. This suggests a decrease in the availability of
unoccupied adsorption sites on the surfaces of MPs (Mo
et al. 2021).

Effect of pH

Figure 7b suggests that the rate of DZN adsorption increases
at low pH levels, particularly in acidic conditions (p
value > 0.05). However, the statistical analysis, with an F
value of 2.07 and a p value of 0.1720, indicates that the pH
variable does not have a significant impact on the adsorption
behavior of DZN. It can be deduced that the surface charge
of PE is positive below the isoelectric point and negative
above it. The decrease in DZN adsorption onto PE with
increasing pH can be attributed to the altered surface prop-
erties of PE and the changed chemical behavior of diazinon
under different pH conditions. The increased pH might affect
the solubility and partitioning behavior of DZN, making it
less likely to adhere to the PE surface (Sadeghi et al. 2019).
Fang et al. (2019) reported that polystyrene microplastics
had the highest adsorption capacity at pH 5.5 for three tria-
zole fungicides, including hexaconazole, myclobutanil, and
triadimenol (Fang et al. 2019).

Adsorption isotherms and kinetics

Adsorption isotherms are used to analyze the effectiveness
of pollutants' adsorption by investigating the distribution of
saturated molecules between liquid and solid phases until
equilibrium is achieved (Bonyadi et al. 2023). This research
examined the adsorption efficiency of DZN using the Tem-
kin, Langmuir, and Freundlich isotherm models. The kinetic
and isotherm parameters for DZN adsorption onto PE are
presented in Table 7. According to the Langmuir model,
the maximum adsorption capacity of PE for DZN was
0.35 mg/g. From Table 7, the R? values for pseudo-first-
order kinetics, pseudo-second-order kinetics, and intraparti-
cle diffusion kinetics were 0.91, 0.99, and 0.88, respectively,
indicating that adsorption kinetics follows a pseudo-second-
order model (Saberzadeh Sarvestani et al. 2016). In a study,
it was found that the adsorption of fungicide on PE MPs fol-
lowed the pseudo-second-order model (Naeimi et al. 2018).

Field studies

Figure 8 illustrates the influence of different water environ-
ments on the adsorption of DZN. In this study, samples of
distilled water, drinking water, river water, and sewage were
used with electrical conductivity (EC) values of 0.001, 0.57,
1.33, and 2.97 mS/cm, respectively. Figure 8 indicates that
the highest adsorption rate of DZN (92%) was observed in
distilled water, while the lowest adsorption rate (57%) was
observed in municipal wastewater. These findings show that
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Table 7 Kinetic and isotherm parameters fitted for DZN adsorption

Kinetic model Linear form Parameter Value
10 mg.L-1 15 mg.L-1 20 mg.L-1
Pseudo- first order Log(qe - ‘1;) =logg, — 2% .t qe,cal.[mg/g] 0.9687 1.1251 1.136
K, [min—1] 1.0282 —2.745 1.462
R 0.91 1 0.995
Pseudo- second order £ — kl_z +L . ge,cal [mg/g] 7.2046 3.483 3.898
4y 24; e
K? [min—1] —0.020 —1.483 0.1315
R? 0.946 0.989 0.99
Intra-particle diffusion ¢, =k, - 1%° +¢ K, [mg/g. min—0.5] 0.3161 0.086 0.356
R? 0.97 0.15 0.88
Isotherm model Linear form Parameter Value
Langmuir C_ Loet+ L g max (mg/g) 35.07
qe qm qmb
KL (L/mg) 0.079
R? 0.98
Freundlich log g, = log K, + 1 log C, KFmg/g(L/mg)1/n 0.2239
n 0.8395
R 0.7
Temkin q, = ByIn.k, + B,InC, kt (L/mg) 0.0019
B, 4.27
R 0.71
Fig. 8 Effect of different water 120
resource on DZN adsorption
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the presence of ions in aqueous environments has an inhibi-
tory effect, reducing the adsorption rate of DZN (Miranda
et al. 2023).

Adsorption thermodynamics
From Table 8, the negative enthalpy (AH®) value was deter-
mined to be —0.16 kJ/mol, indicating that the adsorption

mechanism is exothermic and physical. Therefore, DZN
molecules adhere to polyethylene particles due to van der
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Table 8 Thermodynamics parameters for DZN adsorption onto PE

T(CK) Lnk  AG° (kI/mol) AH° (kJ/mol) Ai° (J/(mol K))
288 0.0229 —55.011 -0.16 54.41

298 0.0170 —42.19

308 0.0110 —28.36

318 0.0068 —18.03
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Waals forces. This force facilitates the dispersion of DZN
molecules throughout the absorbent material without being
confined to a specific location (Ohale et al. 2023). The posi-
tive value of entropy (AS°) of 54.41 J/(mol K) indicates that
the system is becoming more disordered, while a negative
value of Gibbs free energy (AG®) indicates a spontaneous
and thermodynamically favorable process. Therefore, it can
be concluded that the adsorption of DZN onto PE MPs is
an exothermic, highly disordered, and spontaneous process
(Jiménez-Skrzypek et al. 2021).

Effect of different ions

In this research, the study focused on investigating the influ-
ence of interfering compounds on the adsorption rate of
DZN. The study specifically focused on investigating the
influence of substances such as NaHCO;, NaNO;, Na,HPO,,
and NaCl on the adsorption rate of DZN. Figure 9 illustrates
the adsorption rate under varying concentrations of these
ions, ranging from 50 to 500 mg/L. The findings indicate a
reduction in the adsorption rate of DZN as the concentra-
tions of interfering compounds increase (Ren et al. 2020).
Phosphate ions significantly reduce the rate of DZN adsorp-
tion, leading to a complete absence of adsorption. Phos-
phate and sodium ions compete with larger contaminants,
such as DZN molecules, for adsorption onto the surface of
PE. As a result, these ions are adsorbed more quickly than
DZN, which reduces the efficacy of the DZN adsorption
process. In addition, anions such as HCO;™ and NO;™ can
form hydrophobic complexes with DZN, thereby reducing
its adsorption capacity. NaCl, being a common compound
in aquatic environments, significantly affects the adsorption
of pesticides onto MPs. As the salinity increases, Na + cati-
ons readily attach to negatively charged MPs through

electrostatic interactions, hindering the adsorption of DZN
onto MPs (Fang et al. 2019). Furthermore, the addition of
NaCl to the solution leads to an increase in H+ion concen-
tration, which in turn decreases the adsorption efficiency
(Wang et al. 2020a, b). Wang et al. (2020a, b) indicated that
the presence of Na+reduced the solubility of pesticides in
aqueous solution and promoted the adsorption of pesticides
on hydrophobic PE MPs (Wang et al. 2020a, b). Similarly,
the adsorption capacity of sulfamethazine on PE, PVC, and
PP decreases with increasing salinity due to electrostatic
interactions, which is consistent with our findings (Liang
et al. 2023). In a study, it was found that higher salinity
levels led to a decrease in pesticide adsorption on PE (Jiang
et al. 2020).

Conclusion

In this study, BBD was used to investigate the adsorption
of DZN pesticide on PE MPs. The highest adsorption effi-
ciency (98%) was attained at pH 7, a 10-min contact time,
an adsorbent dosage of 0.6 g/L, and a DZN concentration of
0.5 mg/L. The findings followed the pseudo-second-order
model and the Langmuir isotherm model. DZN molecules
were adsorbed onto PE through intermolecular interactions
and covalent bonding. According to the Langmuir model,
the maximum adsorption capacity of PE for DZN was
0.35 mg/g. The results indicated that the highest adsorption
rate of DZN (92%) was observed in distilled water, while
the lowest adsorption rate (57%) was observed in munici-
pal wastewater. The AH® and AS° values were obtained as
—0.16 kJ/mol and 54.41 J/(mol K), respectively. Therefore,
regarding negative AG® values, it can be concluded that the
adsorption of DZN onto PE MPs is an exothermic, highly
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disordered, and spontaneous process. The findings indicate
a reduction in the adsorption rate of DZN as the concentra-
tions of interfering compounds increase. This research offers
valuable insights into the primary mechanisms and variables
influencing the environmental fate of pesticides and MPs,
which are crucial for managing and evaluating associated
risks in aquatic ecosystems.
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