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ABSTRACT: Industries pollute the environment by emitting organic substances known as Volatile 

Organic Compounds (VOC). One of the outstanding materials utilized to eliminate VOCs is 

nanoporous graphene. However, graphene's physical and chemical characteristics are influenced by 

a range of factors, including activation temperature, mass ratio, activation duration, adsorption 

capacity, N2 adsorption-desorption, and morphology, Among other factors, the porosity of graphene 

is one of the crucial which has a direct influence on the adsorption capacity. In the current study,  

the adsorption capacity of graphene was investigated using cyclohexane and n-hexane adsorbents.  

In addition, the neural network has been employed to predict the adsorption capacity of graphene, 

and the Levenberg–Marquardt backpropagation (LM-BP) mechanism was utilized to determine 

model accuracy. The results show that at an activation temperature of 700°C, and mass ratio of  6, 

cyclohexane displayed a better performance with an adsorption capacity of 500 mg/g, as a 

comparison to n-hexane. The model demonstrated a suitable prediction with a  correlation coefficient 

of 0.99966 (R2) within the range of cyclohexane parameters such as impregnation ratio, activation 

time, and activation temperature between 3 to 9, 120 to 180 min, and 500 to 700°C  respectively.  
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INTRODUCTION 

Nowadays, industrialization is considered a source of 

environmental contaminants [1]. Aromatics, ketones, 

esters, and aliphatic are the most important pollutants that 

are categorized as Volatile Organic Compounds (VOCs) 

[2]. Besides, contamination could cause diseases such as 

nervous syndromes [3]. The emission of these toxic  

 

 

 

pollutants into the air makes a great concern [4]. There are 

plenty of methods that were used to diminish the release of 

VOCs, such as adsorption[5], catalytic oxidation [6], 

condensation [7], and membrane separation [8]. Among 

them, adsorption is a cheap and significant method that 

plays a significant role in the separation process [9].  
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The adsorbents are categorized into two groups; first, 

adsorbents such as activated carbon (AC [10]), silica gel [11], 

activated alumina, and zeolites[12], second, Metal-

Organic Frameworks (MOFs) [13]. However, the first 

group has a low cost, but VOCs have a low absorption 

capacity, and it has limitations during the process. On the 

other hand, adsorbent’s type is one of the crucial factors  

in the process of adsorption, in which for the removal of 

VOCs there are plenty of adsorbents that have been studied 

as Activated Carbons (ACs), and most of them are 

acceptable due to large specific surface areas, low prices 

and environmental compatibility [14]. Although coal and 

asphaltum are considered a pioneer of AC, they have high 

costs. Graphene was first time discovered by Novoselov et al 

in 2004 [15]. However, due to the amazing properties of 

graphene, the desire to use graphene is high. A graphene 

molecular structure is a flat plate with hexagons consisting 

of carbon atoms [15]. It is one of the main allotropes of 

carbon and graphite materials are exposed in different 

dimensions [16]. Graphene has a two-dimensional 

structure based on graphitic forms of carbon, containing 

nothing-dimensional fullerenes and one-dimensional 

carbon nanotubes [17]. In addition, graphene has become 

an individual material because of its outstanding properties 

in electrical conduction, thermal conduction, high bulk 

density, portability of its load transports, optical 

conduction [18], and mechanical properties [19]. 

Currently, a significant difference of methods is used to 

make graphene. The most popular are mechanical peeling, 

chemical peeling, chemical synthesis, and Chemical Vapor 

Deposition (CVD) [20]. Recently, many types of research 

disclosed that graphene could be a suitable adsorbent for 

the VOCs removal [21]. Therefore, in the last decade, 

activated graphene that is used to remove various 

environmental pollutants has received special attention 

from researchers. However, demands for modeling of 

absorption processes due to a high conventional 

mathematical model are complex and challenging. Hence, 

the importance of artificial neural networks became 

highlighted to define nonlinear relationships between input 

and output data [22]. On the other hand, the effect of the 

porosity and external chemistry of the adsorbent in the 

VOC adsorption capacity has been investigated, and it has 

shown that both parameters were crucial [23]. 

In this research work for uptaking n-hexane and 

cyclohexane vapor, we developed and utilized a new 

sorbent based on carbon structure, which possesses 

excellent textural features that may significantly promote 

uptake capacity. The adsorption capacity has been 

predicted using an artificial neural network and 

experimental data has been used to evaluate the model's 

accuracy. 

 

EXPERIMENTAL SECTION 

Method & Materials 

Materials 

Comphor (Merck millipore), ZnO catalyst, 

Cyclohexane, n-Hexane, Hydrogen Chloride (18% w/w), 

Zinc Chloride (ZnCl2), deionized (DI) water are used  

as a substrate material to study of removal of cyclohexane 

and n-hexane by adsorption process using activated 

nanoporous graphene. 

 

Preparation of nanoporous graphene 

To synthesize of nanoporous graphene, zinc oxide was 

deposited in a CVD reactor. The reactor has a 300 mm 

length and 50 mm diameter. The hydrogen gas enters to 

the reactor with a flow rate of 200 cc/min and reached 

900°C within one hour; then the camphor carbon source 

was placed at a temperature of 900°C and the reaction  

is allowed to take place for 2-50 min. The remaining 

material consisting of 18% w/w hydrochloric acid was 

heated at 40°C for 5 hours. Finally, it was rinsed with 

deionized water and dried in an oven at a temperature of 

90°C for 24 hours. 

 

Activation of nanoporous graphene with ZnCl2 

In the current study, nanoporous graphene was activated 

with ratios of 3, 6, and 9 with ZnCl2 as an activating agent 

in a furnace at a temperature of 500-700°C with  

a residence time of 2-3 h and rate of heating of 5°C/min 

using nitrogen gas. The activated graphene has been washed 

by 18% w/w hydrochloric acid at ambient temperature  

for 24 hours and then washed again with distilled water  

to neutralize the material, and finally dried in an oven  

at the temperature of 100°C for 24 hours.    

 

Preparation method N-doped nanoporous graphene 

N-doped nanoporous graphene has been obtained from 

melamine as a nitrogen source with a ratio of 1:1 in the 

furnace at a temperature of 700°C and heating rate of 

5°C/min under nitrogen gas (flow rate of 100 cm3/min)  
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Fig. 1: The schematic of the VOC adsorption system [24]. 

 

with a residence time of 1 h. The sample was labeled 

NPG700. 

 

VOCs vapor adsorption evaluation 

The schematic of the experimental setup was used  

to measure the adsorption capacity of VOC vapor on 

activated graphene as an adsorbent at a temperature of 

25°C and ambient pressure is shown in Fig 1. A mass 

flow controller (MFC-1) was used during the adsorption 

process to supply 130 cc/min of dry air as a carrier gas. 

The airflow from MFC-1 enters a glass bubbler 

containing VOC to produce saturated gas with VOC. The 

VOC-saturated air flows out of the bubbler and into the 

U-shaped tube containing the adsorbent. A water 

circulator was used to regulate the temperature of the 

bubbler and the adsorption column. The U-shaped 

container containing adsorbent and saturated gas was 

measured every 10 min, and the weight was defined using 

equation 1. Mt0 and Mti represent the weight of the 

adsorbent container at t = 0 and t = i of the adsorption 

time intervals, respectively. Qti represents the adsorption 

capacity of the adsorbent. 

Qti =
Mti − Mt0

Madsorbent

                                                                   (1) 

 

Characterization 

The textural properties of activated nanoporous 

graphene were measured using a static volumetric 

system by physical N2 adsorption-desorption at  

-196.15°C (ASAP 2020). The specific surface area 

(SBET) was obtained using the N2 adsorption isotherm 

using the Brunauer–Emmett–Teller (BET) equation. 

The external surface area (Sext) was defined using  

the t-plot method. The microporous specific surface 

area (Smic) was determined using the variation between 

SBET and Sext. The total pore volume (Vt) adsorb at the 

relative pressure of 0.99. The micropore volume (Vmic) 

was determined using a t-plot method, and the mesopore 

volume (Vmes) was defined through the variation 

between Vt and Vmic [1].The morphology structures  

of synthesized nanocarbons were investigated using 

field-emission scanning electron microscopy on the TE-

SCAN Model MIRA3. The analysis of surface 

functional groups was performed using Fourier 

Transform InfraRed (FT-IR) spectroscopy (Thermo 

Nicolet AVATAR 360) over the scan threshold of 

4000–400 cm−1
. 

 

RESULTS AND DISCUSSION 

 Investigation of the effect of a series of factors on the 

physical properties of activated graphene 

Fig. 2 illustrates the N2 adsorption and desorption 

isotherms and pore size distribution on the textural 

properties of activated nanoporous graphene. Table 1 

shows the surface areas (SBET, Smic, Sext) and pore volumes 

(Vt, Vmic, Vmes) of activated nanoporous graphene. Finally, 

Fig. 3 displays the association of preparation conditions 

and textural properties activated graphene (SBET , Smic , 

Sext) and (Vt ,Vmic , Vmes ). 



Iran. J. Chem. Chem. Eng. Adsorption of Cyclohexane onto Activated Nanoporous Graphene: ... Vol. 42, No. 3, 2023 

 

Review Article                                                                                                                                                                    775 

Table 1: Physical properties of adsorption capacity cyclohexane of activated graphene. 

Sample 

Specific surface (m2/g) Pore volume (cm3/g) 

Capacity adsorption (mg/g) 

SBET Smix Sext Vt Vmix Vmes 

PG.9.500 100 48.7 52.50 0.49 0.015 0.4 263 

PG.3.600 139 52.20 86.70 0.66 0.018 0.64 375 

PG.6.700 130 55.43 74.34 0.57 0.019 0.55 500 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: N2 adsorption-desorption isotherms of activated  

porous graphene. 

 

Activation temperature 
N2 adsorption and desorption isotherms and pore size 

distribution of activated graphene at temperatures of 500°C, 

600°C and 700°C  with saturation ratios of 9, 3, and 6 and 

residence time of 2 and 3 hours are shown in Fig. 2. There 

is little distinction between all isotherms; at a relative 

pressure of 0.4, the adsorption isotherms correspond to the 

first category with a hysteresis ring, demonstrating the 

existence of micropores [25].Once the activation temperature 

grew from 500°C to 600°C, SBET increased from 100 m2/g 

to 139 m2/g, and total pore volume has increased  

from 0.49 cm3/g to 0.66 cm3/g. Moreover, when activation 

temperature increases from 600°C to 700°C, the surface 

area and total pore volume decrease from 139 m2/g to  

130 m2/g and from 0.66 cm3/g to 0.57 cm3/g, respectively. 

Also, the process became reduced when the activation 

temperature is further increased (> 700°C), the SBET, and Vt 

mitigate due to the disorder of micropores [26]. 

 

Activation agent ratio (ZnCl2) 

According to Fig. 2, the N2 adsorption-desorption 

isotherms and pore size distributions of nanoporous 

graphene were used for various ZnCl2 ratios of 9, 3, and 

6. The results show when the activation temperatures rise 

to 500°C, 600°C, 700°C, it was expected the activation 

time should be about 2-3 h. Moreover, when the 

activation agent ratio adjusts on 9, 3, and 6, the 

adsorption isotherm with hysteresis loop follows the type 

IV [27]. Hysteresis rings indicate that there are many 

mesopores in the adsorbents. Fig. 3(d) shows that by 

increasing an activation agent ratio, the ratio of mesopore 

volume in Vt was increased. Therefore, the proportion  

of microspores of Vt reduces. Furthermore, using an 

activation agent ratio of 3, 6, and 9 led to over berate  

the mesopores on graphene pores. In Fig. 3(c), the 

specific surface areas have similar behavior. These 

phenomena happen due to the expanding of pores and 

diffusion of volatile and the conversion of micropores to 

mesoporous in saturation ratios [28]. 

 
Activation time 

Fig. 2 shows the N2 adsorption-desorption isotherms 

and pore size distributions of graphene nanoporous that 

has been provided at various activation time between  

2-3 hours. According to Fig. 2, all of the isotherms 

appears to be type IV, and the vast majority of the N2 

adsorption capacities are approximately the same due to 

all of the activation temperatures of 500°C, 600°C, and 

700°C and the ratios of 9, 3, and 6. According to Fig. 3(e-

f), the physical properties of activation graphene are 

proportionate with various activation times and similar to 

each other. It has been shown that the effect of activation 

time on their properties was significant compared to 

activation temperature and mass ratio. Furthermore,  

the activation time was more than 1 h, and within this 

period, the Vmic began to reduce, and the Vmes increased. 

This may be related to the pore magnitude that influences 

the lengthening of the activation time [28, 29]. 
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Fig. 3: Trends of preparation conditions and textural properties of the activated porous graphene (a-f). 

 

N2 adsorption-desorption isotherms n-doped porous graphene  

The N2 adsorption-desorption isotherms of the nanoporous 

graphene and NPG700 templates were depicted in Fig. 4. 

The indicated isotherms display a typical curve of type IV 

based on the IUPAC. The hysteresis loop begins at the 

relative pressure of about 0.4 and displays mesopores 

graphene plates on edge [27]. In addition, the SBET, the 

mean pore diameter, and total pore volume of the NPG700 

and PG were highlighted in Table 2. Additionally,  

the porous graphene's physical properties were degraded 

due to the presence of the melamine precursor. Moreover, 

the existence of free nitrogen in the lattice graphene causes 

the graphene plates to absorb together, decreasing the 

surface area of the material [30]. 
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Table 2: Physical properties of the n-doped porous graphene. 

Sample SBET  (m
2/g) Vt (cm3/g) Mean pore diameter (nm) 

PG 181.61 1.19 26.37 

NG700 62.898 0.34 21.629 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: N2 adsorption-desorption isotherms for n-doped porous graphene (a), Pore size distribution (b). 

 

FT-IR analysis 

The cyclohexane and n-hexane adsorption were 

determined by the changes of physical and chemical 

properties on the activated carbon surface [31]. The 

association of oxygen groups and aromatic ring electrons 

of cyclohexane and n-hexane was formed due to the 

interaction of both components. In this association, the 

oxygen atoms are electron-donors and aromatic rings are 

electron-acceptor [32]. The FT-IR spectra of porous 

graphene, PG.6.700+cyclohexane, and PG.6.600+n-

hexane are indicated in Fig. 5. The FT-IR spectral 

positions and vibration bands interpretations are illustrated 

in Table 3. In addition, adsorption peaks are presented in 

Fig. 5. The spectrum indicates the intricate functional 

groups that exist in the sample. In the spectra of porous 

graphene, PG.6.700 and PG.6.600, the peaks appear at 

3433.42 cm−1 and 3434 cm−1, 3436 cm−1, respectively.  

It can be related to the O-H stretching vibrations. The 

peaks at 2922, 1720.70, and 1633 cm-1 are related to C-H, 

C=O, and C=C stretching vibrations, respectively [33]. 

The band at 1384, 1406, and 1404 cm-1 are related to  

the C-O and phenols, respectively. Furthermore, the bands 

at 1104, 1108, and 1109 cm−1 are associated with the C-O 

stretching and band vibrations of C-OH, respectively [33]. 

FT-IR spectra of PG.6.700+cyclo and PG.6.600+hexane 

are compared with porous graphene. It represents several 

similar functional groups on the adsorbents. Moreover, the  
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: FT-IR spectra of porous graphene and 

PG.6.700+cyclohexane, PG.6.600+n-hexane. 

 

peaks of O-H stretching and C-O stretching vibrations are 

visible at 1104, 1086.87, and 1109 cm−1, respectively. This 

indicates the performance of the oxygen functional group 

in the structure of organic materials. However, it seems the 

PG.6.700+cyclo shows more functional groups compared 

to PG.6.600+hexane. Therefore, it shows the higher 

adsorption capacity of cyclohexane on the higher 

adsorption capacity.   

 

FE-SEM 

The morphology of porous graphene is necessary 

before activation using ZnCl2; therefore, to visualize the 

prerequisite porosity of the graphene, morphological  
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Table 3: Positions and the FT-IR spectral vibration bands. 

Samples Peak position in samples (cm-1) Assignments Peak position in reference References 

Porous graphene 

3433.42 O-H stretching vibrations 3435 [34] 

2922.46 C-H stretching vibrations 2800 [33] 

1633.55 C=C stretching vibrations 1635 [35] 

1575.91 C=C stretching vibrations 1470 [35] 

1384.53 C-O stretching  or C-O-C stretching 1270 [33] 

1086.87 C-O stretching  and vibration in C-OH 1120 [33] 

PG.6.700.cyclohexane 

3434.03 O-H stretching vibrations 3433 [34] 

2922.34 C-H stretching vibrations 3000 [33] 

1720.70 C=O stretching vibrations 1720 [36] 

1633.50 C=C stretching vibrations 1620 [1] 

1406.05 C-O stretching 1249 [1] 

1109.34 C-O stretching and vibration in C-OH 1110 [37] 

PG.6.600.hexane 

3436.36 O-H stretching vibrations 3421 [1] 

2921.95 C-H stretching vibrations 2918 [1] 

1569.33 C=C stretching vibrations 1580 [37] 

1404.74 C-O stretching 1270 [33] 

1104. 73 C-O stretching and vibration in C-OH 1051 [1] 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: FE-SEM images of the graphene before and after activation. 

 

analysis were carried out using FESEM (Fig. 6a). FESEM 

images indicate the graphene planes crumpled together to 

create a disordered solid. The mean pore diameter (26.37 nm) 

can be observed in Fig. 6(b). High porosity was formed 

after the activation process, and this was demonstrated by 

the quantity of the adsorbed material. 

 

Adsorption cyclohexane and n-hexane results  
A gravimetric method was used to measure the 

adsorption capacity of cyclohexane and n-hexane vapors. 

The cyclohexane and n-hexane vapor adsorption was measured 

by allowing them to pass over the synthesized carbons 

through the U-shaped quartz glass using N2 as a carrier gas. 

The process was carried out until a constant weight was 

obtained [37]Fig. 7 presents the adsorption capacity of 

cyclohexane and n-hexane vapor over activated carbons. 

The PG.6.3.700 has the highest efficiency with adsorbed 

amount of 500 mg/g for cyclohexane. Also adsorption 

capacity of PG.3.3.600 with a specific surface area  

of 139 m2/g was 375 mg/g for cyclohexane. According to  
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Fig. 7: Comparison of adsorption capacity for cyclohexane (a) and n-hexane (b) with different PGs. 

 

the results, cyclohexane vapor adsorption capacities 

influenced other factors except for specific surfaces. 

PG.6.3.700 has micro/mesoporous structures. However, 

the presence of mesoporous increases the absorption 

capacity of the micropores that adsorbed cyclohexane 

vapor [37]. Table 1 shows that PG.3.3.600 has a better 

adsorption efficiency than others in terms of the pore 

volume. It can be observed that PG.3.3.600 has higher 

mesopore volumes, and it illustrates that mesopores play  

a significant role in cyclohexane adsorption. The existence 

of mesopores promotes dispersion in VOC molecules [1]. 

As a consequence, the absorption capacity increases as 

shown in Fig. 7 and Table 4. The results show different 

nanoporous graphene adsorption efficiency with a mass 

ratio of 3, 6, 9 and temperature of 500, 600, 700°C  

for n-hexane and cyclohexane on activated carbons. 

However, a comparison has been made between the 

adsorption capacity of cyclohexane and n-hexane. The 

results demonstrated that cyclohexane (500 mg/g) has a 

higher adsorption capacity than n-hexane with 210.5 mg/g. 

Table 5 represents the synthesized carbons' adsorption 

capacities compared to other materials. As observed, 

cyclohexane vapor adsorption capacities of PG.6.3.700 is 

outstanding with 500 mg/g. Consequently, a high-porosity 

of graphene was achieved using CVD that is activated with 

ZnCl2.  

 

Artificial Neural Network Function 

The neural network with multilayer and post-

propagation error-Lundberg-Marquardt (LM-BP) training 

algorithm was used to model the removal system [44, 45]. 

The temperature, duration, and saturation ratio were selected 

as input data, and cyclohexane removal was chosen as 

 the target parameter (Fig. 8). In the model, the input data 

such as temperature, impregnation ratio, and time was 

entered in the excel sheet. Then the adsorption values of 

cyclohexane with nano sorbent are embedded on the same 

sheet as output data. After determining the input and 

output data, the data was divided into three parts: training 

data, validation, and testing [46, 47]. In the model, 70% of 

the data belongs to training, 15% belongs to validation,  

and 15% of the data were considered for tests. However, 

to reduce errors percentage and increase the accuracy  

of the estimated network weight and predicted values,  

the validation and testing of the network were repeated ten 

times for each stage of training. Fig. 9 represents  

the solidarity of the actual values and it was determined by 

the artificial neural network. The best line shows the best 

mean square error for the plotted network [48]. According to 

Fig. 10(a, b), correlation coefficient (R2), mean of squared 

errors (mse), and the network training process are 

acceptable when the MSE value of the training curve hits 

the lowest point and test validated values get closer to each 

other. In step 4 of the training, the value is 3.3025 Fig. 9(b) 

shows that most of the available data is allocated  

in the training section and mostly placed around  

the baseline that indicates the correct prediction of the 

network. However, the percentage of allocated data to test 

and validation was suitable. Furthermore, in Fig. 11 the 

values are estimated using the neural network against  
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Table 4. Cyclohexane and n-hexane vapor adsorption results at 25°C on activated nanoporous graphene as an adsorbent. 

Sample 

name 

Factor 1 Factor 2 Factor 3 Response 

Activation 

Temperature (°C) 

Zinc 

Chloride/Graphene 

Activation Time 

(min) 

Experimental  Cyclohexane 

Uptake (mg/g) 

Experimental 

n-hexane Uptake 

(mg/g) 

PG 500 3 120 200 200 

PG 500 6 180 300 55.55 

PG 500 9 120 263 24.39 

PG 600 3 180 375 93.75 

PG 600 6 120 415 210.5 

PG 600 9 180 325 173.9 

PG 700 3 120 428 166.66 

PG 700 6 180 500 111.11 

PG 700 9 120 480 50 

 

Table 5: Adsorption capacities of the porous graphene compared with other samples. 

Adsorbent Adsorbate Adsorption capacity (mg/g) References 

Activated carbon Cyclohexane 330 [29] 

Activated carbon benzene 160 [38] 

Durian shell activated Toluene 57.14 [39] 

Activated hydrocher Cyclohexane 121.74 [40] 

Activated carbon Toluene 414.6 [1] 

Activated GO/OMS H2(g) 23.4 [41] 

Activated OMS CH4 33.6 [41] 

Activated OMS CO2 264 [41] 

Activated OMS H2 21.6 [41] 

Activated graphene CO2 137.72 [42] 

N-doped graphene composite CO2 132 [43] 

Activated PG.3.600 n-hexane 210.5 Current work 

Activated PG.6.700 Cyclohexane 500 Current work 

Activated PG.6.600 Cyclohexane 415 Current work 

 

 
Fig. 8: Neural network function with inputs and outputs. 
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Fig. 9: Histogram of the obtained data for the selected network. 

 

(a) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10: The obtained values from the sum of the squares of error and the correlation coefficient  

of the selected neural network (a) and the sum of squares of error for the selected neural network (b). 

 

the experimental values. The solidarity coefficient of  

the model is 0.99966 (R2), which is an acceptable limit and 

entirely satisfactory [49]. 

CONCLUSIONS 

A nanoporous graphene-based adsorbent was synthesized 

to eliminate cyclohexane and n-hexane vapors  
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Fig. 11: Experimental values vs. predicted by neural network. 

 

and the adsorption performance was evaluated. Moreover, 

the factors influencing the vapor uptake capacity, such as 
the ratio of objects, activation time, and reaction activation 

temperature, were also investigated. The Levenberg-

Marquardt (LM-BP) artificial neural network model was 

employed to predict cyclohexane removal efficiency. 

According to the results, the n-hexane and cyclohexane 

uptake capacities were found to be 210.5 and 500 mg/g, 

respectively. Further, an increase in activation time, 

activation temperature, and saturation ratio of the reaction 

resulted in enhanced adsorption capacity for cyclohexane. 

The proposed neural network model displayed a good 

agreement with experimental results. Following the 

analysis of the model prediction precisions, the correlation 

for training data, test, and validation were also in good 

agreement with the experimental data. 
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