
Preparation of novel N-CNT nanocomposite as an
adsorbent for removal of As+3 toxic ions and DFT
calculation
Seyyed Salar Meshkat  (  s.meshkat@che.uut.ac.ir )

Urmia University of Technology
Zeinab Hoseini 
Romina Mehrabi 
Ebrahim Ghasemy 
Mehdi Esra�li 

Research Article

Keywords: RAFT polymerization method, N doped CNT, Heavy metal, Adsoorption

Posted Date: February 15th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1352943/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1352943/v1
mailto:s.meshkat@che.uut.ac.ir
https://doi.org/10.21203/rs.3.rs-1352943/v1
https://creativecommons.org/licenses/by/4.0/


 

 

Preparation of novel N-CNT nanocomposite as an adsorbent for removal of As+3 toxic ions 

and DFT calculation 

Seyyed Salar Meshkat1*, Zeinab Hoseini1, Romina Mehrabi2, Ebrahim Ghasemy3, Mehdi 

Esrafili3 

 

1Faculty of Chemical Engineering, Urmia University of Technology, Urmia, Iran 

2 Department of Materials and Metallurgical Engineering, Iran University of Science and 

Technology, Iran 

3 Institut national de la recherché, Centre Énergie Matériaux Télécommunications, 1650 Boul. 

Lionel-Boulet, Varennes, Quebec, J3X 1S2 Canada 

4Department of Chemistry, Faculty of Basis Sciences, University of Maragheh, P.O. Box 55136-

553, Maragheh, Iran 

*Corresponding authors: s.meshkat@che.uut.ac.ir 

 

 

 

 

 

 

mailto:s.meshkat@che.uut.ac.ir


 

 

Abstract 

This work aimed at developing novel adsorbents to remove arsenic ions in an aqueous solution. 

To this end, the use of polymeric materials and functionalized nitrogen-doped carbon nanotubes 

(N-CNT) was considered to adsorb arsenic ions from aqueous solutions. In this regard, the effects 

of experimental parameters including pH, contact time, initial concentration of metal, and the 

adsorption temperature were studied. According to experiments, the optimum solution pH for 

arsenic adsorption at 20 °C was 7. As the contact time increased, the adsorption rate increased and 

reached equilibrium after 10 minutes. The arsenic adsorption capacity of Polyether Sulfone/N-

CNT nanocomposites increased with increasing temperature. The highest adsorption capacity was 

achieved at 49 °C. The equilibrium data obtained in the initial concentration range of Arsenic and 

the studied temperature was consistent with the Freundlich isotherm. The adsorption kinetics 

revealed that the arsenic adsorption followed the Pseudo-First order and Weber Morris equation. 

The thermodynamic parameters (ΔH, ΔG, and ΔS) indicated that the arsenic adsorption in the 

temperature range of 332-296 K was spontaneous and endothermic. The adsorption properties of 

the modified N-doped carbon nanotubes towards arsenic ions were also studied by density 

functional theory (DFT) calculations.  

Keywords: RAFT polymerization method, N doped CNT, Heavy metal, Adsoorption.  

 

 

 

 



 

 

1. Introduction 

Many efforts have been devoted to synthesizing polymer nanoparticles in recent years, considering 

their less weight and more corrosion resistance than metal nanoparticles. Among the polymer 

nanoparticles, the main focus has been on the particles with specific structure and morphology, 

due to their various applications in impact improvement, biomedical, drug delivery, optics, and 

their electrical and magnetic properties [1-5]. In general, there are two synthetic and non-synthetic 

methods for the synthesis of these particles; non-synthetic methods can be employed to prepare 

aerosols and drops in very dilute polymer solutions or gas atomization of polymer melts or 

stretching and self-arrangement. One of the most important features of non-synthetic methods is 

the production of particles with a uniform size distribution [6]. Direct synthesis of these particles 

is possible by heterogeneous polymerization, which includes emulsion, suspension, and dispersion 

polymerization. In recent years, the above three methods of dispersion polymerization and granular 

dispersion have been used more frequently due to the ease of controlling various reaction 

parameters and the production of monodisperse particles. There are several methods for 

polymerization of chain growths: free radical polymerization, ionic, group transfer, and 

coordinative polymerization. Free radical polymerization is used more than others. Ion 

polymerization and group transfer are not widely used in industry [7]. However, they can produce 

better pre-designed polymers than radical polymerization. In conventional living polymerization, 

a suitable initiator decomposes into starting ions in a very short time and with full efficiency, and 

by forming active ionic centers, the starting reaction occurs. Depending on the solvent, 

polymerization may occur by pairing the solvent-coated ions with free ions after forming the 

maximum number of chain centers. One of the limitations of free radical polymerization is the lack 

of control over the structure of the polymer, which is due to the slow start, rapid diffusion, and 



 

 

inherent end-chain reactions. Indeed, the release of newly produced radicals and their termination 

is done in the same second. Such a short service life prevents any tampering or control over the 

structure of the polymer chains produced. The advent of so-called controlled polymerization 

(CLRP) methods provided a new impetus for the synthesis of predetermined macromolecules 

using free radical polymerization [8-9]. These methods combine the inherent advantages of 

conventional free radical polymerization with living polymerization methods. Compared to 

classical free radical processes, these methods can synthesize functional homopolymers and block 

copolymers with predetermined molecular mass, low poly dispersion, and predictable end groups 

that are very difficult to obtain. These new CLRP methods are more tolerant than functional groups 

on monomers of classical living polymerization methods and can be performed in conventional 

solvents over a wide range of temperatures. They also provide easy access to the architectural 

design of complex polymers [9-11]. It is concluded from literature review that, the polymeric 

adsorbents have mostly low capacity and low efficiency in heavy metal ions adsorption. But, 

modified N-CNTs have been widely used as excellent materials for the removal of various heavy 

metals from aqueous solutions with hgh adsorption capacity and efficiency [12-14].  

 Inorder to modify the surface properties of the adsorbent, the surface functionalization of CNT is 

a highly efficient method. By this method the improper aggregation characteristics of the 

synthesized adsorbent can be  controled. This surface control make the CNTs as a reliable and 

reachable adsorbent for scientists and industries to design and synthesize new nanocomposites to 

service CNTs in the various important technical fields. It is important to develope an actual and 

economical adsorbent to eliminate heavy metals from wastewaters. The adsorbent functional 

groups content plays an important role in reaching an effective and selective heavy metal ions 

adsorbents to eliminate from wastewater [15-16]. 



 

 

In this study, living/controlled radical polymerization was used to modify the carbon nanotube 

surface, due to the limitations of conventional radical polymerization. So, various living radical 

polymerization methods that can be used to modify the surface were discussed. Furthermore, the 

adsorption properties of As3+ ions over the modified nitrogen-doped CNTs were thoroughly 

studied using density functional theory (DFT) calculations. However, the novelty of this study was 

observed in the use of N-CNT substrate with unique properties as well as RAFT polymerization 

method with special advantages.  

2. Experimental  

2.1. Materials and methods 

Various materials such as acrylic acid (AA, Aldrich), acrylamide (AAm, Aldrich), MWCNTs (OD: 

5-15mm), -2,2 tetrabutylammonium hydrogen sulfate (Merck), Sulfuric acid (Merck), N and N '- 

carbide Imodium cyclohexene (Sigma-Aldrich), N, N' - dimethylformamide (DMF, Aldrich), 4-

dimethylaminopyridine (DMAP, Aldrich), carbon disulfide and chloroform (Merck) were used in 

this study. In addition, recrystallization of methanol was done by azobisisobutyronitrile (AIBN, 

Aldrich). At end, a solution of arsenic ions (1.00 g per 10 mL of HNO3 solution) was set.  

2.1.1. RAFT factor synthesis 

The BDACT was used as the chain transfer factor (CTA) and synthesized as follows [17]; Carbon 

disulfide (10.87m K, 0.18mol), chloroform (36.25mL), acetone (L33m), and tetrabutylammonium 

hydrogen sulfate (gr1) with 60mL toluene in 500ml under nitrogen gas medium have been joint. 

In addition, sodium hydroxide (100.8g) was mixed and stirred for 24 hours. In the next step, under 

the nitrogen atmosphere, 300 mL distilled water was added to the mixture to produce a two-phase 

layer and precipitated by 50 ml of 6.42 g of RAFT hydrochloric acid and after filtration. 



 

 

2.1.2. Synthesis of N-CNT-RAFT agent 

The N-CNT was synthesized as reported in our previous work [17]. The connecting factor on the 

N-CNT surface was created according to the following method: First, N-CNT-OH (0.5g) was 

added to DMF solution (40 mL) and ultrasonically dispersed for 15 minutes, then RA (BDATC, 

1g) was added to the reaction medium. Certain amounts of DCC (6 g) and DMAP (0.45 g) were 

added to the mixture and stirred at 25 °C for 24 h. The precipitates were then washed with THF 

solution and dried in a vacuum oven at 40 °C. Figure 1 shows the schematic of the N-CNT-RAFT 

agent. 
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Figure 1. Scheme of the RAFT, N-CNT-RAFT agent preparation method, and N-CNT surface 

modification by RAFT polymerization by AAm and AA monomers 



 

 

2.1.3. Synthesis of N-doped carbon nanocomposite nanotubes 

The N-CNT/polymer nanocomposite was synthesized using the RAFT method and the N-CNT-

RAFT precipitation agent was employed to control the copolymerization of AAm and AA 

monomers according to the following instructions. N-CNT-RAFT (30mg) was dispersed by 

ultrasonication for 20 min in 1 and 4 dioxane (10 mL), followed by the addition of AAm (0.4g), 

AA (0.11g), and AIBN (2.0g) monomers as initiators to the reactor. After deoxygenation, the 

reaction was performed at 70 ° C for 5 h. After the reaction, the contents of the reactor were 

transferred into cold diethyl ether (100 mL) to precipitate the nanocomposite. The final 

nanocomposite was obtained in gray color (0.40g, efficiency 78%). 

2.2. Adsorption of Arsenic by nanocomposites 

Adsorption experiments were performed using a stirrer in a batch condition. The total volume of 

the used solutions was 100 ml, and after each experiment, the adsorbent was separated from the 

solution by filtration, and the adsorbate was prepared for atomic adsorption analysis. 

The optimum parameters for the arsenic adsorption process such as temperature, adsorbent mass, 

contact time, Arsenic initial concentration, and pH were gained from parallel batch experiments 

via response surface methodology (RSM) design of experiment software.   

The removal efficiency for this series of experiments was obtained from Equation (1): 

% Removal = (Ci  −Cf)Ci × 100     (1) 

where Ci is the initial concentration and Cf is the final concentration of the adsorbed material. 

qt was also calculated from Equation (2): 



 

 

qt = (Ci − Ct) × Vm       (2) 

where Ci and Ct are the initial concentration and the concentration at time t. V is the volume of the 

solution, and m is the mass of the adsorbent [18]. 

The adsorption capacity (qe ) was calculated from Equation (3-3): 

qe = (Ci − Ce) × Vm      (3) 

Where Ci and Ce are the initial and equilibrium concentrations, and V and m were used according 

to the above definition [19]. 

2.3.Characterization 

The chemical structure and morphology of synthesized nanocomposite were investigated using 

Philips, XL30 scanning electron microscopy (SEM) and JEOL 1200 EXII Transmission electron 

microscopy (TEM). X-ray diffraction (XRD) pattern of synthesized nanoparticles were obtained 

by PW- 1840 Philips diffractometer with Lump Cu-kα and λ = 1.54 Å using standard diffraction 

procedure. The molecular structure of CNT-nanocomposite was studied Fourier-transform infrared 

spectroscopy (FT-IR) by means of Shimadzu 8400 S.  To adequately support accurate structural 

dereplication and specificity, the H Nuclear Magnetic Resonance (HNMR) spectra were calculated 

from the synthesized nanocomposite.  

2.4. Computational details 

To get detailed information on the adsorption process of As ions over the aforementioned 

nanocomposites, DFT calculations were conducted using the Perdew-Burke-Ernzerhof (PBE) 

functional [20-23] and double numerical plus polarization (DNP) as implemented in DMol3 [24]. 

Grimme’s PBE+D2 dispersion correction [25] method was employed in the computations to obtain 



 

 

more accurate findings. All DFT calculations were done within the water solvent via the COSMO 

[26] method. The self-consistent field (SCF) computations were performed until the energy, force 

constant, and maximum displacement reached the thresholds of 1×10-5 Ha, 1 × 10-3 Ha/Å, and 5 

10-5 Å, respectively. Although the surface reactivity and electronic structure characteristics of 

CNTs are sensitive to their chirality [27-28], a truncated (8,0) tube was employed to mimic CNTs 

in the current work. N-doped CNTs were created by replacing part of the C atoms in pristine CNT 

with N atoms. The N-CNT/RAFT nanocomposite was then constructed by allowing a RAFT 

molecule to attach to the exterior surface of N-doped CNTs. The dangling effects caused by our 

chosen truncated nanotube were eliminated by adding hydrogen atoms at the tips of the tube. The 

Hirshfeld method was used to calculate the atomic charges. The adsorption energy (Eads) values 

were computed using Equation (4) to determine the stability of the As over N-CNT/RAFT 

nanocomposite: 

Eads = Ecomplex – Ecomposite – EAs ion                                                  (4) 

where the Ecomplex, Ecomposite, and EAs ion terms indicate the energy of relaxed As-adsorbed 

nanocomposite structure, free nanocomposite, and As3+ ion, respectively. The adsorption of As is 

thermodynamically possible if the Eads value is negative. To assess the changes in enthalpy (ΔH) 

and Gibbs free energy (ΔG) caused by As ion adsorption, IR frequency calculations at the 

PBE/DNP level were performed. 

3. Results and Discussion 

3.1. Characterization 

FTIR spectrum and 1HNMR (Figures 2 and 3) were studied to confirm the composite structure. 

The FTIR spectrum of RAFT, Figure 2, shows that the absorption bands emerged at 550, 1200, 

1250, 1520-1375, 1780, 3000-2880, and 3700 cm-1 which are related to the stretching vibration of 



 

 

CS, C = S, CO, C- (CH3) 2, C=O, CH and OH, indicating the successful synthesis of the RFAT 

agent. Figure 3 (a) shows the the H-NMR spectrum of the RAFT agent. According to the resonance 

spectrum shown at δ = 1.8 ppm, it relates to the four protons of the -CH3 group in the RAFT agent. 

The 1H-NMR spectra for N-CNT-OH are shown in Figure 3 (b), indicating a chemical shift at δ = 

1.8, 4.35 ppm, corresponding to the -C H and Ar OH protons. For N-CNT-g-RA, the 1H-NMR 

spectrum of part C indicates two chemical shifts for the RAFT agent. In addition, the peaks δ = 

1.0-2.0 ppm, 1.8-2.2 ppm, 4.1ppm can be related to -CH3 in RAFT, -CH in N-CNT, and ArOH in 

N-CNT. All PAA-b-PAAM peaks can be observed in the 1H-NMR spectrum of the N-CNT-PAA-

b-PAAm nanocomposite in Figure 3 (d). The peaks observed in the range δ = 1.2-2.5 ppm are 

related to the chain protons (CH) PAA and (CH2) PAAm. For the N-CNT-RAFT agent in Figure 

2, peaks at 540, 1090, 1350, 1480, 1710-1650, 2900, and 3300-3450cm-1 are attributed to CS, C = 

S, CO, CC, C = O, CH, Ar-H, and OH bonds. 1H NMR spectrum data changes the RAFT factor 

in N-CNT, as shown in Figure 2. In Model 1, AAm and AA monomers had a common polymer 

state through the RAFT surface method, which is used to prepare the N-CNT-RAFT agent. 

Extensive tests were performed to confirm the successful performance of the RAFT method in the 

N-CNT-RAFT agent. The values of peak for N-H and O-H groups in the FTIR spectrum with the 

final composite change the 1H NMR spectrum to a modified N-CNT composite, and the synthesis 

of this product can be successfully confirmed [29-31].  



 

 

 

Figure 2. The FTIR spectra of synthesized compounds 



 

 

 

Figure 3. The 1H-NMR spectra of synthesized compounds 

The TGA method was used to peruse the thermal stability and degradation pattern of the final 

composite. Figure 4 displays the TGA and DTG curves for N-CNT-OH, N-CNT-RAFT, and 

polymer/N-CNT nanocomposite. The moisture absorbed on the CNT surface caused a slight 

weight loss at 100 °C for N-CNT-OH. Also, the observed weight loss at 220-280 °C for N-



 

 

CNT-RAFT is due to the RAFT agent decomposition, and removal of moisture and impurities. 

For the polymer/N-CNT nanocomposite, two decreases in weight were detected in the DTG 

curve, the first peak being 210-350°C and the the other being at 360-450°C. The presence of 

two weight losses in the composite proved the capture of acrylic acid and acrylamide 

monomers on the carbon nanotubes’ surface [32-33].  

 

Figure 4. The TGA and DTG curves of CNT-OH, CNT-RAFT, and N-CNT-AA-AAM 

The crystalline structures of N-CNT-OH nanoparticles and N-CNT/copolymers were determined 

using XRD patterns (Figure 5), in the diffraction range of 2θ = 10-80 °. Based on the XRD results, 

it can be stated that N-CNT-OH had 8 peaks at 25.4, 26.1, 42.9, 44.5, 54.1, 55.2, 62.8, and 68°, 

which are assigned to (002), (002), (100), (101), (110), (110), and (004) planes. In the XRD pattern 

of the modified N-CNT, an amorphous structure was perceived, indicating the change in the 

crystalline structure of the carbon nanotube [10]. These results are consistent with SEM and TEM 

images and indicate that N-CNT-OH is covered by polymer chains.  



 

 

 

Figure 5. The X-ray diffraction pattern of the synthesized CNT-OH and the final nanocomposite 

TEM and SEM images were used to analyze the morphology of the synthesized composite. Figure 

6 shows the SEM (a-c) and TEM images (d-f) of the N-CNT and functionalized N-CNT. As can 

be seen from the TEM image (Figure 6d), the N-CNTs had an average size of 30 nm. However, 

the distribution of nanotubes after copolymerization was increased, as observed in the image with 

the single nanotubes. The TEM (Figure 4e) image demonstrates that the diameter of nanotubes 

increased to 100 nanometers due to the non-uniform coating of the polymer on their surface. The 

SEM images (4a-c) display that the carbon surface of polymer-modified nanotubes was rougher 

than the original nanotubes due to the accumulation of the polymer chains. In addition, SEM 

images also show an increase in the diameter of N-CNTs after the surface modification process. 



 

 

 

Figure 6. The SEM and TEM images of (a, d) N-CNT-RAFT agent (b, e), and polymer 

composite/ N-CNT (c, f) 

3.2. Effect of pH on removal efficiency 

The solution pH is one of the most important factors in water decontamination through adsorption 

processes. The pH is usually affected by the adsorbent surface charge, the ionization degree, and 

the change in nature of the adsorbent during the operation. The experimental parameters were 

designated as the initial arsenic concentration of 50 ppm, the contact time of 60 min, and the 

temperature of 20 °C. The pH was varied in the range of 2 and 8. At the pH above 7, Arsenic was 

in the form of hydroxide, which precipitated in the flask. As revealed in Figure 7, with increasing 

the pH, the removal efficiency increased. This can be attributed to the fact that at a low pH, due to 

the presence of H3O+, there is competition between Arsenic and H3O+, where, most hydrogen ions 

tend to interact with active surface sites and prevent the metal ions from approaching by increase 

of pH. However, a decrease in hydrogen protons in the solution makes competition easier and 

makes it easier to access active sites for Arsenic [34].  



 

 

 

Figure 7. Effect of pH on the removal efficiency of Arsenic by nanocomposites 

3.3. The effect of stirrer speed on removal efficiency 

The stirrer speed was varied in the range of 100-800 rpm. The initial arsenic concentration, stirring 

time, and adsorbent in 100 mL of aqueous solution were 50 ppm, 60 min, and 0.1 g, respectively. 

The results are shown in Figure 8; when the stirrer speed increased from 100 to 400, the removal 

efficiency also increased. The removal efficiency was almost constant. As the stirrer speed 

increased to more than 500 rpm, a decrease in removal efficiency was observed. Increasing the 

stirrer speed increased the speed of the solution and consequently raised the speed of the ions in 

the aqueous solution, which reduced the interactions chance between the adsorbate/adsorbent [35].  

 



 

 

 

Figure 8. The effect of stirrer speed on arsenic removal efficiency by nanocomposite 

3.4. Effect of contact time on removal efficiency 

Figure 9 illustrates the effect of reaction time on the Arsenic adsorption. Test conditions were pH 

= 7, the initial concentration of 50 ppm, and the adsorbent amount was 0.1 g per 100 ml. As 

exposed in Figure 9, after 10 minutes, the removal efficiency reached its maximum, and after that, 

little change in the removal efficiency was observed. Therefore, the contact time of 10 min was 

selected as the optimal contact time for subsequent arsenic adsorption experiments. The maximum 

capacity of synthesized adsorbent was 115.2 mg/g at 10 min. It exposes that 10 min was the 

equilibrium time for the N-CNT nanocomposite as an adsorbent. 



 

 

 

Figure 9. The effect of contact time on adsorption efficiency of the Arsenic by the adsorbents. 

3.5.Effect of loaded mass on removal efficiency 

To evaluate the effect of the adsorbent amount on the arsenic removal efficiency, different amounts 

of adsorbent (0.01- 0.16 g) in 100 mL aqueous solution, at an initial concentration of 50 ppm 

Arsenic, were used at the optimum pH and contact time. The results are shown in Figure 10, 

demonstrating that with increasing the adsorbent amount from 0.01 g to 0.1 g, the removal 

efficiency increased, and increasing more than 0.1 g for the adsorbent had a negligible effect on 

the removal efficiency. Therefore, 0.1 g per 100 ml of the aqueous solution was selected as the 

optimal adsorbent amount. 



 

 

 

Figure 10. The effect of the adsorbent amount in aqueous solution on the removal efficiency of 

Arsenic by adsorbents 

3.6.Effect of initial concentration on the adsorption process 

Different concentrations of aqueous arsenic solutions were prepared and the adsorption process 

was performed under optimal conditions. The initial concentration range was selected between 20-

200 ppm. The results can be seen in Figure 11, where, with increasing the concentration of Arsenic 

in the solution, the adsorption capacity increased, but after a concentration of 140 ppm Arsenic, 

the adsorption capacity became fixed, and no significant change was observed. Actually, when 

concentration increases, the lack of surface and active sites for adsorption at high concentrations 

causes more negligible adsorption. Finally, increasing the concentration increased the adsorption 

capacity until the surface and active sites were all occupied by the adsorbate, but when all sites 

were filled, the increase in the concentration no longer affected the adsorption capacity [70].  



 

 

 

Figure 11. The effect of initial concentration on adsorption capacity of Arsenic by the adsorbent 

3.7.The temperature effect 

The temperature effect = on the adsorption efficiency was investigated in the temperature range of 

20-50 °C. The contact time of 10 minutes, adsorbent amount of 0.1 g per 100 ml, and the initial 

arsenic concentration of 50 ppm were selected. The results are shown in Table 1, in which 

increasing the temperature improved the removal efficiency, although the temperature increment 

was not significant. In this case, it can be inferred that due to chemical adsorption, increasing the 

temperature had a positive effect on the removal efficiency. 

 

 

 

 

 



 

 

Table 1. Effect of temperature on adsorption efficiency of Arsenic by adsorbent 

Temperature (ºC) Removal efficiency (%) 

23 91.25 

38 93.57 

49 95.03 

 

3.8.Adsorption kinetics 

Most of the adsorption phenomena with different adsorbents are time-dependent. To understand 

the reaction dynamics and predict the adsorption state with time, it is essential to decipher the 

kinetics of these processes. Several kinetic models are used for adsorption to describe 

discontinuous processes, but due to the great mathematical complexity of these models, they 

cannot be easily used. In this regard, the reactions in which qt changes over time can be more easily 

and simply used to study adsorption kinetics. The models used in this field are quasi-quadratic and 

Weber Morris kinetic equations. Of course, in the quadratic equations of the first and second-order, 

it is assumed that the difference between qt and qe is the main force for the absorption process, 

which is also proportional to the absorption amount. Both of these equations have been widely 

used to study experimental data derived from the adsorption of dyes, anions, and metals from 

aqueous solutions on various adsorbents. The Weber Morris equation is used to investigate the 

effect of diffusion on process kinetics. The adsorption process from an aqueous solution takes 

place in several stages and the general adsorption process may be controlled by one of several 

stages. The first step involves the adsorbate diffusion from the solution into the external adsorbent 

surface, and the second step is the penetration into the cavity; if second step dominates the 



 

 

adsorption behavior, the process can be investigated using the Weber Morris equation. The third 

step comprises the diffusion into the adsorbent surface. In general, the third step states that the 

final equilibrium occurs based on the very low concentration of adsorbate in solution and the 

reduction of active sites in the adsorbent for adsorption. The Weber Morris equation is presented 

in the form of Equation 2: 

qt =  Kid(t)0.5 +   C   (1-3)         (2) 

where qt is the absorption capacity at different times (t). The plot of the qt versus t0.5 is given in 

Figure 12. The constant value of Kid can be obtained by calculating the slope of this line. The 

Weber Morris equation constant for arsenic adsorption is K= 0.433 min-1 and the correlation 

coefficient is 0.967.  

 

 

Figure 12. The Weber Morris linear equation diagram for arsenic adsorption. 

The quasi-first linear Equation of Equation 2 is presented in Equation (3):  



 

 

log(qe − qt) = logqe − K1t2.303                    (3) 

where qe and qt are based on the previous definitions and K1 is a constant of this Equation. In this 

Equation, also by plotting the log (qe-qt) versus t, the constant of this Equation can be obtained 

(Figure 13). The constant of the quasi-quadratic Equation for arsenic adsorption is K1= 0.26 min-

1, and the correlation coefficient is 0.972. 

 

Figure 13. The scheme of a quasi-first linear equation for arsenic adsorption on the adsorbent 

tqt = 1k2qe2 + tqe           (4) 

By plotting the t/qt versus t, linearization of this Equation can be done. Then, by using the slope of 

the line, qe, and then by calculating the intercept and having the value of qe, the constant of this 

Equation can be easily obtained (14). 



 

 

 

Figure 14. The scheme of a quasi-quadratic linear equation for arsenic adsorption on the 

adsorbent 

The quasi-quadratic Equation constant and the correlation coefficient for arsenic adsorption were 

K2 = 0.009, 0.769 min-1, respectively. By comparing the data, it can be easily seen that the results 

are well consistent with the quasi-quadratic Equation and the Weber Morris equation, and it can 

be said that the adsorption process is controlled by the quadratic Equation and the Weber Morris 

equation. Here, two issues should be noted: first, the rate of removal is directly related to the 

presence of the substance in the aqueous solution and its concentration in the aqueous solution. 

Secondly, in the case of penetration, it can be claimed that the process is controlled by resistance 

to internal penetration. The second stage is penetration based on the high concentration of 

adsorbent in large size. As mentioned earlier, the results show an excellent correlation with the 

quasi-quadratic Equation and the Weber Morris equation. The quasi-quadratic Equation is the 

limiting step of our process, which requires the equilibrium of the gravitational force by the 

division of the electron or the exchange of electrons between the absorbent and the absorbate [36]. 

 



 

 

3.9.Adsorption thermodynamics 

Using the data in Tables 4-5, the thermodynamics of the adsorption processes are discussed, and 

the Gibbs free energy (ΔG), enthalpy (ΔH), and entropy (ΔS) were acquired based on Equations 

(5), (6), and (7):  

Kc =    Fe1 − Fe                                    (5) 

log Kc =  −∆H2.303RT + ∆S2.303R       (6) 

∆G =  −RT ln Kc                               (7) 

In Equation (5), Arsenic is a component of a water-soluble substance that absorbs the adsorbates. 

The thermodynamics of the adsorbate removal process are given in Table 2. As can be seen, the 

ΔG of these processes was negative, which indicates that these processes were spontaneous. A 

positive ΔH also indicates that these two processes were calorific. A positive ΔS indicates that the 

interface between the solid and liquid phases increased randomly as ions were fixed on the 

adsorbent surface. 

Table 2. Thermodynamic parameters of arsenic adsorption on the adsorbent 

ΔH 

(kj/mol) ΔS (kj/mol.K) T oC ΔG (kj/mol) 

    

23 -5.767 

 
21.67 

 

0.09 

 

38 -6.923 

 

    

49 -8.182 



 

 

3.10. Adsorption isotherms 

The basis of the adsorption isotherm is the assumption that all adsorption sites are the same and 

independent of other sites, whether those sites are available or covered. Isotherms show the 

relationship between the adsorbate concentration in solution and the adsorbate amount at a constant 

temperature. 

3.10.1. Langmuir isotherm 

Langmuir's theory describes the monolayer coverage of the adsorbates on a homogeneous 

adsorbent surface. This isotherm is based on the assumption that the adsorption process occurs 

only once for each location. The Langmuir equation is in the form of Equation (8): 

qe =  q0KLCe(1+KLCe)    (8) 

Where qe is the equilibrium adsorption capacity, Ce is the equilibrium concentration, and qo is the 

maximum amount of monolayer adsorption, qo can also be called the theoretical absorption 

capacity. 

To find the equation constants, Kc and qo, this Equation must be linearized. The linearization form 

of this isotherm is given in Equation (9): 

Ceqe = 1q0 .KL +  1q0 Ce         (9) 

By plotting the Ce/qe versus Ce, a line is obtained, the slope and intercept of which indicate the qo 

and KL, respectively. The adsorption results of Arsenic are given in Figure 15. As can be seen, the 

slope of the line for Arsenic was negative, and the correlation coefficient was very low, which 

practically shows that this Equation is not suitable to explain this adsorption process [36-37]. 



 

 

 

 

Figure 15. The Langmuir linear equation for arsenic adsorption on the adsorbent 

 

3.10.2. Freundlich isotherm 

The Freundlich equation, in contrast to the Langmuir, is based on a non-homogeneous or 

heterogeneous surface. The Langmuir equation assumes that the enthalpy of adsorption is 

independent of the amount of adsorption, but in the Freundlich isotherm, it is assumed that the 

enthalpy of adsorption decreases logarithmically with increasing the number of occupied spaces. 

The Freundlich isotherm equation is given in Equation (10): 

qe = KF (Ce)1/n                                    (10) 

The KF and 1/n are the Freundlich constant and the adsorption intensity, respectively. To obtain 

this constant, we must first linearize this Equation, which is presented in Equation (11): 
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log(qe) = log(KF) +  1n  log(Ce)         (11) 

By calculating the line slope and intersection, n and KF can be obtained. The results for the arsenic 

adsorption on the adsorbent are presented in Table 3. The constants of the Freundlich equation, KF 

and n, determine all the factors affecting the adsorption process, such as adsorption capacity and 

adsorption intensity. Figure 16 shows the linear model of this Equation for the arsenic adsorption 

on the adsorbents 

 

Figure 16. The Freundlich linear equation describing the arsenic adsorption on the adsorbents 

3.11. Dublin Radushkevich Model (D-R) 

The Dublin Radushkevich model is used for data analysis. The linear shape of this model is 

presented in Equation (12): 

ln(qe) = ln(qm) − βε2       (12) 

In this Equation, qe is the equilibrium absorption capacity, qm is the maximum absorption capacity 

of the theory, and β is the constant of the Equation [38]. 



 

 

ε = RT ln [1 + ( 1Ce)]             (13) 

where R is the global constant of gases and T is the temperature in Kelvin and Ce is the equilibrium 

concentration. By plotting lnqe in terms of 2ε, the values of qm and β can be calculated using the 

slope and intersection (Fig. 17). These equations for arsenic adsorption on the adsorbent are given 

in Table 3, respectively. 

 

Figure 17. Drawing the D-R linear Equation for arsenic adsorption on the adsorbent 

 

 

 

 

 

 



 

 

Table 3. Equations and constants of adsorption isotherms for arsenic adsorption. 

 

Langmuir equation r2 

 

y = 0.0027x + 0.0947 0.3079 

 

Freundlich parameter 

 
KF N r2 

9.78 0.87 0.9429 

 

D-R parameter 

 
qm (mg/g) Β r2 

115 2*10−6 0.7828 

 

As can be seen, the results show the best agreement with the Freundlich isotherm. However, it 

should be noted that the Freundlich equation provides information about the inhomogeneous 

surface and the exponential distribution of active sites and their energy, but this Equation cannot 

predict the saturation of the adsorbent surface. Regarding the Dublin Radushkevich equation, it 

should be noted that the correlation coefficient of this Equation is considerable, and by using this 

Equation, which relates the heterogeneity of energy to the surface, surface saturation can be 

predicted. 

 

 

 



 

 

Table 4. The adsorption energy (Eads), changes of Gibbs free energy (ΔG), and enthalpy (ΔH) due 

to the As3+ ion adsorption on different substrates.  

substrate Eads (kJ/mol) ΔG (kJ/mol) ΔH (kJ/mol) 

N-CNT -121.0 -40.2 -52.8 

N-CNT/RAFT(A) -135.1 -42.5 -56.7 

N-CNT/RAFT(B) -128.5 -41.4 -54.9 

N-CNT/RAFT(C) -140.7 -43.9 -58.0 

 

3.12 DFT results 

DFT calculations can provide useful information regarding the As3+ ion adsorption 

characteristics of N-CNT/RAFT nanocomposite. To achieve this goal, dispersion-corrected DFT 

calculations were performed on some molecular models of the aforementioned systems. As 

previously mentioned, N-CNT was generated by substituting some of the carbon atoms in pristine 

(8,0) CNT with nitrogen. In accordance with other similar DFT investigations [39-40], the average 

optimized C‒N and C‒C bond lengths in the N-CNT are 1.42 and 1.39 Å, respectively. To examine 

the effect of RAFT addition on As3+ ion adsorption, we first looked at As3+ ion adsorption on N-

CNT. Figure 18 (a) illustrates the optimized structure, while Table 4 summarizes the adsorption 

energy (Eads), changes in Gibbs free energy (ΔG), and enthalpy (ΔH) due to As3+ ion adsorption. 

Our findings show that an As3+ ion preferentially adsorbs on the carbon atoms at the tips of the N-

CNTs. This is most likely owing to the higher negative charge localization on these atoms 

compared to others. Meanwhile, the adsorption energy of -121 kJ/mol was found for the As3+ ion, 

suggesting that the As3+ ion has a quite strong interaction with the N-CNT. The Hirshfeld charge 

on the As3+ ion decreased to +0.27 |e| after adsorption, suggesting that As3+ adsorption is followed 



 

 

by a charge transfer from the N-CNT into As. The results also show that adsorption of the As3+ 

ion is thermodynamically feasible due to the associated negative ΔG and ΔH values. 

We attached a RAFT moiety to different parts of the N-CNT to determine whether it might increase 

its surface reactivity towards the As3+ ion. According to our calculations, there are two most stable 

positions for attaching a RAFT species to the surface of the N-CNT. The first one is on the carbon 

atom, which is placed between two nitrogen atoms. In Figure 18(b), this configuration is labeled 

A. The RAFT moiety is bonded to the carbon atom via its O atom of carboxylic group in this 

configuration. The newly formed C‒O bond between the RAFT and N-CNT was 1.46 Å and the 

calculated adsorption energy was -140.5 kJ/mol. On the other hand, it is shown that the RAFT can 

also be bonded to the carbon atom at the tip of N-CNT (configuration B). The adsorption energy 

for this configuration was -158.9 kJ/mol, which is more than the corresponding value of 

configuration A. That is, the carbon atoms at the tips are more active than those in the center of N-

CNT. When an As3+ ion is added to the N-CNT/RAFT nanocomposites, it prefers to be placed 

between the O atoms of the carboxylic and amide groups. The Eads values of the As3+ ion on the 

N-CNT/RAFT are larger than on the bare N-CNT, indicating that the presence of the RAFT moiety 

modifies the adsorption characteristics of N-CNT. Furthermore, higher negative ΔG and ΔH values 

owing to As3+ ion adsorption clearly suggest that the N-CNT/RAFT nanocomposite had a better 

performance for removing As3+ ions from aqueous environments.  

Previous DFT investigations [41-42] have indicated that the surface reactivity of N-CNTs 

is enhanced in the presence of monovacancy defects produced during synthesis. To investigate the 

effect of such vacancy defects on the adsorption of As3+ ion, we introduced a monovacancy defect 

on the N-CNT and then allowed a RAFT molecule to bind to it (configuration C). The inclusion 

of a defect affected the charge density over the RAFT moiety, altering the As3+ adsorption energy. 



 

 

As shown in Table 4, the presence of a monovacancy defect further increased the values of Eads, 

ΔG, and ΔH, suggesting that monovacancy defects on the surface of N-CNTs may also promote 

the removal of As3+ ions. 

 

 

 

 



 

 

 

 

Figure 18. The optimized structure of (a) N-CNT, (b) As3+ adsorbed N-CNT, (c) N-

CNT/RAFT (A), (d) As3+ adsorbed N-CNT/RAFT (A), (e) N-CNT/RAFT (B), (f) As3+ 

adsorbed N-CNT/RAFT (B), (g) N-CNT/RAFT (C) and (h) As3+ adsorbed N-CNT/RAFT (C). 

The color code of atoms: gray (C), red (O), yellow (S), violet (As), blue (N) and white (H). 

 



 

 

4. Conclusion  

The investigation of heavy metal adsorption was carried out for environmental protection. For this 

aim, the N-CNT/polymer nanocomposite was synthesized using the RAFT method and the N-

CNT-RAFT precipitation agent. The results showed that N-CNT/polymer nanocomposite had 

significant potential for adsorbing Arsenic from the water. In addition, simulation of adsorption 

mechanism by DFT software was done to validate the experimental data. Moreover, the effective 

parameters were assessed in the arsenic adsorption process, including pH, contact time, initial 

metal concentration, and adsorption temperature. By increasing the pH, the removal efficiency 

increased, owing to the competition between Arsenic and H3O+, the active sites of the surface 

interacted by hydrogen ions and avoid the metal ions from approaching by increasing the pH. The 

maximum capacity of the nanocomposite adsorbent was 115.2 mg/g at 10 min. Numerous kinetic 

models were used for arsenic adsorption in batch processes. The adsorption kinetics revealed that 

the Arsenic adsorption followed the Pseudo-First order and Weber Morris equation. The results 

displayed the best consistency with the Freundlich isotherm in the isothermic studies. It is notable 

that the Freundlich equation affords information about the inhomogeneous surface and the 

exponential distribution of active sites and their energy. The results showed that increasing the 

temperature in this process can also increase the removal efficiency, indicating the occurrence of 

the chemical adsorption. From the DFT calculations, it was found that, introducing the RAFT 

agent to the N-CNT surface improves the interaction between N-CNT and Arsenic ions. In 

addition, a monovacancy defect can further ameliorate the adsorption performance, indicating the 

effective role of monovacancy the surface of N-CNTs in promoting the removal of As3+ ions. 
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