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ABSTRACT

In the present study, nanoporous graphene was magnetized with Fe;O, nanoparticles
(NPG/Fe;0,4) to promote its capabilities for the faster removal of hexavalent chromium
(Cr(VD) from aqueous solution. In order to minimize the adverse effects of magnetized
nanoparticles, they can be easily separated by an external magnetic field. The size, crys-
tallinity, and morphological structures of the adsorbent were characterized by SEM, TEM,
XRD, and FT-IR techniques. The effect of various experimental parameters such as pH of
solution, contact time, adsorbent dosage, temperature, and initial Cr(VI) concentrations on
the adsorption efficiency was investigated in a batch procedure. The experimental equilib-
rium data were fitted to the Freundlich isotherm and pseudo-second-order kinetic models.
According to thermodynamic studies, the adsorption process was spontaneous and
endothermic in nature. Finally, our results suggested that NPG/Fe;O, has a good potential
in the Cr(VI) removal and can be effectively utilized in industrial wastewater treatment

processes.
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1. Introduction

Discharge of heavy metals into the environment,
even at low levels, can bring about adverse effects on
ecosystem. These pollutants can be further accumu-
lated in the human and animal bodies [1]. Solubility
and accumulation characteristics of hexavalent
chromium (Cr(VI)) in the living organisms can also be
irreversible [2]. It should be pointed out that Cr(VI) is
a highly toxic metal that can be found in many
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industries such as textiles, printing inks, and leather
[3]. Until now, various techniques have been applied
to remove Cr(VI) from aqueous solutions, such as sed-
imentation [4], reduction [5], ultra-filtration [6], and
adsorption [7]. Adsorption is now viewed as a supe-
rior technique for its cost-effectiveness and flexibility.
Many organic and inorganic adsorbents such as acti-
vated carbon [8], graphene [9], purolite [10], chitosan
[11], metal oxides [12], and biological wastes [13] have
been used for wastewater treatment procedures so far.
Graphene has extraordinary physical and electrical

1944-3994/1944-3986 © 2016 Balaban Desalination Publications. All rights reserved.


mailto:sanazfathi2@gmail.com
mailto:rezaei.r@iums.ac.ir
mailto:rashidiam@gmail.com
mailto:akarbasi@ut.ac.ir
http://dx.doi.org/10.1080/19443994.2016.1182078
http://www.tandfonline.com
http://www.tandfonline.com
http://www.tandfonline.com

S. Fathi et al. | Desalination and Water Treatment 57 (2016) 28284-28293

properties such as large surface area, open porous
structure, flexibility, chemical stability, and very high
electrical conductivity that warrant it as a good candi-
date for constructing graphene-based composite mate-
rials with metal oxides [14,15]. Nanoporous graphene
(NPG) has been synthesized by precipitation chemical
vapor (CVD) technique as modern separation systems
and magnetite by nanoparticles of Fe;O, powder
(NPG/Fe304). This magnetization is a simple and
effective method of particle separation along with pol-
lutant removal from aqueous solution. These particles
should be including nano-sized magnetic iron oxide.
These magnetized materials can be easily recycled
used in situ, and thus is suitable for online separation
in industrial processes [16]. The separation of magne-
tized materials can be carried out by a simple hand
magnet [17]. The presence of Fe;O, in the structure of
NPG may provide better kinetics for the adsorption of
pollutants, due to small size and high surface-area-to-
volume ratio [18]. In this study, NPG was synthesized
and characterized by several techniques such as SEM,
TEM, XRD, and FTIR. The NPG was applied for the
Cr(VD) removal from aqueous solutions in the best
conditions of solution pH, contact time, temperature,
initial ion concentration, and adsorbent dosage. The
adsorption equilibrium experiments were conducted
then the experimental data were fitted to the best iso-
therm and kinetic models. The thermodynamic of
adsorption was also investigated.

2. Materials and methods
2.1. Chemicals

Extra pure chemicals include anhydrous iron(III/II)
chloride (99.9%) ammonia solution (28%) hydrazine
hydrate were obtained from Merck, Co. Ultrapure
water was used throughout the experiments. Potas-
sium dichromate was used as a source of heavy metal.
The pH of solutions was adjusted by adding 0.1 M
hydrochloric acid (0.1 M HCI) and 0.1 M sodium
hydroxide (0.1 M NaOH) solutions. The adsorbent was
separated from the solution by a hand magnet (dimen-
sion, 5 cm x 4 cm x 4 cm; intensity, 1.3 T).

2.2. Synthesis of NPG

Precipitation CVD technique for the synthesis of
NPG in large volumes and low cost is an effective
method [19]. In this method, for direct synthesis of
porous graphene, about 5 g naphthalene as a carbon
source was put in a quartz reactor tube. Subsequently,
it was subject to the rock wool separated carbon
resource and catalyst. Catalyst consists of a copper foil

28285

in the reactor. Graphene is formed on the metals such
as copper [20], nickel [21], etc. Copper is a better
choice for the synthesis of graphene, due to its low
cost and flexibility. Synthesis was carried out in a
rapid thermal processing CVD chamber, fitted with a
pressure regulation device and temperature control by
an optical pyrometer [22]. Furthermore, the tube was
put in the reactor and heated to reach a temperature
of 1,000°C for 1h. By passing hydrogen gas during
activated copper catalyst, graphene was formed on the
copper surface [19]. In addition, for the synthesis of
NPG, the produced graphene was stirred in 18% HCI
solution for about 16 h at room temperature (25 + 2°C)
and then washed with distilled water several times.
Finally, the synthesized adsorbent was dried at 100°C
[23].

2.3. Synthesis of NPG/Fe;04

NPG/Fe;O, nanocomposite was synthesized
according to the method reported by Juang et al. [24]
with some modifications. First, 0.9 g of NPG was dis-
solved in 250 mL of distilled water using ultra-sonica-
tion for 2 h at 60°C. Then, 10 g of FeCl; and 4 g of
FeCl, were dissolved in 25 mL of distilled water and
then exposed to N, gas for about 5-10 min. Subse-
quently, 50% (w/v) of NaOH solution was added
dropwisingly to the mixture to adjust the solution pH
at >12. The temperature of the solution was raised to
80°C. The as-synthesized solid products were sepa-
rated by a strong magnet then washed thoroughly
with ultrapure water and absolute ethanol to remove
any impurities. In the final step, it was dried in a vac-
uum oven at 50°C for 24 h [25].

2.4. Characterization of the NPG/Fe;0,

Scanning electron microscopy (SEM, model
MIRA3, Tescan, Czech Republic) was used to measure
surface morphology, size, and distribution of synthe-
sized composite. An X-ray diffraction instrument
(XRD; model EDX, TESCA MIRA3, Czech Republic)
with Cu-Ka radiation at 40 kV, 40 mA, and 25°C was
used to determine the crystalline characterizations of
nanoparticles. The morphological features and shape
of the adsorbent were recorded by transmission elec-
tron microscopy (TEM, model PHILIPS, EM 208 S)
with 100 keV. The BET analysis (Quantachrome, 2000,
NOVA) was applied to determine the specific surface
area and volume of the pores of the adsorbent. Before
the test, the sample was degassed at 100 A for 8 h in
an outgassing station to remove any adsorbed water
or entrapped gases in the sample. The FT-IR spectrum
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of synthesized composite was measured by a
spectrophotometer (Tensor 27, Bruker, Germany). The
latter was also employed to determine the functional
groups on the surfaces of adsorbent.

2.5. Batch adsorption experiments

The stock solution (1,000 mg/L) of Cr(VI) was pre-
pared by dissolving a certain amount of K,Cr,O; in
1,000 mL of deionized water. The pH of solution was
adjusted by 0.1 M NaOH and 0.1 M HCl solutions. The
effect of different experimental variables, such as pH
of solution, contact time, different adsorbent dosages,
temperature, and different initial ion concentrations on
the adsorption efficiency was investigated. To ensure
the perfect mixing of the adsorbent and dissolved Cr
(VD), samples were put on a rotary shaker and then
shaken vigorously at 200 rpm for about 60 min. Subse-
quently, adsorbents were magnetically separated from
the solution using a hand magnet. The residual metal
concentration in the solution was determined by an
atomic absorption spectrophotometer (7400CE CECIL)
at wavelength of 540 nm using the diphenylcarbazide
colorimetric method. Finally, the adsorptive removal
efficiency of Cr(VI) using NPG/Fe;O4 was calculated
using the following equation:

R(%) :COC_OCe x 100 M

where Cy and C, are the initial and residual concentra-
tions of contaminant in solution (mg/L), respectively.

2.6. Isotherms, kinetics, and thermodynamics of adsorption

The Langmuir and Freundlich isotherm models
were used to evaluate Cr(VI) adsorption onto the
NPG/Fe;0, surfaces. To facilitate adsorption process,
isotherm models were obtained from the data derived
from the regression analysis. The ki, (L/mg) is the
empirical constant related to energy and ¢, (mg/g)
represents the maximum adsorption capacity. The kg
and n are the Freundlich constants related to the
adsorption capacity and intensity that can be calcu-
lated from the slope and intercept of the plot of In C.
against In g, respectively. The g, and k; parameters
are calculated from the slope and intercept of the plot
of C./q. against C,, respectively. The chemical kinetics
deals with the experimental conditions influencing the
rate of a chemical reaction. Herein, two kinetic models
including the pseudo-first-order and pseudo-second-
order models were applied for the modeling of the
adsorption of Cr(VI) on NPG/Fe;O,. Thermodynamics
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of adsorption deals with the transformation of sub-
stance and energy in systems as they advance to
acquire a balanced condition [26]. In thermodynamic
studies, the principles of normal enthalpy (AH"), stan-
dard free energy (AG®), and standard entropy (AS°)
are necessary. The values of AH®, AS°, and AG"’ are
obtained through the following equations:

AS AH
In kd = F — ﬁ (2)
AG®° = AH®° — TAS°® 3)
ko = % @

where g, is the quantity of adsorbed Cr(VI) at an equi-
librium state (mg/g) and C. is the concentration of Cr
(VD) after adsorption in solution (mg/L). The parame-
ter of R (0/008314 J/mol) is the universal gas constant
and T (°K) is the solution temperature. From the slope
and intercept of the van’t Hoff plot, we can find AH®
and AS° (In k4 vs. 1/T), respectively.

3. Results and discussion
3.1. Characterization of the synthesized adsorbent

The XRD patterns of NPG, Fe;O; nanoparticles
and magnetite NPG are shown in Fig. 1(a). The
intensity of NPG/Fe;O4 is shown in Fig. 1(b). The
angle of the adsorbent is demonstrated in the range of
260 = 5-80°, with the use of radiation Cu ka (1 =1.5 Ao).
According to Fig. 1(a), the intense diffraction peaks at
the Bragg angles of 30.09, 35.42, 37.05, 43.05, 53.39,
56.94, and 62.51 correspond to the (220), 311),
222),400), 422), (511), and (44 0) facets of the
cubic spinal crystal planes of Fe;O4 (JCPDS card No.
19-0629), respectively. The carbon peak is marked in
the range of 25. Peaks aspects of nanoparticles (Fe;O,)
on the absorbent structure are shown in the range
between 45.5° and 55.6° [27].

The FT-IR spectra of synthesized composite of
NPG, NPG/Fe;0, and NPG/Fe;O, with Cr(VI) are
represented in Fig. 1(c). View of the magnetic
nanoparticles at a wavelength of 582 cm™' shows that
the Fe-O bonds between groups are in the form of
Tetrahedron [28]. The other groups that have emerged
in the wavelength of 1,421.86 cm™' represent aromatic
C=C bonds and finally alkoxy CO bond is defined at
the wavelength of 1,029 cm™" [29].

The morphology, size, and surface area of NPG
were analyzed by SEM in high magnification. Fig. 1(d)
and (e) shows the good porosity and high adsorption
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Fig. 1. Characterization of synthesized adsorbent, XRD analysis of graphene, Fe;O4 NPs, and NPG/Fe;O, (a), XRD
analysis of magnetic NPG (b), FT-IR spectra of synthesized adsorbent (c), SEM image of NPG (d), and TEM image of
magnetic NPG in low-magnification (e).
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capacity of NPG/Fe;O,. It should be pointed out that
a high density of Fe;O,4 nanoparticles is noticed on the
NPG layers (Fig. 1(e)).

The surface area, pore size, and pore volume of
NPG and Fe;O, nanoparticles were measured using
the BET analysis (Table 1). The results imply that the
highest surface area of NPG and Fe;O, nanoparticles
was 850 and 93.5m> g ', respectively. This indicates
that NPG adsorption capacity for contaminant is much
higher than Fe;O, nanoparticles. The specific surface
area and pore volume of NPG were also larger than
Fe;0,4 nanoparticles.

3.2. Effect of solution pH

The effect of solution pH on heavy metals removal
is one of the main parameters that plays an important
role in controlling the adsorption process [30]. The
amount of Cr(VI) removal in various ranges of pH (2,
3,4,5 6,7,8, 9, 10) is shown in Fig. 2(a). It can be
seen that the removal efficiency of Cr(VI) increased as
a function of acidity of the solution. The maximum
rate of adsorption is found at pH values ranging from
2 to 3 that is in accordance with the results of pub-
lished data by many researchers [31]. Also in a similar
study, pH 3 is an optimum pH value for the removal
of Cr(VI) by nZVI-Fe;O, nanocomposite and activated
carbon [32]. The Cr(VI) speciation includes Cr,03,
HCrO,, Cr;03,V, Cr,O3), that are having negative
charges [33]. It is concluded that the reduction of Cr
(VD) to Cr(Il) at acidic conditions promotes the effi-
ciency of the Cr(VI) removal, which was also sug-
gested by the other researchers [34].

3.3. Effect of contact time

As shown in Fig. 2(b), it is evident that the adsorp-
tion of Cr(VI) onto the adsorbents at several reaction
times (5, 15, 30, 60, 90, 120) increased until 60 min
under the optimal conditions (pH 3, 200 rpm, T = 25°C
and 0.035 g of absorbent). But, it reached at equilib-
rium state after 60 min. In other words, the time after
60 min, the availability of Cr(VI) adsorption to the
active sites on the adsorbent surface is restricted.
Karthik and Meenakshi reported that the adsorption

Table 1
BET analysis of NPG
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of Cr(VI) by chitosan/polypyrrole composite reached
the equilibrium state at 60 min [35].

3.4. Effect of adsorbent dosage

The effect of the optimal absorbent dosage on the
Cr(VD) removal under optimal conditions (pH 3,
t = 60 min, 200 rpm, T = 25°C) is shown in Fig. 3(a). It
is evident that by increasing the absorbent dosage, the
removal of Cr(VI) from aqueous solution was
increased. Borhade and Uphade reported that the
CdO and modified CdO nanoparticles were used for
the removal of Cr(VI) by increasing the amount of
adsorbent efficiency of adsorption increased but it
remained constant after a 0.200 g/50 mL of adsorbent
[36]. Results of the present study show that higher
injection of adsorbents will not be effective in the
removal of more dissolved Cr(VI).

3.5. Effect of initial Cr(VI) concentrations

The effect of various initial chromium concentra-
tions (25, 50, 100 and 200 mg/L) under optimum con-
ditions (pH 3, time = 60, 200 rpm, T =25°C, my =0.2 g)
is shown in Fig. 3(b). By increasing the initial concen-
tration of dissolved Cr(VI), adsorption capacity was
reduced. The main reason for this observation can be
justified by limited pore size and active sites on the
adsorbent surfaces [37].

3.6. Adsorption isotherms

Equilibrium adsorption isotherm models are used
for better explanation of adsorbent capacity. The
obtained values, based on the Langmuir and Fre-
undlich models, for Cr(VI) sorption on NPG/Fe;O, at
ambient temperature and optimum conditions (pH 3,
time = 60, 200 rpm, m = 0.2 g) are shown in Table 2(a).

The correlation coefficient (R®) of the Freundlich
isotherm is bigger than the Langmuir model. This
result confirms that the Freundlich isotherm model is
in good agreement with the experimental data in
optimal conditions (25-200 mg/L of metal concentra-
tions, pH of 3, the contact time of 60 min, adsorbent
dosage of 0.035 g/L). The Freundlich model explains

Sample Surface area (m? g™') Pore size (A) Pore volume (cm® g™*)
NPG 850 99.5 2.11
Fe;O,4 nanoparticle 93.5 - 2.37
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Fig. 2. Effects of pH (a) and contact time (b) on the Cr(VI) removal (pH 3, contact time = 60 min, 200 rpm, T =25°C,
mo = 0.2 g)
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Fig. 3. Effects of adsorbent dose (a) and Cr(VI) concentrations (b) on the adsorption efficiency (pH 3, time = 60 min,
200 rpm, T =25°C, mp=0.2 g).

Table 2
The parameters of the adsorption isotherm models (a), the parameters of the adsorption kinetic models (b) in optimum
conditions (pH 3, time = 60 min, 200 rpm, T = 25°C, my = 0.2 g)

(a) Isotherm models Parameters

Langmuir m(mg/g) 43.5
ki (L/mg) 0.048
R 0.001
R? 0.89

Freundlich kg (mg/g(Lmg)/n) 4.49
n 3.63
R? 0.97

(b) Kinetic models Parameters

Pseudo-first-order Jecal (ME/g) 2.806
k; (min™?h) 0.052
R? 0.942

Pseudo-second-order Jecal (MG/g) 23.923
ko (g/mg)(min_l) 0.01
R? 0.99
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Fig. 4. The Langmuir (a), Freundlich (b) isotherm models and pseudo-first-order (c) and pseudo-second-order (d) kinetic
models for the adsorption of Cr(VI) on NPG/Fe;0, (pH 3, time = 60 min, 200 rpm, T = 25°C, my = 0.2 g).

adsorption on a heterogeneous surface with unequal
energy and is not only restricted to the monolayer for-
mation but also used for multilayer adsorption. It is
also observed that the values of R;, lie between 0 and
1, indicating that Cr(VI) ions have been desirably
adsorbed on NPG/Fe;0,4. In Table 2(a), the rates of kg
and 1/n are computed from the intercept and slope of
the plot of log g. vs. log C,, respectively. According to
the obtained results, when the amount of kg value
increased, the adsorption capacity of the adsorbent
was increased as well. It can be inferred that Cr(VI)
adsorption on NPG/Fe;O, at ambient temperature
and optimal condition (pH 3, time = 60 min, 200 rpm,
T=25C, m=0.2g) represents beneficial adsorption,
Ali Azari with the other associates in their research
achieved similar results [38].

3.7. Kinetic study

The adsorption kinetic models of Cr(VI) on NPG/
Fe;0, along with their corresponding regression coeffi-
cients are given in Table 2(b). These are further verified
by the curves presented in Fig. 4(c) and (d). According
to the regression coefficient (R?), the adsorption kinet-
ics can be better explained by the pseudo-second-order
model. Similar results were also reported by the other
researchers that shown pseudo-second-order model fit-
ted better the experimental data [39].

Thermodynamic

0.5
.......... Y
o ..
o
3.1 3.2 33734 3.5 3.6
o5 e
y-=2.082x + 6.78
R=20.67 g
1

Fig. 5. Thermodynamic curve of Cr(VI) adsorption onto
NPG/ F6304.

3.8. Thermodynamics of adsorption

The thermodynamic curve of Cr(VI) adsorption on
NPG/Fe;0, is demonstrated in Fig. 5. The results are
confirmed by the curve where the values of AH® and
AS° can be achieved from the slope and intercept of
the plot of In K° against 1/T, respectively. The other
computed parameters are recorded in Table 3. The
negative AG® values pointed that the adsorption of
Cr®" on NPG/Fe;0, is an endothermic and sponta-
neous process. The positive value of AH® recommends
that the adsorption process is endothermic [40]. The
amount of AS° is also positive, which describes
adsorption process is spontaneous with high affinity.
It also advises that there are little structural changes
in both adsorbate and adsorbent [33]. The obtained g,
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Table 3
Thermodynamic parameters of Cr(VI) adsorption on NPG/Fe;O, adsorbent (pH 3, time = 60 min, 200 rpm, T =25°C,
mgy = 0.2 g)
Temperature (°K) In kg AG® (k] /mol) AH® (k] /mol) AS° (k] /mol K)
283 —0.308 —79.374 17.31 0.06
298 0.133 —87.875
303 0.263 —90.810
323 0.133 —103.24
Table 4
Comparison of adsorption capacity of Cr(VI) among different adsorbents documented in the literature
Temperature

Adsorbent pH (O Isotherms Kinetic Gm Refs.
MWCNT/Fe;04 2 45 Langmuir Pseudo-second-order 76.92 [41]
Neem sawdust and 2 25 Freundlich Pseudo-second-order 37.73 [42]

Mango sawdust 58.82
Arachis hypogeal 2 25 Langmuir Pseudo-second-order 6 [43]

shell in the form

of beads(AHSB)
Chitosan flaskes - 25 Langmuir Pseudo-second-order 22.09 [44]
Larch tannin resin 1 25 Langmuir Pseudo-second-order 9.13 [45]

(LTND
Treated sawdust of 3.5 - Langmuir Pseudo-second-order 9.55 [46]

Sal tree
NPG/Fez0, 3 30 Freundlich Pseudo-second-order 43.5 This study

of the NPG/Fe;O, was compared with the other
adsorbents on the Cr(VI) removal as shown in Table 4.

4. Conclusion

NPG was prepared by CVD technique that is
magnetized by Fe;O, and Fe,O; powder (NPG/
Fe;0,) for feasible separation from water. Through a
chemical deposition method, magnetic iron oxide
(nano-sized) was homogeneously dispersed onto
NPG layers. In addition, XRD, FTIR, TEM, SEM, and
BET techniques were used as various measurement
tools for characterization of NPG/Fe;O,. These adsor-
bents are used for the Cr(VI) removal from aqueous
solutions in a batch adsorption process and at opti-
mum conditions. The optimum conditions for the
adsorption process obtained at low acidity (pH 3),
the contact time of 60 min, the temperature of 30°C,
200 rpm, and 0.2 g of adsorbent dosage. The results
showed that NPG/Fe;O, had a great potential to be
used as an effective absorbent for removing Cr(VI)
from solution. The equilibrium data were applied to
describe adsorption process that is better fitted to the
Freundlich isotherm model. Kinetic data adsorption
can be best described by a pseudo-second-order

kinetic model. The sorption reaction is an endother-
mic and spontaneous process in nature. Ultimately,
from the findings of this study, it can be outlined
that NPG/Fe;O4 can be applied as a feasible and
promising adsorbent in the purification of water and
wastewaters. It is also an environmentally friendly
technique that does not leave any adverse effect on
aquatic environment.
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