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Abstract: Due to the accumulation of pesticides in the environment, the development of efficient 

strategies for their removal is of utmost importance. Activated carbons are currently seen as 

excellent candidates for adsorptive pesticide removal based on several beneficial properties, like a 

large surface area, developed porosity, and low price. However, a deep link between materials' 

properties and performance is still elusive. Here we focus on the kinetics of three organophosphate 

pesticides removal, aliphatic dimethoate and malathion and aromatic chlorpyrifos, using a series of 

carefully prepared activated carbon fibers. Used adsorbents have a wide range of specific surface 

areas, pore size distributions, and elemental content, allowing the establishment of the link between 

physicochemical properties and their performance as adsorbents. We use data analysis tools to link 

these properties and discuss their different roles in the removal of three structurally different yet 

extremely dangerous pesticides. The obtained results can guide the synthesis of novel adsorbents 

or rationally select adsorbents for specific target pollutants based on the physicochemical properties 

of adsorbents and the chemical structure of pollutants. 
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1. Introduction 

Organophosphates (OPs) are the most commonly used group of pesticides and 

represent a global threat to the environment and humans [1-3]. They exert their toxicity 

towards animals due to the inhibition of acetylcholinesterase (AChE), one of the most 

important enzymes in the nervous system [4, 5]. Many methods for removing pesticides 

from the environment include adsorption, degradation, and microbiological treatment [6]. 

Among the mentioned processes, adsorption is most frequently used because it is 

effective, affordable, environmentally friendly and robust.  

Carbon materials form a large group of materials with various textures, structures 

and properties. Due to their specific combination of physical and chemical properties, 

biocompatibility and diversity, their applications are numerous in all branches of science 

and engineering. The popularity of carbon materials increased enormously with the 

development of biomass-based carbon materials because of their versatile and highly 

porous structure availability and low cost [7]. In addition, by using waste biomass in 

carbon materials production, increasingly important sustainability/circularity aspects can 

be addressed.  
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Several factors can influence the organic compounds' adsorption onto carbon 

materials, such as the nature of the adsorbent [8-10], the nature of the adsorbate [8, 9], and 

the solution conditions [8-10].  

When it comes to the characteristics of the adsorbent, the main factors are the 

structure and size of pores, chemical surface area, specific surface area, pore volume, 

mesopore, micropore, and nanopore volume, presence of surface functional groups, and 

zero charge point (pHpzc) [8, 9, 11]. As the pore size decreases, the adsorption strength 

increases as (1) the contact points between the adsorbate and the adsorbent surface 

increase [12] and (2) the adsorption potentials between opposite pore walls begin to 

overlap when the micropore width is less than approximately twice the adsorbate 

diameter, as suggested for gas (N2) adsorption [13-14] and methyl tertiary-butyl ether and 

trichloroethene [15]. In addition, the adsorption capacity generally increases with a 

specific surface area due to the availability of adsorption sites [9], but this is certainly not 

a general case. The surface chemistry of activated carbon essentially depends on the 

content of heteroatoms, mainly on the range of oxygen complexes on the surface. It is 

considered that the surface oxygen complexes determine the surface charge, 

hydrophobicity, and electron density [10]. 

Characteristics of the adsorbate important for the adsorption process include pKa, 

functional groups present, polarity, molecular weight and size [8], solubility, and nature 

of the substituent if they are aromatic [10]. The size of the molecules controls the access of 

carbon pores, and solubility determines hydrophobic interactions. The pKa controls the 

dissociation of adsorption if it is an electrolyte. The aromatic ring substituent of 

adsorption molecules, as in the case of the graphene layer substituent, can pull or release 

electrons from it, which would affect the dispersion interactions between the adsorbate 

aromatic ring and the graphene layers in the adsorbent [10]. For example, Haghseresht et 

al.[8] showed that the dominant adsorption forces for the hydrophilic activated carbons 

were dipolar interactions for solutes in their molecular form. Dispersive forces were found 

to be dominant for basic hydrophobic carbons and the same type of adsorbates. However, 

dispersive forces were suggested as operative when the adsorbates are in their ionic 

forms, irrespective of the carbon surface type. For this study, p-cresol, p-nitrophenol, 

benzoic acid, nitrobenzene, and salicylic acid were used to probe the adsorption 

properties of carbons.  

Solution conditions such as pH, ionic strength, and temperature also can affect the 

adsorption process [8-10]. Namely, the pH of a solution determines the carbon material 

surface charge and the electrolytes' dissociation or protonation [10]. When the pH of the 

solution is above the pH of zero charge of the carbon material, then the surface is 

negatively charged and can attract cations from the solution; otherwise, the carbon 

material surface is positive and attractive to anions [10, 11, 16, 17]. A higher pHpzc value 

results in a higher adsorption rate in basic solutions. Similarly, in acidic solutions, a lower 

pHpzc results in a higher adsorption rate [11, 16]. These conclusions have been derived for 

the case of reactive dyes, including methylene blue [16]. In addition, the pH of the solution 

also controls the dissociation or ionization of the electrolyte via its pKa, where acidic 

electrolytes will be dissociated at pH> pKa[10].  

In the aqueous phase, van der Waals, induced-dipole, dipole-dipole, and donor-

acceptor hydrogen binding forces are responsible for the binding and accumulation of 

chemical compounds on carbonaceous adsorbents [9]. Among different interactions, 

hydrogen and π – π bonds, covalent and electrostatic interactions and the hydrophobic 

effect play an important role in adsorption [9, 18, 19].  

Ionic strength is another key factor that controls electrostatic interactions. Whether 

attractive or repulsive, these interactions can be reduced by increasing the ionic strength 

of the solution. It is due to the screening effect of the surface charge produced by the added 

salt. Therefore, when the electrostatic interaction between the surface and adsorbate is 

repulsive or the surface concentration is high enough, increasing ionic strength will 

increase adsorption. In contrast, increasing the ionic strength will reduce adsorption when 

electrostatic interactions are attractive, or the surface concentration is low enough. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 November 2022                   doi:10.20944/preprints202211.0449.v1

https://doi.org/10.20944/preprints202211.0449.v1


 

 

Regarding the influence of temperature on the adsorption process, an increase in the 

intake of organic molecules is expected when the adsorption temperature decreases 

because adsorption is a spontaneous process. However, some examples show that the 

adsorbed amount increases with temperature [10]. 

While many different materials have been investigated as adsorbents, our 

understanding of the key materials' properties defining adsorption performance is still 

missing. This is likely due to the complexity of the process and the number of parameters 

influencing the adsorption process in a mutual interplay. Here we use a well-

characterized series of activated carbon fibers to analyze the impact of their properties on 

the kinetics of chlorpyrifos, dimethoate, and malathion adsorption from aqueous 

solutions.    

2. Results 

2.1. Materials properties 

This contribution aims to correlate the kinetics of pesticide adsorption to the 

adsorbents' physicochemical properties. Thus, the primary data we use here are given in 

Table 1. The materials studied in this work have already been investigated in terms of 

adsorption performance [20, 21]. Still, the focus was on the thermodynamic properties and 

the analysis of the impact of materials' properties on the adsorption capacities. One of the 

main conclusions was that specific surface area does not play a dominant role in 

determining adsorption capacity but rather pore volume and carbon and oxygen content. 

However, studied materials are micro- and mesoporous with different pore size 

distributions (Table 1, Figure 1). Thus, it is still unclear which portion of the total pore 

volume is responsible for the overall uptake of pollutants, particularly the kinetics of this 

process.  

  

(a) (b) 

Figure 1. (a) Integral pore volumes up to a given pore diameter function; (b) Common pore size 

distribution curves for studied adsorbents. Reproduced from [20] under Creative Commons 

License. The notation of samples is DAHP-X, where X is given in the figure legend. 
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Table 1. Adsorbents properties – pore volume integrated up to a given pore diameter, total pore 

volume (integrated up to dp = 35 nm), surface area and elemental content determined using energy 

dispersive X-ray spectroscopy. The notation of samples is DAHP-X, where X stands for the amount 

of DAHP used for the impregnation step. 

X =  0.00% 0.25% 0.50% 1.00% 1.50% 2.00% 2.50% 5.00% 7.50% 10% 

Pores up 

to: 

(volume / 

cm3 g−1) 

1 nm 0.348 0.335 0.339 0.343 0.297 0.271 0.274 0.198 0.137 0.160 

2 nm 0.702 0.375 0.454 0.738 0.723 0.857 0.696 0.754 0.580 0.559 

3 nm 0.725 0.377 0.459 0.759 0.756 1.086 0.813 1.200 1.180 1.021 

4 nm 0.734 0.378 0.462 0.763 0.760 1.091 0.819 1.267 1.568 1.254 

Vtot* / cm3 g−1 0.757 0.383 0.472 0.774 0.770 1.094 0.833 1.291 1.681 1.322 

Stot** / m2 g−1 1932 1016 1250 2037 2002 2556 2018 2718 2763 2718 

Elementa

l  

Content** 

C / at.% 92.4±2.1 91.6±3.5 93.6±2.3 87.9±1.3 93.9±1.9 91.3±2.0 87.9±2.0 85.6±2.5 82.2±2.2 77.8±5.0 

O / at.% 7.6±2.0 8.4±3.5 6.2±2.2 12±1.3 5.9±1.9 7.7±2.3 11.4±2.2 13.1±2.7 16.1±2.3 19.7±5.3 

P / at.% 0 0.02±0.02 0.18±0.10 0.11±0.04 0.28±0.07 0.91±0.29 0.65±0.30 1.32±0.34 1.78±0.13 1.9±0.64 

* Integrated up to 35 nm; ** Reference [20], reproduced under Creative Commons License. 

 

As explained in previous publications addressing the adsorption capacities of the 

same series of ACFs [20, 21], these materials are particularly suitable for testing different 

hypotheses about the adsorption process. All these materials have been derived from the 

same precursor and have identical morphology (Fig. 2).  

   

(a) (b) (c) 

Figure 2. SEM images of(a) DAHP-0.00% sample; (b) DAHP-5.00% sample; (c) DAHP-10.00% sam-

ple. Magnification ×5,000, scale bar 10 μm, field of view 53.3 μm. 

All the samples have undergone the same milling procedure, so the effects of mor-

phology and size of particles on the adsorption performance can be excluded. Addition-

ally, due to the same carbonization and activation temperatures, the Raman spectra of all 

the samples turned out to be identical [20]. Thus, the effects of the disorder degree can 

also be excluded. This leaves pore size distribution and elemental content (Table 1), effec-

tively tuned by the amount of impregnating agent, DAHP, as the decisive properties 

which affect the adsorption kinetics.  

2.2. Materials performance 

In the forthcoming sections, we have processed adsorption data for chlorpyrifos, di-

methoate, and malathion. First, adsorption was analyzed for up to 60 minutes, and the 

concentration of the pesticide remaining in the solution at a given moment of time was 

evaluated using UPLC analysis (Section 4). Then, the amount of adsorbed pesticide in a 

given moment of time (qt) was fitted into the kinetic equations assuming kinetics obeying 

pseudo-first (Eq. 1) and pseudo-second-order (Eq. 2): 
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ln(qe− qt) = ln(qe) −k1t, (1) 

and 
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where qe is the equilibrium adsorption capacity, while k1 and k2 stand for the pseudo-first 

and pseudo-second rate order constants. The obtained rate order constants are presented 

in Tables 2-4 for chlorpyrifos, dimethoate, and malathion.  

From the value of k1, the adsorption half-time (t1/2) can be calculated as: 

��/� =
��2

��

 (3) 

which gives the time upon which one half of the pesticide adsorption capacity is taken up 

by adsorbent.  

2.2.1. Chlorpyrifos removal 

The rate constants for chlorpyrifos removal are given in Table 2. It can be seen that 

the rate constants for pseudo-first-order reaction kinetics are determined with large un-

certainties. In contrast, rate constants are determined more reliably for the pseudo-second-

order kinetics. This is partially contributed by the fact that we have used a linearized form 

of the equation for the second-order kinetics. While linearized forms are easier to handle, 

they artificially increase the correlation coefficient [22]. However, here we are interested 

in the overall trends and connecting these trends to the materials' properties rather than 

determining highly accurate adsorption rate constants. In this sense, at first glance, there 

is no apparent trend in chlorpyrifos removal constants considering the overall trends in 

materials properties (Table 1) – an overall increase in total pore volume and an increase 

in O and P atomic content. Although the reliability of the pseudo-first-order constants is 

not high, it is possible to conclude that the half-times for chlorpyrifos adsorption are of 

the order of 10 min. This result is well in line with previous adsorption kinetics studies of 

different pesticides on carbon materials [23-25]. Minute ranges of chlorpyrifos adsorption 

half-times were reported for gamma radiation-modified activated carbon [26], while gra-

phitic carbon nitride (g-C3N4) incorporated chitosan showed chlorpyrifos adsorption ki-

netics very similar to presented ACFs [27]. Nevertheless, half-times obtained here were 

much higher compared to, for example, the one found for chlorpyrifos removal by NU-

1000 metal-organic framework, which was only 0.43 min [28]. 
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Table 2. Rate constants for chlorpyrifos removal. The notation of samples is DAHP-X, where X rep-

resents the amount of DAHP used for the impregnation step. For the adsorption measurements, the 

chlorpyrifos concentration was 1×10−4 mol dm−3, while the adsorbents concentration was 0.1 mg ml−1 

in each case. 

X = 0.00% 0.25% 0.50% 1.00% 1.50% 2.00% 2.50% 5.00% 7.50% 10% 

Pseudo-1st order 

k1/min−1 0.054 0.034 0.0596 0.049 0.048 0.048 0.053 0.047 0.055 0.045 

Δk1/min−1 0.022 0.012 0.0048 0.015 0.014 0.018 0.019 0.015 0.025 0.023 

R2 0.7206 0.75 0.98728 0.81 0.84 0.75 0.78 0.82 0.66 0.58 

Pseudo-2nd order 

k2 

/ g mg−1 

min−1 

0.0053 0.0086 0.0032 0.0028 0.0030 0.0052 0.0067 0.0045 0.0134 0.0085 

Δk2 

/ g mg−1 

min−1 

7×10−4 8×10−4 2×10−4 8×10−4 7×10−4 1×10−4 1×10−4 1×10−4 2×10−4 3×10−4 

R2 0.9995 0.98 0.99996 0.998 0.998 0.9991 0.9995 0.998 0.9996 0.998 

2.2.1. Dimethoate and malathion removal 

In contrast to chlorpyrifos, which possesses an aromatic ring in its structure, dime-

thoate and malathion are aliphatic molecules. Nevertheless, the same general observa-

tions given for chlorpyrifos hold for dimethoate and malathion adsorption kinetics, as 

well. There are no apparent trends, and k2 is determined with higher reliability compared 

to k1. The half-times for dimethoate adsorption are in the range of 3.4-17.8 min. For mala-

thion, the range is 1 min to 12.6 min. Similarly to chlorpyrifos, the estimated half-times for 

dimethoate adsorption on studied ACFs are in the range or lower compared to those 

which can be found in the literature or calculated on the basis of reported k1, like for the 

case of KOH-modified Thevetia peruviana shell activated carbon [29]. The studied ACF are 

very efficient adsorbents for malathion removal and also possess better adsorption kinet-

ics than some other carbons, like waste-derived activated carbons [30]. 

Table 3. Rate constants for dimethoate removal. The notation of samples is DAHP-X, where X stands 

for the amount of DAHP used for the impregnation step. For the adsorption measurements, dime-

thoate concentration was 1×10−4 mol dm−3, while the adsorbents concentration was 0.1 mg ml−1 in 

each case. 

X = 0.00% 0.25% 0.50% 1.00% 1.50% 2.00% 2.50% 5.00% 7.50% 10% 

Pseudo-1st order 

k1/min−1 0.204 0.044 0.074 0.039 0.070 0.088 0.053 0.0368 0.055 0.142 

Δk1/min−1 0.072 0.021 0.025 0.016 0.018 0.012 0.013 0.0026 0.011 0.020 

R2 0.64 0.53 0.65 0.72 0.78 0.95 0.85 0.98 0.88 0.94 

Pseudo-2nd order 

k2 

/ g mg−1 

min−1 

0.281 0.048 0.016 0.017 0.0343 0.0064 0.040 0.0069 0.030 0.092 

Δk2 

/ g mg−1 

min−1 

6×10−3 2×10−3 1×10−3 2×10−3 6×10−4 5×10−4 3×10−3 6×10−4 3×10−3 2×10−3 

R2 0.99997 0.98 0.998 0.98 0.998 0.992 0.997 0.94 0.998 0.9998 
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Table 4. Rate constants for malathion removal. The notation of samples is DAHP-X, where X stands 

for the amount of DAHP used for the impregnation step. For the adsorption measurements, the 

concentration of malathion was 1×10−4 mol dm−3, while the adsorbents concentration was 0.1 mg ml−1 

in each case. 

X = 0.00% 0.25% 0.50% 1.00% 1.50% 2.00% 2.50% 5.00% 7.50% 10% 

Pseudo-1st order 

k1/min−1 0.055 0.49 0.70 0.402 0.234 0.214 0.149 0.143 0.064 0.223 

Δk1/min−1 0.012 0.20 0.27 0.087 0.025 0.073 0.016 0.033 0.026 0.013 

R2 0.86 0.61 0.66 0.87 0.97 0.72 0.98 0.85 0.64 0.99 

Pseudo-2nd order 

k2 

/ g mg−1 

min−1 

0.0075 0.0214 0.0085 0.0608 0.1002 0.0754 0.0166 0.0070 0.0634 0.0097 

Δk2 

/ g mg−1 

min−1 

2×10−4 6×10−4 5×10−4 3×10−4 7×10−4 7×10−4 3×10−4 7×10−4 4×10−4 2×10−4 

R2 0.998 0.996 0.98 0.9998 0.99999 0.99998 0.9997 0.9996 0.9998 0.998 

3. Discussion 

We turned to multiple linear regression analysis to investigate the impact of materials 

properties on the adsorbents' performances. It is a rather simple tool but can reveal some 

hidden links between dependent and independent variables, which can only be easily 

comprehended with the help of statistical tools. In short, it is assumed that the rate con-

stants k1 or k2 can be presented as a linear combination of properties (xi) given in Table 1 

with corresponding coefficients (Ai) as: 

� = � ����

�

. (4) 

Counter i is 1-4 to pore volumes up to 1, 2, 3, and 4 nm, respectively, 5 for total pore 

volume, and 6-8 for C, O, and P atomic content, respectively. The results of the linear 

regression analysis are given in Figure 3. Before the analysis, both k1 and k2 were multi-

plied by 100, while C and O contents were divided by 100 and 10, respectively, to scale all 

the quantities used in the analysis to similar orders of magnitude.  

 

  

(a) (b) 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 November 2022                   doi:10.20944/preprints202211.0449.v1

https://doi.org/10.20944/preprints202211.0449.v1


 

 

  

(c) (d) 

  

(e) (f) 

Figure 3. The results of multiple linear regression analysis (a) k1 for chlorpyrifos, (b) k2 for chlorpyr-

ifos, (c) k1 for dimethoate, (d) k2 for dimethoate, (e) k1 for malathion, (f) k2 for malathion. 

In order to analyze the impact of different materials' properties, we have to note that, 

besides the fact that chlorpyrifos has an aromatic ring, the molecules are of similar sizes, 

around 1 nm along the longest axis of a molecule but with some differences in branching 

(malathion) [21]. Thus, the accommodation of all three molecules into the pore structure 

of studied adsorbents should start from pores with a diameter above 1 nm. This could be 

even a bit larger as both adsorbent and adsorbate are solvated, which effectively reduces 

the pore diameter while increasing the dimensions of an adsorbate.  

Now, if we consider the results of linear regression analysis (Figure 3 and Table A1), 

we see that generally good predictions for adsorption rate constants are obtained, partic-

ularly pseudo-second-order kinetics in the cases of dimethoate and malathion. In both 

cases, three independent variables stand out. First, the model is very sensitive to the cu-

mulative pore volumes for pores with diameters up to 2 nm and up to 4 nm, which posi-

tively correlate to the rate constants. Second, carbon content (Table 1) also seems to be a 

determinant for fast adsorption kinetics. As discussed before [20, 21], we believe that for 

studied materials, physisorption is operative. Thus positive correlation of carbon content 

with adsorption rate constants can be understood through the reduced amount of highly 

solvated domains, despite the fact that O atomic content also positively correlates to ad-

sorption rate constants (much more for malathion compared to dimethoate). This can be 

due to dipole-dipole and electrostatic interactions, which can positively affect the adsorp-

tion rates. However, if some highly oxidized domains are present at the pore openings, 
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they might block the entrance of pesticides into the pores, reducing the adsorption capac-

ity and impeding the adsorption process rate.  

 

 

(a) (b) 

Figure 4. Schematic representation of accommodation of chlorpyrifos molecules into pores of dif-

ferent diameters: (a) when pore diameter allows the entrance of only one molecule, (b) when the 

pore diameter is sufficient to place two chlorpyrifos molecules in the pore. Any pores with diame-

ters between hypothetical cases of (a) and (b) can only accommodate one molecule along the pore 

diameter. 

It is interesting to observe the role of cumulative pore volumes. Namely, we believe 

that the first limit corresponds to the entrance of individual molecules (including their 

solvation shells) into the pores in such a way that one molecule interacts with two oppo-

site sides of the pore interior along the pore size diameter (Figure 4, a). The second situa-

tion (4 nm) corresponds to the case where the adsorbate molecule interacts with one side 

of the pore interior, but the pore diameter is large enough to accommodate two adsorbate 

molecules along the pore size diameter (Figure 4, b).  

We believe that the diffusion of organophosphate molecules into the pore system of 

adsorbents must be spontaneous and without significant deformation of pesticide mole-

cules, which would produce a large energy penalty in this process. To check for this as-

sumption, we have performed semi-empirical quantum chemical calculations on 

chlorpyrifos inserted into the interior of (7,7) single-walled carbon nanotube (SWCNT), 

imitating the interior of a pore of studied ACFs. Such SWCNT has a diameter of 9.5 Å(if 

the length is infinite). For a finite-sized SWCNT we studied, the aliphatic part of the 

chlorpyrifos molecule gets "expelled" from the tube (Figure 5a), while both chlorpyrifos 

and nanotube undergo significant deformation (Figure 5b). The deformation energy of 

the chlorpyrifos molecule is 33 kJ mol−1, while for SWCNT, it amounts to 710 kJ mol−1 

(please note that this energy relates to one mole of finite-size SWCNTs used in this study). 

Even in the absence of a solvent shell, the entrance of chlorpyrifos into the pores smaller 

than 1 nm is rather unlikely to happen. Finally, we note that the obtained rate constants 

generally do not correlate with the adsorption capacities. Hence, to design proper adsor-

bents for different pesticides, one should consider properties that determine their adsorp-

tion capacities and fast adsorption kinetics under desired conditions.  
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(a) (b) 

Figure 5. Entrance of chlorpyrifos molecule into the SWCNT: (a) side view, (b) a view along the 

SWCNT (pore) axis; the deformation is visible as the SWCNT deviates from the circular shape. 

4. Materials and Methods 

4.1. Materials synthesis 

Materials synthesis is described in [20] and reproduced here for the sake of complete-

ness. Viscose fibers (1.7 dtex, 38 mm) were first dried for 24 h at 90°C and then impreg-

nated in DAHP solutions of different concentrations for 15 min. The concentrations 

ranged from 0.0–75.7 mmol dm−3, matching 0.00–10.00% DAHP in distilled water. After 

that, the fibers were dried for 24 h. Subsequently, carbonization was done in a chamber 

furnace (HTK8, Gero, Germany) under a nitrogen atmosphere. The samples were held 

isothermal for 20 min at 850 °C. The heating rate was 1.0 °C min−1. Finally, the carbonized 

fibers were activated in a rotary kiln at 870 °C for 165 min in a CO2 flow of 80 dm3 h−1. 

Previous studies have shown that additional washing is not needed due to the use of 

highly pure precursor fibers and an impregnation agent that does not introduce soluble 

components or change the pH value of the result ACF, in contrast to other chemical acti-

vation methods using [31, 32]. The samples are noted as DAHP-X, where X represents the 

concentration of DAHP used in the impregnation step. 

4.2. Materials characterization 

The morphology and the elemental composition of the ACF samples were investi-

gated using a scanning electron microscope (PhenomProX, Thermo Fisher Scientific, USA) 

equipped with energy-dispersive X-ray spectroscopy (EDX).  

The textural properties and specific surface area of materials were studied by N2 iso-

thermal adsorption (−196.15°C). For this purpose, a gas sorption system was used (Auto-

sorbiQ, Quantachrome Instruments, USA). The specific surface area and derived pore size 

distribution (PSD) were calculated using the method of Brunauer-Emmett-Teller (BET) 

and the non-local density functional theory (NLDFT), respectively [33, 34]. 

4.3. Pesticide adsorption measurements 

Batch adsorption experiments were done as stated below. First, materials were dis-

persed in double distilled water. The necessary volume of a pesticide stock solution 

(Pestanal, Sigma Aldrich, Denmark) was added to provide the final concentration of ad-

sorbent and pesticide. Next, the container with the adsorbent and pesticide mixture was 
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placed on a shaker (Orbital Shaker-Incubator ES-20, Grant-Bio, UK). It was held at 25 °C 

for chosen times. Then, the mixture was centrifuged and the supernatant was filtered. The 

concentration of organophosphates after adsorption (Ceq) was determined using Ultra Per-

formance Liquid Chromatography (UPLC). Control experiments were performed in iden-

tical ways but without materials. It showed us that there was no pesticide degradation 

during the batch experiments. The pH of adsorbent and pesticide dispersions was moni-

tored during the experiments. The measurement showed no differences between the sam-

ples. It is obvious that the differences in the kinetics of pesticide removal are due to their 

adsorption on studied materials and not because of chemical decomposition.  

ACQUITY UPLC system (Waters, USA) with a tunable UV detector was used for 

UPLC measurements. It was controlled by the Empower software. ACQUITY UPLC™ 

BEH C18 column (1.7 μm, 100 mm × 2.1 mm, Waters, USA) was used. The analysis was 

done under isocratic conditions. The mobile phase consisted of acetonitrile and water (see 

ref. [21] for details).  

4.4. Semi-empirical quantum chemical calculations 

Semi-empirical calculations were done using the MOPAC2016 code [35] with the 

PM7 method [36]. A model of (7,7) SWCNT was constructed with 112 atoms to obtain the 

deformation energies of chlorpyrifos. Then chlorpyrifos molecule was placed into the 

tube, and full structural relaxation was done. After the relaxation, the system was split 

into nanotube and chlorpyrifos parts, and their molecular energies were calculated in on 

self-consistent cycle. Deformation energies were obtained by comparing the energy of 

fully relaxed chlorpyrifos/nanotube with the energy of chlorpyrifos/nanotube with the 

geometric corresponding to chlorpyrifos inserted into the nanotube. 

5. Conclusions 

In this contribution, we have analyzed the kinetics of chlorpyrifos, dimethoate, and 

malathion adsorption on a series of activated carbon fibers with diverse pore structures 

and chemical compositions. Adsorption data were processed to obtain pseudo-first and 

pseudo-second order rate constants. No particular trend was possible to extract in con-

nection with only the studied materials' properties (integral pore volumes, the content of 

C, O, P). However, multiple linear regression can find the connection between the mate-

rial's properties and adsorption kinetics. For dimethoate and malathion, pseudo-second-

order kinetics, the regression analysis was particularly capable of giving reliable predic-

tions for the rate constants. Among considered materials properties, cumulative pore vol-

umes up to 2 nm and 4 nm and carbon content strongly positively correlated with rate 

constants. This is likely due to the interplay of the pesticide molecule sizes and pore di-

ameters, allowing accommodating one or two pesticide molecules along the pore diame-

ter. Theoretical calculations suggest that even in the absence of solvent, it is unlikely that 

pesticide molecules can enter pores with a diameter below 1 nm without significant de-

formation of the molecule (and the pore), requiring a large energy input for such process 

and making thermodynamically unfavorable. As the adsorption kinetics is not correlated 

to adsorption capacities, to design/choose adsorbents for a given application, one has to 

balance the properties that determine adsorption capacities and kinetics. For the studied 

pesticides, an ideal adsorbent is mesoporous carbon with a pore diameter around 4 nm 

(ideally unimodal pore size distribution) with a relatively low concentration of oxygen 

(and likely other heteroatoms) and largely preserved sp2 domains.   
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Appendix A 

Table A1. Multiple linear regression parameters. See Section 3 for the assignment of each parameter 

to a given independent variable. 

model A1 A2 A3 A4 A5 A6 A7 A8 R2 

CPF-1 16.4 0.5 27.4 −140.5 112.4 −0.6 −1.9 3.0 0.97 

CPF-2 −1.9 −0.8 −2.0 4.2 −2.0 1.5 0.2 −0.3 0.73 

DMT-1 26.6 48.7 −146.1 404.0 −307.1 −1.3 −1.7 18.5 0.93 

DMT-2 −99.6 40.4 −137.3 422.0 −329.6 37.4 8.6 1.8 0.9999 

MLT-1 431.9 −62.0 −485.7 2202.0 −1726.5 −47.4 −6.6 30.6 0.68 

MLT-2 −82.6 57.7 −234.0 765.7 −563.9 25.1 0.3 −7.5 0.99 
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