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Abstract: The extensive utilization of the organophosphate pesticide chlorpyrifos, combined with its
acute neurotoxicity, necessitates the development of effective strategies for its environmental removal.
While numerous methods have been explored for chlorpyrifos removal from water, adsorption is the
most promising. We investigated the potential of two cellulose-derived porous carbons as adsorbents
for chlorpyrifos removal from water, prepared by either CO, or H,O activation, resulting in similar
morphologies and porosities but different amounts of heteroatom functionalities. The kinetics of
batch adsorption removal from water fits well with the pseudo-first-order and pseudo-second-order
kinetic models for both materials. The Freundlich, Langmuir, Dubinin-Radushkevich, and Sips
isotherm models described the process of chlorpyrifos adsorption very well in all investigated
cases. The maximum adsorption capacity determined from the Sips isotherm model gave values
of 80.8 £ 0.1 mgg~! and 132 + 3 mg g~ ! for the H,O and CO, activated samples, respectively,
reflecting the samples’ differences in heteroatom functionalities. Additionally, the application of
either adsorbent led to reduced toxicity levels in all tested samples, implying that no harmful by-
products were generated during adsorption. Comparative analysis with the existing literature further
validates the study’s findings, suggesting the efficacy and applicability of cellulose-based porous
carbons for sustainable chlorpyrifos remediation.

Keywords: organophosphate; pesticide remediation; cellulose; adsorption; neurotoxicity

1. Introduction

Chlorpyrifos (CHP) is a widely used organophosphate pesticide in agriculture and is
well known for its effectiveness against a broad spectrum of pests [1]. Its significance stems
from several key factors. Firstly, CHP is valued for its efficacy in controlling various agri-
cultural pests, including aphids, caterpillars, beetles, and mites, making it a versatile tool
for farmers across various crops [2]. Moreover, its ability to persist on treated crops and soil
provides prolonged protection against pests, particularly in regions with continuous pest
pressure throughout the growing season [3]. Additionally, CHP is considered cost-effective
compared to other alternatives, making it an attractive choice for farmers, especially in
pest-prone areas. Its versatility in various formulations like liquids, granules, and dusts
allows for flexible application methods tailored to different crop types, pest species, and
environmental conditions [4]. Furthermore, with a history dating back to the 1960s [5],
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CHP has earned farmers’ trust due to its reliability and proven effectiveness over decades,
solidifying its widespread adoption in agriculture as a go-to pesticide for protecting crops.

However, it was proven that CHP poses significant environmental and health con-
cerns due to its persistence and potential toxicity to non-target organisms, including
humans [6,7]. Its extended persistence in the environment increases the risk of chronic
exposure to both target and non-target organisms, with residues leaching into groundwater
and contaminating aquatic ecosystems [8]. Acute exposure to CHP can result in symptoms
ranging from nausea and dizziness to convulsions or death [9,10], while chronic low-level
exposure, especially during critical developmental stages, has been associated with neuro-
logical developmental delays and cognitive deficits in children [11,12]. Additionally, CHP’s
non-selective toxicity poses risks to beneficial insects [13,14], birds [13,14], and aquatic
life [14,15], disrupting ecological balance and agricultural productivity.

Adsorption is a crucial and efficient remediation strategy for mitigating CHP contami-
nation in soil and water environments due to its effectiveness, simplicity, and environmental
compatibility [16,17]. By utilizing adsorbent materials, such as carbon-based substances,
CHP molecules can be selectively captured and immobilized onto the surface of the adsor-
bent, effectively removing them from the contaminated media. This process achieves high
removal efficiencies and reduces CHP concentrations to safe levels, minimizing the risks
associated with CHP exposure to human health and the environment [16,17]. Adsorption
offers several advantages, including cost-effectiveness, minimal energy requirements, and
optimizing adsorption capacities by manipulating material properties [18].

Carbon-based porous materials offer several advantages for adsorption applications,
making them highly effective at removing contaminants like CHP from soil and water
environments. Firstly, carbon-based materials can possess exceptionally high surface areas
due to their porous structures, providing plenty of adsorption sites for molecules’ adsorp-
tion. This increased surface area enhances the adsorption capacity of the material, allowing
for the efficient removal of contaminants [19,20]. Additionally, the porous structure of
carbon-based materials facilitates rapid diffusion of contaminants into the material’s in-
terior, further enhancing adsorption efficiency [19]. Moreover, the surface chemistry of
carbon-based materials can be easily modified or tailored to enhance adsorption selectiv-
ity towards specific contaminants. This tunable surface chemistry optimizes adsorption
properties, making carbon-based porous materials versatile and adaptable for various
adsorption applications [21].

Cellulose-derived porous carbons represent a promising class of carbon-based materi-
als with diverse applications in various fields, including environmental remediation, energy
storage, and catalysis [22,23]. The synthesis of cellulose-derived porous carbons typically
involves a multi-step process, beginning with the dissolution of cellulose from natural
sources in a suitable solvent, followed by spinning or casting to form precursor fibers or
films. Subsequent thermal treatment, such as carbonization and activation, transforms
the precursor materials into carbonaceous structures while removing volatile components,
forming porous carbon materials [17,22]. Additionally, cellulose is easily chemically modi-
fiable, enhancing its versatility for specific uses and enabling the preparation of diverse
macroporous structures like textiles, papers, or aerogels [24-26]. The usually small and
constant diameter of cellulose fibers allows narrow pore size distributions to be achieved in
contrast to granular precursor materials. Due to their small dimensions, activated carbon
fibers have pores mostly situated at the fiber surface and thus provide good accessibility
to their active sites [27]. In our previous study, we showed that cellulose-based activated
carbon fibers contain pores in the micropore and mesopore ranges [22]. In combination
with the above-mentioned macroporous structures or macropores being formed between
the single fibers, cellulose-derived porous carbons can exhibit a hierarchical porous struc-
ture comprising micropores, mesopores, and macropores, which has been described as
advantageous for various applications, including enhanced adsorption capacities [28,29].
These materials’ specific surface area and pore size distribution can be tailored through
control over precursor composition, processing conditions, and activation methods. Ad-
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ditionally, the surface chemistry of cellulose-derived carbon materials can be modified
through functionalization or doping with heteroatoms, further enhancing their adsorption
selectivity and catalytic properties [16,17].

In environmental remediation, these materials demonstrate excellent adsorption capa-
bilities for various pollutants, including organic contaminants, heavy metals, and emerging
contaminants like CHP. Moreover, their high surface area and porous structure enable the
efficient capture and removal of contaminants from water and soil matrices [22].

The existing literature on the adsorption of CHP onto carbon-based materials reveals a
significant research gap concerning the limited exploration of biomass-derived carbon ma-
terials in this context. While numerous studies have investigated the adsorption behavior
of CHP on various carbonaceous substrates, including activated carbons, carbon nanotubes,
and graphene-based materials, there is a notable insufficiency of research specifically fo-
cusing on biomass-derived carbon materials. This research gap is particularly noteworthy
given the unique properties of cellulose-derived porous carbons, as already mentioned
above, which offer potential advantages for CHP adsorption applications. The limited
exploration of cellulose-derived carbon materials in CHP adsorption studies represents
an untapped opportunity to advance our understanding of their adsorption mechanisms,
optimize their adsorption capacities, and expand their practical applications in environ-
mental remediation.

This study investigates the potential of using cellulose-derived porous carbons as an
adsorbent for CHP removal from water. Initially, the manuscript presents the results of
the physicochemical characterization of these materials. Following this, CHP adsorption
onto cellulose-based carbon materials in water is conducted. The kinetics and thermody-
namics of CHP adsorption on these materials are thoroughly investigated and discussed.
Furthermore, the neurotoxicity of the water samples is closely monitored throughout the
remediation process, aiming to identify the potential formation of more toxic by-products,
such as oxo-forms of pesticides. Finally, the results obtained from this study were compared
with those from the literature to assess their comparability.

2. Materials and Methods
2.1. Adsorbent Preparation and Characterization

In order to prepare adsorbents, cellulose fibers (Viscose 1.7 dtex, 38 mm, Lenzing
AG, Lenzing, Austria) were impregnated in a 7.4 wt% diammonium hydrogen phosphate
(DAHP) solution and carbonized in a nitrogen atmosphere at a heating rate of 1 °C min~!
until 850 °C followed by an isothermal step for 30 min. The subsequent activation was
performed with a carbon dioxide flow of 80 L h~! (adsorbent VFco,) or water vapor
(adsorbent VFy,p), enabled by the injection of water (1.0 mL min~!) with a peristaltic
pump. In both cases, the activation was performed at 870 °C for 165 min.

The examination of samples’ structure and elemental composition utilized the Phenom-
ProX Scanning Electron Microscope (SEM) provided by Thermo Fisher Scientific (Waltham,
MA, USA) combined with Energy Dispersive X-ray Analysis (EDX).

N adsorption at an isothermal temperature of —196.15 °C was used in a gas sorption
system (Autosorb-iQ, Anton Paar QuantaTec Inc., Graz, Austria) to examine the specific
surface area and total pore volume of the samples. The samples were outgassed for 2 h at
200 °C under vacuum before analysis.

2.2. Adsorption Experiments

The adsorption experiments were conducted under batch (stationary) conditions. Ini-
tially, the adsorbents were dispersed in double-distilled water. To achieve the desired
concentration of both the adsorbent and CHP, an appropriate amount of the organophos-
phate stock solution (Pestanal, Sigma Aldrich, Seborg, Denmark) was added. The mixture
of adsorbent and CHP underwent shaking and incubation at 25 °C for specified durations
using a laboratory shaker (Orbital Shaker-Incubator ES-20, Grant-Bio, Cambridgeshire, UK).
Following incubation, the mixture underwent centrifugation at 14,500 rpm for 10 min. Su-
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pernatant filtration was performed using a nylon filter (pore size 220 nm KX Syringe Filter,
Kinesis, Cole Parmer, St. Neots, UK). The resulting filtrate underwent ultra-performance lig-
uid chromatography (UPLC) analysis to determine the concentration of organophosphates
after adsorption.

The adsorption efficiency, denoted as uptake, was calculated using the following
formula: uptake = 100% x (Cy — Ceq)/Co, where Cy represents the initial concentration
of organophosphates. The concentrations of CHP in filtrates after adsorption (Ceq) were
determined using UPLC. Control experiments were conducted under the same conditions
as batch experiments but without the presence of adsorbents.

CHP analysis was conducted using the Waters ACQUITY UPLC system with a photo-
diode array (PDA) detector controlled by the Empower 3 version software. The ACQUITY
UPLC™ BEH C18 column (1.7 um, 100 mm X 2.1 mm, Waters GmbH, Eschborn, Germany)
was utilized under isocratic conditions, with 10% acetonitrile in water (v/v) as mobile
phase A and pure acetonitrile as mobile phase B. The eluent flow rate was 0.25 mL min !,
and the injection volume was consistent at 5 pL. The analysis employed a mobile phase
composition of 20% A and 80% B. The retention time was (2.70 £ 0.05) min, and it was
detected at 205 nm.

2.3. Neurotoxicity of Chlorpyrifos

The neurotoxicity of CHP solutions was evaluated through measurements of AChE
inhibition, aiming to track and quantify changes in toxicity before and after adsorption.
This approach also enabled an investigation into potential transformations of CHP into
more toxic forms during hydrolysis or oxidation, which could exert harmful effects at
concentrations below the detection limits of UPLC. A modified Ellman’s procedure [30,31]
was employed to assay AChE activity, with in vitro experiments conducted by exposing
1 U/mL AChE to CHP solutions pre- and post-adsorption at 37 °C in 50 mmol dm 3
phosphate buffer at pH 8.0 (final volume 0.650 cm?). The enzymatic reaction was initiated
by adding acetylcholine-iodide along with 5,5'-dithio-bis-(2-nitrobenzoic acid) (DTNB) as a
chromogenic reagent and allowed to proceed for 8 min before being halted by 10% sodium
dodecyl sulfate (SDS). The resultant enzymatic reaction product, thiocholine, reacted
with DTNB to form 5-thio-2-nitrobenzoate, whose optical absorption was measured at
412 nm. Physiological effects were quantified as AChE inhibition, expressed as a percentage
according to the formula: AChE inhibition (%) = 100 x (Ag — A)/A,, where A represents
the AChE activity in the absence of CHP and A represents the activity measured after
exposure to CHP. Acetylcholinesterase from electric eel, acetylthiocholine iodide (ASChI),
and DTNB were procured from Sigma-Aldrich St. Louis, MO, USA, while potassium-
hydrogen phosphate (K;HPOy4-3H,0) and acetonitrile were obtained from Merck KgaA,
Darmstadt, Germany.

3. Results and Discussion
3.1. SEM and EDX of the Synthesized Adsorbents

SEM was utilized to assess the morphology of the samples, with SEM micrographs of
samples VFy,o and VFco, presented in Figure 1(al-a4). The micrographs show that the
morphology of these samples remains consistent and reflects that of the precursor cellulose
fibers (besides shrinkage of approx. 30%). This observation aligns with our previous
research findings [17,22,32]. Additionally, the chemical composition of the investigated
activated carbon fibers was analyzed using EDX (see mapping in Figure 1(b1-b5)). For
both materials, carbon was identified as the dominant element in all samples with 91.3%
and 84.7%, followed by oxygen with 8.5% and 13.6% and phosphorus with 0% and 1.6%,
for VFy,0 and VEco,, respectively. The phosphorus found in the VFco, sample originates
from the impregnation with DAHP, and it was effectively removed by H,O steam as well
as a significant amount of surface oxygen, suggesting that P is in the form of phosphates
on the VF surface. Minor traces of sodium at 0.13% and 0.11% and sulfur at 0.04% and 0%
were also found in VFy,0 and VFc,, in that order, likely originating from the precursor
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material. The distributions of the elements found in the samples were found to be uniform,
without apparent separation of phases with higher concentrations of particular elements.
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Figure 1. SEM micrographs of VFp0 (al,a2) and VFcop (a3,a4) at magnification x2000 and x5000.
The middle row shows EDX maps of VFio (b1—carbon; b2—oxygen) and VFco, (b3—carbon;
b4—oxygen; b5—phosphorus), bottom row (c) shows pore size distributions of the two samples,
with insets giving adsorption/desorption isotherms.

Considering the specific surface areas and pore volumes of the studied samples, there
is another observation that is very important for the analysis of materials” performance as
adsorbents. Namely, the specific surfaces (Spgt) are very similar and amount to 2443 m? g1
for the VFjyp0 sample and 2323 m? g~ ! for the VFcop sample. The difference is only 5%,
which is close to the uncertainty of the applied BET method, suggesting that the surface
areas of these two samples are practically the same. The identical situation is found for total
pore volumes (Viot), where we found a Vit of 1.22 cm? g_1 and 1.14 cm® g_1 for VFy,0
and VFco,, respectively, i.e., a 6.6% difference. This small difference is visible in the pore
size distribution (PSD) curves (Figure 1c), but overall, the distributions are very similar.
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3.2. Adsorption Kinetics

The kinetics of CHP adsorption onto VFy,0 and VFco, were examined utilizing
various models, including the non-linear pseudo-first (PFO) and pseudo-second-order
(PSO) models, the Elovich kinetic model, and the intraparticle diffusion model. These
models” formulations are detailed in Table 1 as follows:

Table 1. Equations for kinetic models.

Kinetic Model Equation
Pseudo-first-order model qr = qe <1 — e*’“l'*)
Pseudo-second-order model qr = 11§£3<t2t
Elovich kinetic model qr = %(1 + apt)
Intraparticle diffusion model qr = kigt™S +C

In these equations, g; denotes the quantity of adsorbed adsorbate at time t (mg g~1),
while g, signifies the equilibrium adsorption capacity (mg g~'). The rate constants k;
(min~1) and k, (g mg’1 min~!) describe the adsorption rate for the PFO and PSO models.
Within the Elovich model, « denotes the initial adsorption rate (mg g~! min~!), and B
represents the desorption constant (g mg~!). The parameter k;q in the intraparticle diffusion
model characterizes the adsorption rate constant (mg g~! min~%%), while C denotes the
boundary layer (mg g~ !).

The experimental data, alongside their corresponding fits, are presented in
Figures 2 and 3. The derived equilibrium adsorption capacities and rate constants are
tabulated in Tables 2 and 3, respectively.
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Figure 2. Graphical representation of kinetic models for CHP adsorption (concentration 5 x 10~ mol
dm—3) onto carbon materials VFn,0 and VFcop (concentration 1 mg mL~1) at25°C using non-linear
(a) PFO, (b) PSO, and (c) Elovich model.

From Figure 2, it can be seen that the adsorption equilibrium for removing CHP
is achieved in 10 min, indicating rapid adsorption of CHP on both materials. Also, the
experimental data aligned very well with the PSO and PFO models, as indicated by the
high R? and low x? values. The g, values from both kinetic models are similar, confirming
both fit robustness. It can be unambiguously concluded that the adsorption of CHP onto
VFco, materials is slower compared to the VFip0 material, according to kj and k; values
and their corresponding uncertainties. By observing « values obtained from the Elovich
kinetic model, which are very high, and B, which are very low, it can be concluded that
the initial CHP adsorption rate onto the investigated materials is very high. These results
confirmed previous statements regarding PFO and PSO.
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Figure 3. Intraparticle diffusion model for CHP adsorption (concentration 5 x 10~* mol dm~—3) onto
carbon materials VFipo and VFcop (concentration 1 mg mL~1).

Table 2. Kinetic parameters for CHP adsorption (concentration 5 x 10~% mol dm~3) onto carbon
materials VFp0 and VFcoy (concentration 1 mg mL~1) at 25°C.

Pseudo-First-Order Kinetics

Material

ge (mg g~1) k1 (min—1) x2 R?
VFino 174 + 1 (5.71 £0.01) x 10* 2.443 0.999
VFcon 174 + 1 (4.99 4 0.01) x 10* 5.799 0.999

Pseudo-second-order kinetics

ge (mg g™") ky (min~1) X2 R?
VFino 176 £1 0.251 =+ 0.001 0.147 0.999
VFcon 176 + 1 0.158 + 0.001 0.150 0.999

Elovich model

x (mg g*1 minfl) B(g mgfl) )(2 R?
VFi20 (1.74 + 0.01) x 10¥ 0.364 =+ 0.001 6.317 0.999
VFcon (8.93 + 0.01) x 10%* 0.334 # 0.001 5.366 0.999

Table 3. Kinetic parameters for intraparticle diffusion model of CHP (concentration 5 x 10~% mol
dm~3) adsorption onto investigated adsorbents (concentration 1 mg mL ™).

Material Intraparticle Diffusion Model
C(mgg ") 0
I part
pat kiz (mg g~ ! min—05) 172 £ 1
Viizo C -1 173 + 4
II part (m_glg . )_0 5
ki (mg g™ min™"?) 0.539 £ 0.006
C(mgg ") 0
I part
par kiz (mg g~ ! min~05) 169 + 1
Vico: C -1 171 +3
II part (m§1g . )70 5
ki (mg g7 min™"?) 0.904 £ 0.009

The intraparticle diffusion model showed two linear stages for CHP adsorption onto
both materials. The first stage characterizes the diffusion of CHP molecules from the
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solution to the external surface of materials. In contrast, the second stage is associated with
the final equilibrium stage. The k;; values decrease after the breakpoints, indicating a slower
adsorption rate in each consecutive stage. The boundary layer increases throughout stages,
reaching values comparable with g, values obtained from PFO and PSO models. It suggests
that the boundary layer in CHP’s adsorption process onto materials is highly significant.

However, we should note that the kinetic analysis is performed using the data that
point to an extremely fast reaching of the adsorption equilibrium, while the main informa-
tion about the kinetics of adsorption is stored in the initial part of the gt vs. t curve, which
is largely inaccessible to accurate measurements due to technical limitations. For these
reasons, we do not unambiguously ascribe the adsorption process to any of the applied
kinetic models and note that the absolute values of kinetic parameters should be taken with
care. On the other hand, it is safe to conclude that the adsorption process is indeed faster
on the VFypo sample, which is also obvious from the measured data points.

3.3. Adsorption Isotherms

Adsorption isotherms describe the process of CHP adsorption onto synthesized carbon
materials and enable obtaining information about the adsorption mechanism, as well as the
surface characteristics and affinities of the investigated materials towards the investigated
pesticide. Experimental data were analyzed using the non-linear Freundlich, Langmuir,
Temkin, Dubinin—-Radushkevich, and Sips adsorption isotherms. Their equations are
presented in the following Table 4, where g. (mg g~ !) represents equilibrium adsorption
capacity, C. (mg dm3) equilibrium adsorbate concentration, Kr ((dm? mg_l)l/ M) and n
as Freundlich constants, K; (dm® mg~!) and gy (mg g~!) as Langmuir constant and
theoretical maximum adsorption capacity of the monolayer, by (J g mol~! mg~!) and K
(dm? mg_l) for Temkin isotherm constants, gpr for maximum adsorption capacity, Kpr
(mol? J~2) for the constant associated with the mean free adsorption energy per mole of
adsorbent (e = RT x In(1 + 1/C,)), Ks (dm3 mg’l) and b represent Sips isotherm constants.

Table 4. Adsorption isotherm models” equations.

Adsorption Isotherm Model Equation
. 1
Freundlich model ge = KpC¢
. K1 Ce
Langmuir model ge = Trtee
Temkin model ge = IE—TTanTCe
Dubinin—-Radushkevic model Je = qDRe*KDREZ
Sips model = Duar(KC)™
p e 1+(K:Co)"

The obtained isotherms are depicted in Figure 4, and the parameters of the adsorp-
tion isotherms are shown in Table 5. Figure 4 illustrates the non-linear fitting forms of
all investigated isotherms for CHP adsorption onto VF,o and VFco, materials. Based
on the parameters presented in Table 5, all applied models fit reasonably well with the
experimental results, but the Freundlich, Langmuir, Dubinin—-Radushkevich, and Sips
isotherm models best described the experimental data, while the Temkin isotherm gave
relatively large x? values. As already known, the Sips isotherm combines Langmuir and
Freundlich isotherm models [33,34]. It is a more flexible model for describing adsorption in
systems exhibiting monolayer and multilayer adsorption. Also, it introduces an additional
parameter known as the heterogeneity factor (denoted as bs), which enables a smoother
transition between Langmuir and Freundlich behaviors. The Sips isotherm yields better
results in describing experimental data compared to the standalone use of Langmuir or Fre-
undlich isotherms, particularly in cases where the adsorption behavior deviates from ideal
monolayer or multilayer adsorption, which is not surprising in the case of heterogeneous
surfaces with different possible adsorption sites or adsorption domains.
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Figure 4. Non-linear adsorption isotherm models for CHP: (a) Freundlich, (b) Langmuir, (c) Temkin,
(d) Dubinin-Raduskevic, and (e) Sips model, adsorbent dose 1 mg mL~1at25°C.

The n value of the Freundlich isotherm model is higher than 1, indicating that ad-
sorption is a favorable process. From the Langmuir model, we can see that the adsorption
capacities of CHP are 73 mg g~ ! and 75 mg g~ !. However, when observing the gmax values
from the Sips isotherm, we can see that they are 80.8 + 0.1 mg g~ ! and 132 + 3 mg g !
for VFpo and VFcqp, respectively, indicating that these investigated materials have a
high potential to adsorb CHP. A similar conclusion can be derived from the results of the
DR model fit, where gpr was found to be 76.4 £ 0.1 and 101 &+ 2 mg g’l for VFip0 and
VEcoy, respectively.

Given that the values for the parameter b; are less than 1 for both materials and consid-
ering all the above-mentioned information, we can conclude that the adsorption process is
most likely multilayer adsorption on the heterogeneous surface of carbon materials [35,36].
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Table 5. Parameters for CHP adsorption using Freundlich, Langmuir, Temkin, Dubinin—-Raduskevich,
and Sips adsorption isotherm, adsorbent dose 1 mg mL ™.

Freundlich Isotherm

Material

Ky ((de mg—l)lln) n XZ R2
VFum0 239 +£2 1.45 +0.04 1.341 0.992
VFEcon 451 +1 1.37 £0.02 0.778 0.996

Langmuir Isotherm

Kp (dm® mg™1) Jmax (mg g~ 1) X2 R?
VFm0 2691 +£0.4 73+6 2.101 0.993
VFEco2 13.77 £ 0.03 75+ 4 0.684 0.998

Temkin Isotherm

Kt (dm3 mgfl) br(Jg mol 1 mgfl) )(2 R?
VFi0 354+ 6 242 + 3 12.247 0.930
VFEcon 705 +9 243 +7 15.829 0.909

Dubinin—-Radushkevich Isotherm

qpr (mg g~ Kpg (mol?J~2) E (Jmol™1) X R?
VFi20 76.4 4+ 0.1 (1.60 £ 0.02) x 10~8  (5.58 £ 0.01) x 10°  0.497  0.997
VFEcon 101 +2 (1.41 £0.01) x 1078 (5.95 + 0.01) x 103 0952  0.995

Sips Isotherm

K (dm3 mg~1)bs bs Gmax (mg g~ 1) X R?
VFip0 10.7 £0.2 0.917 4+ 0.001 80.8 0.1 0.834  0.995
VFcon 8.27 £ 0.03 0.828 + 0.002 132 +£3 1.224 0993

Given that the adsorption energy per mole of adsorbent is <8 k] mol~!, we can
conclude that it is a physisorption process, further supporting the findings based on the
analysis of the Sips isotherm. Also, based on Temkin’s constant b, we can conclude that
the adsorption process is exothermic since its values are high and positive [37,38]. Based on
the above-presented results and the good fit of the Sips and D-R isotherms, it is likely that
the adsorption takes place on the energetically inhomogeneous surface in a combination of
mono- and multilayer physisorption.

Linking adsorption kinetics and adsorption thermodynamics to carbon material prop-
erties reveals some interesting findings: The fact that the morphology is similar for both
used carbons excludes it as a relevant parameter. Moreover, the values of Sgpr and Vi,
which are similar for the two samples, also eliminate them as decisive parameters. In fact,
we observe that the kinetics of CHP removal are quite similar, but the VFp0 sample shows
slightly higher kinetic constants (Table 2). It cannot be unambiguously claimed that the
differences in kinetics are because of the slightly larger pore volume of the VFio sample,
but it could be a plausible explanation. On the other hand, adsorption thermodynamics
differs in terms of adsorption capacities found by Dubinin—-Raduskevich and Sips isotherms,
suggesting that the VFco, sample has a higher adsorption capacity than the VFiy0 sample.
If we recall the results of the EDX analysis, this sample has higher oxygen and phos-
phorus contents, which likely makes the surface of porous carbon fibers more oxophylic
and strongly solvated. In such a scenario, the higher adsorption capacity of the VFcop
sample can be understood on the basis of the combined experimental-theoretical work
of Maliyekkal et al. [39]. Using graphene as a model of carbon surface, the authors have
demonstrated that pesticide adsorption (including CHP) is mediated by water molecules,
which solvate the carbon surface and pesticide molecules, bridging the interactions in that
way. It should be noted that CHP can also interact with carbon surfaces with preserved
sp? domains via aromatic moiety through 77t stacking. However, it is plausible that the
interactions via solvent shells could lead to higher adsorption capacities.
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3.4. Neurotoxicity of Chlorpyrifos

To assess the neurotoxicity of CHP both before and after treatment with our materials,
we followed the procedure outlined in Section 2.3. Our primary objective was to determine
if there was an increase in the formation of more toxic compounds when CHP interacted
with the adsorbents. This potential increase could result from oxidation, as the thio-
forms of organophosphate pesticides may transform into their respective oxo-forms. It is
well established that oxo-forms of organophosphate compounds are more potent AChE
inhibitors [40].

We tested the highest concentration of CHP investigated in our adsorption measure-
ments (5 x 1074 mol dm—3). Before treatment, this concentration of CHP inhibited AChE
by 90 &+ 3% compared to the control. Following contact with both investigated adsorbents,
AChE inhibition was reduced to only 5 & 1%. The same values of the AChE inhibition for
both samples after water treatment and a very small value of the AChE inhibition suggest
that the CHP concentration remaining in the solution is shifted to the upper part of the
(sigmoidal) AChE inhibition curve (Figure 5), where the inhibition is weakly dependent
on the CHP concentration and the differences in adsorption capacities are not reflected in
the AChE inhibition. Moreover, these findings suggest that no additional toxic products
are formed during adsorption, indicating that all investigated adsorbents can effectively
detoxify CHP.

100

B (o] (]
o o o
1 1 1

AChE activity inhibition [% of control]
S
1

N 1 ' 1 ' 1 ' 1 i I '
0.0 2.0x10* 4.0x10* 6.0x10* 8.0x10* 1.0x10°
¢ [mol dm™3]

Figure 5. The dependence of AChE (1 U/mL) activity inhibition on CHP concentration. The results
are given as a mean value from 3 measurements and expressed as % relative to the control value.

3.5. Where Do We Stand? Comparison with the Literature Data

Considering the detrimental effect of CHP on the human body and ecosystems, it
is no surprise that many researchers have become interested in utilizing adsorption for
its removal. Table 6 compares CHP adsorption using cellulose fibers with other reported
adsorbents. Several studies have investigated different carbonaceous materials derived
from agricultural residues, waste products, and synthesized compounds for their CHP
adsorption capacities. The Langmuir and Freundlich isotherm models were usually em-
ployed to analyze the adsorption data in the reviewed studies, and the former one was
used to extract adsorption capacity (as this quantity is not a parameter of the Freundlich
equation, see Table 4). The choice of model depended on the nature of the adsorbent
and the characteristics of the adsorption process. The Freundlich model, which describes
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adsorption on heterogeneous surfaces, was found to fit well in some cases, such as studies
involving sugarcane bagasse biochar [41,42], cinnamon stick-derived materials [43], and
Moringa oleifera seed waste [44]. On the other hand, the Langmuir model, which assumes
monolayer adsorption on homogeneous surfaces, was utilized effectively in studies involv-
ing polyvinylamine-modified nanocellulose [45], walnut shell biochar [46], and various
composite materials [47,48]. Efficiency-wise, the adsorption capacities varied significantly
among the different carbon materials tested. For instance, nanocellulose modified with
polyvinylamine exhibited a high adsorption capacity of 98.12 mg g~ ! [45], whereas banana
peels, orange peels, pomegranate peels, and date stone-derived carbon materials showed
very low capacities ranging from 1.12 x 1073 t0 2.52 x 10~ mg g~ [49].

Interestingly, some studies explored functionalized carbon materials, such as mag-
netic graphene oxide, carboxymethyl cellulose, and aminoguanidine-modified magnetic
graphene oxide, which demonstrated enhanced adsorption capacities compared to their non-
functionalized counterparts. For instance, the adsorption capacity of magnetic graphene ox-
ide and carboxymethyl cellulose was reported as 108.30 mg g~ ! [50], while aminoguanidine-
modified magnetic graphene oxide exhibited a capacity of 85.47 mg g~! [51]. Moreover,
the study on functionalized dextrin/graphene oxide composites reported an exceptionally
high adsorption capacity of 769.23 mg g~! [47], indicating the potential of such advanced
materials for efficient CHP removal. The choice of carbon material significantly influenced
the adsorption capacity for CHP, with functionalized and composite materials generally
exhibiting higher efficiencies.

Table 6. Comparison of maximum adsorption capacity for CHP removal onto different materials.

The Maximum

. . . Best Fitting
Type of Material/Precursor The Maxm.mm Adsgll'ptlon Adsorpflon Isotherm Reference
Capacity (mg g—1) Capacity
Model
Calculated from
Sugarcane bagasse 3.20 Experimental Freundlich [41]
results
Sugarcane bagasse-derived biochar 6.25 Experimental Freundlich [42]
results
Cinnamon sticks 12.37 Langmuir Langmuir [43]
Polyvinylamine-modified 98.12 Langmuir [45]
nanocellulose
. . . Langmuir,
Moringa oleifera seed waste 25.00 Langmuir Freundlich [44]
0.68 using activated biochar Lanemuir
Activated biochar from tobacco 1.60 using chemically Langmuir st [52]
. . Freundlich
activated biochar
. . Langmuir,
Walnut shell biochar 3.54 Langmuir Freundlich [46]
. 68.00, 108.00, and 100.00 for the
Nano-magnetized and carbonaceous .
. untreated orange peels, . Langmuir,
adsorbents obtained from Langmuir . [53]
carbonaceous orange peels, and Freundlich
orange peels .
nano-magnetized orange peels
Nanostructured blo'char (nPPAB) was 100.00 Langmuir Langmuir [54]
prepared from Punica granatum peels
1.12 x 1073,2.52 x 1073,
Banana peels. orance peels 1.64 x 1073, and 1.03 x 1073 for
peets, 8¢ peets, banana peels, orange peels, [49]

pomegranate peels and date stones

pomegranate peels, and
date stones
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Table 6. Cont.
The Maximum
. . . Best Fitting
Type of Material/Precursor The Maxm'lum Adsgiphon Adsorpflon Isotherm Reference
Capacity (mg g—1) Capacity
Model
Calculated from
Spent coffee grounds 7.00 Langmuir Langmuir [16]
Magnetic graphene oxide and .
carboxymethyl cellulose (MGOC) 108.30 Langmuir (501
Aminoguanidine modified magnetic
graphene oxide as a robust 85.47 Langmuir Freundlich [51]
nanoadsorbent
Functlonah.zed dextrm./ graphene 769.23 Langmuir Freundlich [47]
oxide composite
Magnetic chitosan/graphene
quantum dot/iron oxide 39.95 Langmuir Jossens [48]
nanocomposite hydrogel beads
Superhydrophilic graphene . .
oxide/electrospun cellulose nanofibre 397 Langmuir Freundlich [551
1.02 x 10% and 2.77 x 103 for .
Graphene-based . . . . Langmuir,
. industrial-quality graphene and Langmuir . [56]
materials Freundlich
graphene nanoplatelets
Graphene oxide 98.039 Langmuir Langmuir [57]
73 £ 6 (VF .
(VEr20) Langmuir Freundlich,
75 £ 4 (VFco2) ; .
Cellulose fibers Langmuir, This study
80.8 = 0.1 (VF20) Sips and Sips

132 4 3 (VEcop)

When comparing the qmax values from this study obtained from the Langmuir isotherm
model, which was most frequently used to extract adsorption capacities (qmax values are
73+ 6mg g~! and 75 + 4 mg g~ ! for VFpo and VFc(y, respectively), with the values
from the literature presented in Table 6, it can be seen that the values reported here are
comparable with previously published ones. This indicates the high adsorption capacity of
the materials used in this study. However, it is essential to consider whether the obtained
results are realistic and how justified it is to compare them with literature data, particularly
considering non-standardized experimental conditions for accessing adsorption capacities.

The Langmuir model is often used in adsorption studies but is not always entirely
realistic. The model assumes monolayer adsorption on a homogeneous surface, which is
not always the case in real systems. In many situations, adsorption occurs on more complex
surfaces that do not fulfill all the assumptions of the Langmuir model. When comparing the
results with values from the literature, caution should be taken due to potential differences
in experimental conditions, material characteristics, and analysis methods. For instance,
different samples, sample preparations, particle sizes, and experimental conditions can
significantly affect adsorption results. Therefore, direct comparison with literature values
may be imprecise. Nevertheless, the fact that the g, values from the Langmuir model
in this study are comparable with others shown in Table 6 indicates a high adsorption
capacity of the investigated porous carbons obtained from cellulose fibers.

4. Conclusions

The presented study highlights the potential of cellulose-based porous carbon fibers as
efficient adsorbents for the removal of CHP from water. Physicochemical characterization
revealed very high surface areas but similar porosity for both prepared porous carbon
fiber samples. Differences could be observed in the chemical composition as the CO;-
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activated sample contains more oxygen and, in contrast to the water vapor-activated
counterpart, P residues from the DAHP pretreatment. The kinetics of CHP adsorption
indicated rapid equilibrium attainment within 10 min, with excellent fitting to the PSO
and PFO models. Although CHP adsorption onto VFij;0 materials occurred faster than
VFcogz, both exhibited high initial adsorption rates. The favorable nature of adsorption was
supported by a satisfactory fit with both Sips and Dubinin-Radushkevich isotherm models,
suggesting a multilayer adsorption process on heterogeneous surfaces. The determined
Qmax values from the Sips isotherm model are 80.8 + 0.1 mg g~ ! and 132 + 3 mg g~ ! for
VFp,0 and VEcq,, respectively. Higher adsorption capacities for the VFco, sample can be
explained by solvent-mediated CHP adsorption due to the higher amount of heteroatom
functionalities of this carbon. Furthermore, the significant reduction in acetylcholinesterase
inhibition following contact with the adsorbents indicates effective detoxification of CHP
without the formation of additional toxic by-products. A comparison of the obtained
gmax values with literature data revealed favorable adsorption capacities of the materials
used in this study, indicating their excellent performance. These results suggest that the
cellulose-derived porous carbons presented in this study are very efficient CHP adsorbents,
making them an attractive material for various applications. Their low cost, availability,
and efficiency make them preferable to other materials, such as biomass-derived materials
or commercial materials like graphene oxide.
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