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ABSTRACT

The purpose of this study was to investigate the effect of graphene oxide nanoparticles
modified with 4-aminodiphenylamine (GO-A) on the removal of toluene, ethylbenzene, and
p-o-xylene (TEX). Nano-sorbent was characterized using Fourier transform infrared
resonance spectroscopy, carbon, hydrogen and nitrogen elemental analysis, Brunauer-
Emmett-Teller analysis, and transmission electron microscopy. The effect of different experi-
mental parameters including contact time, pH, and initial concentration of adsorbate and
adsorbent were examined. According to the results, an optimum TEX removal efficiency
was observed at contact time = 5 min, pH 4, and adsorbent dose = 1 g/L at 20 mg/L initial
TEX concentration. Besides, the point of zero charge (pHp,.) was evaluated to be 4. The
adsorption isotherms (Langmuir, Freundlich, and Dubinin-RadushKevich) and kinetics
(pseudo-first-order, pseudo-second-order, intraparticle diffusion, and Elovich) were used to
indicate the isotherm and kinetic parameters. The adsorption process followed Langmuir
isotherm and pseudo-second-order kinetic. Finally, GO-A was regenerated at seven cycles
for the TEX removal confirming its good regeneration capacity.
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1. Introduction

Nowadays, many industrial activities produce
various types of anionic, cationic, and organic pollu-
tants [1]. These contaminants are discharged into
water resources and environment. Therefore, contami-

*Corresponding author.

nation of resources by organic compounds has become
an important environmental problem in recent years.
The hazardous aromatic hydrocarbons exist in the
effluent of industrials such as petroleum industry
producing gasoline and diesel fuel [2,3]. These
compounds can be contaminated water resources via
leakage of petrol from the storage tanks [4]. Toluene,
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ethylbenzene, and xylenes are the persistent and
toxicity compounds which are found in most of the
contaminated sites [4]. Toluene and xylenes are also
used as solvent in other industries polluting soil, air,
groundwater, and surface water [5,6]. The maximum
permissible concentration of toluene, ethylbenzene,
and xylenes in drinking water are 0.7, 0.3, and
0.5mg/L, respectively [7]. These compounds have
irreparable impression in human health including:
cancer, respiratory problems, and disruption of liver
and kidney, irritation of mucosal membranes and
hematological changes [2,3]. Therefore, it is necessary
to remove these compounds from the environment.

Several methods are available for the removal of
oil pollutants from aqueous environment such as:
in situ burning, mechanical collection, chemical dis-
persants, bioremediation, and adsorption [8]. Adsorp-
tion is the one of the best techniques used for the
removal of contaminants from water resources and
wastewater [9]. Adsorption has been suggested as an
excellent treatment method due to the features such
as simple design, easy to adapt, economical, low
production of toxic byproducts, and high efficiency
[10-12]. Among the absorbents, carbon base materials
have special properties such as structural diversity,
low density, chemical stability, and suitability for
large-scale production. These features have aroused a
lot of attraction in research in the last few decades
[10].

Graphene is the one of the new-developed material
from carbon groups and an allotrope of carbon [13,14].
The structure of graphene is composed of one single-
thick sheet and two dimensional layers of sp” carbon
atoms [15]. Graphene-based material has many benefi-
cial properties such as: large specific surface area, high
electron mobility at room temperature, stable elec-
tronic, and mechanical properties, high thermal con-
ductivity, specific magnetism [13,14]. Due to these
graphene-specific properties, it has been increasingly
used as an effective adsorbent [16]. One derivative of
graphene is graphene oxide (GO) that is used widely
[17]. GO sheets consist of functional groups such as:
carboxyl, hydroxyl and carbonyl groups [18]. Further-
more, GO is the graphene functionalized with groups
of oxygen [19]. GO has some advantages compared to
other adsorbents due to its low cost and environmen-
tally friendly nature [8]. In addition, chemical modifi-
cation of graphene and GO can increase its
applications [10,20]. On the other hand, researchers
have found out that graphene can be reused for at
least five times without decreasing its adsorption
efficiency [10]. Therefore, reusing of the residual mate-
rial of the adsorption process for several times has an
economic value [21].
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In this study, GO was synthesized and modified
with 4-aminodiphenylamine. Afterwards, adsorption
of toluene, ethylbenzene, and p-,0-xylene (TEX) from
aqueous solution using GO-A was investigated. For
this purpose, the effects of contact time, pH, adsorbent
dose, and initial TEX concentration on the perfor-
mance of adsorption process were studied. Isotherm
and kinetic adsorption studies were also conducted
for planning of adsorption systems and determination
of adsorption mechanism, respectively. Finally, the
regeneration test were performed on the adsorbents
(GO and GO-A) for several cycles and the results were
compared.

2. Experimental section
2.1. Materials

All of the materials in this study were purchased
from Merck, except for petroleum ether which was
obtained from Romil pure chemistry. The characteris-
tics of the materials are as follows: Graphite powder
(<50 pm, 299.5%), HySO4 (95-97%), NaNOs;, KMnOy,
H,O, (30%), HCl (37%), cyanuric chloride (=99%),
4-aminodiphenylamine (=98%), sodium chloride,
methanol (purity > 99.5%), sodium acetate trihydrate,
acid acetic (100%), sodium hydrogen phosphate,
sodium dihydrogen phosphate, toluene (purity > 99%),
ethylbenzene (purity 299%) and xylene (purity >
99.8%). Physico-chemical properties of TEX are shown
in Table 1.

2.2. Preparation of GO

GO was synthesized from graphite powder using
the method introduced by Hummers and Offeman
[23]. At first, 230 ml of the concentrated H,SO, was
added to the 5L beaker containing a mixture of gra-
phite (10 g) and NaNO; (5 g). The mixture was stirred
for Th at room temperature. Then, 30 g of KMnO,
were gradually added into the mixture. The beaker
was placed in ice water bath. After 2h of stirring,
460 ml of distilled water was added to the beaker and
this reaction created a small amount of gas.
Afterwards, 325 ml of H,O, (30%) was added to the
solution slowly in order to reduce the surplus KMnO,.
Suspension was bubbling while stirring for 2 h. Dur-
ing the reaction, the temperature kept between 90 and
100°C. As soon as the color of suspension became
greenish yellow, the mixture was filtered by filter
paper. The cake was washed using HCl (3%) and the
suspension was stirred for 1h to remove the sulfite
ions. Finally, the filter cake was washed by distilled
water for several times until pH reached to the neutral
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Table 1

The physicochemical properties of TEX [2,3,22]

Property Toluene Ethylbenzene Xylenes
Formula C6H5cH3 CGHSCH2CH3 C6H4(CH3)2
Density (g/ml) 0.867 0.867 0.868
Polarity Non-polar Non-polar Non-polar
Solubility at 20°C 515 152 150-198*
Molar weight (g/mol) 92.15 106.18 106.18
Boiling point (°C) 111 136 137-144"

“Depends on type of xylene (m-, p-, and o-xylene).

level of seven. The GO was dried at 45°C for 2d in
oven and finally characterized by Fourier transform-
infrared resonance (FTIR) (Thermo Nicolet, model:
NEXUS 870 FT-IR, USA), carbon, hydrogen, and
nitrogen (CHN) (Eager 300 for 1112, USA) and
Brunauer-Emmett-Teller (BET) (BELSORP-mini II,
Japan) techniques.

2.3. Coupling of GO with cyanuric chloride

Cyanuric chloride was prepared using the proce-
dure proposed by Heydarinasab et al. [24]. About 1 g
of GO was added into an Erlenmeyer flask. Then,
40 ml of petroleum ether was added. Erlenmeyer flask
was sealed with plastic stopper and the mixture was
stirred for 1h at 350 rpm. The suspension was dis-
persed in distilled water by ultrasonic bath (Ultrasonic
cleaner, model: WUC-AQ03H, Korea) for 30 min. After-
wards, 1 g of cyanuric chloride was added to the mix-
ture and placed on a rotary shaker (IKA, KS 260 Basic,
Korea) for 10 h at 100 rpm. The solution was remained
for only 24 h. Suspension was then washed with 25 ml
of petroleum ether and stirred for 24 h. Finally, the
mixture was filtered and dried. The coupling of GO
with cyanuric chloride (GO-C) was characterized by
FTIR spectroscopy.

2.4. Modification of GO-C

At first 4-aminodiphenylamine (0.5 g) was added
to a boiling flask. The mixture of acetate sodium buf-
fer solution (pH 5, 0.01 M) and methanol were added
to the flask. This solution was stirred at room temper-
ature until 4-aminodiphenylamine was fully dissolved.
The GO-C was added to the mixture and the suspen-
sion was shaken at 70-80°C for 2d. After filtering,
sediment was washed sequentially with the solution
of sodium chloride, acetate sodium buffer, distilled
water, and methanol. Finally, the sediment was fil-
tered and dried for 2 d at 35-40°C temperature. GO-A

was characterized by FTIR, CHN, BET, and transmis-
sion electron microscopy (TEM) (model: EM 208,
PHILIPS Co., Czech Republic) techniques.

2.5. Preparation of the TEX stock solutions

A 50mg/L TEX stock solution was prepared in
volumetric flask (with methanol solution). Using a
micropipette, 29 pl of each mono aromatic was added
to a 500 ml volumetric flask filled with distilled water.
Then, the solution was placed in an ultrasonic bath
and the mixture was shaken at room temperature. The
stock solution was diluted by distilled water to reach
to the desired concentration. The Standard solutions
of TEX were prepared at the concentrations of 0.5, 1,
5, 10, 20, and 50 mg/L as follows: to prepare 50 ml of
0.5 mg/L solution, 0.5 ml of the 50 mg/L stock was
added into a 50 ml volumetric flask filled with dis-
tilled water. This procedure was repeated for 1, 5, 10,
20 mg/L by adding 1, 5, 10, 20 ml of stock solution
into a 50 ml flask, respectively.

2.6. Chemical analysis method

The TEX concentrations in water were determined
using gas chromatography equipped with flame ion-
ization detector. The samples were injected directly
into the GC-FID system. The conditions of GC-FID
(Agilent GC, 6890N) used for the measurement of TEX
were as follows:

Sampling method: head space.

Detector: FID (heater: 250°C and makeup:
45 ml/min and air, flow: 350 ml/min and H2 flow:
40 ml/min).

Injection technique: split (2:1), injector temperature:
210°C, injection volume: 2 pl.

Carrier gas: N, flow rate: 1.7 ml/min.

Column used: type of column: capillary, length:
30 m, diameter: 0.32 mm, film thickness: 0.25 um,
phase: HP-5.
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Temperature program: initial temperature: 40°C,
isothermal: 3.5 min, rate: 3°C/min, to: 65°C.

Isothermal: 0 min, rate: 30°C/min, to:
isothermal: 1 min.

220°C,

2.7. Batch adsorption experiments

Batch adsorption tests were carried out to investi-
gate the effects of the following parameters: contact
time (1, 2, 3, 4, 5, 8, 60, 120, and 180 min), initial pH (4,
5, 6, 7, and 8), initial adsorbate concentration (0.3, 1, 7,
15, 20, 30, and 75 mg/L) and adsorbent dose (0.02, 0.1,
0.2, 0.6, 1, 2, and 4 g/L) for the removal of TEX from
aqueous solutions using GO-A at room temperature.
Solutions of TEX with adsorbent were placed in 100 ml
of boiling flask and were covered with parafilm. After-
wards, suspensions were placed on a rotary shaker
(150 rpm). The mixture was filtered with syringe filter
(with 0.22 um pore size). Finally, the concentrations of
the clear supernatant were determined using absor-
bance values measured before and after the adsorption
by GC-FID. The amount of TEX adsorption was calcu-
lated according to these equations:

g = M 1

m

RE(%) = (COC_OC’> 100 @

2.8. Determination of point of zero charge (pH pzc)

The point of zero charge of the nano-adsorbent
was determined between at the pH range of 3 and 8
using sodium acetate—acetic acid buffer solutions and
buffer of sodium hydrogen phosphate-sodium dihy-
drogen phosphate. 25 ml of each solution with pH
varying from 3 to 8 was put in a 250 ml flask. Then,
0.05¢g of the adsorbent was added into the flasks.
These flasks were placed on rotary shaker for 24 h at
150 rpm. The final pH of the solutions was measured
by pH meter (CRISON, Basic 20, Spain). Graph of
ApH (final pH minus initial pH) was plotted against
the initial pH and the point where ApH = 0 is selected
as the point of zero charge (PZC).

2.9. Mathematical models for batch experiments
2.9.1. Isotherm mathematical models

Adsorption isotherms were calculated considering
Langmuir, Freundlich, and Dubinin—-RadushKevich
models.
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The Langmuir isotherm describes homogeneous
adsorption systems and this model is reasonable for
monolayer adsorption with negligible interaction
between the sorbate molecules [25,26]. The linearized
Langmuir isotherm is shown in (Eq. (3)) [27,28]:

Ce 1 Ce
7 Q' Qn ®
The constants of Langmuir (k; and Q.,) can be
obtained from the intercept and slope of the plot of
Ce/qe against Ce.

Freundlich isotherm model is nonlinear with the
following assumptions: heterogeneous surfaces, lim-
ited sorption sites and variable potential energy inter-
actions. Linear formulation of this model is expressed
as follows [29,30]:

1
log q. = log k¢ + Elog Ce 4)

where k¢ and 7 can be determined from the intercept
and slope of the linear plot of log g. vs. log C,
respectively.

The expression of the Dubinin-RadushKevich
isotherm is given by Eq. (5) [2,27]:

In g, = In g, — B¢ (5)

In which, ¢ is polanyi potential, which is described as:

&= RT<1 + é) (6)

€

where E (the adsorption energy) is investigated for
mechanism of adsorption reaction and is shown in the
equation below:

1
E=—— 7
V2B @

The physical and chemical adsorption mechanisms
accrue in the range of E < 8 kJ/mol and E > 16 k] /mol,
respectively. In the case of 8 <E <16kJ/mol, it is
identified as ion exchange mechanism [2].

2.9.2. Kinetic mathematical models

Four models were used to interpret the kinetic
batch experimental data: pseudo-first-order, pseudo-
second-order, intraparticle diffusion, and Elovich
model.
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The pseudo-first-order equation is expressed as
follows [31,32]:

k
log(ge — ) = logqe — 5252t ®)

The values of constants (k; and g.) can be obtained
from the slope and intercept of the linear plot of
log(ge — q¢) vs. t.

Pseudo-second-order model is
(Eq. 9)) [27,28,311:

represented by

t1 ot
a—qg—kz“‘% (9)

The plot of t/g; vs. t gives k, and g, values.

The intraparticle diffusion model equation can be
formulated as follows [2]:
qt = kptO‘S +c (10)
In which, k;, is the slope of the plot of g; vs. 03,

The simple Elovich model equation can be
expressed as [27]:
gg=a—-blnt (11)
The values of constants a and b can be obtained by
plotting g; against In(#).

2.10. Error functions

In the isotherm and kinetic studies, error analysis
was used to evaluate the fit of the model to the experi-
mental equilibrium data. The correlation coefficient
(R? and qui-quadrado (Chi-square, x*) were calculated
in this study. The error function is the sum of squares
of the differences between experimental and calcu-
lated data in models with each squared difference
divided by the corresponding calculated value. The
equation is shown in (Eq. (12)) [33,34]:

XZ _ i ((qe — qcal)z)

i=1 e

(12)

The best isotherm and kinetic model were selected
considering the minimum error function value.

2.11. The regeneration

The regeneration of the adsorbent was carried out
through the following procedure: the 5 min contact
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time, pH of 4, initial TEX concentration of 20 mg/L,
adsorbent dose of 1 g/L, temperature of 23°C and agi-
tation speed of 150 rpm. The GO-A and GO were
washed by methanol and distilled water and the
adsorbents were used for several times. The super-
natant was filtered with syringe filter (with 0.22 ym
pore size) after centrifugation (5 min, 3,000 rpm).
Finally, the samples were analyzed by GC-FID.

3. Results and discussion
3.1. Adsorbent characteristics

The synthesized adsorbents were characterized by
FTIR, CHN, BET, and TEM.

FTIR spectra for GO, GO-C, and GO-A is shown
by the Fig. 1.

The FTIR spectrum of GO confirms that the peaks
observed at 1,064 and 1222 cm ' are due to the
stretching vibration of C-O groups [18,35]. The band
peak at 1,421 cm ! is attributed to the CH; stretching
[36]. The stretching vibration which appears at
1,720 cm™" is assigned to the C=O groups [35,37]. The
aliphatic C-H peak at 2,922 cm™" is broadened [18,35].
The peaks at 1,628 and 3,440 cm ' are highly likely
due to the existence of the O-H group [38,39].

In the spectrum of GO-C, the peaks at 1,410 and
1,458 cm ! are assigned the bond of C=N [35,40]. The
adsorption peak at 3,084 cm™' may be also ascribed to
the aromatic C-H bonds [41]. The FTIR spectra of
GO-A exhibits the bands at 1,492 and 1,578 cm ™! due to
C=N bonds [35,40]. A band at 1,718 cm™" appears due
to the C=0O stretching [37]. The band at 3,402 cm ! is
attributed to the O-H and N-H groups [39,42].

The amount of carbon, hydrogen, and nitrogen in
the GO and GO-A were quantitatively determined by
CHN elemental analysis. Chemical composition of
samples is shown in Table 2. CHN elemental analysis
revealed that the percentage of carbon and nitrogen
are increased via the modification of GO with 4-amin-
odiphenylamine (from 54.69%, 0.15% to 63.07%, 2.83%
for C and N). It may be due to functional groups
which attach to the GO sheets. The model of modified
GO is illustrated in Fig. 2.

The textural properties of the adsorbents were
determined by N, adsorption/desorption isotherms at
77 K using a BELSORP instrument. BET analysis was
used to measure the BET surface area of samples. The
total pore volume and average pore diameter were
calculated by the Barrett-Joyner-Halenda (BJH)
method and the total pore volume was computed
from the adsorbed amount at a relative pressure
(P/Py) of 0.990. The textural characteristics of the
adsorbents are presented in Table 3. The specific
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Fig. 1. FTIR spectra of GO, GO-C, GO-A.

Table 2

CHN analyses of GO and GO-A

Samples C (%) H (%) N (%)
GO 54.69 2.46 0.15
GO-A 63.07 1.59 2.83

surface area of GO-A is 12.41 m?/g, which is slightly
lower than that of GO (13.24 m*/g). But the total pore
volume and average pore diameter of GO-A
(0.133 cm®/g, 42.879 nm) are much higher than that of
GO (0.016 cm®/g, 4.853 nm). It can be explained by
the fact that some groups connected to graphene lay-
ers act as spacers, resulting in the enhanced pore size
distribution during aggregation [43].

Transmission electron microscope was used for
samples at 100 kV. TEM analyze is applied for mor-
phologic characterization of nanomaterials [13]. The
TEM photos of GO-A are shown in Fig. 3. This photo
illustrates that the sheets of GO-A consist of one to
several layers (Fig. 3(a)). GO-A has some wrinkles and
folds, indicating that the sheets have the flexibility of
whole nanosheet (Fig. 3(b)). Thick and crumples are
assigned to abundant oxygen-containing functional
groups on the sheets [44]. These phenomena demon-
strate that the GO-A paper is prepared properly. The
length of nanosheets are also observed 100-300 nm
(Fig. 3).

3.2. Adsorption performance
3.2.1. Effect of contact time

The behavior of TEX adsorption efficiency on GO-A
was studied in wide range of 1-180 min. The concen-
tration of TEX was quantified by GC-FID. The effect of
contact time on TEX adsorption capacity (g.) is dis-
played in Fig. 4. It can be seen that adsorption capacity
of adsorbent was increased sharply in the first minutes
(0-5 min). After, it decreased from 5 to 60 min. The
adsorption capacity finally became constant from 60 to
180 min, approximately. The high-speed adsorption
during the initial time is possibly due to available sur-
face sites on the sorbent [45]. A similar result was
reported by other researchers mentioning that the max-
imum adsorption occurred at the initial stage of time
[13,45,46]. Therefore, the equilibrium time was selected
as 5 min throughout this study. These findings could
be confirmed that GO-A has very high adsorption
capacity at the very beginning.

3.2.2. Effect of pH

In this step, the effect of solution pH (at the range
of 4-8) was investigated. The solutions pH range of 4-5
were adjusted with sodium acetate-acetic acid buffer
solutions and The solutions pH ranging from 6 to 8
were assessed with buffer of sodium hydrogen
phosphate-sodium dihydrogen phosphate. The effects
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Fig. 2. Illustration of modified GO structure.
Table 3
Textural property of the GO and GO-A
Sample BET surface area (m”/g) Total pore volume (cm®/g) Average pore diameter (nm)
GO 13.24 0.016 4.853
GO-A 12.41 0.133 42.879
of pH on adsorption capacity are shown in Fig. 5. The
a b maximum adsorption capacity was observed at pH of
4. It can be deduced that the H* ions in acetic acid
- establish interactions of hydrogen with adsorbent. As a
o | result, the adsorbent transformed from hydrophilic to
= :‘é"-( hydrophobic state increasing the removal efficiency at

Fig. 3. The TEM images of GO-A (a and b, the scale bar is
100 nm).

pH 4.

Moreover, the point of zero charge (pHpzc) con-
firms the mechanism of the adsorption that surfaces of
the adsorbent had zero net charge at this point (pH 4)
[31].

The point of zero charge (PZC) for nano-adsorbent
was determined in this study and the results revealed
that the PZC was around pH 4. This finding can be



A. Azizi et al. | Desalination and Water Treatment 57 (2016) 28806-28821

ON B OO

2 3 45 6 7 8 9
Contact Time (min)

@
& === toluene

=l ethylbenzene

=i p-xylene

i 0-XY € NE

o N B O

0 50 100 150

Contact Time (min)

200

Fig. 4. The effect of contact time on TEX adsorption by
GO-A (pH 4; initial concentration of TEX =20 mg/L;
adsorbent dose =1 g/L; agitation speed =150 rpm; room
temperature = 23°C).
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Fig. 5. The effect of pH on TEX adsorption by GO-A (con-
tact time =5 min; initial concentration of TEX =20 mg/L;
adsorbent dose =1 g/L; agitation speed =150 rpm; room
temperature = 23°C).

explained by the fact that the optimum adsorption of
TEX occurred at pH 4 and thereafter adsorbent has no
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more affinity. It may be due to the surface charge of
adsorbent is positive and negative in pH <and >
PHpzc, respectively.

3.2.3. Effect of adsorbate concentration

Behavior of TEX adsorption capacity on nano-
adsorbent was studies with changing the initial TEX
concentrations under the range of 0.3 to 75 mg/L. This
concentration range was chosen according to the range
suggested by Seifi et al. [47]. Fig. 6 presents the effect
of initial TEX concentration on adsorption capacity of
the GO-A.

As seen in Fig. 6, adsorption capacity was
increased with the increasing of TEX concentration.
Similar results were reported by Nourmoradi et al. [2].
The finding of this study can be explained by the fact
that the structure of TEX having the van der Waals
force and moreover, driving force of TEX compounds
increase on sites of adsorbent for adsorption at higher
concentrations [2].

3.2.4. Effect of adsorbent dose

The experiments of this stage were performed at a
wide range of adsorbent dose from 0.02 to 4 g/L. The
ability of nano-adsorbent to adsorb TEX is shown in
Fig. 7.

The removal efficiency of the four compounds was
increased with increasing the adsorbent dose from
0.02 to 4 g/L. The removal efficiency was significantly
low at the adsorbent dose of 0.02 g/L. Then, the
removal efficiency increased to 46, 62, 64, and 58% for

80
70
60

50

40
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=fi—cthylbenzene

30

/

Initial TEX Concentration (mg/L)

20
-xylene
10 / p-Xy
=>é=0-Xylene
o
0 10 20 30 40 50 60
ge (mg/g)
Fig. 6. The effect of initial TEX concentration on

adsorption capacity of GO-A (contact time = 5 min; pH 4;
adsorbent dose =1 g/L; agitation speed = 150 rpm; room
temperature = 23°C).



28814
100
90

§ 80 )

+ 70

2

£ 60 §

2

£ 50

=

E 40 =¢=—toluene

g 30 J == ethylbenzene

%}

Y] p-xylene
10 == 0-Xylene
(O

0O 05 1 15 2 25 3 35 4 45
Adsorbent Dose (g/L)

Fig. 7. The effect adsorbent dose (GO-A) on removal of
TEX (contact time =5 min; pH 4; initial concentration of
TEX =20 mg/L;  agitation  speed =150 rpm;  room
temperature = 23°C).

toluene, ethylbenzene, p-xylene (p-X), and o-xylene
(0-X), at the adsorbent dose of 0.1 g/L, respectively.
Removal efficiency of 56% (toluene), 70% (ethylben-
zene), 72% (p-xylene), and 66% (o-xylene) were
obtained at 1 g/L of adsorbent dose. It is noteworthy
that after the dose of 1g/L, the TEX removal effi-
ciency was increased with a low rate. Therefore, the
adsorbent dose of 1g/L was considered as the opti-
mum adsorbent concentration. The reason of TEX
removal efficiency improvement with increasing the
adsorbent dose is that the surface area of the adsor-
bent, the available sites for the adsorption process as
well as the active functional groups increased with
increasing the adsorbent concentration [27,34,45,48].
On the other hand, the adsorption capacity decreased
due to the aggregation of particles decreasing the
effective Surface area [45].

Fig. 7 also illustrates that the removal efficiency of
the pollutants decreased in the order of p-xylene >
ethylbenzene > o-xylene > toluene. The difference in
the removal efficiency is attributed to four factors: (1)
water solubility (p-X=198mg/L, E =152mg/L,
0-X=175mg/L and T = 515mg/L), (2) Molecular
weight (p-X = 106 gmol™!, E = 106 gmol ', 0-X = 106
gmol ' and T = 92 gmol ™), (3) Hydrophobicity (based
on their octanol-water coefficient log values) (p-X =
3.15, E =315 0-X =277 and T = 2.69) [2,3], and (4)
Molecular size affecting the active surface sites avail-
able for the adsorption [46]. The results of this section
were in agreement to those reported by other
researchers for the same compounds [2,3].
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3.2.5. Adsorption isotherms

The adsorption isotherm was studied considering
the following conditions: contact time = 5min, pH
4, initial concentration of TEX = 20 mg/L, agitation
speed = 150 rpm, and the range of 0.14g/L for
the adsorbent dose. Three isotherm models (Lang-
muir, Freundlich and Dubinin—-RadushKevich) were
studied to analyze the mechanism of the adsorption
process.

The Langmuir, Freundlich, and Dubinin-
RadushKevich parameters as well as the correlation
coefficient (R?) are presented in Table 4. The correla-
tion coefficient values of the models were compared.
The R? values of the Langmuir model were higher
than the linear correlation coefficient (R?) from the
other models. Langmuir correlation coefficient was
evaluated to be 0.928, 0961, 0.974, and 0.981 for
toluene, ethylbenzene, p-xylene, and o-xylene, respec-
tively (Fig. 8). The Langmuir constant (k) was nega-
tive proving that increasing the adsorbent dose does
not have high impact on the adsorption. The E param-
eter in the Dubinin-RadushKevich isotherm is shown
in Table 4. The E values of TEX adsorption were in
the range of 0.296-0.5405 kJ/mol. Considering the
results, the dominant mechanism was physical
adsorption.

3.2.6. Kinetics of adsorption

The kinetic of TEX adsorption on nano-adsorbent
was studied at the pH of 4, initial TEX concentra-
tion of 20 mg/L, adsorption dose of 1g/L, agitation
speed of 150 rpm, and a range of 1-5min for con-
tact time. Pseudo-first-order, pseudo-second-order,
intraparticle diffusion, and Elovich models were
studied.

Table 5 shows the kinetic models for the adsorp-
tion of TEX from aqueous solutions by nano-
adsorbent. The results revealed that the adsorption
process followed the pseudo-second-order model con-
sidering its relatively high values of the R* comparing
to that of the other models. The R values for pseudo-
second-order model were 0.931, 0.963, 0.963, and 0.928
for toluene, ethylbenzene, p-xylene, and o-xylene,
respectively (Fig. 9). The values of g. (experimental)
and g. (calculated) of the pseudo-first-order and
pseudo-second-order are presented in Table 5. The
values of g. (calculated) for pseudo-second-order
model were near to the values of g. (experimental). It
was observed that the pseudo-second-order model
accurately predicts the experimental results rather
than the pseudo-first-order model.
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Table 4
Adsorption isotherms constants
Langmuir Freundlich Dubinin—RadushKevich
k (L/mg) Qm(mg/g) R? ke (L/mg) n R? B (mol*/kJ*) E (kJ/mol) R?
Toluene —0.0932 1.5244 09281 4.6x107® 0.1131 0.8913 5.7135 0.2958 0.8567
Ethylbenzene —0.1324 3.2383 0.9609 9.899 x 107* 0.1802 0.8892 2.0188 0.4977 0.8193
p-Xylene —0.1402 3.7636 09742 3.1564 x107° 0.1942 09135 1.7114 0.5405 0.8443
o-Xylene —-0.1233 2.7167 0.9809 3.0931 x107* 0.1707 0.8891  2.4007 0.4563 0.8309
3.2.7. Error analysis
2.5 toluene ethylbenzene
o y=O656x4 70356 y =0 3088+ 23313 The error functions were calculated for the iso-
2 o o therm and kinetic models. Table 6 lists the values of
yzfo.pz'gg;i"f,.ggs y:o';’é’gy,lfieww the correlation coefficient (R*) and error function for
15 ¢ R=09742 Re =0.9809 TEX adsorption on GO-A. Langmuir model offered
¢ otoluene the most accurate prediction among all the models
S - Bethylbenzene tested for toluene, ethylbenzene, p-xylene, and
s p-xylene o-xylene. Moreover, pseudo-second-order model was
Xo-xylene observed as the best kinetic model.
.
0
5 7 9 11

0.5
Ce (mg/L)

Fig. 8. Langmuir isotherm model for the TEX removal by

3.2.8. Regeneration of adsorbents

Regeneration of GO-A was carried out by washing

procedure (with methanol and distilled water) for

GO-A. seven cycles. The results are illustrated in Fig. 10.
Table 5
Adsorption kinetic constants

Toluene Ethylbenzene p-Xylene o-Xylene
qe(experimental) (mg/g) 14.1 15.3 15.9 14.9
Pseudo-first-order
k1 (1/min) 0.5037 0.1315 0.1460 0.2262
fe(calculated) (mg/g) 11.1969 4.1200 4.5477 6.4313
R? 0.7922 0.9716 0.993 0.7295
Pseudo-second-order
k; (g/mg min) 0.0382 0.1084 0.0963 0.0588
fe(calculated) (MG/8) 17.54 15.8730 16.6389 16.5837
rR? 0.9309 0.963 0.9625 0.9284
Intraparticle diffusion
kp (mg/g min'/?) 4.5442 2.4881 2.6964 3.4833
c 3.5019 8.7288 8.8196 6.0203
R? 0.8848 0.7294 0.7444 0.7616
Elovich model
a 7.9422 11.176 11.48 9.4778
b 3.3189 1.8008 1.9423 2.488
rR? 0.8049 0.6516 0.6587 0.6626
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0.4 cthylbenzene
toluene y =0.063x + 0.0366
0.35 y =0.057x + 0.085 R2=0.963
R2=0.9309
03 p-xylene
y =0.0601x + 0.0375
0.25 R? =0.9625
o-xylene
§. 0.2 y =0.0603x + 0.0618
R2=0.9284
0.15
# toluene
0.1 M ethylbenzene
0.05 p-xylene
X o-xylene
0
0 1 2 3 4 5 6
t (min)

Fig. 9. Pseudo-second-order model for the TEX removal by
GO-A.

The findings of the regeneration study showed that
the removal efficiency increased at the first cycles (cy-
cle number: 1 to 3) and afterwards, it became almost
constant for the TEX compounds. Considering the
obtained results, GO-A with at least seven cycles can
be suggested as an efficient adsorbent without any

significant loss in its adsorption capacity. Similar
results for regeneration of graphene family were
observed by other researchers [10,13]. The regenera-
tion test was also performed for GO (for four cycles)
and the results were compared to the removal effi-
ciency of GO-A (Fig. 11). As seen in Fig. 11, the
removal efficiency of GO-A was higher than that of
GO in all the regeneration cycles. The modification of
GO should be the reason of the higher adsorption
capacity of GO-A compared to GO. According to the
obtained results (Table 3), this modification process
helped to form the nano-adsorbent with larger pore
volume and diameter than GO (about 10-fold). The
larger pore volume increases the surface of the active
sites improving the rate of the reactant diffusion [49].
Thus, pore volume has specific role in enhancing the
adsorption capacity of graphene [44]. Another reason
could be the functionalized groups and benzene rings
in GO-A which are higher than GO affecting the 7—z
interaction resulting in the increasing of the adsorp-
tion capacity. Consequently, modification of adsorbent
can be developed adsorption capacity [43].

Table 6
Error function of models for TEX adsorption onto GO-A
Toluene Ethylbenzene p-Xylene o-Xylene

Langmuir
R? 0.8850 0.7590 0.8118 0.8959
Pa 15.0968 30.6630 47.1797 15.9545
Freundlich
R? 0.8316 0.7049 0.5467 0.6679
Pa 22.8007 31.3689 58.1867 30.7551
Dubinin—RadushKevich
R? 0.7421 0.5760 0.4279 0.5654
Pa 30.7138 48.3686 78.1797 42.5951
Pseudo-first-order
R? 0.4931 0.5701 0.6018 0.6734
Pa 1.0445 0.6525 0.6096 0.8761
Pseudo-second-order
R? 0.8583 0.7858 0.8093 0.8180
ba 0.3827 0.2033 0.2185 0.3456
Intraparticle diffusion

2 0.8848 0.7294 0.7444 0.7616
e 0.2604 0.1584 0.1666 0.3047
Elovich model
R? 0.8048 0.6516 0.6586 0.6625
Pa 0.4301 0.2016 0.2204 0.4232
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Fig. 10. The regeneration of GO-A (contact time =5 min;
pH 4; initial concentration of TEX =20 mg/L; adsorbent
dose =1 g/L; agitation speed =150 rpm; room tempera-
ture = 23°C).
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3.2.9. Comparison of different adsorbents for TEX
adsorption

Table 7 compares the g. values obtained in this
study with those of other adsorbents including zeolite,
carbon nanotube, activated carbon, montmorillonite
modified with poly ethylene glycol, smectite organ-
oclay, thermally modified diatomite, and ostrich bone
waste-loaded a cationic surfactant. It is observed that
the GO-A studied in this research has a good adsorp-
tion capacity for TEX removal. This suggests that the
GO-A is efficient for TEX adsorption. Besides, the GO-
A had better performance in TEX removal at the
beginning of the adsorption process than other adsor-
bents. This characteristic is desirable for the industrial
applications, which need rapid adsorption process for
emergency condition. Hence, the GO-A possesses of
good capability for treatment of TEX-containing
wastewaters.

ethylbenzene = GO-A
100 - GO

8888388

Removal Efficiency (%)

10 4

1 2 3 4
Repeated Times

o-xylene = GO-A
100 - GO
70 -
50 -
30 -

20
10

Removal Efficiency (%)

1 2 3 4
Repeated Times

Fig. 11. The regeneration of GO and GO-A (contact time = 5 min; pH 4; initial concentration of TEX = 20 mg/L; adsorbent
dose =1 g/L; agitation speed = 150 rpm; room temperature = 23°C).
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4. Conclusions

The aim of this paper was to synthesis the GO and
GO modified with 4-aminodiphenylamine. Then this
adsorbent was used for the removal of TEX (toluene,
ethylbenzene and xylenes) from aqueous solution. The
following conclusions can be derived from this study:

(1) The removal efficiency of toluene, ethylben-
zene, p-xylene, and o-xylene at the optimum
condition (contact time: 5min, pH: 4 and
adsorbent dose: 1g/L) was 56, 70, 72, and
66%, respectively.

(2) The preference of adsorbent in the compounds
decreased in the following order: p-xylene —
ethylbenzene — o-xylene — toluene.

(3) The contact time for the adsorption process in
the optimum condition was 5 min. It means
that this adsorbent has high efficiency for the
removal of TEX in the beginning minutes of
the process.

(4) Langmuir isotherm (R? in range 0.928-0.981)
and pseudo-second-order kinetic (R? in range
0.928-0.963) showed good fit to the experimen-
tal adsorption data of TEX. Additionally, the
error function provided the best parameters for
Langmuir isotherm and pseudo-second-order
model.

(5) Based on the results of regeneration study,
GO-A can be reused for at least seven cycles
for TEX removal. The results are illustrated
that GO-A can be suggested as an economic
adsorbent.

(6) The total pore volume and average pore
diameter of GO were improved from
(0.016 cm®/g, 4.853nm) to (0.133 cm’/g,
42.879 nm) by modification.

(7) GO-A is a new adsorbent of carbon family that
modified with 4-aminodiphenylamine. These
results showed that GO-A is both effective and
reproducible adsorbent and it could be used as
a promising adsorbent for TEX removal from
aqueous solution.
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List of symbols

qr — adsorbent capacity of adsorbate (mg/g)

RE(%) — removal efficiency (%)

Co — initial concentration of the adsorbate (mg/L)

C — concentration of the adsorbate after a certain
period of time (mg/L)

m — mass of adsorbent (g)

v — volume of the solution (L)

Je — adsorption capacity of the adsorbent at
equilibrium (mg/g)

Ce — concentration of adsorbate at equilibrium
(mg/L)

ki — Langmuir constant (1/mg)

Qm — maximum adsorption capacity (mg/g)

k¢ — Freundlich constant (1/mg)

n — a constant related the intensity of adsorption

Im — theoretical monolayer saturation capacity
(mg/g)

B — constant of the sorption energy (mol®/kJ?)

€ — Polanyi potential

R — universal gas constant (8.314 J/mol K)

T — absolute temperature

E — the adsorption energy (k]J/mol)

kq — rate constant of pseudo-first-order adsorption
(1/min)

) — rate constant of pseudo-second-order

adsorption (g/mg min)
k — rate constant of the intraparticle diffusion
p - . 1/2
kinetic model (mg/g min'’°)
a constant in intraparticle diffusion kinetic

a — a constant in Elovich model

b — a constant in Elovich model

Jcal — equilibrium capacity estimated from the
model (mg/g)

[4 — the number of parameters in the regression
model
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