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Abstract In the present study, a batch system was used
to investigate the adsorption of chromium (VI) ions from
an aqueous solution by graphene nanosheets. Graphene is
decorated with functional groups containing oxygen such
as epoxy and hydroxyl on the basal plane. The large neg-
ative charge density available on graphene causes effective
adsorption of chromium (VI) ions from aqueous solutions.
The adsorption capacity and rate of chromium (VI) ions at
different temperatures, adsorbent dosages, initial concen-
trations, and contact times were evaluated. The kinetic
study illustrated that the adsorption of chromium (VI) ions
onto graphene obeys the pseudo-second-order model with
activation energy of 21.91 kJ mol™'. The chromium (VI)
ions adsorption was well explained using Dubinin—-Rad-
ushkevich isotherm model. The values of standard
enthalpy, entropy, and Gibbs free energy changes at 25 °C
were calculated as 686.07 kJ molfl, 2.38 kJ molflel,
and —22.43 kJ mol ™', respectively. In this work, graphene
was prepared via a green method. Transmission electron
microscopy, Fourier transform-infrared spectroscopy,
energy-dispersive X-ray analysis, powder X-ray diffrac-
tion, Boehm’s titration, and N, adsorption—desorption
techniques revealed a high-quality few-layer nanosheets of
graphene with surface area and inter-planar spacing of
594.7 m* g~' and 3.6 A, respectively.
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Introduction

Rapid development of industries such as metal-plating
facilities, mining operations, fertilizer industries, tanneries,
batteries, paper industries, and pesticides has led to an
increased discharged wastewater containing heavy metal
ions (Cr, Cd, Hg, Pb, and As) into the environment (Fu and
Wang 2011). In addition, most heavy metal ions are non-
degradable into non-toxic products; hence, their concen-
trations must be reduced to acceptable levels before dis-
charging them into environment. Otherwise, these could
pose threats to and/or affect public health (Badmus et al.
2007). Therefore, effective recovery of heavy metal ions is
as important as their removal from waste streams.

One of the heavy metal ions that has been a major focus in
water and wastewater treatments is hexavalent Cr (VI) ion
(Karthikeyan et al. 2005). Chromium, a group 6 transition
metal, is the 21st most abundant elements in the earth’s crust
with an average concentration of 100 ppm (Emsley 2011).
Its concentration ranges are 0.001-3 mg g~' in soil,
5% 107°-0.8 x 107° mg mL™" in seawater, 2.6 x 107>
52 x 107* mgmL™" in rivers and lakes (Kota$ and
Stasicka 2000), and 5 x 107*-270 mg mL™" in industrial
wastewater (Patterson 1985). Chromium ion has been con-
sidered as one of the top 16 toxic pollutants. Because of its
carcinogenic and teratogenic characteristics on the public
health, it has become a serious concern (Gardea-Torresdey
et al. 2000). Water pollution by chromium ions is due to both
natural sources and various industrial processes (Ozdemir
etal. 2011). Cr (VI) enters water bodies from industries such
as electroplating, leather tanning, cement, iron, steel, paint,
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ink, dyes, aluminum, and textile and inorganic chemicals
production (Gao et al. 2008). In the environment, chromium
ions usually exist as Cr (II) or Cr (VI) species. Cr (VI)
species may be in the form of dichromate (Cr,0,°7), hy-
drochromate (HCrO, "), or chromate (CrO,>") in a solution
of different pH values (Park and Jang 2002). Due to the
repulsive electrostatic interactions, the Cr (VI) anion species
are generally poorly adsorbed by the negatively charged soil
particles in the environment, and hence, they can transfer
freely in the aqueous environments (Li et al. 2009). The
Cr (III) species in aqueous solutions, however, may take the
form of Cr’", CrOH?*", or Cr (OH); depending on the
solution pH values. As these species normally carry positive
electric charges, they are relatively easy to be adsorbed on
the negatively charged soil particles and thus are less mobile
than the Cr (VI) species in the environment (Deng and Bai
2004). Cr (VI) species are known to be more toxic than
Cr (IIT) species (Ponder et al. 2000).

According to the National Toxicology Program (NTP),
the International Agency for Research on Cancer (IARC),
Cr (VD) is a human carcinogen (Cancer and Humans 2001;
Gupta and Babu 2006) that modifies the DNA transcription
process causing important chromosomic aberration (Pérez-
Candela et al. 1995). The permissible limit of chromium
for drinking water is 0.1 mg L™" (as total chromium) in
EPA standard. In addition, National Iranian standard for
Cr (VI) concentration in drinking water is 0.05 mg L'
(Nameni et al. 2008).

Various technologies have been employed for removing
Cr (VD) ion from water (Ghosh 2009; Hota et al. 2008;
Wang and Chen 2009). The most commonly applied
physicochemical treatment methods are: (1) precipitation as
hydroxides, carbonates, or sulfides and subsequent liquid—
solids separation by gravity settling, and flotation or filtra-
tion, (2) sorption (adsorption, ion exchange), (3) membrane
processes, (4) electrolytic recovery and, (5) liquid-liquid
extraction (Wang and Chen 2009). Although all these
techniques can be employed to remove heavy metal ions,
they have inherent advantages and limitations in applica-
tions and are often limited by technical and economic issues
(Fu and Wang 2011; Wang and Chen 2009).

Among above treatment techniques, adsorption has been
one of the most widely used methods to remove chromium
species from aqueous solutions (Deng and Bai 2004; Stafiej
and Pyrzynska 2007). Adsorption is a surface phenomenon
and defined as the increase in the concentration of a par-
ticular component at the surface or interface between two
phases (Gupta et al. 2012a). Various adsorbents have been
used for removal of Cr (VI) ions like silica gel, polymers,
carbon nanotubes, activated carbon, bentonite, fly ash,
clays, zeolites, chitosan, peat moss, biosorbents, and food
wastes. (Chakir et al. 2002; Saleh and Gupta 2012).
However, some of these adsorbents have low adsorption
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capacities or need long adsorption equilibrium times, while
others may have difficulty for regeneration and reuse even
though they have high adsorption capacity and fast
adsorption equilibrium (Nakano et al. 2001). The low
adsorption capacity of Cr (VI) ions on the traditional
adsorbents like activated carbon and high cost have
restricted their wide applications (Dias et al. 2007). On the
other hand, graphene has been used as an efficient adsor-
bent to remove heavy metal ions from water or wastewater
(Zhu et al. 2011) because of its relatively low-cost, theo-
retically high surface area (~2,630 m* g~'), and high
mesoporous volumes (Upadhyay et al. 2014).

The present study was performed to evaluate graphene
as an adsorbent for the removal of Cr (VI) ions from
aqueous solutions by systematic evaluation of parameters
such as Cr (VI) ion concentration, time, adsorbent dosage,
and temperature. The Freundlich, Langmuir, and Dubinin—
Radushkevich adsorption isotherms were applied to study
the adsorption. The thermodynamic parameters such as
standard Gibbs free energy change (AG®), standard
enthalpy change (AH®), and standard entropy change (AS®)
were also calculated.

Materials and methods
Materials

Mg ribbons, dry ice, hydrochloric acid (37 %), and NaOH
(99.998 %) bought from Merck, NaHCO; (Riedel, 99.5 %),
and Na,CO; (Fluka) are the materials used in preparation of
graphene. Potassium dichromate (K,Cr,O7, 99 %) and 1,5-
diphenyl carbazide (DPC) were purchased from Alfa Aesar
Company. O-phosphoric acid (H;POy4, 85 wt%) was pur-
chased from Fisher Scientific. Deionized water was used for
preparation of all solutions. All materials were used as
received and were of analytical grade.

Preparation of graphene

Graphene was synthesized similar to our previous work
(Moghaddam et al. 2013). Briefly, 2 g Mg ribbons was
burned in dry ice at room temperature. The black products
were washed with 2 M HCI at room temperature several
times to remove the MgO formed and any remaining Mg
metal. The reaction mixture was then centrifuged and
washed with deionized water until the pH of filtrate became
neutral. The dark products were dried overnight at 90 °C in
the vacuum oven. The yield was 450 mg (90 %).

The amounts of oxygen functional groups on the surface
of graphene were determined by Boehm’s titration method
(Goertzen et al. 2010). For this purpose, 0.2 g of adsorbent
was added into 50 mL of the solutions of NaHCOj; (0.1 N),
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Na,CO;5 (0.1 N), and NaOH (0.1 N). The conical flasks
were sealed and shaken at room temperature for 48 h. After
elapsing this time, the suspensions were centrifuged, and
20 mL filtrates and 15 mL of 0.1 M hydrochloric acid were
added to neutralize the unreached bases. The solutions
were then back-titrated with 0.1 M sodium hydroxide. The
acidity was calculated by measuring the volume of HCI
consumed due to the titration with the solutions of NaOH,
Na,COs3, and NaHCOs3. The amounts of oxygen functional
groups on the surface of graphene including carboxylic,
lactonic, and phenolic groups were 18.435, 3.775, and
0.540 meq g~ ', respectively.

Sorption experiments

Stock and other solutions of Cr (VI) ions were prepared by
dissolving K,Cr,O; in deionized water. The potassium
dichromate solution containing 1,000 ug L™' chromium
was treated with graphene. Briefly, the chromium solution
was mixed with predetermined amount of graphene (0.02,
0.1, 0.2, 0.3, and 0.6 g Lfl). The solution was stirred at
room temperature for 5 min. Then, graphene was separated
from the solution with a centrifuge (Fisher Scientific,
Centrific 228). The clear solution was then collected and
subjected to colorimetric analysis to determine the final
chromium concentration.

For the kinetic study, the graphene concentration was
maintained at 0.6 g L™ in the neutral solution for different
adsorption times. For colorimetric analysis (Zhu et al. 2011),
the aforementioned clear solution (5.25 mL) was transferred
to a test tube containing O-phosphoric acid (0.50 mL,
4.5 M) and DPC (0.25 mL, 5 g L™"). After keeping at room
temperature for 30 min for color development, the absor-
bance of the samples was measured using UV—vis spectro-
photometer (CARY1) at 540 nm. The equilibrium
adsorption capacity (g., mg g~ ') and the removal efficiency
were calculated using following equations:

(Co—Ce)-V

Ge =" (1)

Removal (%) = Co—Ce x 100 (2)
Go
where C, and C, (mg Lfl) are the initial and equilibrium
concentrations of Cr (VI) ions in aqueous solution and V is
the volume of the solution (L). W stands for the mass of
adsorbent (g).

Characterization

A FTIR (Shimadzu 4300) spectrum of graphene was
recorded to examine graphene nanosheets (Fig. 1). The
bands at 3421, 1565, and 1196 cm ™! are attributed to O-H
stretching vibrations of adsorbed water molecules and
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Fig. 1 FT-IR spectrum of few-layer graphene. Copied with permis-
sion from Moghaddam et al. (2013). Copyright 2014 Elsevier B. V.
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Fig. 2 XRD pattern of the graphene nanosheets. Copied with
permission from Moghaddam et al. (2013). Copyright 2014 Elsevier
B. V.

structural OH groups (Lian et al. 2010), the skeletal
vibration of graphene nanosheets (Guo et al. 2009), and
C-C band (Guo et al. 2010), respectively.

The powder XRD (Philips PW1800) pattern of graphene
is shown in Fig. 2. Graphene shows two characteristic
peaks at around 260 = 26.3° and 43.2°. The first broadness
peak corresponds to the (002) inter-planar spacing of
3.42 A (Chakrabarti et al. 2011; Su et al. 2011; Wang et al.
2008). The second sharp and intensive peak at about 43.2°
is corresponding to the (100) plane which may overlap with
one of the MgO peaks (Chakrabarti et al. 2011).

Figure 3a shows TEM (LEO 912 AB) image of the few-
layer graphene. As this figure shows, the few-layer graphene
resembles transparent and rippled silk waves. The elemental
analysis obtained from EDX (LEO 1450 VP) (Fig. 3b) are C
85 (atm wt%), Mg 15.79 (atm wt%), and O 14.11 (atm wt%).
The amounts of Mg and O are mainly due to the trapped
MgO and some absorbed O. The BET surface area of the
prepared graphene was measured as 594.7 m* g~ '.
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Fig. 3 a TEM image of few-layer graphene, b the different regions of
SEM image of graphene for determination of the elemental analysis.
Copied with permission from Moghaddam et al. (2013). Copyright
2014 Elsevier B. V.

Results and discussion

In this research, adsorption of chromium (VI) ions on
graphene was studied through batch system. The adsorp-
tion capacity and rate of chromium (VI) ions onto graph-
ene at different temperatures, adsorbent dosages, initial
concentrations, and contact times were evaluated. The
influence of pH on the adsorption of Cr (VI) ions was not
investigated by two reasons. The first reason is that 1,5-
diphenylcarbazide forms a purple-red complex with chro-
mium (VI) ions only in acidic medium (Jankiewicz and
Ptaszynski 2005). The recommended pH is between 1 and
2 since it ensures high sensitivity of the reaction (Jan-
kiewicz and Ptaszynski 2005; Zhu et al. 2011). The second
reason can be explained by surface chemistry. The surface
of graphene is generally covered with functional groups

* @ Springer
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Fig. 4 Influence of temperature on removal efficiency of Cr (VI) ions
(graphene dosage: 30 mg, initial chromium concentration: 1 ppm, and
contact time: 60 min)

containing oxygen-like epoxy and hydroxyl groups. With
increasing pH, the concentration of OH™ ions increases
which competes with Cr (VI) ions (Zhu et al. 2011).
Hence, the uptake of Cr (VI) ions decreases.

Influence of temperature

Adsorption experiments were run at 20, 25, 30, and
35 °C to investigate the influence of temperature with
keeping other conditions constant. Figure 4 shows that
by raising temperature, the removal efficiency increases.
This can be explained by the fact that at lower tem-
perature, the kinetic energy of Cr,O,> anions is low;
therefore, contact between Cr2072_ and the active sites
of graphene is insufficient leading to a decrease in
removal efficiency. Furthermore, at higher temperature,
the kinetic energy of the Cr,O,>~ anion is higher than
the attraction potential energy between Cr,O,>~ and
active sites in graphene. This condition causes an
increase in removal efficiency. This shows adsorption is
more of a physical than a chemical property (Afkhami
and Conway 2002). Figure 4 shows that the maximum
removal efficiency was found at 35 °C. However, 25 °C
was chosen as an optimum temperature for the next
experiments since the value of removal efficiency is also
high at this temperature.

Influence of adsorbent dosage

The influence of adsorbent dosage (1, 5, 10, 20, and
30 mg graphene) on the adsorption of Cr (VI) ions at room
temperature is shown in Fig. 5. The surface of graphene is
decorated with functional groups containing oxygen such as
epoxy and hydroxyl groups as Boehm’s titration method
showed. The large negative charge density available on
graphene causes effective adsorption of chromium (VI) ions
from aqueous solutions. Figure 5 shows the chromium (VI)
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Fig. 5 Influence of graphene dosage on removal efficiencies of
Cr (VI) ions (initial chromium concentration: 1 ppm, contact time:
60 min, and temperature: 25 °C)

ions removal efficiency increases with increasing adsorbent
dosage due to the availability of much more adsorption sites.
It would be more probable for HCrO,~ and Cr,O; ™ ions to be
adsorbed on adsorption sites. The maximum of removal
efficiency achieves for 30 mg of graphene. For this reason,
30 mg graphene was chosen as the optimum value for next
experiments.

Influence of initial chromium concentration

As Fig. 6 shows, the removal efficiency decreases as the
initial concentration of Cr (VI) ions increases. At low
initial chromium concentration, the ratio of the available
surface area of adsorbent to the initial number of moles of
chromium ions is large. Hence, the fractional adsorption
becomes independent of initial concentration. However, at
higher concentration, the available sites of adsorption
become fewer. Hence, the percentage removal of chro-
mium ions which depends upon the initial concentration
decreases (Yu et al. 2003).

Influence of contact time

The adsorption of chromium ions on graphene was inves-
tigated as a function of contact time (1-120 min) at three
temperatures (20, 30, and 35 °C) (Fig. 7). As Fig. 7 shows,
the removal efficiency of chromium (VI) ions from aque-
ous solution increases rapidly up to 40 min. The high
adsorption rate at initial stages may be due to the avail-
ability of large number of adsorption sites which saturates
with time. The maximum removal efficiency of chromium
ions was achieved within 60 min for all temperatures.
There was no significant change in equilibrium concen-
tration after 60 up to 120 min. Therefore, the optimum
contact time for adsorption of the chromium ions was
considered to be 60 min at all temperatures.
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Fig. 6 Influence of chromium concentration on Cr (VI) ions removal
(contact time: 60 min, graphene dosage: 30 mg, and temperature:
25 °C)
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Fig. 7 Percentage removal of Cr (VI) ions at different times and
temperatures (graphene dosage: 30 mg and initial chromium concen-
tration: 1 ppm)

Adsorption kinetics

The kinetics of the adsorption describing the Cr (VI) ions
uptake rate is one of the important characteristics which
controls the residence time of adsorbate uptake at the
solid-liquid interface (Zhu et al. 2011). Herein, four kinetic
models, namely pseudo-first-order (Largergren 1898),
pseudo-second-order (Ho et al. 2000; Mittal et al. 2009),
Elovich (Juang and Ju 1998), and intraparticle diffusion
(Srivastava et al. 1989), were analyzed. The kinetic equa-
tions and the fitting parameters obtained for different
models are given in Table 1. The values of the correlation
coefficients obtained from the linear plots of pseudo-first-
order, Elovic, and intraparticle diffusion models are very
small (R* < 0.97) suggesting that the applicability of these
models to the adsorption processes of Cr (VI) ions
adsorption by graphene is unfeasible. The higher correla-
tion coefficient (R2 > 0.9995) is obtained for pseudo-sec-
ond-order model, indicating that the experimental data are
well described by this model. The experimental equilib-
rium adsorption capacity, g was 1.66 mg g~ at 25 °C
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Table 1 Used kinetic models

Model Equation T (°C) Parameters® R?
ki (min”~") ge (mg g™
Pseudo-first-order In(ge — q) =Ing, — kit 20 0.0265 0.3472 0.4758
25 0.0328 0.4025 0.9555
30 0.0415 0.7119 0.7457
35 0.0275 0.3522 0.9654
kaa (g mg™" min~") ge (mg g™
Pseudo-second-order qi =z dlqz + qL 20 0.1270 1.6886 0.9972
25 0.2939 1.6804 0.9995
30 0.1248 1.7633 0.9991
35 0.3915 1.6986 0.9985
o (g mg~" min~") B (mg g™
Elovich g = %ln(cxﬂ) + %ln(t) 20 5.2287 4.7438 0.8499
25 15,631.7015 10.1112 0.9179
30 6.7227 4.6838 0.8759
35 11,997.0849 9.5877 0.6693
Kt (g mg~" min”~") C(mgg™)
Intraparticle diffusion g = kg™ + C 20 0.0621 1.0280 0.7398
25 0.0448 1.2239 0.9327
30 0.0267 1.4100 0.5573
35 0.0699 1.0921 0.7626

? The parameters of the adsorption kinetic models were defined in Zhu et al. (2011)

which is consistent with that of calculated from the pseudo-
second-order model (1.68 mg g™ ").

The activation energy, E, for the adsorption of Cr (VI)
ions on graphene was determined using the Arrhenius
equation (Sekar et al. 2004),

ky E (T>—Ti)

log2 ——a\"2 — 11
Ok T 2.303RTLT,

(3)

The activation energy was calculated as 21.91 kJ mol ',
The activation energies of 5-40kJ mol™' are
characteristics for physisorption, while higher activation
energies 40-800 kJ mol ' suggests chemisorption (Nollet
et al. 2003). Hence, Cr (VI) ions are physically adsorbed
on the graphene surface.

Adsorption isotherm and thermodynamic properties

Several isotherm models such as Langmuir (Gupta et al.
2011, 2012b), Freundlich (Mittal et al. 2010b), and Dubi-
nin—Radushkevich (D-R) (Mittal et al. 2010b) can describe
the distribution of metal ions between the liquid phase and
the solid phase. Isotherm equations and parameters, cor-
relation coefficients (RZ), and definition of isotherm
parameters at 25 °C are presented in Table 2. Table 2
shows that the D-R adsorption isotherm is the best model

)
’r @ Springer

for describing the chromium ions adsorption on graphene.
The value of mean sorption energy, E, can be calculated
using the following equation (Mittal et al. 2010b):

1

s @
where f (mol® k™) is constant related to the adsorption
energy. The value of E in D-R isotherm is very useful in
predicting the type of adsorption, and if the value is from 1 to
8 kJ mol ™', adsorption is physical in nature, and if it is from 8
to 16 kJ mol_l, the adsorption is chemical in nature (Dubinin
etal. 1947; Saltali et al. 2007; Zheng et al. 2009). The value of
E was found to be 3.075 kJ mol™' suggesting the physical
nature of the adsorption process in the present study.

The thermodynamic parameters for the adsorption of Cr
(VI) ions on graphene were calculated by the following
equations (Karthikeyan et al. 2012; Mittal et al. 2010a)

AG® = —RTIn(K) (5)
AS AHE

Ao =25 (6)
R RT

where K is the distribution coefficient (K = ¢g.Co 1), T is
the temperature (K), R is the gas constant
(8.31451] molflel). A plot of In K versus T~ ! was found
to be linear. The values AH®, AS®, and AG®° were calculated
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Table 2 Used adsorption isotherms

Adsorption isotherm Equation Parameters® R’
Langmuir Co Gy Lo Gmax (Mg g7 = —26.6667 k, (mg L™ = —1.9737 0.704
Freundlich log g = logkr + log C. n=0.7178 kg (mg g~") = 200.5393 0.993
D-R Inge = Ingm — B B (mol®> kJ™%) = — 5.2882 x 1078 gm (mg g7 = 69.9653 0.995

* The parameters of the adsorption isotherms were defined in Bhatnagar et al. (2010)

at 25°C as 686.07 k] mol~', 2.38 kJ mol 'K~ and
—22.43 kJ mol ™', respectively. A positive value of AH°
indicates an endothermic nature of Cr (VI) ions adsorption.
The positive value of AS® suggests increased randomness
at the solid—solution interface during the adsorption
Cr (VI) ions on the graphene. This indicates strong affinity
of the adsorbent for Cr (VI) ions. Based on the value of
AH®, the adsorption of Cr (VI) ions on to graphene was a
physisorption process. The negative value of AG® over the
entire temperature range indicates that Cr (VI) ions
adsorption onto the graphene was thermodynamically fea-
sible and can occur spontaneously (Gupta and Nayak 2012;
Yao et al. 2012).

Conclusion

It seems to us this work has the following main
conclusions:

Graphene exhibited remarkable removal capacity and
fast adsorption rates for chromium (VI) ions removal
from aqueous solutions due to the electrostatic attraction
between the negative surface oxygen containing groups
of graphene and chromium (VI) ions and the 7n—=
interactions between the chromium (VI) ions and the
aromatic rings of graphene.

The removal efficiency of chromium (VI) ions was
found to increase with raising temperature, showing the
endothermic nature of the adsorption. The maximum of
adsorption efficiency (99.5 %) achieves for 30 mg of
graphene. The removal percentage increased at the lower
initial chromium concentration and higher graphene
dosage. The results indicated that the adsorption process
reached to equilibrium within 60 min and after that the
adsorption of chromium ions was 100 % at 35 °C.

The adsorption of Cr (VI) ions obeyed the pseudo-
second-order kinetic model. The experimental data for
the adsorption process were well fitted by the D-R
adsorption isotherm model. The value of E from D-R
isotherm suggests the adsorption of Cr (VI) ions is
physical. The thermodynamic parameters indicated that
the adsorption of Cr (VI) ions onto the graphene is
spontaneous and endothermic process.
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