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Abstract

Chlorpyrifos (CHP) is a persistent organophosphate pesticide whose presence in water
poses serious ecological and health risks. Here, we report a sustainable adsorbent obtained
by high-temperature carbonization of immature walnuts (Juglans regia). The adsorbent’s
structure, surface chemistry, and charge properties were comprehensively characterized
using FTIR, SEM-EDX, zeta potential measurement, BET analysis, and XPS. The synthesis
yielded a mesoporous carbon material with a BET surface area of 303 m2 g−1. Its perfor-
mance in CHP removal was assessed under batch and dynamic conditions. Adsorption
followed pseudo-second-order kinetics (k2 = 0.122 mg min−1 g−1; contact time 0–120 min).
Isotherm experiments performed at 20, 25, and 30 ◦C, with equilibrium data best described
by the Langmuir and Sips models, reaching a maximum capacity of 43.2 mg g−1. Ther-
modynamic analysis indicated a spontaneous and endothermic process. The adsorbent
demonstrated selectivity for CHP over chlorpyrifos-oxon (CPO) in binary mixtures, re-
tained its efficiency over at least ten regeneration cycles with ethanol, and removed up to
90% of CHP toxicity, as measured by acetylcholinesterase inhibition. Dynamic filtration
confirmed its applicability under flow conditions. These findings demonstrate that the
investigated adsorbent is an effective, reusable, and selective adsorbent, offering a low-cost
and eco-friendly approach to pesticide removal from contaminated waters.

Keywords: chlorpyrifos; adsorption; biochar; walnut-derived carbon; water treatment;
selectivity; regeneration

1. Introduction
The contamination of water bodies with organophosphorus pesticides (OPs) has

become a global environmental and public health concern, primarily due to their extensive
application in modern agriculture [1,2]. Among these compounds, chlorpyrifos (CHP) is
widely used for pest control in crops, soil, and residential areas [3,4]. However, its chemical
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stability and moderate water solubility allow it to persist in the environment, where it can
enter aquatic systems through surface runoff, leaching, or improper disposal practices [5,6].

A particularly troubling aspect of CHP pollution is its biotransformation into
chlorpyrifos-oxon (CPO), a metabolite formed under oxidative conditions in water and
living organisms [7]. This oxon derivative is significantly more toxic and reactive [8],
with a much higher potential for acetylcholinesterase (AChE) inhibition, disrupting nerve
function in both humans and wildlife [9]. Even at trace concentrations, these compounds
can exert chronic toxic effects on aquatic ecosystems, including behavioral changes, re-
productive failure, growth inhibition, and increased mortality in fish, amphibians, and
invertebrates [10].

In terms of human exposure, CHP and its oxon metabolite CPO have been associ-
ated with neurological disorders, developmental delays in children, endocrine disruption,
and possible carcinogenic effects [11–13]. The increasing detection of these substances
in drinking water sources, rivers, and agricultural runoff has, therefore, necessitated the
development of effective and sustainable removal strategies.

Traditional treatment methods, such as advanced oxidation processes, photodegra-
dation, biodegradation, and chemical hydrolysis, can reduce the concentrations of such
pollutants; however, they often suffer from significant limitations. These include high
energy requirements, slow kinetics, incomplete mineralization, and the formation of haz-
ardous by-products [2,14–16]. Moreover, some of these methods may not be suitable for
decentralized or rural water treatment systems due to their complexity and cost.

Among various remediation techniques, adsorption has emerged as one of the most
widely applied and effective methods for removing organic pollutants from water due to
its operational simplicity, cost-effectiveness, and adaptability [17–19]. It relies on the inter-
action between pollutants and solid adsorbents, which can be natural materials or derived
from organic and industrial waste [20,21]. The adsorption efficiency is influenced by the
physical properties of the adsorbent, such as pore size and surface area, as well as chemical
interactions determined by the functional groups present on both the adsorbent and the
adsorbate [22,23]. For example, steric effects and molecular size differences significantly
affect adsorption, as demonstrated by the markedly higher adsorption efficiency of methyl
parathion compared to ethyl parathion on certain adsorbents [24].

The development of sustainable adsorbents has sparked interest in biochar, a carbon-
rich material produced via pyrolysis of biomass [25,26]. Utilizing agricultural residues
and plant-based waste for carbon material production aligns with the principles of the
circular economy and promotes environmental sustainability. One promising yet under-
utilized biomass source is young (immature) walnuts (Juglans regia), typically discarded
despite their richness in lignocellulosic compounds favorable for carbonization [27–30].
Preliminary studies suggest that carbonized agricultural biomass can exhibit adsorption
capacities comparable to those of conventional activated carbon, due to the presence of
various functional groups that facilitate interactions with organic molecules (e.g., –OH,
–COOH) [31,32]. As young walnuts are harvested before full lignification, they offer a softer,
more homogeneous matrix, which upon pyrolysis yields a highly porous carbon structure
with well-developed micro- and mesoporosity, which is a key for the effective adsorption
of small organic pollutants, such as organophosphate pesticides [32].

Although previous studies have demonstrated the potential of walnut-derived biochars
for the removal of heavy metals and dyes [31], their application in organophosphate pesticide
remediation remains insufficiently explored. This study addresses this gap by proposing
carbon materials derived from young walnuts as selective and sustainable adsorbents for the
removal of CHP from aqueous media. The use of carbon materials derived from agricultural
waste and plant residues supports the Sustainable Development Goals, particularly SDG 6
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(Clean Water and Sanitation) and SDG 12 (Responsible Consumption and Production) [33].
This approach mitigates environmental pollution, promotes waste valorization, reduces
reliance on costly conventional adsorbents, and supports circular economy models.

In our previous study [34], carbons obtained from walnut liqueur pomace (an ethanol-
extracted by-product) were investigated for CHP removal. In contrast, this work introduces
a different precursor material (immature whole walnuts) that had not been tested previously
for adsorption applications. Moreover, the present study addresses the removal of CHP
from binary mixtures containing also its more toxic oxon metabolite CPO, with an emphasis
on the adsorbent’s affinity and discrimination between structurally similar compounds.
The novelty of this work further lies in the comprehensive regeneration study, where the
adsorbent was tested over ten consecutive cycles using different eluents, providing a much
deeper insight into its reusability compared to previous reports. In addition, the study
includes full physicochemical characterization and systematic adsorption performance
evaluation under both batch and dynamic conditions. Finally, the study includes an
evaluation of the toxicological profiles of the aqueous phase before and after adsorption,
providing insight into the real-world safety and effectiveness of the developed material.

2. Materials and Methods
2.1. Materials Synthesis and Characterization

For the synthesis of the adsorbent, young walnuts (Juglans regia) obtained in Belgrade,
Serbia, were used as the precursor. A batch of 5 immature green walnuts, each with an
average radius of approximately 2 cm, was selected for this purpose. To remove any
remaining moisture, the walnuts were subsequently oven-dried at 90 ◦C for 24 h. The
carbonization process was carried out using an electric tube furnace (Protherm Furnaces,
Ankara, Turkey) under a continuous nitrogen flow. The temperature was increased at a
rate of 5 ◦C min−1 until it reached 900 ◦C, after which it was maintained isothermally for
1 h. Following carbonization, the resulting adsorbent was ground manually using an agate
mortar and sieved through a 100 µm mesh sieve (Cisa Cedaceria Industrial S.L., Barcelona,
Spain) to obtain a uniform powder. The carbon powder was then thoroughly washed
with 0.1 mol dm−3 NaOH, 0.1 mol dm−3 HCl, and deionized water (Milli-Q purification
system, Merck KGaA, Darmstadt, Germany; resistivity 18.2 MΩ) to remove any remaining
inorganic residues. The final carbon powder was then dispersed in a 50% ethanol solution
to produce stock suspensions with a concentration of 2 mg mL−1, intended for use in
subsequent experimental procedures. All chemicals, including NaOH (≥98%, Centrohem,
Stara Pazova, Serbia), HCl (37%, Centrohem, Stara Pazova, Serbia), ethanol (≥99.8%, Merck,
Darmstadt, Germany), and acetonitrile (≥99.8%, J.T. Baker, Phillipsburg, NJ, USA), were of
analytical grade and used without further purification.

A comprehensive set of physicochemical techniques was employed to characterize
the structural, morphological, and chemical features of the adsorbent under investigation.
Surface morphology and elemental composition were analyzed using a Phenom ProX scan-
ning electron microscope (SEM) equipped with an energy-dispersive X-ray spectroscopy
(EDX) system, both manufactured by Thermo Fisher Scientific (Waltham, MA, USA).

To identify surface functional groups and molecular bonding characteristics, Fourier-
transform infrared (FTIR) spectroscopy was carried out using a Nicolet iS20 spectrom-
eter (Thermo Fisher Scientific, Waltham, MA, USA). Spectral data were collected in the
4000–400 cm−1 range, with each spectrum acquired by averaging 64 scans at a resolution
of 4 cm−1.

Zeta potential measurements were performed with a Nano ZS Zetasizer (Malvern Instru-
ments, Malvern, UK), utilizing a 633 nm He-Ne laser to evaluate the surface charge properties
of the adsorbents. Each measurement represents the average of three independent runs.
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Textural parameters, including specific surface area (SBET), total pore volume (Vtot),
average pore diameter (dav), and pore size distribution (PSD), were determined from
nitrogen adsorption–desorption isotherms at −196.15 ◦C using an Autosorb-iQ gas sorption
analyzer (Anton Paar QuantaTec Inc., Graz, Austria). The BET method was applied to
estimate surface areas [35], while the NLDFT model was used for assessing PSD. Prior to
analysis, all samples were degassed under vacuum at 300 ◦C for 5 h to eliminate residual
adsorbates and ensure reliable measurements.

The samples were analyzed using a SPECS system (SPECS GmbH, Berlin, Germany)
equipped with an XP50M X-ray source, a Focus 500 monochromator, and a PHOIBOS
100/150 analyzer. Analysis was carried out with an AlKα X-ray source (1486.74 eV) at
12.5 kV and 32 mA. Survey spectra (0–1000 eV binding energy) were collected with a
constant pass energy of 40 eV, a step size of 0.5 eV, and a dwell time of 0.2 s in FAT mode.
Detailed spectra of C 1s and O 1s peaks were recorded using a constant pass energy of
20 eV, a step size of 0.1 eV, and a dwell time of 2 s in FAT mode. The pressure during the
experiment was held at 3 × 10−9 mbar. All peak positions were calibrated against the C 1s
peak at 284.8 eV.

2.2. Adsorption Experiments

Adsorption studies were carried out under both static (batch) and dynamic flow
conditions. The batch experiments aimed to assess the interaction between CHP (Pestanal,
Sigma Aldrich, Søborg, Denmark) and the synthesized adsorbent. For each adsorption test,
equal volumes (0.5 mL) of stock dispersions of the adsorbent (2 mg mL−1, pH 6 ± 0.01)
and CHP solutions in 50% ethanol–water (prepared by diluting the stock solution of
0.1 mol dm−3 CHP in absolute ethanol with deionized water) at various concentrations
were combined and agitated on a laboratory shaker (Orbital Shaker Incubator Grant-bio ES-
20, Grant-Bio, Cambridgeshire, UK) for specific time intervals. After adsorption, samples
were centrifuged at 14,500 rpm for 15 min, and the supernatants were filtered through
nylon membrane filters (220 nm pore size; KX Syringe Filter, Kinesis, Cole Parmer, St.
Neots, UK) to eliminate suspended particles.

Due to the very low solubility of CHP in pure water, a 50% ethanol–water mixture
was employed to ensure complete solubilization of the pesticide. This solvent composition
was consistently used in all experiments to avoid variability, and blank controls confirmed
that ethanol itself did not contribute to adsorption.

The residual OP concentrations were quantified using Ultra-Performance Liquid
Chromatography (UPLC), performed on a Waters ACQUITY UPLC system equipped with
a photodiode array (PDA) detector and managed through Empower software (version 3)
(Waters GmbH, Eschborn, Germany). Separation was achieved on a BEH C18 column
(1.7 µm, 100 mm × 2.1 mm) under isocratic elution conditions, using a mobile phase of 20%
deionized water with 10% acetonitrile and 80% pure acetonitrile (J.T. Baker, Phillipsburg,
NJ, USA). The flow rate was 0.2 mL min−1, with an injection volume of 5 µL, and detection
was performed at 205 nm. The detection wavelength was established experimentally from
UV absorbance spectra. Blank experiments without an adsorbent were used to ensure
data accuracy.

Experiments were conducted at environmentally relevant conditions (i.e., temper-
atures of 20, 25, and 30 ◦C; pH 6; and CHP concentrations ranging from 5 × 10−6 to
5 × 10−4 mol dm−3) to mimic potential field applications. All trials were performed in
triplicate, and results were presented as mean values with error bars representing the
highest observed deviations.

To investigate adsorption kinetics, 1 mg mL−1 dispersions of adsorbent were mixed
with 5 × 10−5 mol dm−3 CHP solutions at 20 ◦C. Contact times ranged from 1 to 120 min.
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CHP concentrations in the supernatant were measured by UPLC, and the amount adsorbed
was calculated from the concentration difference before and after exposure. The experimen-
tal data were fitted to various kinetic models, including pseudo-first-order (Equation (1)),
pseudo-second-order (Equation (2)), Elovich (Equation (3)), and intraparticle diffusion
(Equation (4)). The model equations are detailed below:

Pseudo − first − order model qt = qe

(
1 − e−k1t

)
(1)

Pseudo − second − order model qt =
q2

e k2t
1 + qek2t

(2)

Elovich kinetic model qt =
1
β
(1 + αβt) (3)

Intraparticle diffusion model qt = kidt0.5 + C (4)

In these kinetic models, qt denotes the amount of adsorbate adsorbed at time t (in mg
g−1), while qe represents the equilibrium adsorption capacity (mg g−1). The rate constants
k1 (min−1) and k2 (g mg−1 min−1) correspond to the pseudo-first-order and pseudo-second-
order models, respectively. For the Elovich model, the parameters α and β denote the initial
adsorption rate (mg g−1 min−1) and the desorption constant (g mg−1), respectively. The
intraparticle diffusion model incorporates the rate constant kid (mg g−1 min−0.5), and the
boundary layer thickness parameter C (mg g−1).

For isotherm analysis, adsorption was carried out for 60 min using an adsorbent con-
centration of 1 mg mL−1 and CHP solutions spanning from 5 × 10−6 to 5 × 10−4 mol dm−3

at three temperatures (20, 25, and 30 ◦C). The data were interpreted using the Freundlich
(Equation (5)), Langmuir (Equation (6)), Temkin (Equation (7)), Dubinin–Radushkevich
(Equation (8)), and Sips (Equation (9)) models. The equations are provided below:

Freundlich model qe = KFC
1
n
e (5)

Langmuir model qe =
qmaxKLCe

1 + KLCe
(6)

Temkin model qe =
RT
bT

lnKTCe (7)

Dubinin − Radushkevich model qe = qDRe−KDRε2
(8)

Sips model qe =
qmax(KsCe)

bs

1 + (KsCe)
bs

(9)

In these isotherm models, qe represents the equilibrium adsorption capacity (mg g−1),
while Ce denotes the equilibrium adsorbate concentration (mg dm−3). The Freundlich
isotherm employs constants KF ((dm3 mg−1)1/n and n, which characterize adsorption
capacity and intensity, respectively. The Langmuir model uses the Langmuir constant KL

(dm3 mg−1) and qmax (mg g−1), representing the maximum adsorption capacity. For the
Temkin isotherm, bT (J g mol−1 mg−1) and KT (dm3 mg−1) relate to the heat of adsorption
and equilibrium binding constant. The Dubinin–Radushkevich isotherm defines qDR

(mg g−1) as the theoretical saturation capacity, and KDR (mol2 J−2) as the constant linked to
the mean free energy per mole of adsorbent, with ε = RT × ln(1 + 1/Ce). The Sips isotherm
incorporates constants KS (dm3 mg−1) and bS, representing the affinity of binding sites and
heterogeneity of adsorption sites, respectively.

Thermodynamic parameters—including enthalpy change (∆H0), entropy change (∆S0),
and Gibbs free energy change (∆G0)—were evaluated to provide insight into the interactions
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between contaminant molecules and the adsorbent surface. The values of ∆H0 and ∆S0

were obtained from the slope and intercept, respectively, of the Van’t Hoff plot constructed
according to Equation (11), where the standard Gibbs free energy change is expressed as:

∆G0 = −RTlnK0
dist (10)

The dimensionless standard distribution coefficient K0
dist was calculated using Equation (12).

To ensure its dimensionlessness, the equilibrium adsorption constant qe
Ce

was multiplied by the
ratio of the standard states C0 and q0, which correspond to 1 mol dm−3 for the contaminant
concentration in solution and 1 mol kg−1 for the adsorbed phase, respectively:

lnK0
dist = −∆H0

RT
+

∆S0

R
(11)

K0
dist =

qe

Ce
× C0

q0 (12)

Finally, the standard Gibbs free energy change was also independently determined
using the Gibbs–Helmholtz equation (Equation (13)):

∆G0 = ∆H0 − T∆S0 (13)

Dynamic adsorption behavior was evaluated using modified commercial syringe
filters. A total of 1 mg of adsorbent was dispersed in 1 mL of 50% ethanol and loaded
into nylon syringe filters (220 nm pore size; KX Syringe Filter, Kinesis, Cole Parmer, St.
Neots, UK). Compressed air was applied to remove residual liquid before introducing
the pesticide solution. Then, 1 mL of CHP solution (5 × 10−5 mol dm−3) was passed
through each modified filter at a constant flow rate of 1 mL min−1. The filtered solution
was collected and analyzed via UPLC to determine the amount of pesticide retained.

2.3. Regeneration of Adsorbent

The regeneration of the adsorbent was tested by rinsing the modified filters with 5 mL
of absolute ethanol and acetonitrile for 1 min. This procedure was repeated over multiple
cycles to evaluate the stability and reusability of the adsorbent.

2.4. Adsorption of CHP and CPO from Binary Mixtures

To evaluate the efficiency of the adsorbent in removing CHP and CPO (Pestanal,
Sigma Aldrich, Søborg, Denmark) from a binary mixture, adsorption experiments were
conducted using an aqueous solution containing 5 × 10−5 mol dm−3 of each compound.
The adsorbent dosage was set to 1 mg mL−1, and the mixture was incubated for 1 h at
20 ◦C. After adsorption, the residual concentrations of CHP and CPO were determined by
UPLC at 205 nm.

2.5. Toxicity Evaluation

As organophosphate pesticides are recognized inhibitors of AChE, the toxicity of
CHP was assessed before and after adsorption by measuring its inhibitory effect on AChE
activity. A modified version of the Ellman assay [36,37] was applied. Commercially sourced
AChE (2.5 IU; electric eel, Sigma Aldrich, Taufkirchen, Germany) was pre-incubated with
CHP solutions for 20 min in 5 × 10−2 mol dm−3 phosphate buffer (pH 8.0) at 37 ◦C.
The enzymatic reaction was initiated by the addition of acetylthiocholine iodide (AChI,
0.075 mol dm−3) and 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB, 1 × 10−4 mol dm−3),
both supplied by Sigma Aldrich, St. Louis, MO, USA. After 8 min, the reaction was
stopped using 10% sodium dodecyl sulfate (SDS). Thiocholine, the enzymatic product,
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reacts with DTNB to produce a yellow-colored 5-thio-2-nitrobenzoate, whose absorbance
was measured at 412 nm. Enzyme concentration was held constant to ensure consistent
spectrophotometric readings.

The percentage of AChE inhibition, used as an indicator of CHP toxicity, was calculated
using the equation:

IAChE =

(
Acontrol − Asample

)
Acontrol

× 100 (14)

where Acontrol represents the enzyme activity in the absence of CHP, and Asample denotes the
activity following pesticide exposure.

3. Results
3.1. Physicochemical Properties of the Synthesized Adsorbent

SEM analysis conducted at three magnification levels (Figure 1(a1–a3)) provided
insight into the surface morphology of the adsorbent. The obtained micrographs show a
rough and irregular surface, with well-defined pores clearly visible. Moreover, the sharp
contours of the structures further emphasize the distinct textural features of the adsorbent.

The elemental composition of the investigated adsorbent, as determined by EDX
analysis, shows that it is predominantly composed of carbon (80.82 at.%), indicating a
primarily carbon-based structure. Oxygen (10.09 at.%) and nitrogen (7.19 at.%) are also
present, originating from the precursor biomass and the carbonization process. Trace
amounts of potassium (1.18 at.%), phosphorus (0.29 at.%), calcium (0.19 at.%), magnesium
(0.16 at.%), sulfur (0.03 at.%), chlorine (0.02 at.%), and silicon (0.02 at.%) were also detected.
These residual elements reflect the inherent mineral content of the walnut precursor and
may influence the surface chemistry and performance of the carbonized adsorbent.

The gas adsorption analysis revealed (Figure 1b) that the adsorbent possesses a BET
specific surface area of 303 m2 g−1 and a total pore volume of 0.139 cm3 g−1. The average
pore diameter was calculated to be 2.08 nm, indicating porosity predominantly in the range
of large micropores and small mesopores. These textural properties indicate a moderately
developed porous structure, which is beneficial for adsorption applications as it provides
abundant surface sites for interaction with target molecules.

The FTIR spectra of the adsorbent (Figure 1c) did not reveal distinct absorption bands
corresponding to specific functional groups. This outcome is consistent with the high
carbonization temperature of 900 ◦C applied during adsorbent preparation [34,38]. Such
intense thermal treatment likely caused the decomposition of most organic functional
groups, resulting in a mainly carbon-rich structure with only trace amounts of residual
functionalities. Consequently, the typical vibrational signals associated with functional
groups are either missing or considerably weakened.

Zeta potential measurements were performed on the investigated adsorbent at a con-
centration of 0.5 mg mL−1 to investigate its surface charge characteristics and to determine
the isoelectric point (IEP). Titrations were carried out over a broad pH range from 1 to 14,
using HCl and NaOH as titrating agents. The initial pH of the adsorbent’s stock suspension
was measured at 6. As presented in Figure 1d, the isoelectric point of the adsorbent was
identified at pH 1.42. Considering that the starting pH exceeds the IEP, it can be concluded
that the adsorbent’s surface possesses a negative charge under the experimental conditions
we applied for the adsorption measurements.
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Figure 1. (a) SEM images of the investigated adsorbent at (a1) 2000×, (a2) 5000×, and (a3) 10,000×
magnification; (b) pore size distribution (adapted from [34]); (c) FTIR spectra; and (d) effect of pH on
the zeta potential of adsorbent suspension.

XPS measurements were used to determine surface composition and chemical bonds
in the sample and are presented in Figure 2. Survey XPS spectra evidenced the presence of
C (71.2 at.%), O (10.9 at.%), and K (17.9 at.%). No other elements are detected in the survey
spectra. High-resolution C 1s spectra (Figure 2a) is deconvoluted into three components.
The peak at 284.9 eV (45.4% of total C 1s emission) is attributed to C-C bonds, the peak at
285.5 eV (40.2% of total C 1s emission) is attributed to either C-O or C-OH bonds since both
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are located at approximately the same position and cannot be resolved in the C 1s spectra,
and the final small peak at 287.5 eV is attributed to C=O bonds [39,40]. Two additional
peaks at higher energies can be observed in the spectra, which correspond to K 2p 1/2 and
K 2p 3/2 peaks. High-resolution spectra of O 1s (Figure 2b) is deconvoluted into three
components. Peak at 531.5 eV (41.7% of total O 1s emission) is attributed to C=O bond. In
the O 1s spectra, C-O and C-OH bonds can be resolved, and therefore, the peak at 533.2 eV
(45.3% of total O 1s emission) is assigned to the C-O bond, while the peak at 536.6 eV (13.0%
of total O 1s emission) is assigned to C-OH bonds [39,40].

Figure 2. XPS spectra of (a) C 1s spectra and (b) O 1s spectra. Relative fractions of each identified
moiety are provided along with the corresponding assignation.

3.2. Adsorption Kinetics

The adsorption kinetics of the pesticide were investigated employing four kinetic
models: pseudo-first-order, pseudo-second-order, Elovich, and intraparticle diffusion. The
corresponding plots are shown in Figure 3, while the kinetic parameters obtained are
summarized in Table 1.

Figure 3. Nonlinear model fitting of CHP adsorption kinetics on the adsorbent at 20 ◦C using:
(a) pseudo-first-order, pseudo-second-order, and Elovich models and (b) the intraparticle diffu-
sion model.
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Table 1. Kinetic parameters for the adsorption of CHP (5 × 10−5 mol dm−3) onto investigated
adsorbent (1 mg mL−1) at 20 ◦C.

Pseudo-first-order model
qe (mg g−1) k1 (min−1) χ2 R2

7.39 ± 0.08 0.770 ± 0.007 0.636 0.926

Pseudo-second-order model
qe (mg g−1) k2 (mg min−1 g−1) χ2 R2

7.89 ± 0.02 0.122 ± 0.004 0.227 0.973

Elovich kinetic model
α (mg g−1 min−1) β (g mg−1) χ2 R2

170 ± 3 1.17 ± 0.01 0.074 0.991

Intraparticle diffusion model

I part

C (mg g−1) kid (mg g−1 min−0.5) R2

0.53 ± 0.04 2.7 ± 0.6 0.862

II part

C (mg g−1) kid (mg g−1 min−0.5) R2

5.68 ± 0.07 0.288 ± 0.009 0.931

III part

C (mg g−1) kid (mg g−1 min−0.5) R2

6.459 0.191 -

Based on the presented Figure 3, it can be observed that the equilibrium between the
CHP and the investigated adsorbent was achieved after 60 min of contact time. Analysis
of the data revealed that the pseudo-second-order model provided the best fit for the ad-
sorption of CHP, as evidenced by the χ2 and R2 values. Additionally, the initial adsorption
rate constant (α) derived from the Elovich model suggests a rapid uptake at the beginning,
which gradually slows down as the adsorbent surface becomes saturated.

The intraparticle diffusion model further suggests that the adsorption process occurs
through three distinct phases. Initially, pesticide molecules diffuse from the bulk solution
to the external surface of the adsorbent. In the second phase, intraparticle diffusion occurs
as molecules diffuse into the pores of the adsorbent. Finally, the process reaches adsorption
equilibrium. During these stages, the boundary layer thickness increases, correlating with a
higher amount of pesticide adsorbed on the surface. The intraparticle diffusion rate constant
(kid) decreases over time, reflecting the gradual deceleration of the adsorption process.
Moreover, the boundary layer thickness approaches a value similar to the equilibrium
adsorption capacities (qe) predicted by both pseudo-first-order and pseudo-second-order
models. The observed decline in kid values signals the completion of the adsorption process.

3.3. Adsorption Isotherms

The equilibrium data for CHP adsorption onto the adsorbent were analyzed using
five isotherm models: the Freundlich, Langmuir, Temkin, Dubinin–Radushkevich, and Sips
models. The corresponding parameters at 20, 25, and 30 ◦C are summarized in Table 2,
while the corresponding plots are given in Figure 4.

Table 2 presents the key parameters characterizing the adsorption of CHP onto the
investigated adsorbent, obtained through nonlinear fitting of various isotherm models.
Among them, the Freundlich, Langmuir, and Sips isotherms exhibited the best agreement
with the experimental data, as indicated by low χ2 values and high R2 values.

The n values obtained from the Freundlich model exceeded 1 across all temperatures,
confirming that the adsorption of CHP onto the adsorbent is favorable at all temperatures.
However, the gradual decrease in n with increasing temperature suggests a slight reduction
in surface affinity, likely due to reduced adsorbate-adsorbent interactions or changes in
surface energetics at higher temperatures. The KF constant also showed moderate varia-



Processes 2025, 13, 3357 11 of 20

tion, indicating a consistent but slightly temperature-dependent affinity of the adsorbent
toward CHP.

Table 2. Parameters for the adsorption of CHP onto the investigated adsorbent at 20, 25, and 30 ◦C.

T (
◦
C) → 20 25 30

Freundlich isotherm

n 3.4 ± 0.6 2.22 ± 0.02 2.11 ± 0.01

KF ((dm3 mg−1)1/n) 3.6 ± 0.5 2.75 ± 0.02 2.82 ± 0.02

χ2 5.596 1.422 1.286

R2 0.843 0.986 0.990

Langmuir isotherm

qmax (mg g−1) 15.6 ± 0.1 31.7 ± 0.1 36.6 ± 0.2

KL (dm3 mg−1) 0.123 ± 0.001 0.030 ± 0.002 0.028 ± 0.001

χ2 0.295 0.520 1.436

R2 0.992 0.995 0.989

Temkin isotherm

KT (dm3 mg−1) 2.00 ± 0.03 1.7 ± 0.6 1.6 ± 0.8

bT (J g mol−1 mg−1) 907 ± 5 620 ± 80 550 ± 50

χ2 0.606 16.537 23.787

R2 0.983 0.838 0.820

Dubinin–Raduskevich isotherm

qDR (mg g−1) 12 ± 2 24 ± 1 27 ± 8

KDR (mol2 J−2) (7.7 ± 0.7) × 10−7 (3.2 ± 0.2) ×10−5 (3.0 ± 0.5) × 10−5

E (J mol−1) 800 ± 70 120 ± 30 130 ± 90

χ2 5.963 11.971 25.452

R2 0.832 0.883 0.807

Sips isotherm

Ks (dm3 mg−1)bs 0.131 ± 0.002 0.014 ± 0.001 0.009 ± 0.001

bs 1.04 ± 0.03 0.719 ± 0.001 0.644 ± 0.002

qmax (mg g−1) 15.6 ± 0.2 34.3 ± 0.1 43.2 ± 0.2

χ2 0.439 0.319 0.841

R2 0.988 0.997 0.994

By observing the Langmuir constant KL, which reflects the affinity between the ad-
sorbate and the adsorbent, it can be seen that the KL values exhibited a decreasing trend
with increasing temperature. This inverse relationship suggests a reduction in the binding
affinity of the investigated adsorbent surface toward CHP molecules at higher temperatures.
Such behavior may indicate that although the overall adsorption capacity increases due
to enhanced molecular mobility and diffusion (as evidenced by rising qmax values), the
individual interaction strength between active sites and adsorbate molecules weakens. This
trend is characteristic of physisorption processes, where adsorption is primarily governed
by weak van der Waals forces that are more easily disrupted by thermal agitation.

An increase in adsorption capacity with rising temperature was also observed. Ac-
cording to the Sips model, the maximum adsorption capacity ranged from 15.6 ± 0.2 to
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43.2 ± 0.2 mg g−1, which aligns well with the values obtained from the Langmuir model,
further reinforcing the reliability of the data. The heterogeneity parameter (bS) from
the Sips model remained consistently below 1 at all temperatures, indicating that the in-
vestigated adsorbent surface is energetically heterogeneous with a broad distribution of
adsorption sites.

Figure 4. Nonlinear model fitting of CHP adsorption isotherms on adsorbent at (a) 20, (b) 25, and
(c) 30 ◦C using Langmuir, Freundlich, Temkin, Dubinin–Radushkevich, and Sips models.

The decline in the Temkin parameter (bT) with increasing temperature suggests a
reduction in the strength of adsorbate–adsorbent interactions. This observation is further
supported by the decreasing mean adsorption energy (E) values obtained from the Dubinin–
Radushkevich model. These results indicate that the adsorption process is predominantly
governed by physisorption, which is consistent with the previously stated.

3.4. Thermodynamic Analysis

The thermodynamic analysis of CHP adsorption onto the adsorbent provides impor-
tant insights into the nature of the adsorption mechanism. The Van’t Hoff plot is presented
in Figure 5, while corresponding parameters are presented in Table 3.

The positive ∆H0 value confirms the endothermic character of the process, implying
that heat input facilitates adsorption. This observation is consistent with the trend of
increasingly negative ∆G0 values with rising temperature, indicating that adsorption be-
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comes more thermodynamically favorable at higher temperatures. The negative ∆G0 values
across the studied temperature range confirm the spontaneous nature of the process. At the
same time, the observed decrease from −(11 ± 2) to −(14 ± 1) kJ mol−1 further supports
the temperature-dependent enhancement of adsorption efficiency. Such behavior is com-
monly attributed to the improved desolvation of the adsorbate at elevated temperatures,
which exposes more active sites on the carbon surface and strengthens adsorbate–adsorbent
interactions. Moreover, the positive ∆S0 value suggests an increase in randomness at the
solid–liquid interface. These thermodynamic findings align well with previous kinetic and
equilibrium studies, reinforcing the proposed adsorption mechanism. In this context, it is
important to note that the use of a 50% ethanol–water solvent system, although necessary
to dissolve CHP, may influence adsorption behavior by altering hydrophobic interactions
and partially competing for adsorption sites. Nevertheless, since the solvent composition
was kept constant in all experiments, the observed results reliably reflect the interaction
between CHP and the adsorbent.

 
Figure 5. Van’t Hoff plot.

Table 3. Thermodynamic parameters of CHP adsorption onto the investigated adsorbent.

Parameters
T (◦C)

20 25 30

∆H0

(kJ mol−1)
57 ± 1

∆S0

(J mol−1 K−1)
230 ± 20

∆G0

(kJ mol−1)
−(11 ± 2) −(12 ± 1) −(14 ± 1)

R2 0.794

3.5. Selective Adsorption of CHP and CPO from Binary Mixtures

To further explore the adsorption behavior of the synthesized adsorbent in more
complex systems, a mixture of CHP and CPO was investigated. As shown in the UPLC
chromatogram (Figure 6), after 1 h of incubation with the adsorbent, a notable difference in
the removal efficiency of the two compounds was observed. Specifically, the investigated
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adsorbent removed 44% of CHP, while only 11% of CPO was adsorbed under identical
conditions. This result clearly demonstrates the selectivity of the adsorbent toward CHP.
The higher adsorption of CHP relative to CPO is attributed to differences in hydrophobicity,
surface affinity, and solvation. CHP is markedly more hydrophobic than CPO, which
promotes stronger partitioning onto the largely hydrophobic carbon surface produced
by high-temperature carbonization. In contrast, the substitution of the thiono group
in CHP with a phosphoryl group in CPO increases molecular polarity, enhancing its
affinity for the aqueous phase and lowering its interaction strength with the carbon surface.
Hydration effects reinforce this difference. Using the Stokes–Einstein relationship, the
hydrodynamic radius of solvated CHP in water can be estimated at ~0.3–0.6 nm (diameter
~0.6–1.2 nm). The greater polarity of CPO is expected to result in a more structured
and extensive hydration shell, which will increase its effective solvated size, reduce the
diffusion coefficient, and hinder penetration into smaller pores, as the studied adsorbent
is dominantly microporous (Figure 1d). This larger solvation sphere also reduces the
effectiveness of nonpolar surface interactions. Together, a higher hydrophobic affinity,
weaker hydration, and smaller effective solvated size of CHP explain its preferential
adsorption over CPO under the same experimental conditions.

Figure 6. UPLC chromatograms of a CHP and CPO mixture (5 × 10−5 mol dm−3) before and
after adsorption using the investigated adsorbent; adsorbent dosage was 1 mg mL−1 and detection
wavelength set at 205 nm. Structural formulas of CHP and CPO are also presented, with atoms color-
coded as follows: grey—carbon, white—hydrogen, green—chlorine, blue—nitrogen, red—oxygen,
orange—phosphorus, and yellow—sulfur.

Selective removal is advantageous not only for environmental remediation but also for
applications in food safety, where targeted removal of toxic substances without affecting
other constituents is essential.

In addition to its selectivity, the adsorption capacities obtained in this study for the
adsorbent (15.6–36.6 mg g−1, based on the Langmuir model, and 15.6–43.2 mg g−1, based
on the Sips model, depending on temperature) confirm its good performance in CHP
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removal. These values are significantly higher than those reported for several conventional
biochars, such as those made from walnut shells or bagasse. They are comparable to
materials like cashew nut shell biochar and sunflower seed shells. While still below the
highest values achieved by modified or nanostructured adsorbents (e.g., cellulose-based
carbon fibers or magnetic hydrochars), the results highlight young walnut as a competitive
and sustainable precursor for the development of efficient adsorption materials. A detailed
comparison with literature data is provided in Table 4.

Table 4. Adsorption performance comparison with literature sources.

Adsorbent Adsorption Capacity,
qe (mg g−1)

Equilibrium
Isotherm Model Temperature (◦C) Reference

Biochar samples derived from
walnut shells 3.536 Langmuir isotherm Room temperature [41]

Cashew nut shell biochar 31.34 Langmuir isotherm Room temperature [42]

Untreated orange peels (UOPs) 68

Langmuir and
Freundlich isotherm

30
[43]Carbonaceous orange peels (COPs) 108

Nano magnetized orange
peels (NMOPs) 100

Activated carbon derived from
prickly pear seed waste 35 Freundlich isotherm Room temperature [44]

Bagasse biochar 3.2 Freundlich isotherm 25 [45]

Lemon peel 6.37 Freundlich isotherm Room temperature [46]

Cellulose-based carbon fibre 132.0 Sips 25 [47]

Activated-spent coffee
grounds 19.4 Langmuir isotherm 25 [48]

Activated Mucuna
pruriens seed shells 8.8 Temkin 30 [49]

Biowaste-derived
magnetic hydrochar 124.5 Langmuir isotherm 30 [50]

Giant reed-derived
deashed biochar 21.8 Langmuir isotherm [51]

Nanocellulose

12.325
Langmuir isotherm

15

[52]

9.654 25
7.247 35

7.237
Sips isotherm

15
5.946 25
5.017 35

Sunflower seed shells 33.5 Langmuir and
Freundlich isotherm

25 [53]
Rice husk 13.6

Young walnut

15.6 ± 0.1
Langmuir isotherm

20

This study

31.7 ± 0.1 25
36.6 ± 0.2 30

15.6 ± 0.2
Sips isotherm

20
34.3 ± 0.1 25
43.2 ± 0.2 30

3.6. Dynamic Conditions, Regeneration, and Reusability of Adsorbent

The adsorption performance of the adsorbent was assessed under dynamic conditions
using a filtration system with a 1 min contact time and an initial CHP concentration
of 5 × 10−5 mol dm−3. Under static conditions, the adsorbent removed approximately
25% of CHP, whereas in the dynamic filtration setup, the removal reached around 10%.
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Although the removal efficiency in dynamic mode was lower, primarily due to the shorter
contact time and continuous flow, the results confirm that the adsorbent can operate under
filtration conditions and retain adsorption capacity in real-flow scenarios. It demonstrates
its potential for integration into water treatment systems, where optimization of flow rate,
adsorbent mass, and contact time could further enhance performance.

To assess the regeneration potential of the adsorbent, regeneration experiments were
conducted using absolute ethanol and acetonitrile under dynamic filtration conditions.
As illustrated by the data presented in Figure 7, the investigated adsorbent demonstrated
remarkable stability and retention of adsorption capacity over at least ten adsorption–
desorption cycles. After an initial slight decrease in adsorption efficiency between the initial
adsorption and the first cycle, the removal performance remained essentially constant in
subsequent cycles. This behavior highlights the robustness and good reusability of the
synthesized adsorbent, which is a critical parameter for practical deployment in water
treatment applications.

Figure 7. Regeneration of investigated adsorbent (1 mg mL−1) after the adsorption of
CHP (5 × 10−5 mol dm−3).

Although both absolute ethanol and acetonitrile demonstrated effective performance
in regenerating this adsorbent, important distinctions arise when considering their envi-
ronmental and safety profiles. In the case of acetonitrile, although it exhibits very good
efficiency at regenerating the adsorbent, its use poses significant environmental and health
concerns due to its toxicity, flammability, and challenges related to safe handling and
disposal. In contrast, absolute ethanol, which is less toxic, biodegradable, and widely
available, provided a comparable regeneration efficiency, making it a more sustainable and
ecologically responsible choice.

Furthermore, the retention of adsorption capacity through multiple regeneration
cycles without substantial degradation suggests that the pore structure and active sites
of the investigated adsorbent remain largely intact, even after repeated solvent exposure.
This stability indicates that the adsorbent’s physicochemical properties, such as surface
area and pore volume, are resilient to solvent-induced structural changes, which is a key
advantage over other carbonaceous adsorbents that often suffer from pore collapse or
irreversible fouling.
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3.7. Toxicity Assessment

To further assess the safety of the treated water, the residual neurotoxicity of CHP
following adsorption was examined using the Ellman assay (Section 2.5). The initial CHP
solution (1 × 10−5 mol dm−3) caused a 50% inhibition of AChE activity, reflecting its well-
established neurotoxic properties [54]. In contrast, after exposure to the adsorbent, AChE
inhibition dropped markedly to 10%, indicating a substantial reduction in the solution’s
toxic potential.

This decrease in enzymatic inhibition demonstrates not only the efficient removal of
the parent compound but also suggests that no more toxic metabolites, such as CPO, were
generated during the adsorption process. These findings are particularly important from
the perspective of water safety and human health risk assessment, as they confirm that the
adsorbent not only eliminates the contaminant but also prevents the formation of harmful
by-products.

4. Conclusions
This study demonstrates that the adsorbent obtained from immature walnuts via

high-temperature carbonization is an efficient and sustainable adsorbent for the selective
removal of CHP from water. The synthesized adsorbent exhibited a favorable mesoporous
structure and suitable surface chemistry for pesticide adsorption. Adsorption kinetics and
equilibrium modeling confirmed that the process is fast, spontaneous, and endothermic,
with notable increases in capacity at higher temperatures. Importantly, the adsorbent
displayed clear selectivity toward CHP over its more toxic oxon metabolite, highlighting its
potential for targeted remediation in complex mixtures of contaminants. Dynamic filtration
experiments confirmed its applicability under flow conditions, while regeneration studies
showed that ethanol effectively restores adsorption capacity without compromising per-
formance over multiple cycles. The significant reduction in acetylcholinesterase inhibition
after treatment underscores its ability to improve water safety beyond mere contaminant
removal. Owing to its low-cost, waste-derived origin, and simple preparation process,
the walnut-derived carbon adsorbent offers a scalable solution for pesticide remediation.
Its stability, reusability, and compatibility with dynamic filtration systems suggest strong
potential for integration into existing municipal and decentralized water treatment units,
enabling sustainable pollutant removal in both urban and rural settings.
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