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a b s t r a c t
The main goal of this research was to evaluate the adsorption capacity of toluene, ethylbenzene and 
xylenes (TEX) onto graphene oxide nanoparticles grafted with polystyrene (GO-PS). Graphene oxide 
was polymerized using ammonium persulfate initiator. The properties of adsorbents were analyzed 
by Fourier transform infrared resonance spectroscopy, energy-dispersive X-ray spectroscopy, scanning 
electron microscopy and Brunauer–Emmett–Teller analysis. This paper includes the elements affective 
adsorption of TEX such as contact time, pH and adsorbent dose. The adsorption capacity was enhanced 
with the increasing of contact time and adsorbent dose, but changed insignificantly with pH. The find-
ings demonstrated that an optimum TEX removal efficiency was achieved at contact time of 30 min and 
adsorbent dose of 1 g/L at 20 mg/L initial TEX concentration (solution pH = 7). The different models 
were applied to predict the mechanisms of adsorption. The isotherm and kinetic models which best 
displayed the outcome obtained were the Freundlich model and pseudo-second-order kinetic for TEX, 
respectively. In addition to the main aim of present study, GO-PS was regenerated for nine cycles and 
the reused adsorbent exhibited the adsorption ability equivalent to the original, approximately.
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1. Introduction

In the last few decades, water pollution problem has 
become acute. One of the most toxic contaminants is the 
petroleum hydrocarbons due to release of petroleum prod-
ucts, diesel fuel and gasoline from leaking storage tanks 
[1]. Toluene, ethylbenzene and xylenes (TEX) characterized 
by benzene rings are used in solvents and exist in chemical 

and petrochemical industries [2,3]. TEX are known to pose 
carcinogenic health hazards [4]. Untreated wastewater of 
these industries may result in adverse effects on human life 
and environment. Therefore, TEX compounds should be 
removed from aqueous solutions because of their high tox-
icity to human health, air, soil and water [3]. Several treat-
ment techniques have been applied for the removal of TEX 
from environment. Simplicity, low cost, high efficiency and 
recovery of adsorbent have made the adsorption process 
preferable among the other conventional techniques for the 
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removal of these pollutants from aqueous solutions [2,5]. 
Additionally, adsorption is one of the most effective proce-
dures for decreasing of organic and inorganic contaminants 
from industries effluent [6].

Carbon-based materials have been applied for adsorp-
tion process due to their good chemical stability making 
them desirable for large-scale application [7]. Graphene is the 
newest member of carbon family which has attracted atten-
tion from many researchers due to its promising physical and 
chemical properties and its flexible structure [8]. Recently, 
graphene was applied as adsorbent for the removal of 
organic and inorganic pollutants [9]. Previous studies proved 
insignificant change in the adsorption efficiency of graphene 
after multiple application and reuse [7]. One derivative of 
graphene is graphene oxide (GO) that consists of graphene 
sheets with oxygen-containing functional groups [10]. GO 
can be prepared using various methods. Among these pro-
cedures, Hummers method is the most popular, because of a 
safe and easy making procedure [11]. In addition, function-
alization of graphene can improve its dispersion in solvents, 
facilitating its application [12]. Polymerization of graphene 
also can enhance its process ability [12].

Therefore, in the present work, GO was synthesized 
using the method introduced by Hummers and Offeman [13] 
and then grafted with polystyrene using ammonium persul-
fate (APS) initiator. Afterwards, graphene oxide nanoparti-
cles grafted with polystyrene (GO-PS) was applied for the 
removal of TEX from aqueous solution. The effects of contact 
time, pH and adsorbent dose on the performance of adsorp-
tion process were determined. The purpose of this work was 
not only to present new adsorption data, but also to report the 
possibility of regenerating and reusability of the adsorbent. 
Finally, adsorption isotherms at different adsorbent doses 
were studied and kinetics of adsorption were investigated.

2. Materials and methods

2.1. Materials

The chemicals tested in this study were graphite powder 
(particle size <50 μm, purity ≥99.5%, Merck, Germany), H2SO4 
(95%–97%, Merck, Germany), NaNO3 (Merck, Germany), 
KMnO4 (Merck, Germany), H2O2 (30%, Merck, Germany), 
HCl (37%, Merck, Germany), dimethylformamide (purity 
≥99.8%, Merck, Germany), allylamine (purity <99.5%, Fluka, 
USA), ammonium persulfate (Merck, Germany), NaOH 
(Merck, Germany), styrene (Chem-Lab, Belgium), methanol 
(purity ≥99.5%, Merck, Germany), sodium acetate trihydrate 
(Merck, Germany), acetic acid (acidimetric >99.5%, Merck, 
Germany), sodium hydrogen phosphate (Merck, Germany), 
sodium dihydrogen phos phate (Merck, Germany), tolu-
ene (purity ≥99%, Merck, Germany), ethylbenzene (purity 
≥99%, Merck, Germany) and xylene (purity ≥99.8%, Merck, 
Germany).

2.2. Synthesis of GO

GO was prepared from graphite powder by the Hummers 
and Offeman method [13]. In brief, the mixture of H2SO4 
(230 mL) and NaNO3 (5 g) was added into the 5 L beaker 
containing 10 g of graphite. Next, 30 g of KMnO4 was slowly 

added and stirred for 2 h in ice-water bath. The distilled 
water (460 mL) was added to the suspension. Later, 325 mL 
of H2O2 (30%) was added into the breaker with stirring while 
the temperature of the dispersion was kept between 90°C and 
100°C for 2 h. After filtering, the mixture was washed using 
HCl (3%) and also with distilled water for several times. The 
filtered cake was dried at 45°C for 2 d in oven to obtain dark 
brown GO powder. GO was characterized via Fourier trans-
form infrared spectroscopy (FTIR; Thermo Nicolet, model: 
NEXUS 870 FT-IR, USA), energy-dispersive X-ray spectros-
copy and scanning electron microscopy (EDX and SEM; Zeiss, 
model: Sigma, Germany) and Brunauer–Emmett–Teller (BET; 
BELSORP-mini II, Japan) techniques.

2.3. Grafting of GO with polystyrene:

GO solution was prepared by dissolving 2 g of GO in 
dimethylformamide (20 mL). The solution was stirred at 
room temperature while 10 mL of allylamine was added 
to the solution. The mixture was stirred at 160 rpm for 
2 d. Thereafter, the suspension was washed with 20 mL of 
dimethylformamide. The solution was filtered and dried 
at room temperature. The grafting of GO with allylamine 
(GO-AA) was analyzed by FTIR spectroscopy. Styrene was 
washed three times by 5% NaOH to remove the inhibitor 
and then washed with distilled water. The modified GO was 
mixed with APS (0.5 g) and methanol (30 mL). The mixture 
was stirred with magnetic bar. Afterwards, styrene (30 mL) 
was added to the mixture and the system was then heated at 
60°C. The system was fitted with condenser, nitrogen atmo-
sphere and stirred with magnetic bar for 5 h. Finally, the solu-
tion was washed with 30 mL of methanol. The mixture was 
filtered and dried in vacuum oven at 60°C. GO-PS was ana-
lyzed using FTIR, EDX, SEM and BET techniques.

2.4. Chemical analysis method

The TEX concentration in water was determined via gas 
chromatograph (Agilent GC, 6890N) with flame ionization 
detector (GC-FID) by head space sampling method. The 
FID test was done the following conditions: temperature of 
250°C, makeup of 45 mL/min, air flow at 350 mL/min and H2 
flow of 40 mL/min. A capillary column, HP-5 (length: 30 m, 
diameter: 0.32 mm, film thickness: 0.25 μm) was employed 
with N2 as the carrier gas at a flow rate of 1.7 mL/min. The 
GC-FID was operated using the injection technique of split 
(2:1), injector temperature of 210°C and injection volume of 
2 μL. The following temperature program was used: 40°C 
for 3.5 min and 3°C/min to 65°C and then increased to 220°C 
with the rate of 30°C/min for 1 min.

2.5. Adsorption experiments

A series of 100 mL flasks were placed in a rotary shaker 
(IKA, KS 260 Basic, Korea) and the solution of TEX with 
adsorbent was added to the flasks. Next, the mixture was 
shaken at 150 rpm and filtered with syringe filter. Batch 
adsorption studies were carried out to investigate the effects 
of the following parameters: contact time (5, 10, 15, 20, 30 and 
60 min), initial pH (4, 5, 6, 7 and 8) and adsorbent dose (0.1, 
0.2, 0.5, 1, 2 and 5 g/L) for the removal of TEX from aqueous 
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solutions using GO-PS at room temperature. Finally, the 
results of the batch adsorption experiments were determined 
using GC-FID. The amount of TEX adsorption was calculated 
using the following equations:

q C C
t

t v
m=
−( )0

 (1)

RE(%) = ( )C C
C

t0

0
100−  (2)

2.6. Regeneration study of GO-PS

The experiment for the adsorption capacity of the recycled 
adsorbent was carried out for nine sequential cycles. Adsorbent 
was washed using methanol and distilled water for every cycle. 
In this part, GO-PS was regenerated for reusing with the fol-
lowing procedure: 30 min contact time, pH of 7, initial TEX 
concentration of 20 mg/L, adsorbent dose of 1 g/L, temperature 
of 23°C and agitation speed of 150 rpm. The suspensions were 
centrifuged (3,000 rpm for 5 min) and filtered with syringe fil-
ter. Finally, the clear supernatant was analyzed by GC-FID.

2.7. Isotherm and kinetic experiments

Isotherms behavior of TEX adsorption on GO-PS was 
studied using Freundlich, Dubinin–Radushkevich, Temkin 
and Harkins–Jura models. The Freundlich isotherm can be 
described for multilayer adsorption on a heterogeneous 
adsorbent surface (Eq. (3)) [2,14]. The Dubinin–Radushkevich 
isotherm demonstrates the type of adsorption process bas-
ing on chemical or physical mechanism (Eq. (4)) [2,15]. E is 
the adsorption energy and this value can be described by 
Eq. (6) [2]. The Temkin isotherm is explained basing on heat 
of adsorption and the adsorbent–adsorbate interaction on 
the surface (Eq. (7)) [15]. The Harkins–Jura adsorption model 
calculates by multilayer adsorption (Eq. (8)) [16]. Isotherm 
equations of adsorption are shown in Table 1.

In order to interpret the kinetic batch experimental data, 
four different kinetic models were used: (1) pseudo-first-order 

model (Eq. (9)) [17], (2) pseudo-second-order model (Eq. (10)) 
[18], (3) intraparticle diffusion model (Eq. (11)) [2] and (4) 
Elovich model (Eq. (12)) [17]. The equations of adsorption 
kinetic are presented in Table 2.

3. Results and discussion

3.1. Characterization

The structure of GO, GO-AA and GO-PS were analyzed 
by FTIR spectroscopy (Fig. 1). Fig. 1 shows GO characteristic 
bands, which presents the following functional groups: 1,054 
and 1,222 cm–1 (C–O stretching vibration), 1,421 cm–1 (stretch-
ing vibration of CH2), 1,720 cm–1 (C=O groups stretching vibra-
tion), and 1,628 and 3,440 cm–1 (O–H stretching vibration) [5]. 

In the spectrum of GO-AA, the C–O peak at 1,034 cm–1 
is broadened [19]. Adsorption band at 3,363 cm–1 which dis-
closes the presence of O–H and N–H groups are of high 
intensity on GO-AA [20]. For GO-PS, the peak at 1,061 cm–1 
is assigned to the bond of C–O [21]. Adsorption band of C=C 
aromatic around wave number 1,552 cm–1 is created after graft-
ing GO with polystyrene when compare with GO-AA spec-
trum [22,23]. Further, the vibration at 2,925 cm–1 is observed in 
GO-PS, which is attributed to –C–H stretching (alkane) [22,23]. 
Adsorption peak at 3,423 cm–1 on GO-PS spectrum confirms 
the presence of O–H and N–H functional groups [24,25].

The morphology of the prepared materials was inves-
tigated using field emission scanning electron microscopy 
equipped with an EDX detector (Oxford instruments). To 
understand the elemental composition of the material, the 
composite was studied using EDX analysis, where, it can be 
seen that the major elements present are carbon, oxygen and 
nitrogen. The elemental analysis of GO and GO-PS by EDX is 
shown in Figs. 2(a) and (b). The weight percentage of C and O 
calculated from EDX for GO were 57.17% and 42.83% and the 
percentage of C, O and N for GO-PS reached 45.98%, 46.32% 
and 7.70%, respectively. The change in the weight percentage 
for elements was due to the existing nitrogen which confirms 
good grafting with allylamine and polymerization. The for-
mation of GO-PS is described in Fig. 3.

Table 1
Isotherm equations

Isotherm name Isotherm equation Equation Description

Freundlich
log log logq k

n
Ce f e= +

1 (3)
The intercept and slope of the plot of logqe vs. logCe were used 
to evaluate kf and n values 

Dubinin–Radushkevich ln lnq q Be m= − ε2

ε = +








RT 1

1
Ce

E
B

=
1
2

(4)

(5)

(6)

B can be calculated by the plot of lnqe vs. ε2

Temkin q B k B Ce t e= +1 1ln ln (7) The values of kt and B1 can be obtained by plotting qe against lnCe

Harkins–Jura 1 1
2

2

qe

B
A A

Ce= − log (8)
The constants of A and B2 can be obtained by plotting 1/qe

2
 

against logCe
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The SEM images of GO and GO-PS are illustrated in 
Fig. 2. The structure of GO consisted of many layers was con-
firmed by the SEM image (Fig. 2(a)). The image denotes that 
the GO was synthesized properly. Figs. 2(c) and (d) show the 
SEM images of porous GO-PS revealing the wrinkles and 
folds. These crumples show the flexibility of the adsorbent 
and abundant oxygen-containing functional groups on the 
sheet of the adsorbent [5].

The BELSORP instrument was used for textural proper-
ties of the adsorbents by N2 adsorption/desorption isotherms 

at 77 K. The surface area of GO and GO-PS were evaluated 
by the BET model, while the average pore diameter and 
total pore volume were estimated with Barrett–Joyner–
Halenda theory. The total pore volume was calculated with 
the adsorbed amount at a relative pressure (P/P0) of 0.990. 
Before grafting of GO, a specific surface area of 13.24 m2/g, 
total pore volume of 0.0161 cm3/g and average pore diame-
ter of 4.853 nm are measured [5]. After polymerization, the 
surface area, total pore volume and average pore diameter 
were found to be 9.5262 m2/g, 0.0168 cm3/g and 7.0512 nm, 
respectively. The average pore diameter was increased about 
twice as the original and total pore volume increased even 
more. Styrene polymer chains connected to GO takes place 
between the layers. This phenomenon increases the pore vol-
ume diameters. Furthermore, some groups on GO-PS can 
create space and disperse average pore during aggregation 
[5,26]. The surface area of the adsorbent decreased with a 
low amount. The structure of GO-PS is almost similar to GO 
because polystyrene chains contain phenyl groups that have 
structure similar to that of the GO. It may be due to the insig-
nificant change in surface area.

3.2. Influence of contact time on TEX adsorption

The effect of contact time on the adsorption of TEX on 
GO-PS was investigated to determine the equilibrium point. 
The adsorption experiments were carried out for contact times 
ranging from 5 to 60 min. The results are shown in Fig. 4. It is 
observed that, the sharp slope was obtained for TEX adsorp-
tion during the first 5 min. The adsorption capacity increased 
during the second time period (5–30 min) and had no sig-
nificant change after 30 min. The TEX adsorption achieved 

Table 2
Kinetic equations

Kinetic name Kinetic equation Equation Description

Pseudo-first-order log log
.

q q q
k

te t e− = − 1

2 303
(9)

The values of k1 and qe can be determined from the slope and 
intercept of the plotting log(qe – qt) against t

Pseudo-second-order t
q q k

t
qt e e

= +
1
2

2

(10)
The values of k2 and qe can be evaluated by plotting t/qt vs. t

Intraparticle 
diffusion

q k t ct p= +0 5. (11) kp can be calculated from the slope of the plot of qt vs. t0.5

Elovich q a b tt = − ln (12) The constants a and b can be obtained by plotting qt against ln(t)

Fig. 1. FTIR spectra of adsorbents: (a) GO, (b) GO-AA and (c) 
GO-PS.

Fig. 2. (a) SEM image and EDX spectrum of GO, (b) SEM image 
and EDX spectrum of GO-PS, and (c) and (d) SEM images of 
GO-PS.

 

Fig. 3. Representation of the preparation of GO-PS.
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equilibrium in about 30 min. According to these results and 
our previous work [5], sorbent had good adsorption in the 
initial stage, which may be due to the high accessibility to the 
active sites on GO-PS. Similar observations on high adsorp-
tion at the beginning of procedure were reported by other 
researchers [3,5,27–29].

3.3. Influence of pH on TEX adsorption

A pH range of 4–8 was applied for the removal of TEX 
by GO-PS. The solutions pH of 4 and 5 were adjusted with 
sodium acetate–acetic acid buffer solutions. The effect of 
solution pH was investigated in the range between 6 and 8 
via adjusting the solution pH with buffer of sodium hydro-
gen phosphate–sodium dihydrogen phosphate. Fig. 5 depicts 
the influence of pH on TEX removal. As seen in Fig. 5, increas-
ing the pH range has negligible effect on the adsorption of 
TEX on GO-PS. These observations are consistent with that of 
other research [2,30]. According to these results, GO-PS has 
high stability in the wide ranges of pH.

3.4. Influence of adsorbent dose on TEX adsorption

Other experiments were also carried out to determine the 
effect of the adsorbent dose on TEX removal in the range of 

0.1–5 g/L. The findings are depicted in Fig. 6. It was found 
that the removal efficiency of TEX increased with increasing 
the initial amount of GO-PS. The removal efficiency achieved 
to 60%, 64%, 70% and 70% in 1 g/L of adsorbent for toluene, 
ethylbenzene, p-xylene and o-xylene, respectively. At higher 
dose (5 g/L), the adsorption capacity increased more remark-
ably. It was found that 79% (toluene), 86% (ethylbenzene), 
92% (p-xylene) and 90% (o-xylene) for every compound. This 
finding can be explained by the fact that available adsorp-
tion sites, the surface area of the adsorbent and active func-
tional groups are enhanced with increasing of adsorbent 
dose [18,29,31,32]. The optimum point of adsorbent dose was 
selected as 1 g/L.

The adsorbent preference in the adsorbate is observed in 
Fig. 6, it decreases in the order of p-xylene > o-xylene > eth-
ylbenzene > toluene. These results are in agreement with the 
findings reported by the other researchers for the same com-
pounds [2,4,33]. Toluene had the lowest adsorption capac-
ity among the four compounds because of: (1) high water 
solubility (toluene = 515 mg/L, ethylbenzene = 152 mg/L, 
p-xylene = 198 mg/L and o-xylene = 175 mg/L), (2) low molec-
ular weight (toluene = 92 g/mol, ethylbenzene = 106 g/mol, 
p-xylene = 106 g/mol and o-xylene = 106 g/mol) and (3) hydro-
phobicity (based on their octanol–water coefficient log val-
ues) (toluene = 2.69, ethylbenzene = 3.15, p-xylene = 3.15 and 
o-xylene = 2.77) [2,4]. Molecular weight of ethylbenzene, p-xy-
lene and o-xylene is 106 g/mol. Adsorption capacity between 
the three compounds can be changed meanwhile in this 
study p-xylene had the greatest adsorption. The –CH3 bonds 
have symmetry that take place on benzene ring in p-xylene. 
The π–π interactions between the rings of adsorbent and 
p-xylene are generated easily because of this symmetry. This 
can be the reason for that why p-xylene has higher adsorption 
capacity than o-xylene and ethylbenzene. Finally, molecular 
size can also effects the active surface sites available for the 
adsorption [3,5].

3.5. The regeneration

The recycling and regeneration in sorption processes can 
help to reuse the used adsorbent reducing the costs of the 
adsorption [2,34]. GO-PS was washed using methanol and 
distilled water to regenerate the used adsorbent for nine 

Fig. 4. Effect of contact time on the adsorption of TEX via GO-PS 
(TEX solution: 20 mg/L; adsorbent dose: 1 g/L; pH: 7; room tem-
perature: 23°C, shaker speed: 150 rpm).

Fig. 5. Effect of pH on the adsorption of TEX by GO-PS (contact 
time: 30 min; TEX solution: 20 mg/L; adsorbent dose: 1 g/L; room 
temperature: 23°C, shaker speed: 150 rpm).

Fig. 6. Effect of adsorbent dose on the TEX removal (contact time: 
30 min; TEX solution: 20 mg/L; pH: 7; room temperature: 23°C, 
shaker speed: 150 rpm).
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cycles. The influence of repeated regeneration of GO-PS on 
the removal efficiency is shown in Fig. 7. At the first regen-
eration step, a small decrease of 10% is observed in TEX 
removal amount. Then, the adsorption of GO-PS for TEX 
was changed negligibly for every compound with increas-
ing of the cycle number. This finding is in agreement with 
those reported by other researchers [5,7,28,35]. According to 
these results and our previous work [5], GO-based materials 
have high ability in the regeneration as an adsorbent, which 
is likely due to the improvement of the surface and pore 
volume of the adsorbent during the washing process. Thus, 
GO-PS can be reused over multiple cycles without any signif-
icant loss in its adsorption capacity. It is notable that the TEX 
adsorbed by the GO-PS could be easily desorbed by washing. 
Consequently, GO-PS can be used repeatedly in water and 
wastewater treatment from TEX. 

3.6. Isotherm and kinetic studies

3.6.1. Adsorption isotherms

To determine adsorption isotherms, experiments were 
carried out under the following conditions: contact time = 
30 min, initial concentration of TEX = 20 mg/L, pH = 7, agi-
tation speed = 150 rpm and the range of 0.1–2 g/L for the 
adsorbent dose. Four isotherm models, namely Freundlich, 
Dubinin–Radushkevich, Temkin and Harkins–Jura were 
used in the present study.

Isotherms behavior of TEX adsorption on the GO-PS 
was investigated using models, and the results are pre-
sented in Table 3. As seen in Table 3, the Freundlich model 
fits the experimental data better than the other models with a 
higher coefficient of determination (R2) of 0.890, 0.952, 0.947 
and 0.933 for toluene, ethylbenzene, p-xylene and o-xylene, 
respectively. The Freundlich model demonstrates surface het-
erogeneity of the adsorbent [18]. The value of E in Dubinin–
Radushkevich model shows the type of adsorption process 
[2]. The adsorption mechanism is physical and chemical in 
the range of E < 8 kJ/mol and E > 16 kJ/mol, respectively [2]. 
Ion-exchange mechanism can be resulted from the range 
of 8 < E <16 kJ/mol [2]. The E parameters shown in Table 3 
are from the Dubinin–Radushkevich model, which is in the 
range of 0.2747–0.5075 kJ/mol. Consequently, influential 
mechanism is physical adsorption.

3.6.2. Adsorption kinetics

The adsorption kinetics were studied considering 
the following conditions: initial concentration of TEX = 
20 mg/L, pH = 7, the adsorbent dose = 1 g/L, agitation speed 
= 150 rpm and a range of 5–30 min for contact time. The 
batch kinetic data were analyzed using pseudo-first-order, 

Table 3
Isotherm constants and correlation coefficients for TEX adsorption onto GO-PS 

Toluene Ethylbenzene p-Xylene o-Xylene

Freundlich
kf (L/mg) 2.1923 × 10–6 1.1371 × 10–9 1.1068 × 10–4 2 × 10–2

n 0.1373 0.0865 0.1565 0.2897
R2 0.8902 0.9515 0.947 0.933
Dubinin–Radushkevich
B (mol2/kJ2) 4.8752 6.6223 3.175 1.9411
E (kJ/mol) 0.3202 0.2747 0.3968 0.5075
R2 0.8779 0.945 0.9354 0.9144
Temkin
kt (L/mg) 0.1284 0.1408 0.1719 0.1767
B1 212.98 402.84 235.16 109.86
R2 0.6928 0.7956 0.8153 0.8651
Harkins–Jura
A 6.8116 5.3050 11.1358 19.3423
B2 1.0156 0.9315 0.9053 1.005
R2 0.6166 0.6075 0.6285 0.5687

Fig. 7. The regeneration of GO-PS (contact time: 30 min; TEX 
solution: 20 mg/L; adsorbent dose: 1 g/L; pH: 7; room tempera-
ture: 23°C, shaker speed: 150 rpm).
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pseudo-second-order, intraparticle diffusion and Elovich 
models. 

The constants and R2 values relevant to the kinetic mod-
els are listed in Table 4. Adsorption kinetic data fits better 
to the pseudo-second-order model than the other models. 
The R2 values for pseudo-second-order model were 0.989, 
0.994, 0.998 and 0.999 for toluene, ethylbenzene, p-xylene and 
o-xylene, respectively. 

The values of qe (experimental) and qe
 (calculated) of the 

pseudo-first-order and pseudo-second-order models are 
also listed in Table 4. The qe values for pseudo-second-order 
model were 14.903 mg/g (toluene), 16.155 mg/g (ethylben-
zene), 16.978 mg/g (p-xylene) and 14.881 mg/g (o-xylene). 
Based on these results, the values obtained from this model 
were close to the experimental values, indicating the suitable 
accuracy of the pseudo-second-order model.

3.7. Comparative study

Comparisons of the adsorption capacity via dif-
ferent adsorbents in TEX removal are summarized in 
Table 5. Considering the finding of this study, GO-PS has 
high potential for TEX adsorption capacity. According to 
the adsorption capacity of GO and GO-A (graphene oxide 
nanoparticles modified with 4-aminodiphenylamine) in 
our previous study [5], GO-PS was better than these adsor-
bents. This can be because of the phenyl rings in GO and 
styrene which generate π–π interaction with the rings of 
TEX compounds. Furthermore, it may be due to the fact 
that the number of styrene polymer chain was high which 
increases the adsorption of TEX. The adsorption capacity 
of TEX appeared with no significant changes in a wide pH 
range, confirming the good stability of the GO-PS as TEX 
adsorbents in a wide range of pH. On the other hand, the 
equilibrium contact time of GO-PS was obtained 30 min 
indicating more suitable for emergency TEX removal in 

industrial applications which need rapid adsorption pro-
cess. It is noteworthy that although GAC and CNT listed in 
Table 5 show higher adsorption capacity than GO-PS, they 
required the contact time of 480 and 240 min, respectively 
(which is significantly greater than that of the GO-PS). In 
addition, GO-PS was capable to be regenerated for nine 
cycles with good adsorption capacity. Consequently, 
GO-PS can be proposed an applicable and efficient adsor-
bent for TEX removal from aqueous solutions.

4. Conclusions

This study investigated a modification method for GO 
which was efficient, in order to improve the adsorption 
capacity of TEX. Adsorption equilibrium time was selected 
as 30 min throughout this research. This characteristic is 
suitable for the TEX removal which needs rapid treatment. 
Furthermore, the effect of initial pH on the adsorption of 
TEX by GO-PS showed that sorbent has stability in the 
different ranges of pH. The studies exhibited that GO-PS 
can be regenerated using methanol and distilled water and 
reused for at least nine cycles without any notable loss in 
its adsorption capacity, approximately. This finding demon-
strated the ability of GO-PS as a cost-benefit adsorbent. 
The removal efficiency of toluene, ethylbenzene, p-xylene 
and o-xylene at the equilibrium condition (contact time = 
30 min, adsorbent dose = 1 g/L and pH = 7) was 70%, 75%, 
80% and 70%, respectively. Considering the findings of this 
research, the adsorption behavior of GO-PS fitted well with 
the Freundlich isotherm (R2 in the range 0.890–0.952) and 
the pseudo-second-order model (R2 in the range 0.989–
0.999). Consequently, GO-PS is a new modification of GO 
that grafted with polystyrene. Because of reusable property 
and stability of GO-PS, this adsorbent can be considered as 
one of the functional choices for TEX removal from aqueous 
solutions.

Table 4
Kinetic parameters for adsorption of TEX onto GO-PS

Toluene Ethylbenzene p-Xylene o-Xylene

qe(experimental) (mg/g) 14 15 16 14
Pseudo-first-order
k1 (1/min) 0.0444 0.1034 0.1057 0.2093
qe(calculated) (mg/g) 3.9682 6.4803 5.6689 10.8168
R2 0.9493 0.7968 0.9386 0.8617
Pseudo-second-order
k2 (g/mg min) 0.0229 0.0231 0.0292 0.0377
qe(calculated) (mg/g) 14.9031 16.1550 16.9779 14.8809
R2 0.9888 0.9937 0.9983 0.9992
Intraparticle diffusion
kp (mg/g min1/2) 0.9277 1.0304 0.9914 0.9192
c 8.5539 9.3589 10.749 9.3865
R2 0.9184 0.9157 0.9429 0.8802
Elovich model
a 7.983 8.6397 9.9141 8.448
b 1.5891 1.7978 1.7846 1.7178
R2 0.8287 0.8572 0.9395 0.9453
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Table 5
Comparisons of qe via various adsorbents in TEX adsorption

qe (mg/g) Conditions
Adsorbents Toluene Ethylbenzene p-Xylene o-Xylene Xylenes C0 (mg/L) Contact 

time
Adsorbent 
dose (g/L)

Ref.

GO-PS 14 15 16 14 – 20 30 min 1 This 
study

GO 7.8 9.7 10.2 8.8 – 20 5 min 1 [5]
GO-A 11.3 13.6 14 12.2 – 20 5 min 1 [5]
Granulated zeolite 
nanoparticles

0.898 0.746 – – 0.674 20 48 h 5 [36]

Montmorillonite modi-
fied with polyethylene 
glycol

4.18 5.12 – – 6.00 150 24 h 5 [2]

Smectite organoclay 0.69 0.72 0.75 – – 29.06 
(toluene)

60 min 20 [3]

8.58 
(ethylbenzene)
8.52 (p-xylene)

Ostrich bone waste-
loaded a cationic 
surfactant

119.5 144.1 137.7 – – 100 60 min 10 [37]

Activated carbon 
prepared from date pits

5.0 5.6 – – 6.2 10 – 1 [38]

CNT 80.1 81.1 147.8 – – 200 4 h 0.6 [39]
CNTs–3.2% O 99.47 115.63 – – – 15–110 

(toluene) 
6 h 0.4 [40]

10–80 
(ethylbenzene)

MWCNT 9.8 9.9 – – 9.9 10 10 min 1 [41]
SWCNT 9.98 9.98 – – 9.98 10 10 min 1 [41]
Hybrid CNT 9.95 9.96 – – 9.96 10 10 min 1 [41]
Nano-Fe 9.8 9.8 – – 9.98 10 10 min 1 [41]
PAC 40 – – – – 100 18 h 2.5 [42]
GAC 194.1 – – – – 35–442 8 h 1.5 [43]
SWCNT – – 77.5 – – 7–107 24 h 0.357 [44]
SWCNT (HNO3) – – 85.5 – – 7–107 24 h 0.357 [44]
GAC 221.3 250.65 301.4 – – 20–200 240 min 0.6 [30]
CNT (NaOCl) 279.81 342.67 413.77 – – 20–200 240 min 0.6 [30]
SWCNT (NaOCl) 103.2 – – – – 200 24 h 0.025 [45]
CNTs–KOH 87.12 322.05 – – – 9–60 (toluene) 24 h 0.4 [46]

11–83 
(ethylbenzene)

ACF 85 237 185 – – 100 – 12.5 [30]
PMO 5.147 – – – – 10 50 min 4 [47]

Note: GO-A – graphene oxide nanoparticles modified with 4-aminodiphenylamine, CNT – carbon nanotube, MWCNT – multi-walled carbon 
nanotubes, SWCNT – single-walled carbon nanotubes, PAC – powdered activated carbon, GAC – granular activated carbon, ACF – activated 
carbon fiber and PMO – periodic mesoporous organosilica.
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Symbols

qt — Adsorbent capacity of adsorbate, mg/g
RE (%) — Removal efficiency, %
C0 —  Initial concentration of the adsorbate, mg/L
Ct —  Concentration of the adsorbate after a certain 

period of time, mg/L
m — Mass of adsorbent, g
v — Volume of the solution, L
qe —  Adsorption capacity of the adsorbent at 

equilibrium, mg/g
Ce —  Concentration of adsorbate at equilibrium, mg/L
kf — Freundlich constant, L/mg
n —  A constant related the intensity of adsorption
qm —  Theoretical monolayer saturation capacity, mg/g
B — Constant of the sorption energy, mol2/kJ2

ε — Polanyi potential
R — Universal gas constant, 8.314 J/mol K
T — Absolute temperature
E — The adsorption energy, kJ/mol
B1 — A constant related to the heat of adsorption
kt — The constant of equilibrium binding, L/mg
A — A constant in Harkins–Jura isotherm
B2 — A constant in Harkins–Jura isotherm
k1 —  Rate constant of pseudo-first-order adsorption, 

1/min
k2 —  Rate constant of pseudo-second-order adsorp-

tion, g/mg min
kp —  Rate constant of the intraparticle diffusion kinetic 

model, mg/g min1/2

c — A constant in intraparticle diffusion kinetic
a — A constant in Elovich model
b — A constant in Elovich model
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