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ARTICLE INFO ABSTRACT

Keywords: The presence of pesticides in our environment is a consequence of intensive industrial and civ-
Surfffc"anf ilizational development, necessitating the search for effective and safe methods to remove them.
I\/{Odlfgatwn We suggest utilizing zeolite X and a zeolite-carbon composite, obtained through the chemical
;ey;es diation transformation of fly ash, as pesticide sorbents. To increase the sorption efficiency of 2,4-dichlor-

ophenoxyacetic acid (2,4-D), 2-methyl-4-chlorophenoxyacetic acid (MCPA), carbendazim, and
simazine, we functionalized the zeolite materials with cationic (hexadecyltrimethylammonium)
and nonionic (Triton X-100) surfactants. We used transmission electron microscopy (TEM), X-ray
photoelectron spectroscopy (XPS), thermogravimetric/differential thermal analysis (TG/DTA)
and point of zero charge (pHpzc) analysis to characterize the functionalized sorbent materials.
Our results indicate that cationic surfactants significantly enhance the adsorption of 2,4-D and
MCPA. In contrast, carbendazim and simazine exhibit maximum sorption on the unmodified
zeolite-carbon composite. The sorption mechanism is intricate, with physical sorption predom-
inating, primarily due to electrostatic interactions between the protonated binding sites of the
adsorbents and the negatively charged pesticide molecules. Regeneration tests demonstrated that
ethanol is the most effective in regenerating zeolite-carbon composite with adsorbed MCPA and
2,4-D, while thermal regeneration was not possible. Adsorbents with simazine and carbendazim
can be regenerated using both thermal and ethanol methods, but the thermal regeneration of
zeolite with adsorbed simazine is more efficient. Utilizing functionalized zeolite materials ob-
tained from industrial waste, such as fly ash, could provide an efficient way to remove pesticides
from the environment.

Organic compounds

1. Introduction

The rapid expansion of the economy, urbanization, and the need to increase food production has led to persistent pollution of
water. This has resulted in significant consequences for food quality and poses a considerable burden on public health and the
environment, leading to severe damage to ecosystems as a consequence of the excessive and improper use of pesticides [1-5]. The term
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“pesticide” refers to any substance, whether chemical, biological, or otherwise, used to prevent, destroy, or control any species of
plants or animals that interfere with desired plant growth and production, processing, storage, or transport. Unfortunately, most
sprayed pesticides do not reach their intended target but rather spread through the air, water, and soil. This has led to the detection of
trace amounts of these chemicals in surface water, and, even more critically, in groundwater, which is a vital source of drinking water
on a global scale [6-9]. Moreover, while pesticides should ideally target only specific pests, most are broad-spectrum, meaning their
effects cannot be limited to individual pests. This results in damage to beneficial organisms as well.

Pesticides can be classified based on their usage and potential to kill living organisms. Examples of pesticide types include in-
secticides, herbicides, rodenticides, fungicides, molluscicides, bactericides, avicides, virucides, algicides, acaricides, and miticides [10,
11]. They can also be categorized according to the chemical composition of their active ingredients. Pesticides are categorized into four
chemical groups: organochlorines, organophosphorus, carbamates, and pyrethrins and pyrethroids. Besides these four primary groups,
there are other miscellaneous pesticide groups like phenoxyacetic acid and bipyridyls. Another category comprises inorganic pesti-
cides, which encompass compounds such as sulfur, copper, mercury, lead, and arsenic. These pesticides exhibit high persistence and
have resulted in substantial soil pollution issues in certain regions [12].

There are three primary methods for removing pesticides from different matrices, depending on the remediation processes used:
biological, chemical, and physical, where these last two are sometimes combined or used in a coordinated manner [13]. Chemical
remediation involves the utilization of specific chemical agents to transform pesticides into either harmless or less harmful substances.
This approach encompasses various advanced oxidation processes (AOPs), such as UV-H,0, and UV-ozone treatment, as well as the
photocatalysis, and photodegradation methods, ultrasound-assisted remediation, and the oxidation of organic substrates using Fe(II)
and hydrogen peroxide [14-23]. Physical remediation methods include coagulation, membrane processes, and adsorption. Adsorption
is among the most frequently employed techniques for water purification because of its effectiveness, capacity, and suitability for
large-scale applications [3,24-31].

Materials derived from natural minerals or waste materials, serving as adsorbents for water purification, have garnered significant
attention in recent years. Zeolites, primarily synthesized from kaolin clay, along with kaolin itself, have demonstrated successful
applications as adsorbents for pollutant removal [32-34]. Nevertheless, the current focus of intensive research lies in exploring the
potential of utilizing hard coal and lignite fly ashes in the synthesis of zeolite materials. On a global scale, the coal industry generates
approximately 750 million tons of fly ashes each year. However, the rates of utilization of these fly ashes differ significantly among
countries, with utilization ranging from 99% in Japan to as low as 11% in Africa and the Middle East [35]. The chemical composition of
coal fly ash allows for efficient transformation into alternative materials like zeolites and zeolitic materials, making it a promising
avenue for various applications [36-39]. The presence of aluminum and silicon in fly ash offers a valuable source of aluminosilicate for
synthesizing zeolites and zeolitic materials [40-42].

Zeolite-based adsorbents possess unique physicochemical properties, are readily available, and have low costs. They are used
extensively in agriculture, industry, and pollution control, specifically as adsorbents for removing heavy metals and pesticides [13,43,
44]. Carbon-based adsorbents are also gaining more attention as adsorbents of organic pollutants. Zeolite-carbon composites combine
the unique properties of both materials and can be obtained in various forms such as fibers, cloths, discs, and monoliths, with high
Brunauer-Emmett-Teller surface areas, large pore volumes, and stability at high temperatures and in a nonoxidizing atmosphere
[45-47]. Furthermore, it has been shown that modifying the surface of zeolites with organic surfactants significantly enhances their
adsorption properties for some pesticides. The proper choice of surfactants is crucial to increase the adsorption of various pollutants, as
the surfactants’ structure and charge determine the further properties of the modified adsorbents. For instance, Arnnok and Burakham
[48] provided evidence that surfactant-modified adsorbents are highly proficient in extracting carbamate pesticides. The adsorption
rates for oxamyl, carbofuran, carbaryl, methiocarb, and carbosulfan exceeded 94% when employing cetyltrimethylammonium
bromide-modified zeolite.

This study focuses on exploring a novel approach to address the issue of pesticide adsorption. The principal objective of this
research is to conduct a comprehensive investigation into the efficacy of both modified and unmodified zeolites, as well as zeolite-
carbon composites, in the adsorption of four distinct pesticides. These pesticides include 2-(2,4-dichlorophenoxy)acetic acid (2,4-D)
and 2-(4-chloro-2-methylphenoxy)acetic acid (MCPA) belonging to the phenoxyacetic acid class, methyl N-(1H-benzimidazol-2-yl)
carbamate (carbendazim) from the carbamate class, specifically benzimidazole, and 6-chloro-2-N,4-N-diethyl-1,3,5-triazine-2,4-
diamine (simazine), which is classified as an organochloride within the triazine herbicide category. Zeolites and zeolite-carbon
composites used for adsorption were modified using cationic and nonionic surfactants, and the modification was thoroughly exam-
ined in previous studies [49]. In this work, we analyzed the adsorption of the mentioned pesticides concerning the initial concen-
tration, initial pH of the solution, kinetics, and competitive adsorption. We also determined the possibility of regenerating and reusing
adsorbents and investigated the stability of adsorbents during the adsorption process. Notably, this work represents the first study on
the effectiveness of fly ash-based and surfactant-modified zeolites and zeolite-carbon composites for adsorbing pesticides. Further-
more, it includes a comparative analysis of various approaches to regenerating adsorbents. In summary, the primary aim of this study
was to gain insights into the mechanisms of pesticide adsorption and to evaluate the potential of fly ash-based and surfactant-modified
zeolites and zeolite-carbon composites as highly effective adsorbents for pesticides. The outcomes of this investigation could have
significant implications in addressing pesticide contamination and its impact on the environment and human health.
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2. Materials and methods
2.1. Materials

In this research, two distinct adsorbents were employed: zeolite type X (referred to as X-FA) and a zeolite-carbon composite
incorporating zeolite type X (referred to as X-C). These materials were derived from the conversion of fly ashes. Zeolite X was syn-
thesized from F-class fly ash (FA) using the hydrothermal method [50], while the zeolite-carbon composite was created from
high-carbon fly ash (HCFA) through a one-step hydrothermal conversion process [51]. The particle size of the zeolite and
zeolite-carbon composite agglomerates ranged up to 100 pm, with a D50 value ranging between 21 and 32 pm. Both adsorbents were
modified using various surfactants, namely hexadecyltrimethylammonium bromide (HDTMA-Br) and t-octylphenoxypolyethox-
yethanol (Triton X-100, TX100). HDTMA-Br is composed of 19 ethylene molecules, compensated with Br—. In an aqueous solution, this
salt dissociates into an organic cation (HDTMA) and an inorganic anion (Br-). For the modification of adsorbents, the cationic part of
the surfactant (HDTMA) was utilized. The modification process was described extensively by Andrunik et al. [49]. To summarize, the
zeolite and zeolite-carbon composite samples were mixed with either HDTMA or TX100 solutions, each at concentrations equivalent to
1.0 ECEC of the respective material. This mixing took place at 40 °C for a duration of 24 h. Subsequently, the samples were subjected to
centrifugation for 10 min at 14,000 rpm, followed by decanting the supernatant. Finally, the samples were dried at 80 °C for a period of
24 h.

2.2. Adsorption study

For the experiments, four pesticides were selected, namely 2-(2,4-dichlorophenoxy)acetic acid (2,4-D), 2-(4-chloro-2-methyl-
phenoxy)acetic acid (MCPA), 6-chloro-2-N,4-N-diethyl-1,3,5-triazine-2,4-diamine (simazine), and methyl N-(1H-benzimidazol-2-yl)
carbamate (carbendazim) (Table 1).

In the adsorption experiments involving initial concentration variations, 20 mg of both unmodified and modified adsorbents were
placed into separate test tubes. Then, 5 ml of pesticide solutions with different concentrations were introduced into the test tubes. For
2,4-D and MCPA, the concentrations used were 0.5, 1.0, 2.0, 4.0, and 8.0 mg/L, while for carbendazim and simazine, the concen-
trations were 0.25, 0.5, 1.0, 2.0, and 4.0 mg/L. The pH was not regulated. In the experiment on adsorption as a function of the initial
pH value of pesticide solutions, 20 mg of each unmodified and modified adsorbent was placed in test tubes, and 5 ml of pesticide
solutions with a concentration of 4 mg/L was added at pH 3, 5, 7, and 9. The pH value was regulated using 0.1 M HNOs and 0.1 M
NaOH. Competitive adsorption of pesticides MCPA, carbendazim and simazine was tested for all adsorbents. 20 mg of each adsorbent
was placed in test tubes, and 5 ml of pesticide solutions with a total concentration of 3 mg/L of MCPA, 3 mg/L of carbendazim, and 3
mg/L of simazine was added. The initial pH was not regulated and was equal to 4.9. For the kinetics of the adsorption experiment, 500
mg of selected adsorbent was placed in beakers, and 125 ml of pesticide solutions with a concentration of 4 mg/L was added. The initial
pH was not regulated and was equal to 4.7 for 2,4-D, 4.8 for MCPA, 5.8 for carbendazim, and 5.8 for simazine. Samples were collected
after 30 s, 1, 2, 5, 10, and 30 min, 1, 3, 5, 10, and 24 h to analyze the kinetics of adsorption.

All experiments were conducted under static conditions and at room temperature (25 °C). In the experiments examining adsorption
concerning initial concentration, initial pH, and competitive adsorption, the samples underwent 24 h of stirring. Subsequently, they
were subjected to centrifugation for a duration of 3 min at 14,000 rpm. The pesticide adsorption level was determined by comparing
the initial and equilibrium concentrations. The stock solutions of pesticides were prepared by dissolving specific amounts of pesticide
reagents in distilled water with the addition of 1% ethanol to enhance the solubility of pesticides.

Table 1
Properties of pesticides.

2,4-D

MCPA

Simazine

Carbendazim

IUPAC name

2-(2,4-dichlorophenoxy)
acetic acid

2-(4-chloro-2-methylphenoxy)
acetic acid

6-chloro-2-N,4-N-diethyl-1,3,5-
triazine-2,4-diamine

methyl N-(1H-benzimidazol-2-
yDcarbamate

Structural Formula o o} cl 0
0\)1\ O\/U\ L NH >—o
oH OH N7 TSN >—NH \
e {
cl cl ¢l SNHNE SN S N
Chemical formula CgHeCl,03 CoHyClO3 C7H;5CINg CoHgN30,
Type herbicide herbicide herbicide fungicide
Molar mass [g/mol] 221.04 200.62 201.66 191.19
Solubility in water 311 294 6 8
[mg/L] (25°C)*
pK,” 2.81 2.93 0.11; 14.75 4.28;9.70; 13.95
Molecule size [;X]C 5.60 x 10.09 5.86 x 10.09 4.48 x 11.47 5.04 x 10.73

@ Data obtained from safety data sheets of specific products.
Y Data calculated using Marvin 23.4.
¢ Data calculated using VEGA ZZ v. 3.2.1.
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2.3. Regeneration and cycles of adsorption

Chemical and thermal regeneration were performed to evaluate the potential for adsorbent reuse. For chemical regeneration,
ethanol was used. 50 mg of selected adsorbents with adsorbed pesticides were taken in test tubes, and 5 ml of ethanol was added. The
samples were stirred continuously for a period of 24 h, after which they underwent centrifugation lasting 3 min at a speed of 14,000
rpm. The regeneration effectiveness was determined by comparing the amount of pesticide adsorbed on the adsorbents and the amount
of the pesticides washed out from adsorbents. Regenerated adsorbents were then used for repeated adsorption experiments. The cycles
of adsorption-regeneration were performed four times.

Thermal regeneration was performed at different temperatures depending on the type of adsorbent and the pesticide adsorbed. X-
FA-H and X-C-H with adsorbed 2,4-D and MCPA were heated at 200 °C, while X-FA and X-C with adsorbed carbendazim and simazine
were heated at 350 °C. The selected temperatures were based on the decomposition temperatures of each pesticide and surfactant used
for modification. The decomposition temperatures of carbendazim and simazine are around 300 [52] and 225 °C [53], respectively,
while 2,4-D and MCPA decompose at temperatures around 140 [54] and 115 °C [55], respectively. HDTMA present on the surface of
X-FA-H and X-C-H starts to decompose around 250 °C [49]. Therefore, X-FA-H and X-C-H with adsorbed 2,4-D and MCPA were heated
at 200 °C, while X-FA and X-C with adsorbed carbendazim and simazine were heated at 350 °C. A sample of adsorbent with adsorbed
pesticide was heated in the oven for 5 h, and then the adsorption of each pesticide was repeated. The adsorption-regeneration cycle was
performed four times.

2.4. Analytical methods

The surface charge densities (cp) and points of zero charge (pHy,.) of the adsorbents were determined using the potentiometric
titration method at 22 °C in the pH range of 5.2-10, using an Eco Titrator (Metrohm, Herisau, Switzerland). The examined systems
were titrated with 0.1 M NaOH in the pH range of 5.2-10. Initially, 50 ml of the supporting electrolyte (0.001 M and 0.01 NaCl) was
titrated, followed by examining systems containing 100 mg of each adsorbent.

Transmission electron microscopy (TEM) observations were carried out on a Tecnai TF20 X-TWIN (FEG) microscope (FEI), working
at an accelerating voltage of 200 kV. Samples for TEM observations were prepared by drop casting (powders suspended in water) on
carbon coated copper TEM grids.

X-ray photoelectron spectroscopy (XPS) analyses were conducted on a PHI VersaProbell Scanning XPS system using mono-
chromatic Al Ka (1486.6 eV) X-rays focused to a 100 pm spot and scanned over an area of 400 pm x 400 pm. The photoelectron take-off
angle was 45° and the pass energy in the analyzer was set to 117.50 eV (0.5 eV step) for survey scans and 46.95 eV (0.1 eV step) to
obtain high energy resolution spectra for the C 1s, O 1s, Si 2p, Al 2p, Na 1s, Mg 2s, Fe 2p, K 2p and Ca 2p. Dual-beam charge
compensation with 7 eV Ar' ions and 1 eV electrons were used to maintain a constant sample surface potential regardless of sample
conductivity. All XPS spectra were charge referenced to the unfunctionalized, saturated carbon (C-C) C 1s peak at 285.0 eV. The
operating pressure in the analytical chamber was less than 3 x 10~° mbar. Deconvolution of spectra was conducted using PHI MultiPak
software (v.9.9.3). Spectrum background was subtracted using the Shirley method.

The amount of pesticides adsorbed onto the samples was measured using a Knauer high-performance liquid chromatography
system equipped with a K-2600 UV detector and a 150 x 4.6 mm, 5 pm, Knauer C18 column (Knauer, Berlin, Germany). Table 2
presents the conditions of the analytical method in detail. Thermogravimetric analysis/differential thermal analysis (TG/DTA) coupled
with the analysis of the composition of evolved gases was performed using a Netzsch STA 449 F3 Jupiter apparatus (Netzsch, Chennai,
India). For this purpose, the samples were heated at 30-1000 °C at a rate of 10 °C/min. The analyses were conducted under combustion
conditions and in a helium atmosphere. The calibration curves were prepared by analyzing the stock solutions of each respective
pesticide in the concentration range from 0.001 to 5 mg/L for carbendazim and simazine and from 0.001 to 10 mg/L for 2,4-D and
MCPA. The data were fitted to linear regression with an R? coefficient equal to 0.99.

Table 2
Parameters of the chromatographic method.

Experiments of adsorption as a function of initial concentration, initial pH value, and kinetics

2,4-D MCPA Simazine Carbendazim
Column 150 x 4.6 mm, 5 pm, Knauer C18 column
Mobile phase Acetonitrile:Water (80:20); pH not regulated
Flow [ml min~!] 1.5 1.5 1 1
Wavenumber [nm] 229 229 220 286
Retention time [min] 3.36 2.3 3.38 2.62
Detection limit [mg/L] 0.088 0.087 0.041 0.048

Experiment of competitive adsorption

2,4-D MCPA Simazine Carbendazim
Column - 250 x 4.6 mm, 5 pm, Agilent Eclipse Plus C18
Mobile phase - Acetonitrile:Water (80:20); pH not regulated
Flow [ml min 1] - 0.8
Wavenumber [nm] - 229
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2.5. Kinetics and adsorption isotherms

In the context of isotherm models, transforming nonlinear equations into linear forms can introduce biases, such as the appearance
of poor linearity despite having high linear regression coefficients. There may also be a tendency for the Freundlich model to fit better
at low experimental concentrations, while the Langmuir model fits better at higher experimental concentrations [56]. To circumvent
these issues, the use of nonlinear optimization represents a mathematically rigorous approach for determining the parameters of the
adsorption model while retaining the original equation form. In this study, we employ the nonlinear versions of adsorption isotherms
and kinetics models to mitigate these potential problems.

Experimentally obtained adsorption data were fitted to Langmuir (LM), Freundlich (FM), Langmuir- Freundlich (LFM), Halsey
(HM), and Jovanovic models (JM) represented by the equations (1)—(5), respectively.

The Langmuir equation:

_ QK.C.

= 0TI 1
1+K.C. m

e

where q. is the pesticide adsorption capacity at equilibrium (mg/g); C. is the equilibrium concentration of pesticide (mg/L); Ky, is
Langmuir constant (L/g); and Qg is the maximum adsorption capacity (mg/g).
The Freundlich equation:

1
qe=KrCl" @

where q, is the pesticide adsorption capacity at equilibrium (mg/g); K is Freundlich constant that refer to the adsorption capacity at
unit concentration; C. is the equilibrium concentration of pesticide (mg/L); and 1/n is adsorption intensity of the solute on the
adsorbent.
The Langmuir-Freundlich equation:
_ QO (Ka Ce)"

q"*i(l(ac‘,)" 1 3)

where g, is the pesticide adsorption capacity at equilibrium (mg/g); Qo is the maximum adsorption capacity (mg/g); Ce is the equi-
librium concentration of pesticide (mg/L); K, is the affinity constant for adsorption (L/mg); and n is the index of heterogeneity.
The Halsey isotherm:

InKy +1InC,
o a2t ) @

n

where g, is the pesticide adsorption capacity at equilibrium (mg/g); C. is the equilibrium concentration of pesticide (mg/L); and Ky
and n are the Halsey isotherm constant and exponent, respectively.
The Jovanovic isotherm:

ge=0o(1— ") (5)

where q, is the pesticide adsorption capacity at equilibrium (mg/g); Ce is the equilibrium concentration of pesticide (mg/L); Qg is the
maximum adsorption capacity (mg/g); and K; is the Jovanovic isotherm constant.

Experimentally obtained adsorption data were fitted to the following kinetics models: pseudo first order model (PFO), pseudo
second order model (PSO), and Elovich represented by the equations (6)-(8), respectivelyFigure.

Pseudo first order model:

g =C(1-e™) ®)

where t is time (min); q; is adsorption capacity at equilibrium and given time (mg/g); Ce is the equilibrium concentration of pesticide
(mg/L); and k; is first-order kinetic model constant.
Pseudo second order model:

Cgkzl

"1+ Chat @

q:
where t is time (min); q; is adsorption capacity at equilibrium and given time (mg/g); Ce is the equilibrium concentration of pesticide
(mg/L); and kj is second-order kinetic model constant.

Elovich model:

gi=in (api +1) ®

where t is time (min); q; is adsorption capacity at equilibrium and given time (mg/g); and a and f are constants.
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3. Results
3.1. Characterization of adsorbents surfaces

3.1.1. Point of zero charge and surface charge density

Potentiometric titration was used to determine the points of zero charge (pHp,c) and surface charge densities of zeolite and zeolite-
carbon composite in the presence and absence of cationic and nonionic surfactants on the adsorbent surfaces. pH,,. represents the
point where the net surface charge is equal to zero. At pH values below pHpy,c, the solid surface is dominated by positive groups, and the
chloride ions (Cl1™) of the supporting electrolyte reside in the Stern layer. Conversely, at pH values higher than pHp,, negative groups
are dominant, and sodium ions (Na*) form sheaths around the particles [57]. The results indicate that the pHp,. of fly-ash-based
unmodified zeolite and zeolite-carbon composite is below 5.2 (Fig. 1). A precise determination of pHp,c was not possible due to the
instability of the adsorbents in lower pH conditions. However, this value is consistent with literature reports on the pH,. of synthetic
zeolites, which typically have a pHp,. below 5 [58-60]. Modification of adsorbents with surfactants did not increase the pH,. value
above 5.2, except for the X-FA-H sample, where pHp, is 5.35. The addition of surfactants alters the surface charge density (co). The
addition of HDTMA and Triton to the zeolite and zeolite-carbon composite surfaces leads to a noticeable increase in negative solid
surface charge values (Fig. 1). In X-FA-H and X-C-H samples, quaternary amine groups in the HDTMA chains directed to the adsorbent
surface contribute to an increase in absolute values of negative surface charge. In the case of X-FA-T and X-C-T samples, one
contributing factor could be the partially negative charges associated with the oxygen atoms within the oxyethylene units of the TX100
molecule [61].

3.1.2. TEM

Bright-field (BF) TEM micrographs revealed that samples X-FA (Fig. 2a-d) and X-C (Fig. 2e-h) are composed mainly of zeolite type
X with impurities derived from fly ash. The usual morphology of a zeolite X crystal is that of an octahedron, consisting of eight
equilateral triangles [49,62-65]. However, in the case of X-FA and X-C, these crystals do not display the precisely shaped, charac-
teristic octahedral morphology. Instead, they tend to overgrow each other, resulting in irregular and nearly rounded forms. One
characteristic feature of both samples is the presence of rounded forms consisting of fine zeolite crystals that are empty inside (Fig. 2b
and f). Modification of the zeolite and zeolite-carbon composite did not cause significant changes that can be observed in TEM mi-
crographs (Figs. S1 and S2). The main conclusion drawn during the TEM observations was that the modified samples were far less
stable during the analysis. Thus, it may be assumed that at high magnifications, the electron beam is destroying the surfactant mol-
ecules present on the surface of the adsorbents, causing damage to the observed grains. The samples are highly inhomogeneous, and
besides the zeolite crystals, all unmodified and modified samples exhibit the presence of aluminosilicate cenospheres (Fig. 2c and S1a),
mullite crystals (Fig. 2h and S1b), ettringite crystals (Fig. S3b), and foil-like morphology of argillite crystals (Figs. S2b and h) [66-68].
Additionally, the zeolite-carbon composite possesses a high content of unburned carbon, which can probably be seen in Figs. S3f and g
[69]. Both X-FA and X-C materials exhibit the presence of skeleton-like morphology forms, which consist mainly of Al, Fe, and Mg
(Fig. S30).

3.1.3. XPS

Figs. S3-S8 present XPS spectra of X-FA, X-C materials, and their modified analogs. The Al 2p and Si 2p bands relate to the zeolite
framework and do not exhibit significant trends upon surfactant modification, as well as Fe 2p3/2, Ca 2p, Mg 2s, Na 1s, and K 2p bands
originating from other mineral phases. After functionalization with HDTMA and TX-100, the intensity of the C-C band (285 eV)
increased for both materials. By comparing the surface atomic composition (Tables S1 and S2), it is evident that more HDTMA was

0 -l
&
E
S -200
o ]
=
P
@ -400
[0}
©
(0]
2 600
©
=
[§]
3
-800 -
'1(:“ s
=
17
-1000
T T T T
5 6 7 8 9 10

PH [-]

Fig. 1. Surface charge density of samples X-FA, X-FA-H, X-FA-T, X-C, X-C-H, and X-C-T.
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Fig. 2. BF TEM micrographs of sample X-FA (a-d) and sample X-C (e-h).

adsorbed on the surface of X-FA than TX-100. However, X-C adsorbed less HDTMA and more TX-100 than X-FA. Bands at 286.5 eV
(C-0), 289.0 eV (O-C=0), and 532.2 eV (—OH) suggest the existence of functional groups containing oxygen of the carbonaceous
matrix. Their intensity decreases upon surfactant coverage, with one exception. The X-C-T material shows a higher content of C-O
bonds on the surface after modification. Meanwhile, G-N (400.1 eV), NH} (402.5), and Br~ (181.4 eV) bands appear only in the spectra
of the X-C-H material.

3.2. Adsorption experiments

3.2.1. Adsorption as a function of initial pH value

The experiment examining the effect of the initial pH of the pesticide solution on adsorption revealed that the initial pH has a
minimal influence on the removal of the chosen pesticides, and no distinct trends can be discerned. The analysis was carried out on
unmodified samples of zeolite X-FA and zeolite-carbon composite X-C, samples modified with a cationic surfactant (X-FA-H and X-C-
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H), and samples modified with a nonionic surfactant (X-FA-T and X-C-T). Fig. S10 shows the equilibrium pH of the solutions after 24 h
of adsorption. It is evident that the equilibrium pH is significantly higher than the initial pH of the solutions. For all zeolite samples and
unmodified carbon-zeolite composites, the equilibrium pH ranges from 8 to 9.5 for initial pH 3 and 10 for initial pH 5, 7, and 9. The
lower values are observed for samples X-C-H (6.8-8.6) and X-C-T (7.5-9.4).

Adsorbents with adsorbed 2,4-D and MCPA pesticides exhibit the widest differentiation in the results of adsorption at different
initial pH values (Fig. 3a and b). For both pesticides, adsorption on HDTMA-modified samples is higher compared to unmodified
zeolite and composite. The highest adsorption value was reached for HDTMA-modified zeolite-carbon composite, ranging from 0.187
to 0.813 mg/g for 2,4-D and 0.424-0.720 mg/g for MCPA. MCPA shows relatively low adsorption on samples modified with nonionic
surfactant (X-FA-T and X-C-T), as well as unmodified zeolite for all initial pH conditions. 2,4-D also does not adsorb on samples
modified with nonionic surfactant except for initial pH 9. At initial pH 9, adsorption is the highest for almost all groups of adsorbents.
The adsorption capacity of carbendazim on the unmodified zeolite-carbon composite is the highest, reaching nearly 0.8 mg/g. In
contrast, for the modified composites, it falls within the range of 0.366-0.474 mg/g, and for zeolites, it remains below 0.355 mg/g
(Fig. 3c). Across all samples, a slight increase in adsorption is observed with variations in the initial pH; however, it appears that pH
values of 5 and 7 are the most favorable for the adsorption of carbendazim.

The adsorption of simazine is also greater (around 0.9 mg/g) for unmodified zeolite-carbon composite, regardless of the pH, while
modified zeolite-carbon composites exhibit significantly lower adsorption (less than 0.162 mg/g). Additionally, the higher the initial
pH of the solution, the lower the removal of the pesticide (Fig. 3d). Adsorption on zeolite is ineffective, regardless of the modification,
but in contrast to the composites, at low initial pH, adsorption seems to be slightly elevated.

3.2.2. Adsorption as a function of initial concentration

The outcomes of the experiment conducted to assess the impact of initial concentration on pesticide adsorption reveal that as the
adsorbate’s concentration in the solution rises, there is a corresponding increase in adsorption capacity (Fig. S11). This relationship
holds true for all adsorbents, although it is particularly pronounced for carbendazim and simazine. The adsorption of these two
pesticides is significantly greater when the initial concentration is set at 4 mg/L compared to other initial concentrations. 2,4-D and
MCPA are also better adsorbed at higher concentrations (4 and 8 mg/L), but the increment is rather gradual and less predictable,
especially for MCPA. Regrettably, none of the adsorbents reached their maximum adsorption capacity because the isotherm did not
reach a plateau. Pesticides are known to have low solubility in water, so the feasibility of preparing a solution with a higher initial
concentration was limited. Doing so would necessitate the use of an organic solvent, which is not applicable in environmental contexts.

To assess the potential adsorption capacity of the modified and unmodified zeolites and zeolite-carbon composites toward the
investigated pesticides, the experimental data were fitted with Langmuir, Freundlich, Langmuir-Freundlich, Halsey, and Jovanovic
models. The accuracy of the adsorption isotherms was estimated by the value of R? (Pearson correlation coefficient). Adsorption
isotherms and their parameters are presented in Figs. S11-S12 and Table S3.

Considering the R? value as an indicator of proper fitting, it can be said that most experimental data obtained in this study fit more
than one model. Usually, there is a slight difference in correlation coefficient R?, especially between Langmuir and Jovanovic models
and between Freundlich and Halsey models. The differences between models are more evident at higher concentrations where the
saturation point can be reached. However, at lower concentrations, the binding models may be virtually identical.

Samples of X-FA-based adsorbents with simazine exhibit the best fitting with the Freundlich isotherm, while X-C fits better with the
Langmuir-Freundlich model and X-C-H and X-C-T fit the Langmuir, Freundlich, and Jovanovic models. Adsorbents with carbendazim
fit mostly with the Freundlich and Halsey models, while adsorbents with 2,4-D may be described by the Langmuir-Freundlich model,
except for X-FA, which fits better with the Freundlich and Halsey models and X-FA-H, which fits the Langmuir and Jovanovic models.
The Freundlich model may also be attributed to the samples X-FA-H, X-FA-T, and X-C-T with adsorbed MCPA (Table S3).

According to Giles’ classification system, adsorption isotherms can be assigned to one of the classes (S, L, H, and C) and then to one
of the subgroups (1, 2, 3, 4, and mx) [70]. The assignment of Giles’s isotherm class to the experimental isotherms obtained in this study
is not straightforward, as the obtained isotherms exhibit diversity in the shapes of isotherms depending on the adsorbed pesticide and

Adsorption value [mg/g]

MCPA competitive MCPA single Carbendazim  Carbendazim single Simazine Simazine single
adsorption adsorption competitive adsorption competitive adsorption
adsorption adsorption

EX-FA EX-FA-H OX-FA-T mX-C BX-C-H @X-C-T

Fig. 4. Competitive adsorption of pesticides on unmodified and modified adsorbents.
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the type of adsorbent and do not ideally fit into any of the four basic classes.

However, based on their initial slope, some assumptions can be made. Adsorption isotherms of the investigated pesticides mainly
belong to the L-class, S-class, or S-class sloped to L-class with the subclass 1, 3, or mx (Figs. S11-512). In most cases, the shape of the
inflection was hard to define since the inflection occurred at low concentrations between the first two or three measurement points.
The plateau was not reached for most samples, indicating that maximum adsorption was not achieved, especially for samples X-C-H
with adsorbed 2,4-D, X-FA-H, and X-C with adsorbed carbendazim and simazine. Those samples exhibit a C1-class of isotherm in the
analyzed range of pesticide concentration.

3.2.3. Competitive adsorption of pesticides

The results of the simultaneous adsorption of MCPA, carbendazim, and simazine are presented in Fig. 4. Competitive adsorption
refers to the simultaneous adsorption of pesticides from the multi-component solution, while single adsorption refers to the adsorption
from a solution containing only one pesticide. Adsorption of carbendazim and simazine from single-component solutions is higher than
from multi-component solutions for all tested adsorbents. MCPA is most preferably adsorbed on zeolite and zeolite-carbon composite
modified with a cationic surfactant, and for those materials, adsorption from a single-component solution is higher. The reverse trend
can be observed for unmodified samples and samples modified with a nonionic surfactant. Especially, the adsorption efficiency on
samples X-FA-T and X-C-T increases by more than 30% when carbendazim and simazine are present compared to the single adsorption
of MCPA. Comparing the amount of each adsorbed pesticide from a multi-component solution revealed that all pesticides compete with
each other for available active sites, and of all, simazine is the least preferably adsorbed. The exception is X—C adsorbent, which
exhibits the highest adsorption capacity for both carbendazim and simazine, while all other adsorbents adsorb MCPA in the highest
amounts. The equilibrium pH values of all samples were higher compared to the initial pH of the mixed pesticide solution. The increase
from 7 to 9-10 was consistent with experiments of adsorption as a function of the initial pH value (Fig. S10).
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3.2.4. Kinetics

Fig. 5 presents the plots for adsorption kinetics. The adsorption of all pesticides takes place rapidly, with equilibrium being attained
within the initial few seconds of the experiment. Comparing modified and unmodified materials, X—C and X-C-H show higher
adsorption capacity than X-FA and X-FA-H, respectively. However, the adsorption capacity of carbendazim (Fig. 5c) and simazine
(Fig. 5d) on X-FA material decreases over time, resulting in abstract values for kinetic modeling. Therefore, we did not proceed with
modeling for these samples. Similarly, the modeling of adsorption kinetics of 2,4-D (Fig. 5a) on X-C-H material gave abstract results,
but the adsorption capacity is much higher and does not decrease rapidly. For MCPA (Fig. 5b), the results for both X-C-H and X-FA-H
could be fitted to the kinetic models. The results of adsorption kinetics modeling are shown in Table S4. The adsorption isotherm of 2,4-
D and MCPA on X-FA-H and X-C-H materials showed the highest R? for PSO and Elovich models. Meanwhile, the kinetics adsorption of
simazine gave the best fitting for PFO and PSO models, and carbendazim for PSO and Elovich models.

3.3. Regeneration

Fig. 6 displays the results of regeneration experiments using an organic solvent. Four cycles were carried out, where each cycle
involved the adsorption of pesticides on the surface of adsorbents and then removal with ethanol. Light-colored bars represent the
amount of each pesticide adsorbed in each cycle of adsorption-regeneration, while dark-colored bars represent the amount of pesticide
removed from the adsorbent. The results demonstrate that regeneration with ethanol and further reuse of adsorbents is possible.

X-C-H retains its adsorption capacity of 2,4-D and MCPA after each cycle of regeneration (Fig. 6a and b). In each cycle, X-C-H
adsorbs almost 0.15 mg of 2,4-D or MCPA/1 g, and almost all the pesticide is removed during washing with ethanol. In contrast,
adsorption on X-FA-H decreases almost two times after the first regeneration and then remains at a similar level for each further cycle.
The amount of 2,4-D retained on X-FA-H and X-C-H after four cycles of adsorption—-desorption was only 0.036 and 0.072 mg/g,
respectively, while for MCPA, it was 0.093 mg/g for X-FA-H and 0.079 mg/g for X-C-H (Fig. S14). Regeneration of adsorbents with
adsorbed carbendazim is the least effective (Fig. 6¢). For both X-FA and X-C, the amount of carbendazim adsorbed is the highest in the
first cycle of adsorption—desorption (0.075 and 0.143 mg/g, respectively), and then significantly decreases. Adsorption of simazine
shows different trends, with X-FA exhibiting very low adsorption that increases after each regeneration process (Fig. 6d). Although the
amount of simazine washed out during the regeneration of X-C is relatively low compared to the value of adsorption in the first cycle,
the adsorption capacity of X-C in every further cycle is retained, which led to the retention of a significant amount of simazine on X-C
(0.294 mg/g) (Fig. S14).

Fig. 7 displays the outcomes of thermal regeneration experiments conducted on the adsorbents using an organic solvent. Four
cycles were carried out for each adsorbent, where pesticides were adsorbed on the surface of the adsorbents and then removed by
heating at specified temperatures. For MCPA and 2,4-D, the regeneration temperature was selected to avoid the degradation of the
HDTMA layer. Since the degradation temperatures of 2,4-D and MCPA are relatively low (115-140 °C) [54,55], and the HDTMA layer
starts to decompose around 250 °C (with a maximum at 300 °C) [49], the temperature of 200 °C was chosen for regenerating X-FA-H
and X-C-H adsorbents. On the other hand, simazine and carbendazim have higher degradation temperatures (227 and 300 °C,
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respectively) and hence, the temperature of 350 °C was chosen for regenerating X-FA and X-C.

The effectiveness of regeneration depended on the type of pesticide. Adsorbents with adsorbed 2,4-D and MCPA could not be
thermally regenerated (Fig. 7a and b). Heating at 200 °C did not remove the adsorbed pesticides or activate the surface, and therefore,
2,4-D or MCPA could not be adsorbed in further cycles. This indicates that the 2,4-D and MCPA adsorbed on X-FA-H and X-C-H were
more stable and needed higher temperatures to begin decomposition than the pure 2,4-D and MCPA reagents. After the first heating,
the adsorption of carbendazim on X-C decreased by two times, from 0.143 to 0.068 mg/g, which reached the same level as the
adsorption on X-FA, which was consistent in each cycle of adsorption-regeneration (Fig. 7c). Adsorption of simazine on X-C in every
further cycle was retained and reached more than 0.15 mg/g each time, and heating at 350 °C seemed to activate the surface of the X-
FA adsorbent. Although the adsorption of simazine on X-FA in the first cycle was low (0.014 mg/g), it increased in subsequent cycles up
to 0.117-0.137 mg/g (Fig. 7d).

The thermal decomposition of adsorbents before adsorption (Fig. 8 a-b) and with adsorbed pesticides (Fig. 8 c-f) were performed to
assess the stability of adsorbents. The analysis of the gases released during heating allows for determining the temperature required for
pesticide removal from the adsorbent. The slight DTA effects with a maximum of observed around 360-370 °C with the corresponding
QMS-NO effects (m/z 30) indicate the decomposition of pesticides. The abundance of oxidized species released (e.g., NO) suggests that
oxidative reactions facilitate the disintegration of the nitrogen-containing functional groups in carbendazim and simazine (such as the
carbamate and benzimidazole group in carbendazim and the amine and triazine group in simazine). The oxidized species are present
up to 900 °C for carbendazim (Fig. 8c and d) and 750 °C for simazine (Fig. 8e and f) until all residues of decomposition have been
completely utilized by oxidative or combustion reactions related to the degradation of zeolite-carbon composite [71]. This study does
not present the thermal decomposition of HDTMA-modified zeolite-carbon composite (X-C-H) with adsorbed 2,4-D and MCPA since
the thermal regeneration of those adsorbents is not feasible. 2,4-D and MCPA decompose at low temperatures, which coincide with the
decomposition temperatures of the surfactant. Furthermore, it’s noteworthy that the quantity of adsorbed pesticides was relatively
low, and no significant alterations were observed in the adsorbents before and after adsorption. All samples exhibited a substantial
mass loss ranging from 46% to 50%. This mass loss can be attributed to several factors, including the release of structural and adsorbed
water, the dissociation of calcite, oxidation of carbon, and degradation of the pesticides. The loss of water was confirmed by weak
differential thermal analysis (DTA) effects occurring in the temperature range of 200-300 °C, along with corresponding mass spec-
trometry signals (QMS-CO effects, m/z 18). The DTA peak observed at approximately 600 °C may be attributed to the dissociation of
calcite and the combustion of carbonaceous material, while the DTA peak around 900 °C could be related to structural breakdown and
recrystallization processes [65]. Both dissociation, combustion, and structural breakdown led to the release of CO, that began around
500 °C.
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4. Discussion

The results obtained from the adsorption experiments using fly ash-based adsorbents suggest that the interactions between the
active adsorbent surfaces and pesticides are complex. The study revealed that the influence of the initial pH of the pesticide solution on
the removal of the selected pesticides was minimal, which contradicts data found in the literature. Typically, the efficiency of 2,4-D
and MCPA adsorption on zeolitic materials usually is higher at low pH conditions, while for carbendazim and simazine, neutral or
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slightly acidic pH values are preferred [72-76]. However, the composition of adsorbents synthesized from fly ash, which exhibit
excellent pH-buffering properties, may explain the observed data. Regardless of the value of the initial pH of the pesticide solution, the
equilibrium pH is always above 7.5 (Fig. S10) due to the alkaline character of the adsorbent surfaces resulting from the use of a high
amount of NaOH in their synthesis. It should be noted that these zeolites and zeolite-carbon composites start to decompose if exposed
to continuous contact with a solution pH of 5 or lower [49]. Thus, implementing a different approach where the pH of the pesticide
solution is constantly controlled and corrected during the adsorption experiment would result in the dissolution of adsorbents. The
results of potentiometric titration allowed for determining the pHy,. of adsorbents. For most materials, a precise value of the pH,.
could not be obtained since pH 5.2 was established as a dividing point below which adsorbents are unstable. However, the estimated
values of pHp,. indicate that at equilibrium pH obtained in experimental conditions (7.5-10), the surfaces of all adsorbents were
negatively charged. Considering the pKa of analyzed pesticides (Table 1), the pesticides exist in deprotonated forms of 2,4-D and
MCPA, and the neutral form of simazine at equilibrium pH conditions (7.5-10), while for carbendazim, the neutral form is dominant at
pH 7, and the contribution of the deprotonated form increases with increasing pH. Simazine and carbendazim are also more hydro-
phobic in comparison to highly polar 2,4-D and MCPA.

The XPS analysis of the surface chemical composition reveals the mechanisms of HDTMA and TX100 interactions with the zeolite
and carbonaceous matrix. HDTMA is adsorbed on the surface of X-FA through ion exchange, with the hydrocarbon tail directed toward
the solution and an ionic head attached to the surface of the zeolite [49]. This explains the observed increase in surface aliphatic carbon
(Table 1 and Fig. S5). However, no HDTMA-derived nitrogen is detected, suggesting that the surfactant molecules are vertically
oriented and may create a layer too thick for the analyzing beam to detect N atoms. Meanwhile, X-C material shows the presence of N
atoms [49]. The C-N bonds on the surface of the unmodified material come from nitrogen atoms fixed in the carbonaceous matrix.
However, after modification, nitrogen is mainly detected in the form of NH** (Table S2), as the nitrogen derived from HDTMA behaves
similarly to the nitrogen derived from ammonium. The presence of nitrogen suggests that some of the HDTMA molecules are not
vertically oriented with their hydrocarbon tails directed outward from the sample, as is the case in the X-FA-H sample. Instead, they lie
in parallel or are directed with hydrocarbon tails to the surface carbonaceous matrix.

Adsorption of TX-100 on the X-C surface results in a significant increase of C-O bonds, indicating that TX-100 is attached to the
surface of the carbonaceous matrix through the hydrophobic tail. In contrast, X-FA after TX-100 adsorption shows only a 1.5% increase
in C-C bond abundance and no increase in C-O bond abundance (Table S1). Comparing these results with carbon content, which is
5.15 and 33.3%, respectively for X-FA and X-C one can conclude that nonionic surfactants do not react with the polar zeolite surface
and are mainly adsorbed on the surface of the carbonaceous matrix. This explains why X-FA material retains only a small portion of TX-
100.

The adsorption of 2,4-D and MCPA on unmodified zeolite and zeolite-carbon composite was ineffective due to electrostatic
repulsion between negatively charged surfaces of adsorbents and negatively charged pesticide molecules. However, modification of
the adsorbents with cationic surfactant enhanced the adsorption of 2,4-D and MCPA by introducing surfactant hydrocarbon tails that
allowed the formation of hydrophobic bonds between adsorbent and adsorbate. Furthermore, the formation of a partial bilayer of
HDTMA molecules was possible, particularly for X-C-H, where HDTMA molecules may lie parallel or be directed with hydrocarbon
tails to the surface carbonaceous matrix [49]. Hydrophobic, electrostatic, and van der Waals interactions are also possible [77,78].

The quantity of surfactants utilized for modification corresponds to the ECEC of each material. While the aim is to attain an optimal
surfactant monolayer on the adsorbent surface through the modification of zeolites and zeolite-carbon composites with 1 ECEC of
HDTMA, there is a chance that partial bilayer formation and the precipitation of surfactant may occur [79-81]. This hypothesis was
supported by estimating the amount of HDTMA washed from the surface of the modified adsorbents, revealing that using 1 ECEC of
HDTMA does not result in the formation of an ideal surfactant monolayer [49]. A minor fraction, constituting up to 2% of HDTMA,
might be loosely attached to the adsorbent and can be readily removed by water washing. Furthermore, the adsorption of surfactants is
restricted to the external surface of the mineral due to the size of surfactant molecules, which prevents them from entering zeolite pores
or reaching internal cation-exchange sites [81,82].

Carbendazim and simazine showed the most effective adsorption on the unmodified zeolite-carbon composite, and modification
did not increase the adsorption capacity for either pesticide. For zeolite-carbon composites, where modifications significantly reduced
the adsorption value, it can be assumed that active sites capable of binding to these pesticides are obstructed by the surfactant
molecules, limiting adsorption. The highest adsorption was observed for zeolite-carbon composites, where carbonaceous matrix is
covered with zeolite crystals, resulting in a material that exhibits characteristics of both zeolite and carbon. As a consequence, the
composite contains not only the active sites typical of zeolite but also functional groups that originate from the carbon component.
These functional groups may include carboxylic acid, lactone, carbonyl, and quinone groups, and they actively participate in the
process of adsorption and immobilization of substances [49]. The primary mechanism accountable for the adsorption of carbendazim
and simazine is likely the hydrophobic interaction occurring between the aromatic rings within the pesticide structures and the carbon
present in zeolite-carbon composites. Partitioning may also contribute to the immobilization mechanisms involved [49,83,84].

The lack of significant changes in the adsorption values of carbendazim and simazine on zeolites modified with TX100 or HDTMA
can be attributed to the fact that these pesticides do not compete with surfactants for active sites. It is possible that the layer of
surfactant molecules on the surface of the zeolite provided new sites for the formation of hydrophobic interactions between the
surfactant tails and the pesticide molecules, without blocking the active sites. Additionally, the higher adsorption values of carben-
dazim compared to simazine on unmodified and modified zeolites and modified zeolite-carbon composites may be due to the different
speciation of the two pesticides at equilibrium pH conditions. In the pH range of 7.5-10, simazine exists only as a neutral molecule,
whereas carbendazim exists mainly as a neutral molecule but can also exist in a deprotonated form as an anion. The presence of both
speciations of carbendazim increases the adsorption due to the availability of active sites for both neutral and anionic molecules.
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Results of competitive adsorption of carbendazim, simazine, and MCPA revealed that the adsorption of carbendazim and simazine
from single-component solutions was higher compared to their adsorption from multi-component solutions for all tested adsorbents.
This suggests that when both carbendazim and simazine are present together, they compete for the same active sites on the adsorbent
surface, leading to a reduction in the adsorption capacity of these pesticides in the multi-component solution. The restricted avail-
ability of active sites on the adsorbent surface is the key factor behind this competitive effect. Furthermore, it was observed that the
adsorption of carbendazim was higher than simazine, indicating that carbendazim is more preferentially adsorbed onto the adsorbent
surface. Interestingly, the adsorption of MCPA from multi-component solutions was higher than from single-component solutions
when unmodified adsorbents and TX-100-modified adsorbents were used. The presence of carbendazim and simazine on the adsorbent
surface created an adsorption platform that generated attractive interaction forces, such as hydrogen bonding and p-p interactions,
which enhanced MCPA adsorption. As a result, a synergistic effect was observed in the concurrent adsorption of MCPA, and this effect
could be attributed to the formation of stacking layers of carbendazim and simazine on the zeolites and composites surface [32,85,86].
This phenomenon led to improved adsorption values for MCPA when it was present alongside carbendazim and simazine.

Giles’ classification was used to classify the isotherms obtained in this study, and it was found that most of the isotherms can be
attributed to the S or L-class, except for four cases (adsorption of 2,4-D on X-C-H, adsorption of MCPA on X-FA-H, adsorption of
carbendazim on X-C, and adsorption of simazine on X-C), which exhibit features of C-class isotherms. C-class isotherms exhibit a
constant adsorption affinity for a wide range of concentrations, and the availability of sites remains constant up to saturation [70,87].
At low concentrations, several organic substances behave similarly, particularly when the Langmuir equation serves as an proper
model for the adsorption processes [87]. The isotherms that can be attributed to the C class describe the adsorption of pesticides on
adsorbents that exhibit the highest adsorption value for specific pesticides. Among the adsorbents, X-C exhibits the most effective
adsorption of carbendazim and simazine, and for this material, the C class isotherm is the most suitable. This finding suggests that, in
applied experimental conditions, the availability of sites remains constant for the entire concentration range because the pesticide
concentration was too low to saturate the adsorbent’s surface active sites.

The shape of the initial slope that describes the change in availability of the adsorbents’ active sites with increasing concentrations
of pesticides can differentiate L and S class isotherms. For L-class isotherms, as more pesticide is adsorbed, the likelihood of remaining
pesticide molecules finding a suitable site for adsorption decreases [70]. This behavior can be elucidated by the strong affinity of
pesticides at low concentrations, which diminishes as the concentration rises. This is a result of the potent attractive forces between the
adsorbate and adsorbent, contrasted with the weaker forces between the adsorbates themselves [88,89]. L class isotherms were
applicable for the adsorption of MCPA on X-FA and X-C and simazine on X-FA-T, suggesting that the most effective adsorption of MCPA
and simazine occurs at low concentrations, decreasing with increasing concentration, as shown in Figs. S12d and f, and 1.

Conversely, S isotherms exhibit the opposite behavior, where the more molecules are already adsorbed, the easier it becomes for
additional molecules to become immobilized. This suggests that adsorbed particles are associated side-by-side, which aids them in
remaining attached to the surface, a phenomenon known as “cooperative adsorption” or “partitioning,” usually observed for hydro-
phobic molecules [70]. The isotherms of adsorption of 2,4-D on X-FA-T and X-C-T, carbendazim on X-FA-H, X-C-H, and X-C-T, and
simazine on X-FA, X-C-H, and X-C-T may be attributed to the S class. The hydrophobicity of simazine and carbendazim likely plays a
significant role in their adsorption mechanisms. Furthermore, it should be noted that modification of zeolites and zeolite-carbon
composites increases the adsorbents’ surface hydrophobicity.

In some cases, the shape of the isotherm for certain pesticides and adsorbents was not clear, and mixed classes could be assigned,
such as L-S or S-L. This was observed for 2,4-D adsorbed on X-FA and X-FA-H, MCPA adsorbed on X-FA-T, X-C-H, and X-C-T, car-
bendazim adsorbed on X-FA, and simazine adsorbed on X-FA-H. The alteration in the isotherm shape, transitioning from SS-type to L-
type or vice versa, could be attributed to the steric hindrance imposed by the pesticide molecules. Proper orientation of the molecule is
required to access the active site on the adsorbent surface. At low concentrations, the number of properly oriented molecules is low,
while at higher concentrations, a higher number of molecules possess a favorable orientation, resulting in considerably higher
adsorption. Thus, a change in the isotherm shape may be observed. This interpretation is supported by Sannino et al. [73], who
observed a similar phenomenon during the adsorption of simazine onto H-Y zeolite.

When fitting our experimental data to popular isotherm models, we found that for most pesticides and adsorbents, there was only a
slight difference in the correlation coefficient between the models. This phenomenon was primarily attributed to the low-
concentration end of the isotherms. At low concentrations, the Jovanovic model essentially resembles Langmuir’s model, as both
models assume monolayer formation on the homogeneous surface of the adsorbent with no interactions among the adsorbed mole-
cules. The primary distinction lies in the Jovanovic model’s consideration of the surface binding vibrations of adsorbed molecules [90].
The assignment of the Jovanovic and Langmuir models to the adsorption of 2,4-D on X-FA-H and MCPA on X-C may indicate the
homogeneity of the surface and the monolayer adsorption nature.

The Freundlich and Halsey isotherm models have similar assumptions, except for the theory of side-by-side interaction between
adsorbed molecules, which is not considered in the Halsey model. According to the Halsey isotherm, interactions between molecules
can be negligible since the heterogeneity of the surface influences the adsorption to a far greater extent. The Halsey isotherm is the
most suitable for defining heteroporous solids and may be used to evaluate adsorption on a surface where active sites are situated at
relatively large distances from each other [91,92]. The Freundlich and Halsey models can describe most of the analyzed adsorbents,
including X-FA with adsorbed 2,4-D, carbendazim, and simazine, X-FA-H and X-FA-T with adsorbed MCPA, carbendazim, and
simazine, X-C-H with adsorbed carbendazim, and X-C-T with adsorbed MCPA. Since both models assume heterogeneity of the
adsorbent surface’s active sites and multilayer or partial-multilayer adsorption, it can be assumed that at a selected range of con-
centration, the adsorption of 2,4-D, MCPA, carbendazim, and simazine on the mentioned adsorbents have features of multilayer
adsorption on the heterogeneous surface.
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The Langmuir-Freundlich isotherm model combines two theories: Langmuir’s theory, which implies that adsorption occurs at
distinct, energetically uniform adsorption sites, creating a complete monolayer, and Freundlich’s theory, which maintains degree of
non-uniform distribution of active sites while preventing an indefinite increase in the adsorbed amount with rising concentration. The
main assumption of the Langmuir-Freundlich model is the heterogeneity of active sites. Therefore, experimental data that fit this
model may indicate that pesticide adsorption occurs on active sites of different strengths [93-95]. The Langmuir-Freundlich isotherm
model integrates elements of both Langmuir’s and Freundlich’s theories. Langmuir’s theory posits that adsorption takes place at
specific, energetically uniform sites, leading to the formation of a complete monolayer. Meanwhile, Freundlich’s theory allows for a
certain degree of heterogeneous distribution of active sites. However, the Langmuir-Freundlich model also prevents an unbounded
increase in the adsorbed amount as the concentration rises. The Langmuir-Freundlich isotherm may be applied to the adsorption of 2,
4-D on X-FA-T, X-C, and X-C-T, MCPA on X-C-H, carbendazim on X-C-T, and simazine on X-C, suggesting that adsorption occurs on
active sites of different strengths.

Samples of X—C with adsorbed carbendazim, X-C-H with adsorbed 2,4-D and simazine, and X-C-T with adsorbed simazine can be
fitted to a few isotherm models that are mutually exclusive and cannot be applied to the same sample. However, it should be noted that
due to the low-concentration end of the isotherms, which was caused by experimental difficulties in solubilizing the pesticides in
water, the maximum adsorption capacity was not reached in any sample. It is possible that providing experimental data of isotherms
with high-concentration ends could result in a change in the shape of the isotherms, leading to a different best-fitted isotherm model.
Therefore, the authors hesitate to unambiguously determine the nature of the adsorbent surfaces and adsorption parameters based
solely on the isotherm models.

The effective regeneration and reuse of adsorbents are crucial from a practical standpoint. Regeneration with ethanol is the most
effective for HDTMA-modified zeolite-carbon composites with adsorbed 2,4-D and MCPA. The amount of HDTMA used for modifi-
cation was equal to 1.0 ECEC of each adsorbent, such that a monolayer should form, but in reality, a partial bilayer often occurs instead
[49]. Washing the adsorbent with ethanol may remove the partial bilayer, leaving only the monolayer where the cationic part of the
HDTMA molecule is directed toward the adsorbent surface and the hydrocarbon chain is directed outward. The reduction in adsorption
capacity of X-FA-H toward 2,4-D and MCPA suggests that the presence of the partial bilayer was significantly responsible for enhanced
adsorption, and that’s why the adsorption of pesticides was lower in subsequent cycles of adsorption-regeneration in X-FA-H. How-
ever, for X-C-H, the adsorption capacity was preserved in each cycle, suggesting that the partial bilayer did not significantly contribute
to the adsorption capacity, but rather electrostatic reactions and hydrophilic and hydrophobic interactions had a major impact on the
adsorption of 2,4-D and MCPA on X-C-H [49].

The removal of these pesticides from the surface of adsorbents may be associated with interactions between the anionic forms of
pesticides and the polar head of amphiphilic ethanol molecules through ion-dipole forces or the creation of hydrogen bonds between
ethanol molecules and aromatic hydrogen atoms [78,96]. For carbendazim and simazine, the dominant mechanism of interaction may
involve hydrophobic interactions between the aromatic rings in the structure of the pesticides and the carbon present in zeolite-carbon
composites. Some research suggests that the application of ethanol enhances the hydrophobic interaction of hydrocarbon surfaces
[97-99]. This may be the reason for the relatively high adsorption of carbendazim and simazine in cycles of adsorption-regeneration,
despite the low regeneration efficiency.

In the case of thermal regeneration, it was observed that the chosen temperature of 350 °C for carbendazim and simazine was too
low to achieve full pesticide decomposition, as shown by the evolution of nitric oxide (m/z 30) [49]. While the selected temperature
did result in the release of structural and adsorbed water, it is unlikely that the adsorbents underwent significant transformations, as
dissociation of calcite and combustion of the carbonaceous phase did not occur. Despite this, regeneration can still be considered
successful for both X-FA and X-C with adsorbed carbendazim and simazine. However, regenerating HDTMA-modified zeolite-carbon
composite with adsorbed 2,4-D and MCPA is more complicated. Although pure 2,4-D and MCPA can decompose at relatively low
temperatures (120-140 °C) [54,55], heating at 200 °C does not seem to be sufficient for removing pesticides from the adsorbent
surface. Additionally, using higher temperatures is not advised, as HDTMA begins to decompose around 250 °C [49], which would
destroy the surfactant layer responsible for enhanced adsorption of 2,4-D and MCPA.

Table 3 presents a comparison of the adsorption capacities of different adsorbents toward 2,4-D, MCPA, carbendazim, and sima-
zine. The aim of this comparison is to assess the potential of these adsorbents for pesticide adsorption. However, it is important to note
that in some studies, the maximum adsorption capacity was not obtained, and the adsorption conditions and experimental design were
significantly different, which can have a significant impact on the results. Moreover, in the present study, the concentrations of
pesticides were chosen to be approximate to the concentrations found in potential real-life water samples, where pesticide concen-
trations are quite low. This may be the reason for the significant differences between adsorption capacities. Under unified experimental
conditions, the adsorption capacities of the analyzed adsorbents may be less diverse. Although fly-ash-based zeolites and zeolite-
carbon composites do not exhibit the highest adsorption capacity of pesticides compared to other adsorbents presented, they are
worth considering as they are derived from the transformation of waste materials.

5. Conclusions

The study discovered that pesticide adsorption depended on the modification type used. Cationic surfactant increased MCPA and
2,4-D adsorption but reduced simazine and carbendazim, while nonionic surfactant slightly increased simazine adsorption. The low
adsorption capacity may be due to pesticides’ poor water solubility, preventing higher initial concentrations. pH had no significant
impact on adsorption. Fly ash-based zeolites and zeolite-carbon composites had excellent buffering properties. Pesticide adsorption
occurred rapidly, with most absorbed within 60 s. MCPA adsorption increased in the presence of other pesticides on unmodified and
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Table 3
Comparison of adsorption values of adsorbents.

Pesticide Adsorbent Adsorption value [mg/g] Reference

2,4-D fly ash-based zeolite-carbon composite modified with HDTMA (X-C-H) 1.79 present study
SBA-15-templated mesoporous carbon 136 [100]
MCM-41 modified with 3-aminopropyltriethoxysilane 132 [101]
HDTMA-modified zeolite Y in hydrogen form 35 [72]
HDTMA-modified zeolite Y in sodium form 33 [72]
activated carbon from wood composites 302.82 [102]
HDTMA- modified montmorillonite 8.84 [103]

MCPA fly ash-based zeolite-carbon composite modified with HDTMA (X-C-H) 1.62 present study
agricultural waste materials (strawberry seeds and pistachio shells) 286.89-312.97 [104]
DDTMA-modified montmorillonite 56.98 [105]
activated carbon from wood composites 375.16 [102]
goethite 10 [106]

Carbendazim fly ash-based zeolite-carbon composite (X-C) 0.94 present study
carbonized SBA-15 0.0098 [76]
carbonized MCM-41 0.00829 [76]
dealuminated NaY zeolite 0.00749 [76]
zeolite MCM-22 0.01 [76]
commercial bentonite 1.5 [107]
activated carbon 32.31 [108]

Simazine fly ash-based zeolite-carbon composite (X-C) 1.31 present study
zeolite Y in hydrogen form 2.48 [73]
activated carbon 28 [109]
montmorillonite coated by hydroxy aluminum 0.25 [110]
acid-activated beidellite 0.005 [111]
porous silica 8.07 [112]

nonionic surfactant-modified samples. Moreover, regeneration was possible, but the method must be chosen based on the pesticide and
adsorbent. Ethanol regenerated X-C-H with MCPA and 2,4-D, while thermal regeneration was not possible. Simazine and carbendazim
adsorbents could be regenerated using both thermal and ethanol methods, with thermal regeneration of X-FA with simazine being
more efficient. These results demonstrate the great potential of fly ash-based zeolites and zeolite-carbon composites for removing
pesticides from water due to their rapid adsorption and effective regeneration without losing adsorption capacity. However, proper
modification may be necessary to increase adsorption capacity for specific pesticides. Overall, these findings confirm the complex
nature of interactions between zeolitic adsorbents and pesticides.
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