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Abstract: Efficient removal of different pollutants from the environment has become one of the most important 

challenges of modern society. The nitrogen-doped carbon cryogels were synthesized and characterized using XPS. All 

investigated materials have similar composition and structural disorder. By analyzing XPS spectra, the content of 

carbon, oxygen, and nitrogen can be obtained, and the existence of functional groups containing these elements can be 

detected. Dimethoate, malathion, and chlorpyrifos removal were 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. The demonstrated efficacy suggests the potential application of 

these materials in water treatment. The toxicity of these pesticide solutions decreases over time, indicating that more 

toxic products were not formed. 
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1. INTRODUCTION 

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) [1]. 

An interesting class of carbonaceous materials nowadays 

is carbon cryogels (CC). They are especially attractive 

due to their developed and controllable mesoporosity [2].  

Nitrogen-doped carbon cryogels (CCN) were synthesized 

by a sol-gel polycondensation process, employing 
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precursors such as resorcinol and formaldehyde. 

Subsequently, the hydrogels obtained are were dried and 

subjected to carbonization in an inert atmosphere [3, 4]. 

The procedure is described in detail in our paper [5]. The 

characterization and assessment of nitrogen-doped carbon 

cryogels as adsorbents was done using XPS to elucidate 

their structural properties and surface functionalities. 

Additionally, the investigation under 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 non-targeted 

organisms and the challenges associated with their 

widespread use, this study addresses the pressing need for 

efficient pesticide remediation strategies. 

2. EXPERIMENTAL 

2.1. XPS analysis 

XPS analysis was done using SPECS Analyzer Phoibos 

150. As an X-ray source, monochromatic Al Kalfa (400 

W) was used. Data were acquired using SpecsLab2 

software and processed using Unifit2013 with its internal 

database of sensitivity factors. 

2.2. Adsorption studies 

We conducted two sets of experiments to investigate the 

efficiency of adsorption of investigated OPs on CC. The 

first set was done in a batch system, while the second was 

done in a cryogel-modified nylon membrane filter. 

Investigated carbon cryogels were dispersed in double-

distilled water, and the desired amount of dimethoate (2-

dimethoxyphosphinothioylsulfanyl-N-methylacetamide), 

malathion (diethyl 2-dimethoxyphosphinothioylsulfanyl-

butanedioate), and chlorpyrifos (diethoxy-sulfanylidene-

(3,5,6-trichloropyridin-2-yl)oxy-λ5-phosphane) stock so-

lutions (Pestanal, Sigma Aldrich, Denmark) was added to 

provide the targeted concentration of adsorbent (10 mg 

cm-3) and OP (5×10-4 mol dm-3). The performance of each 

adsorbent was quantified as the OP uptake (the percentage 

of adsorbed OP from the solution), defined as: 

  (1) 

where C0 and C stand for the OP concentration before and 

after the adsorption experiment, respectively [6]. 

2.3. UPLC analysis 

The Waters ACQUITY Ultra Performance Liquid 

Chromatography (UPLC) system, coupled with a tunable 

UV detector controlled by the Empower software, was 

employed for the study. Chromatographic separations 

were conducted using an ACQUITY UPLC™ BEH C18 

column with dimensions of 1.7 µm, 100 mm × 2.1 mm 

(Waters).  PDA spectra of dimethoate, malathion, and 

chlorpyrifos concentration 1×10-4 mol dm-3 are shown in 

Figure 1. 

 

Figure 1. PDA spectra of dimethoate (a), malathion (b), 

and chlorpyrifos (c) concentration 1×10-4 mol dm-3 

2.4. Neurotoxicity assessment 

Toxicity assessment of the samples before and after 

adsorption experiments was done via measurements of 

AChE inhibition. Besides performing AChE inhibition 

measurements to quantify the toxicity of the investigated 

OPs, these tests also provide information 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 [7]. These oxidation 
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products can exert toxic effects at concentrations below 

the detection limits of UPLC. Hence, it is important to 

estimate the toxicity of the final samples via bioanalytical 

assay since their limit of detection is lower. AChE activity 

was assayed according to modified Ellman's procedure. 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: 

  (2) 

where A0 is the AChE activity in the absence of OP and A 

is the AChE activity measured after exposure to a given 

OP [6]. 

3. RESULTS AND DISCUSSION 

3.1. XPS analysis 

The X-ray photoelectron spectra of the examined 

materials were recorded to determine their structure and 

chemical composition. The spectra of C1s, O1ѕ, and N1ѕ 

are shown in Figure 2.  
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Figure 2. C1s (left), O1s (in middle), and N1s (right) 

XPS spectra of the CCN sample with (a) 2%, (b) 4%, (c) 

6%, (d) 8% and (e) 10% N. 

In the case of C1s spectra (Figure 2), 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–Ox 

at 285.9 eV attributed to the epoxy and hydroxyl groups, 

C=O and N−C=O band at 287.5 eV and finally a weak 

intensity band at 290.0 eV attributed to π→π*. The 

component at 292.5 eV is ascribed to the same transition 

in N-containing carbons and carbons rich in carboxylic 

groups. O1ѕ spectra (Figure 2) have a broad band in the 

region from about 530 to about 535 eV, which was 

deconvolved into several components. This band 

originates from various types of C–O bonds. Bands with 

maxima at 530.3 eV and 531.8 eV attributed to the C=O 

bond, at 532.5 eV attributed to the C–O–C bond, and at 

533.7 eV belonging to C–OH and H–OH sp3 bonds. N1s 

spectra (Figure 2) showed the presence of two main types 

of nitrogen moieties in the carbon structure: 

pyrrolic/pyridonic and quaternary nitrogen. 

Table 1. Assignation of chemical groups in studied 

cryogels, as determined using XPS analysis 

Element Eb / eV Assignation 

C 

284.5 С=С (sp2) 

285.1 С–С (sp3) 

285.9 С–Оx 

287.5 С=О 

290.0 π→π* 

292.5 π→π* (N-containing C) 

O 

530.3 С=О 

531.8 С=О 

532.5 С–О–С 

533.7 С–ОН, Н–ОН  

N 
398.8 Pyrrolic/Pyridonic N 

400.8 Quaternary N 

All tested cryogels have bands with the same maximum 

position, but their intensities differ, as shown in Table 1. 

Band intensities are directly proportional to the content of 

certain groups in the material, and these data can be used 

for quantitative composition determination. 

Table 2. Chemical composition of investigated carbon 

cryogels 

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 

The chemical composition of the tested materials is 
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shown in Table 2. From Table 2, 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.  

3.2. OP adsorption on carbon cryogels 

From the data presented in Figure 3, 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. It means that the dimethoate concentration 

dropped below 1×10-8 mol dm-3, 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 10-7 to 10-8 mol dm-3, which is practically negligible 

considering that the initial malathion concentration was 

5×10-4 mol dm-3.  

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. 

The adsorption of 5×10-4 mol dm-3 malathion, 

chlorpyrifos, and dimethoate on 10 mg cm-3 carbon 

cryogels dopped with nitrogen was also examined under 

the dynamic conditions in filter studies. 10 mg of each of 

the tested adsorbents was injected into nylon filters. Next, 

1 cm-3 of 5×10-4 mol dm-3 solution of each tested 

organophosphate is filtered through the modified nylon 

filter within 1 min. In the filtrate, the concentration of the 

remaining pesticides was determined chromate-

graphically. The results are presented in Figure 3.  
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Figure 3. OPs removal using N-doped carbon cryogels 

under stationary and dynamic conditions (marked by *). 

Adsorption using filters under dynamic conditions 

showed a different trend of results compared to the 

experiment in batch. From the results given in Figure 3, it 

can be seen that aromatic chlorpyrifos is the one that is 

completely adsorbed to all tested materials. The 

remaining traces of pesticides in the filtrates could not be 

detected since their concentration was below the 

instrument's detection limit (1×10-8 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 varies from 82 to 99, we can say 

that all 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 investigated. 

Unlike chlorpyrifos and malathion, the investigated 

materials yielded significantly inferior 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 of nitrogen content in the adsorbent structure. It 

is evident that nitrogen addition 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, considering the already discussed situation in 

the environment. 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%. 

3.3. Physiological effects 

As shown in Figure 4, 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 exposed for 

24 hours, 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. 

However, after the adsorption of OPs on carbon cryogels, 

purified water samples in the cases of malathion and 
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dimethoate in batch studies and chlorpyrifos and 

dimethoate in filter studies induced no AChE inhibition. 

Other samples induced lower AChE inhibition compared 

to non-purified samples, suggesting a decrease in solution 

toxicity after incubation 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. 

 

Figure 5. Inhibition of AChE activity in the presence of 

chlorpyrifos, malathion, and dimethoate before (without 

adsorbent added) and after the adsorption on investigated 

carbon cryogels in batch and filter* 

4. CONCLUSION 

In conclusion, our study elucidates the complex 

relationship between the properties of nitrogen-doped 

carbon cryogels and their adsorption performance towards 

organophosphate pesticides. Despite minimal alterations 

in carbon morphology, nitrogen incorporation induces 

significant changes in textural properties and subtle 

variations in chemical composition, shaping adsorption 

behavior. 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 

properties, and adsorption mechanisms, our study 

contributes to the advancement of adsorbent materials for 

environmental applications, making way for innovative 

and sustainable water treatment technologies. 
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