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Abstract: Pesticides pose a significant threat to nontargeted organisms, and their pervasive use
makes avoidance challenging. We employed nitrogen-doped carbon cryogels for the removal of
organophosphate pesticides. The materials were synthesized and characterized using SEM, Raman
spectroscopy, XPS, and BET analysis. Results revealed mesoporous cryogels with pore diameters
ranging from 3 to 13 nm. Interestingly, the specific surface area did not change systematically with
increasing nitrogen content. All investigated materials have similar composition and structural
disorder. Dimethoate, malathion, and chlorpyrifos removal was investigated under stationary and
dynamic conditions. Stationary conditions demonstrated successful removal of aliphatic dimethoate
and malathion by all investigated materials. Conversely, the materials with the lowest and highest
nitrogen content proved ineffective with aromatic chlorpyrifos. Under dynamic conditions, all
materials effectively removed malathion and chlorpyrifos while exhibiting suboptimal performance
for dimethoate adsorption. Application of nitrogen-doped carbon cryogels to tap water spiked with
pesticides yielded successful results under the same conditions. Toxicity testing of treated samples
revealed a consistent decrease in toxicity, indicating that contact with cryogels reduces the initial
solution’s toxicity. This result also confirms that material-pesticide interaction does not lead to the
formation of more toxic byproducts. The demonstrated efficacy suggests the potential application of
these materials in water treatment.

Keywords: carbon cryogel; pesticides; water remediation; adsorption; dimethoate; malathion; chlorpyrifos

1. Introduction

Due to anthropogenic activity, many contaminants are continuously released into
water [1-4]. Many of them are not efficiently removed by existing water treatment pro-
cesses [5]. Among others, organophosphates are a major concern nowadays [6,7]. These
compounds are widely used in modern agriculture and represent the main class of pesti-
cides used for several decades. Unfortunately, organophosphate pesticides (OPs) pose a
significant hazard to both humans and the majority of animals, primarily ascribed to their
ability to inhibit the crucial enzyme acetylcholinesterase (AChE) [8,9]. This enzyme plays a
pivotal role in terminating impulse transmission by swiftly hydrolyzing the neurotransmit-
ter acetylcholine [10]. Accordingly, the inhibition of AChE results in the accumulation of
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acetylcholine, leading to heightened stimulation of nicotinic and muscarinic receptors and,
consequently, disruption of neurotransmission [11,12].

Great efforts have been made to develop efficient and simple methods to determine
OP levels [13-20]. However, equally important for society is to have an effective technol-
ogy for removing these compounds and overcoming present and future water treatment
challenges [5]. There are several paths for OP removal from the environment. Besides the
chemical [21] and microbial degradation of OPs [22-24], their adsorption on different types
of materials is currently an essential strategy for OP remediation. A multitude of studies can
be found within the existing body of literature reporting pesticide adsorption on various
materials, like mesoporous monetite [25], porous metal —organic frameworks mineral sur-
faces [21,26-29], organohydrotalcite [30], activated carbon [31-35], zeolites [36-38], materials
from graphene family [39-42], and others. When comparing these different classes of adsor-
bents, it is important to note that the evaluated adsorption performance greatly depends on the
experimental conditions. In particular, higher adsorbent doses increase the percentage of
removed pesticide while reducing the adsorption capacity. On the other hand, the reduction
in the adsorbent dose causes a rapid increase in the adsorption capacity while the percentage
(i.e., uptake) of the pesticide decreases. As explained in our previous work, it is the conse-
quence of the dynamic equilibrium between adsorbed and free pesticides [43]. Thus, for the
aforementioned adsorbent, reported OP uptakes range between several and nearly 100%,
while adsorption capacities range from several mg per g to hundreds or even thousands of
mg per g of adsorbent, depending on the actual experimental conditions.

The adsorption-based processes are generally determined by the adsorbent’s surface
chemical composition and textural properties [44,45]. Due to their very favorable properties,
carbonaceous materials are especially attractive for the adsorption of both organic and
inorganic solutes from the aqueous phase. Their high specific surface area, wide porosity
range, and the chemical nature of the activated carbon strongly influence their adsorptive
capacity [46,47]. Notably, their desired properties can be easily modified by optimizing the
production process or adding various dopants.

An interesting class of carbonaceous materials currently is carbon cryogels (CC). They are
especially attractive due to their developed and controllable mesoporosity [48]. Carbon cryo-
gels are predominantly synthesized through the sol-gel polycondensation process, employing
precursors such as resorcinol and formaldehyde. Subsequently, the hydrogels obtained are
dried and subjected to carbonization in an inert atmosphere [49,50]. In this way, stable and
inert carbon materials are obtained, which are more suitable for different applications than
polymeric precursors, which can easily undergo chemical changes. Noteworthy characteristics
of carbon cryogels include moderately high surface areas ranging from 500 to 1200 m? g™
and substantial mesoporous volumes exceeding 0.89 mL g~! [51,52]. These specific features
make carbon cryogels well suited for various applications in adsorption [52]. Additionally,
surface modifications of carbon cryogels, like the introduction of different types of dopants,
can alter their properties and adjust them for desired applications [53-55]. Among possible
dopants, nitrogen is frequently investigated for tuning carbon properties as it can easily
incorporate into the carbon lattice and cause changes in material properties [56-58].

The utilization of carbon cryogels in adsorption processes has garnered attention,
particularly for the removal of specific classes of compounds [53,55,59,60]. It includes the
effective elimination of certain inert pesticides that exhibit resistance to photolysis and
spontaneous biodegradation. Moreover, adsorption-based processes have several advan-
tages over other strategies for the removal of OPs from the environment, like avoidance of
the use of aggressive chemicals, UV radiation, or microorganisms [61,62].

This paper aims to demonstrate the synthesis of nitrogen-doped carbon cryogels and
investigate their efficacy as adsorbents for removing organophosphate pesticides from
water, with a specific focus on dimethoate, malathion, and chlorpyrifos. The comprehensive
characterization and assessment of nitrogen-doped carbon cryogels as adsorbents was
performed, including SEM, Raman spectroscopy, XPS, and BET analysis, to elucidate their
structural properties and surface functionalities. Additionally, the investigation under
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both stationary and dynamic conditions provides valuable insights into the adsorption
behavior of these materials, particularly their effectiveness towards different pesticide
classes. Furthermore, the toxicity reduction assessment of treated samples offers a novel
contribution, demonstrating the potential of nitrogen-doped carbon cryogels not only
for efficient pesticide removal but also for mitigating the toxicity of contaminated water.
Motivated by the significant threat posed by pesticides to nontargeted organisms and the
challenges associated with their widespread use, this study addresses the pressing need for
efficient pesticide remediation strategies.

2. Materials and Methods
2.1. Carbon Cryogel Synthesis

The carbon cryogel synthesis process begins with the preparation of resorcinol-
formaldehyde (RF) gel by polycondensation of resorcinol (R) and formaldehyde (F) with
sodium carbonate (K) as a base catalyst, according to the procedure previously proposed
by Momcilovié et al. [49-51]. To make the RF solution, resorcinol (C¢H4(OH)z) (99%, E.
Merck, Darmstadt, Germany), formaldehyde (HCHO), 36%, stabilized in methanol (Fluka
Chemie, Buchs, Switzerland), sodium carbonate (Na,CO3) of p.a. purity (E. Merck), and
distilled water (W) were used. The proportions of resorcinol to formaldehyde (mol/mol;
R/F), resorcinol to water (g/mL; R/W), and resorcinol to catalyst (mol/mol; R/K) were
0.5, 0.2, and 100, respectively. Melamine was used as a nitrogen source and added to
the initial solution to reach nitrogen concentrations of 2, 4, 6, 8, and 10%. After that, the
RF solution with the desired amount of melamine was poured into glass tubes with an
inner diameter of 10 mm, which were closed to prevent water evaporation. The samples
were left to gel for 7 days: two days at room temperature (25 °C), one day at 50 °C, and
four days at 85 °C. After that, the RF gel was taken out of the test tube and washed for 24 h
by submerging it in a 10 times larger volume of t-butanol to replace the water in the sample
with t-butanol. The washing was repeated twice. Then, the samples were kept for 24 hin a
freezer at —30 °C to freeze them before drying using the freezing process in a lyophilizer.
RF gels were placed in acrylic containers and dried for 24 h at a vacuum of 0.4 mbar. The
RF cryogel was then carbonized in a conventional furnace at a temperature of up to 850 °C,
with a heating rate of 4 °C min~—!, in an inert nitrogen atmosphere. The resulting material,
the carbon cryogel, was powdered and stored in closed PVC boxes. Materials were labeled
as CCN2%, CCN4%, CCN6%, CCN8%, and CCN10% according to the nitrogen content
during synthesis.

2.2. Carbon Cryogel Characterization

The specific surface area and pore size distribution (PSD) of carbon cryogel samples
doped with different amounts of nitrogen were analyzed using Surfer (Thermo Fisher
Scientific, Waltham, MA, USA). PSD was estimated by applying the Barrett-Joyner-Halenda
(BJH) method to the desorption branch of isotherms [63].

Raman spectra were acquired using a DXR Raman microscope (Thermo Scientific,
Waltham, MA, USA) coupled with an Olympus optical microscope and a CCD detector and
excited with a diode-pumped, solid-state high-brightness laser (532 nm). With an objective
magnification of 10x, the laser beam was focused on the sample. A spectrograph with
900 lines per mm grating was used to measure the scattered light. The laser power on the
sample was fixed at 1 mW.

A Phenom ProX (Thermo Fisher Scientific, Waltham, MA, USA) SEM was employed
for SEM analysis. No deposition of the conductive layer was performed before the analysis,
and the samples were analyzed as-synthesized. For the analysis of sample morphology, an
acceleration voltage of 10 keV was used, while the energy dispersive X-ray analysis (EDX)
was performed using an acceleration voltage of 15 keV.

XPS analysis was carried out using the SPECS Analyzer Phoibos 150 and SPECS
FOCUS 500 X-ray source with a monochromatic Al Ko (1486.7 eV, 400 W). Spectrometer
work function calibration was performed using Cls, Au4f, and valence band spectra of the
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clean reference samples, namely HOPG and Au(111) single crystal. Spectra were acquired
in normal emission using SpecsLab2 software version 2.3.25PR1.0 and with a pass energy of
10 eV, providing ~450 meV resolution. No charging was observed during data acquisition.
Spectra were processed using Unifit2013 with its internal database of sensitivity factors. The
fitting was performed using Gaussian/Lorentzian convolution functions for components
with simultaneous optimization of the Shirley spectral background. The C1s component
corresponding to the sp? carbon signal was fitted using an asymmetric spectral line with
asymmetry factor optimized during the fitting procedure (0.13 for CCN2; 0.08 for CCN4;
0.10 for CCNB6; 0.02 for CCNS; 0.11 for CCN10).

2.3. Adsorption Studies

We conducted two sets of experiments to investigate the efficiency of adsorption of
investigated OPs on CC. The first set was performed in a batch system, while the second
was carried out in a cryogel-modified nylon membrane filter.

2.3.1. Adsorption of OPs in the Batch System

Investigated carbon cryogels were dispersed in double-distilled water, and the desired
amount of dimethoate, malathion, and chlorpyrifos (Scheme 1) stock solutions (Pestanal,
Sigma Aldrich, Seborg, Denmark) was added to provide the targeted concentration of
adsorbent (10 mg mL~1) and OP (5 x 10~* mol dm—3). The adsorbent and OP mixture
vessel was positioned on a shaker (Orbital Shaker-Incubator ES-20, Grant-bio, Royston, UK)
and left at 25 °C overnight to ensure equilibrium. The pH was not specifically adjusted,
but it was controlled and found to be around 6 (£0.2) in all the cases. When equilibration
was achieved, we centrifuged the mixture for 10 min at 14,500 rpm. Next, the supernatant
was filtered through the nylon filter membrane. The OP concentration was determined
using UPLC analysis (described below, Section 2.4), while its physiological effects were
determined by Ellman’s procedure, as explained in Section 2.5. Control experiments were
performed identically but without adsorbents, and no OP degradation was confirmed
within the timeframes of the described experiments. The performance of each adsorbent
was quantified as the OP uptake (the percentage of adsorbed OP from the solution), defined
as OP uptake (%) = 100 x (Cy — C)/Cp, where Cy and C stand for the OP concentration
before and after the adsorption experiment, respectively [32].

PO

(b) (c)

Scheme 1. The structures of (a) dimethoate, (b) chlorpyrifos, and (c) malathion. Black—carbon,
red—oxygen, blue—nitrogen, yellow—sulphur, green—chlorine, white—hydrogen.

2.3.2. Adsorption of OPs via Cryogel-Modified Nylon Membrane Filter

To investigate the possibility of using the studied carbon cryogels as adsorbents in
filters, we modified a commercial nylon membrane filter to include the layer of active
material (Scheme 2). The modification was conducted as follows. The total amount of
10 mg of each sample was dispersed in deionized water and injected into the commercial
nylon filter (KX Syringe Filter, Kinesis, Cole Parmer, St. Neots, UK, pore size 220 nm).
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Excess water was removed from the modified filter by compressed air. After that, 1 mL of
5 x 107* mol dm~3 OPs was injected through the modified filter. The flow rate was
1 mL min~!. In these experiments, the OP to adsorbent mass ratio was kept the same as in
the batch adsorption experiments to have a direct comparison. The filtrate was subjected to
the UPLC analysis to determine the concentration of OPs (described below, Section 2.4).
Also, the physiological effects of filtrates were determined as described below (Section 2.5).
Control experiments were performed using the nonmodified filters. Upon comparing the
concentrations of OP before and after filtration through the unmodified filter, we validated
that the observed removal of OP from the filtrate, as witnessed in experiments involving
modified filters, is not attributable to the nylon membrane. The efficiency of a modified
filter towards OP removal was also quantified as the OP Uptake (see Section 2.3.1). After
the experiments, modified filters were disassembled to check for the uniformity of the
adsorbent layer. In each case, we observed a uniform distribution of the adsorbent over the
nylon membrane. Moreover, the integrities of nylon membranes were not compromised
during the experiments.

Plastic holder sample

N-doped )
carbon cryogel , \

/
Nylon membrane v
(220 nm pores) filtrate

Scheme 2. The scheme of a modified nylon filter used in this study.

2.4. UPLC Analysis

The Waters ACQUITY Ultra Performance Liquid Chromatography (UPLC) system,
coupled with a tunable UV detector controlled by the Empower 3 version software, was
employed for the study. Chromatographic separations were conducted using an ACQUITY
UPLC™ BEH C18 column with dimensions of 1.7 pm, 100 mm X 2.1 mm (Waters). For the
analysis of dimethoate, malathion, and chlorpyrifos solutions, isocratic conditions were
applied with specific mobile phase compositions: 10% acetonitrile and 90% water (v/v) for
dimethoate; 60% acetonitrile and 40% water (v/v) for malathion; and 80% acetonitrile and
20% water (v/v) for chlorpyrifos. The eluent flow rate was set at 0.2 mL min~!, and the
injection volume was maintained at 10 pL. Optical detection of dimethoate was performed
at 200 nm, malathion at 230 nm, and 225 nm was used for chlorpyrifos. Under the described
conditions, dimethoate, malathion, and chlorpyrifos retention times were 1.73 %+ 0.05,
2.38 & 0.05, and 2.57 £ 0.05 min, respectively.

2.5. Toxicity Assessment

Toxicity assessment of the samples before and after adsorption experiments was
carried out via measurements of AChE inhibition. Besides performing AChE inhibition
measurements to quantify the toxicity of the investigated OPs, these tests also provide infor-
mation about potential transformations of OPs into more toxic forms due to the contact with
adsorbents. It particularly relates to the formation of oxo-forms of OPs, which are much
more toxic than corresponding thio-forms [39]. These oxidation products can exert toxic ef-
fects at concentrations below the detection limits of UPLC. Hence, it is important to estimate
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the toxicity of the final samples via bioanalytical assay since their limit of detection is lower.
ACHhE activity was assayed according to the modified Ellman’s procedure. [64] This proce-
dure is described in detail in [39], and we provide it here for the sake of completeness. The
in vitro experiments were performed by exposure of 2.5 IU commercially purified AChE
from electric eel to OP solutions obtained before and after the adsorption experiments at
37 °C in 50 mM PB pH 8.0 (final volume 0.650 mL). The enzymatic reaction was started by
the addition of acetylcholine-iodide (AChI) in combination with 5,5'-dithiobis(2-nitrobenzoic
acid) (DTNB) as a chromogenic reagent and continued for 8 min until stopped by 10%
sodium dodecyl sulfate (SDS). The enzymatic reaction product, thiocholine, reacts with
DTNB and forms 5-thio-2-nitrobenzoate, whose optical adsorption was measured at
412 nm. It should be noted that in these measurements, the enzyme concentration was
chosen to give an optimal spectrophotometric signal. Physiological effects were quantified
as AChE inhibition given as AChE inhibition = 100 x (A9 — A)/Ao, where A is the AChE
activity in the absence of OP and A is the AChE activity measured after exposure to a
given OP.

3. Results
3.1. Carbon Cryogel Characterization
3.1.1. Scanning Electron Microscopy

The morphology of the investigated CC samples was studied using scanning electron
microscopy, and the micrographs are shown in Figure 1. From the results shown, it can
be concluded that doping cryogels with different amounts of nitrogen did not lead to
significant differences in the surface morphology of the samples. The particle sizes are
approximately the same, while there are indications of long fiber-like structures building
the particles and forming the pore network.

Figure 1. SEM images of CCN2 (a) and CCN10 (b) at three different magnifications ((a1,b1)—2000 x
magnification; (a2,b2)—5000x magnification, (a3,b3)—10,000x magnification).
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3.1.2. BET Analysis
The specific surface area and pore size distribution of nitrogen-doped carbon cryogels
were obtained by BET analysis. These results are shown in Figure 2 and Table 1.
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Figure 2. Adsorption and desorption isotherm of nitrogen adsorbed on carbon cryogels doped with
nitrogen. The results are presented as the fraction of adsorbed and desorbed nitrogen on the material
as a function of the relative pressure at —196 °C (squares—adsorption, circles—desorption).

Table 1. Porous properties of investigated carbon cryogels.

Specific Surface Area

Average Pore Radius ~ Cumulative Volume

Sample (BE;I;/I;E{IOd) (APR)/nm fem3 g1
CCN2% 628 8.5 1.2
CCN4% 586 3.5 0.8
CCN6% 589 3.6 0.9
CCN8% 595 54 12
CCN10% 621 12.3 1.9

From the results shown in Figure 2, it can be seen that all isotherms are of type IV
according to the IUPAC classification [65] and have a hysteresis loop, which is typical for
mesoporous materials [66]. The hysteresis loop of the CCN2% material is of the H3 type,
typical for aggregates of weakly interacting plate structures and the existence of a wider
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distribution of pores. The hysteresis loop of the CCN4% material is of type H4, which
indicates narrow pores in the form of cracks. On the other hand, for the CCN8% material,
type H2b hysteresis is observed, indicating poorly defined uniform mesopores that are
partially blocked. Materials CCN6% and CCN10% are characterized by a hysteresis loop of
type H1, which is characteristic of pore systems in the form of narrow channels. This form
of hysteresis is always associated with a narrow pore size distribution. A large volume
adsorbed at low relative pressure indicates the presence of micropores in all tested samples.

Based on the presented results and using the BET method, the specific surface areas
of the materials, Sggr, were determined and shown in Table 1. It can be noted that the
specific surface areas of all materials are in the range between 586 and 628 m? g~!, and that
the specific surface area does not change systematically with increasing nitrogen content.
In fact, all materials have a similar surface. The difference is about 5% due to the large
approximations in the surface calculation model [63,67]. Also, the calculated surfaces are
in accordance with the literature and data for similar materials [49,68,69].

The pore size distribution (PSD) of the studied materials is given in Figure 3. From
the results shown, we see that the pore diameters of the investigated cryogels have values
between 3 and 13 nm, which means that the materials are mesoporous according to the
IUPAC classification [70]. Also, the pore radius does not change systematically with
an increase in the amount of doped nitrogen, as shown in Table 1. On the distribution
diagrams of the pore radius for samples with 2, 4, 6, and 10% doped nitrogen, one peak can
be observed, which means that the materials are homogeneous. For the material with 8%
doped nitrogen, two peaks are observed, indicating the dominance of pores with two different
radii. We note that the obvious lack of a monotonous trend connecting the nitrogen content
and the average pore radius (Table 1) is not surprising. Here, we observed a minimum of
the average pore radius along the series for CCN6%, while some previous works reported
no apparent connection between the nitrogen content and the pore size [71-73]. Revealing
such connections would certainly be useful for precise materials engineering, but analyzing
the mechanism of pore formation in nitrogen-doped carbons is beyond the scope of the
present work.
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Figure 3. Pore size distribution for investigated carbon cryogels.
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3.1.3. Raman Analysis

Figure 4 shows the Raman spectra of the investigated materials. Two broad peaks are
observed in all spectra: D peak at about 1350 cm~! and G peak at about 1600 cm~!. These
peaks are characteristic of disordered materials. The D band represents the defect region
and originates from the out-of-plane vibrations attributed to the presence of structural
defects, while the G band represents the graphitic region and is the result of in-plane
vibrations of the sp?-bonded carbon atoms. Information about the disorder in the material
can be obtained from the intensity ratio of the D and G bands. The closer their ratio is to 1,
the more ordered the material is. Conversely, values significantly greater than 1 indicate a
high disorder in the materials.

CCN2

1600

CCNe6

CCN8

1800 1400 1000
v/cm™

1000

1400 1200

cCcNl0 data points
envelope

I D band

" Gband
D" band
D* band
D' band

1200 1000

1400
viem'

Figure 4. Raman spectra of carbon cryogels doped with nitrogen.

The parameters of the Raman spectra for the investigated materials are given in
Table 2. Since the Ip /I ratio is greater than 1 in all cryogels, this means that their structure
is disordered [74,75]. As for other properties, there is no systematic change in the Ip/Ig
ratio with the concentration of the N dopant, suggesting that the incorporation of N in
the carbon structure at the concentrations used in this work all induce similar structural
changes. Such a situation was observed in the literature before, suggesting that there is
no clear connection between the nitrogen content in nitrogen-doped carbon and the Ip /Ig
ratio, or at least the monotonous connection between the nitrogen content and the Ip /Ig
ratio [71,72,76], while additional difficulties in the analysis of Raman spectra could be
induced by hysteresis during ordering at higher temperatures [77]. Such hysteresis likely
appeared as the G band is located at high wavenumbers while the I /Ig ratio is above 1.5
for all the samples. This would position our samples somewhere in the transition range
between stage 1 and stage 2 of the amorphization trajectory [77], but the XPS results suggest
that sp® carbon is present (see Section 3.1.4, the content of the sp® carbon places our samples
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between stage 2 and stage 3 of the amorphization trajectory), confirming the appearance
of hysteresis during the carbonization of the precursor and nonmonotonous variations
in the Ip /I ratio along the series. As in the case of the pore network formation, we do
not describe the mechanism of the defect formation in our samples and proceed with the
analysis of the surface chemical composition.

Table 2. Porous properties of the investigated carbon cryogels.

D* (D4) D (D1) D" (D3) G D’ (D2) Ip/ig
Sample Wavenumber/cm—1
CCN2% 1187 1327 1602 1597 1507 1.52
CCN4% 1166 1327 1495 1602 1591 1.79
CCN6% 1162 1324 1490 1599 1539 1.48
CCN8% 1156 1326 1487 1597 1590 1.68
CCN10% 1195 1333 1494 1597 1599 1.62

3.1.4. XPS Analysis

The X-ray photoelectron spectra of the examined materials were recorded to determine
their structure and chemical composition. The spectra of Cls, Ols, and N1s levels are
shown in Figure 5. The chemical composition of the tested materials is shown in Table 3.
Survey spectra for all the samples are provided in the Supplementary Materials (Figure S1),
while the high-resolution spectra for the samples excluding CCN10 are given in Figure S2.
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Figure 5. C1s (a), Ols (b), and N1s (c) X-ray photoelectron spectra of the CCN10 sample.

Table 3. Surface chemical composition of the investigated carbon cryogels based on XPS survey spectra.

Sample C at.% N at.% O at.%
CCN2% 97.06 0.24 2.70
CCN4% 98.19 0.39 1.42
CCN6% 97.55 0.59 1.85
CCN8% 96.74 0.73 2.53
CCN10% 93.90 1.00 5.08

From Table 3, it is evident that the amount of nitrogen incorporated into the material
during the synthesis is about 10% of the added amount. By analyzing the displayed spectra,
the content of carbon, oxygen, and nitrogen can be obtained, and the existence of functional
groups containing these elements can be detected. All tested cryogels have bands with the
same maximum position, but their intensities differ, as shown in Table 4. Band intensities
are directly proportional to the content of certain groups in the material, and these data can
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be used for quantitative composition determination. The binding energy positions slightly
vary from sample to sample (£0.2 eV), and the positions summarized in Table 4 are the
averaged ones.

Table 4. The relative contributions of various surface chemical groups in the studied cryogels, as
determined using XPS analysis.

Element

Ep/eV (£0.2 eV)

. . Relative Contribution of Each Functional Group/%
Assignation

CCN2% CCN4% CCN6% CCN8% CCN10%
284.5 Cc=C (spz) 27.6 32.7 56.3 27.4 26.8
285.1 Cc-C (sp3) 20.5 24.6 14.7 24.8 23.3
C 285.9 C-Ox 20.3 155 14.3 19.3 23.1
287.5 C=0,N-C=0 15.9 9.2 8.1 12.5 13.8
290.0 T— 7t 9.7 8.5 - 10.3 8.1
292.5 n—1* (N-containing C) 57 9.2 5.6 4.7 47
530.3 C=0 15.2 35.3 29.2 5.1 24.8
o 531.8 c-O 50.6 25.1 40.9 63.4 434
532.5 C-0-C 34.1 374 30.0 31.5 24.6
533.7 C-OH, H-OH - - - - 6.9
N 398.8 Pyrrolic/Pyridonic N 50.1 28.1 34.3 38.5 35.2
400.8 Quaternary N 499 71.9 65.7 61.5 64.8

In the case of C1s spectra (Figure 5), deconvolution was performed for all the examined
materials. Bands with different intensity maximum positions depending on the binding
energy were obtained and can be assigned to different groups. The band with the highest
intensity, which has a maximum at 284.5 eV, can be attributed to the C=C sp2 bond, while
other bands are also present: C—C at 285.1 eV, which is attributed to the sp3 bond; C-Oy
at 285.9 eV attributed to the epoxy and hydroxyl groups [78]; C=O and N—C=0 band at
287.5 eV [79]; and finally a weak intensity band at 290.0 eV attributed to m—7* [80]. The
component at 292.5 eV is ascribed to the same transition in N-containing carbons [81] and
carbons rich in carboxylic groups [82,83].

O1s spectra (Figure 5) have a broad band in the region from about 530 to about
535 eV, which was deconvolved into several components based on references [78,84,85].
This band originates from various types of oxygen moieties. Bands with maxima at 530.3
and 531.8 eV are attributed to the C=0 and C-O moieties [86], at 532.5 eV are attributed
to the C-O-C bond, and at 533.7 eV belonging to C-OH and H-OH sp® bonds [87]. N1s
spectra (Figure 5) show the presence of two main types of nitrogen moieties in the carbon
structure: pyrrolic/pyridonic and quaternary nitrogen [88].

3.2. OP Removal via Adsorption on Carbon Cryogels
3.2.1. Adsorption of OPs in the Batch System

The adsorption of 5 x 10~ mol dm ™2 malathion, chlorpyrifos, and dimethoate on
10 mg mL~! carbon cryogels dopped with nitrogen was investigated. The incubation time
of pesticides and adsorbents was 24 h, so the concentrations determined in the supernatant
are considered to be equilibrium concentrations. The results are presented in Figure 6.
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Figure 6. OPs removal using N-doped carbon cryogels under batch conditions.

From the data presented in Figure 6, it can be seen that aliphatic organophosphates,
dimethoate, and malathion are very successfully adsorbed on all tested cryogels under
static conditions in batch studies. Dimethoate could not be detected in the supernatant
decanted after adsorption. This means that the dimethoate concentration dropped below
1 x 10~8 M, which is the detection limit of the instrument used for this analysis (UPLC)
under the given experimental conditions. These results suggested that all dimethoate from
the solution is adsorbed on all tested materials. In the case of malathion, it was possible
to detect low concentrations of pesticides in the decanted supernatants, in concentrations
ranging from 10~ to 108 mol dm 3, which is practically negligible considering that the
initial malathion concentration was 5 x 10~* mol dm 2.

On the other hand, with aromatic chlorpyrifos, the situation is different. The material
with the highest nitrogen content, CCN10, turned out to be completely inefficient in this
case. In contrast, the CCN8 proved to be the most suitable adsorbent, which adsorbed
43% of the available chlorpyrifos. Materials CCN2, CCN4, and CCN6 adsorbed about
20% of the available pesticide. To understand such a trend, it is necessary to consider
two different contributions—surface chemical composition and pore sizes. First, with the
increase in nitrogen content, the polarity of the surface is expected to increase due to the
charge redistribution caused by the differences in electronegativities of carbon and nitrogen.
On the other hand, there is a change in the pore sizes with nitrogen content increase, and
the sample CCNB8 has pores above 4 nm, being optimal for chlorpyrifos removal [31], in
addition to lower surface oxygen content compared to CCN2 and CCN10 samples, enabling
the interactions of aromatic moiety of chlorpyrifos with the surface. Thus, the maximum
adsorption of chlorpyrifos by CCNB8 is due to sufficiently large and optimal pore sizes,
able to accommodate higher amounts of chlorpyrifos compared to samples with larger and
smaller pores, and relatively lower surface oxygen content compared to the samples with
larger pores and larger pore volumes (CCN2 and CCN10).

3.2.2. Adsorption of OPs in the Filter System

The adsorption of 5 x 10~ mol dm ™2 malathion, chlorpyrifos, and dimethoate on
10 mg mL~! carbon cryogels dopped with nitrogen was also examined under the dynamic
conditions described in Section 2.3.2 in filter studies. For each of the tested adsorbents,
10 mg was injected into nylon filters. Next, 1 mL of 5 x 10~% mol dm 3 solution of each
tested organophosphate was filtered through the modified nylon filter within 1 min. In the
filtrate, the concentration of the remaining pesticides was determined chromatographically.
The results are presented in Figure 7.



C 2024, 10, 56

13 of 20

[ Jomr [ Jcrr [ JMmLT

100 -

80
B‘Q
~

Jqd) 60 -
8
o,
=]

n, 40 4
O

20 4

0 T T T T T T T T T
CCN2 CCN4 CCN6 CCN8 CCN10
sample

Figure 7. OPs removal using the filter system with N-doped carbon cryogels.

Adsorption using filters under dynamic conditions showed a different trend of results
compared to the experiment in batch. From the results given in Figure 7, it can be seen that
aromatic chlorpyrifos is the one that is completely adsorbed to all the tested materials. The
remaining traces of pesticides in the filtrates could not be detected since their concentration
was below the instrument’s detection limit (1 x 1078 mol dm™3). It is also obvious that
under dynamic conditions, aliphatic malathion is adsorbed in a high percentage on all
investigated cryogels. Material CCN4 showed the best result and almost completely
adsorbed the initial amount of pesticides (99%). Material CCN8 adsorbed 96% malathion
and material CCN4 94% under the given experimental conditions. CCN6 and CCN10, with
88% and 82% of adsorbed malathion, respectively, showed slightly lower performance.
Even though the percentage of adsorbed pesticides varied from 82 to 99, we can say that
all the investigated materials under dynamic conditions are effective adsorbents for the
remediation of malathion due to the fact that amounts that could be found in real samples
are significantly lower than those that were investigated [89].

Unlike chlorpyrifos and malathion, the investigated materials yielded significantly in-
ferior results in terms of dimethoate adsorption under dynamic conditions. The adsorption
percentages range from 43% to 56% of the initial concentration. The uptake increased with
the increase in nitrogen content in the adsorbent structure. It is evident that nitrogen addi-
tion has a favorable effect on dimethoate adsorption efficiency under dynamic conditions,
but nitrogen content does not play a significant role in the given framework. Although the
adsorption efficiency under these conditions is about 50%, this result, although significantly
poorer than the adsorption of the other two pesticides, is by no means negligible, consider-
ing the already discussed situation in the environment [89]. Moreover, there are cases when
the adsorption rate is critical (e.g., adsorption of chemical warfare with the structure of
organophosphate) and plays a more significant role than adsorption efficiency. Under those
circumstances, materials that adsorb many potential pollutants under dynamic conditions
have the advantage, even if adsorption efficiency is not 100%.

3.2.3. Physiological Effects

As explained in Section 2.5, we analyzed the physiological effects of purified water
samples, considering the ones obtained in batch and filtration experiments. As shown
in Table 5, AChE inhibition is induced for the initial concentration of OPs used in the
adsorption experiments, which is connected to the neurotoxic effects of OPs. Also, it is
noticeable that AChE inhibition for the samples without the adsorbent for batch studies
decreases in comparison to those in filter studies. This discrepancy is attributed to the
previously discussed instability of OPs at room temperature, where batch samples are
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exposed for 24 h, whereas filter studies involve only a brief exposure of a few minutes.
Chlorpyrifos showed complete inhibition of AChE activity under the given experimental
conditions for both initial and apparent initial concentrations since it is highly toxic in
both amounts.

Table 5. Inhibition of AChE activity in the presence of chlorpyrifos, malathion, and dimethoate before
(without adsorbent added) and after the adsorption on the investigated carbon cryogels in batch
and filter.

AChE Inhibition (% of Control)

Batch Filter
Sample Chlorpyrifos Malathion Dimethoate Chlorpyrifos Malathion Dimethoate
No adsorbate 100 =1 72+2 13£1 100 £1 85+ 3 17 £1
CCN2% 25+1 0 0 0 13+1 0
CCN4% 38+£3 0 0 0 0 0
CCN6% 3212 0 0 0 26 &2 0
CCN8% 0 0 0 0 8 0
CCN10% 88 +£2 0 0 0 39+£2 0

However, after the adsorption of OPs on carbon cryogels, purified water samples in
the cases of malathion and dimethoate in batch studies and chlorpyrifos and dimethoate in
filter studies induced no AChE inhibition. Other samples induced lower AChE inhibition
compared to nonpurified samples, suggesting a decrease in solution toxicity after incuba-
tion with all investigated carbon cryogels. This observation also confirms the absence of
oxidation and the formation of more toxic byproducts during the interaction between OPs
and cryogels.

3.2.4. Real Samples

Carbon cryogels doped with nitrogen were successfully applied to real tap water
samples spiked with tested OPs under the same conditions as described in previous
sections. The results are shown in Figure 8. It can be seen that the influence of the matrix
is not significant in both static and dynamic conditions. The investigated materials were
successfully used for real tap water sample purification.

| [*DMT| |DMT| |*CPF| | CPF| [*MLT| |MLT
1004 — — L = — = — _
80 - ] w ]
0\0
~ -—
V] -
~Z 60
.S | ] —
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Figure 8. OPs uptake from spiked tap water samples under stationary and dynamic conditions
(marked by *).
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4. Discussion
4.1. Linking Adsorption Performance to the Properties of the Materials

Based on the obtained results concerning materials characterization, it is evident that
the addition of nitrogen and its incorporation in the cryogel structure does not lead to
variations in carbon morphology. However, it changes the chemical composition slightly
and induces changes in the textural properties. The CCN2 and CCN10 samples have the
highest specific surfaces and the widest pores, while the samples in the middle of the series
have somewhat smaller specific surfaces and significantly narrower pores.

Under stationary conditions, both MLT and DMT are adsorbed to a high degree, while
CPF is adsorbed much less. This finding is discussed in more detail in the next section.
However, considering the high uptake of DMT and MLT, it is likely that under stationary
conditions, differences in the pore structure are diminished by sufficient time given to
OPs to enter the pores. The adsorption is likely to take place via physisorption through a
number of surface functional groups observed by XPS (Table 4), which bear partial charges
and interact in this way with MLT and DMT. CPF has an aromatic structure, so it is likely
that interactions with CCN samples take place via -7t stacking interactions. The highest
concentration of sp? moieties is observed in the case of the CCN6 samples (Table 4, 56.3%
of total observed surface carbon moieties). However, this sample also has an average
pore diameter under 4 nm, which could lead to hindered adsorption of CPF on the pore
walls [31]. Thus, we believe that in the case of the CCN series of samples, the adsorption
performance is determined by a complex interplay between the surface chemistry and
texture of the adsorbents.

4.2. Comparison of Adsorption Efficiency in Batch and Filter Studies

To compare the adsorption of dimethoate, chlorpyrifos, and malathion on carbon
cryogels doped with different amounts of nitrogen in batch and filter studies, we expressed
adsorption efficiency as mg of adsorbed OP/g of adsorbent. The results are given in Table 6.

Table 6. Adsorption efficiency (adsorption capacity, mg of adsorbed OP/g of adsorbent) for adsorp-
tion of dimethoate, chlorpyrifos, and malathion on carbon cryogels doped with nitrogen in batch
and filter.

Adsorption Capacity, mg of Adsorbed OP per g of Adsorbent

Batch Filter
Sample Chlorpyrifos Malathion Dimethoate Chlorpyrifos Malathion Dimethoate
CCN2% 7.6 4.6 22 49 15.5 17.5
CCN4% 7.6 4.6 1.8 6.1 16.5 17.5
CCN6% 7.6 4.6 1.9 5.5 14.5 17.5
CCN8% 7.6 4.6 42 6.3 15.9 17.5
CCN10% 7.6 4.6 0.0 6.4 13.5 17.5

It is expected that the adsorption efficiency for all studied OP will be higher in batch
than in filter studies. However, the results presented in Table 6 reveal a contrasting
trend, indicating that the efficiency of chlorpyrifos adsorption on the studied adsorbents is
higher in filter studies compared to batch studies. This can be explained by the fact that
chlorpyrifos is not stable under given experimental conditions (24 h of incubation with
adsorbent at room temperature 25 °C). Due to that, chlorpyrifos is partially hydrolyzed
to 3,5,6-trichloro-2-pyridinol (TCP) and diethyl phosphorothioate [90], and its apparent
initial concentration is lower under the batch condition. Consequently, it appears like the
experiments in the filter were performed with higher initial concentration, so the adsorption
efficiency obtained is also higher. Moreover, TCP and diethyl phosphorothioate have struc-
tures analog to the parts of the structure of chlorpyrifos, but they are smaller dimensions.
The significance of this lies in the enhanced ability of TCP and diethyl phosphorothioate to
interact with the adsorbent’s pores and rapidly occupy adsorption sites on its surface. This



C 2024, 10, 56

16 of 20

References

phenomenon may introduce additional steric hindrance for aromatic chlorpyrifos, blocking
the pores and contributing to higher efficiency in filter studies than batch studies.

In the case of malathion, it can be observed that the adsorption efficiency is also higher
in the filter studies, as in the case of chlorpyrifos (Table 6). Malathion’s instability can also
elucidate this type of behavior at room temperature. However, in this case, it is evident
that all nondegraded malathion is adsorbed on all the investigated cryogels, and there is no
competition with its degradation products. This difference can be explained by its aliphatic
structure compared to aromatic chlorpyrifos.

Aliphatic dimethoate showed the expected results: adsorption efficiency was higher
in batch studies compared to the filter studies. It is in accordance with dimethoate stability,
which is the highest of all studied organophosphates [91].

5. Conclusions

In conclusion, our study elucidates the complex relationship between the properties
of nitrogen-doped carbon cryogels and their adsorption performance towards organophos-
phate pesticides. Despite minimal alterations in carbon morphology, nitrogen incorporation
induces significant changes in textural properties and subtle variations in chemical compo-
sition, shaping adsorption behavior. Under stationary conditions, the notable uptake of
aliphatic dimethoate and malathion suggests efficient physisorption facilitated by surface
functional groups, while the lower adsorption of aromatic chlorpyrifos suggests alternative
mechanisms, possibly involving -7 stacking interactions. Comparing batch and filter
studies, an interesting trend emerges, where contrary to conventional expectations, higher
efficiency is observed in filter studies for chlorpyrifos and malathion due to their instability
under experimental conditions, leading to hydrolysis into smaller, more readily adsorbable
compounds. On the other hand, the persistence of dimethoate results in higher efficiency
in batch studies. Overall, our findings highlight the complexity of OP adsorption onto
nitrogen-doped carbon cryogels, emphasizing the need for a comprehensive understanding
of material properties and OP characteristics for effective pesticide remediation strategies.
By shedding light on the complicated interplay between chemical structure, surface proper-
ties, and adsorption mechanisms, our study contributes to the advancement of adsorbent
materials for environmental applications, making way for innovative and sustainable water
treatment technologies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/c10020056/s1, Figure S1: XPS survey spectra of the studied samples;
Figure S2: Cls, Ols, and N1s X-ray photoelectron spectra of the CCN samples.
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