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ABSTRACT

In this paper, graphene oxide (GO) was prepared from graphite and used as an adsorbent
to remove cationic dyes from single and binary systems of colored wastewater. The GO was
prepared by Hummer method and characterized using Fourier transform infrared, scanning
electron microscopy, and X-ray diffraction. Basic blue 41 (BB41), basic red 18 (BR18), and
basic red 46 (BR46) were used as model dyes. It was found that the adsorption of dyes on
GO followed the Langmuir isotherm and the pseudo-second-order kinetics. The capacity of
GO to remove BB41, BR18, and BR46 was 1429, 1250, and 476 mg/g, respectively. The
results show that the GO has a good capacity for dye adsorption from single and binary
systems of colored wastewater containing cationic dyes.
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1. Introduction

A variety of organic dyes are used in different
industries such as textile, paper, and plastic. The
industries have grown rapidly in recent years and
introduced dyes in our environment as wastes. There-
fore, pollution of environment by them has become a
critical problem for human health [1-20]. Removal of
dyes from wastewater can occur by many methods
such as adsorption, chemical oxidation, ion exchange,
catalytic degradation, and biodegradation. Among
these methods, adsorption is the most favorable
because it is a simple, low cost, and effective method.

*Corresponding author.

So far, variety of adsorbents is investigated in adsorp-
tion procedure [2]. Graphene, a few layer of two-
dimensional honeycomb arrange of sp” carbon atoms,
has many unique properties such as great surface area
and flat surface that convert it to a suitable adsorbent
[7,13], but graphene has a hydrophobic surface; thus,
it does not allow to disperse in water. The graphene
oxide (GO) has all properties of graphene except it
has a hydrophilic surface because it has a distribution
of oxygenated functional group on its surface such as
epoxide, carboxyl, and carbonyl group [20]. In addi-
tion, the GO can obtain in large quantity in a cheap
procedure [15].

A literature review showed that the GO was
applied to remove cationic dyes from binary systems.
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In this paper, the GO was prepared from graphite and
it was used to remove cationic dyes from binary sys-
tems of colored wastewater. Basic blue 41 (BB41), basic
red 18 (BR18), and basic red 46 (BR46) were used as
model dyes. The prepared GO was characterized
using Fourier transform infrared (FTIR), scanning elec-
tron microscopy (SEM), and X-ray diffraction (XRD).
Kinetics and isotherm of dye adsorption were investi-
gated in these systems.

2. Experimental
2.1. Materials and methods

Basic blue 41, basic red 18, and basic red 46 were
used as model dyes. The chemical structure of dyes is
shown in Fig. 1. Graphite, sulfuric acid 98%, potas-
sium permanganate, sodium nitrite, hydrogen perox-
ide 30%, and hydrochloric acid 37% were purchased
from Merck. All the materials were used without fur-
ther purification.

2.2. Preparation of GO

GO was prepared by a modified Hummer method.
Five hundred milliliter flask containing 2g graphite
powder was put in an ice bath (0°C). A mixture of
100mL H,50, 98% and 4 g NaNO; was added to it
with rigorous stirring. Ten gram KMnO, was added
slowly to it, and then the reaction mixture was stirred
for 48h in room temperature. The resulting solution
was viscose and brown color. Hundred milliliter
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Fig. 1. The chemical structure of dyes.
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deionized water was added to the resultant and was
stirred for 1h. Then, 20mL H,O, 30% was added
slowly by stirring the mixture. With the addition of
hydrogen peroxide, the solution started bubbling and
its color became yellow. The solid product was sepa-
rated by centrifugation, and washed several times
with 5% HCI solution and then with deionized water.
Residue was dried in an air oven at 60°C for 24 h. The
graphite oxide was dispersed in water and exfoliated
to GO nanosheet by probe ultrasonication for 1 h.

The morphological structure of GO was examined
by SEM (LEO 1455VP scanning microscope). The
functional groups of GO were characterized by FTIR
(Perkin-Elmer spectrophotometer spectrum one) in the
range 4500-400 cm ™. The crystallization behavior was
identified by XRD model Siemens D-5000 diffractome-
ter with Cu K, radiation at room temperature.

2.3. Adsorption procedure

Dye adsorption is carried out by mixing 250 mL of
dye solutions (50 mg/L) with adsorbent in jars, with a
speed of 200 rpm at 25°C for 60 min. In a certain inter-
val of process time, absorbance of solutions was mea-
sured for determination of changes. At the end of dye
adsorption process, solutions were centrifuged and
their absorbance was determined. Maximum wave-
length for measurement of absorbance of BR 18, BR
46, and BB41 were 488, 531, and 580 nm, respectively.
The effect of adsorbent dosage and initial dye concen-
tration on dye removal in single and binary systems
was investigated.

Dye concentrations were calculated as follows. For
a binary system, components A and B were measured
at A; and 4y, respectively, to give optical densities of d;
and d, [21]:

Ca = (kpad1 — kp1dz) / (katksz — kaoke1) M

Cp = (karda — kaad1)/(katksa — kazks1) (2)

where ka1, kg1, kap, and kg, are the calibration con-
stants for components A and B at the two wavelengths
A1 and 4, respectively.

3. Result and discussion
3.1. Characterization

The FTIR spectrum of graphite and GO is shown
in Fig. 2. The FTIR spectrum of GO showed major
stretching vibrations at 3,360, 1,729, 1,620, 1,222, and
1,051 cm ™" that are assigned to OH stretching (surface
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Fig. 2. FTIR spectra of samples (a) Graphite and (b) GO.

OH groups and absorbed water), -C=0O stretching
(COOH group), C=C stretching (aromatic rings), C-O
stretching (COOH group), and C-O-C stretching
(epoxy group), respectively [5,7,10,13,22].

The morphology of graphite and GO is investi-
gated by SEM (Fig. 3). SEM is used to characterize the
surface morphology and fundamental physical proper-
ties of material surface. The SEM image of GO nano-
sheet showed the layered structure.
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Fig. 3. SEM image of samples (a) Graphite and (b) GO.

Fig. 4 illustrates the XRD pattern of the graphite
and GO. In XRD patterns of graphite and GO, the
sharp diffraction peak at 26=26.52 (d=0.336 nm) cor-
responding to the normal graphite spacing (002) of
the graphite plane disappeared in the XRD pattern of
GO during oxidation process. The broad and relatively
weak diffraction peak at 260=10.77 (d =0.821 nm) cor-
responding to the typical diffraction peak of GO is
attributed to the (002) plane. This increased d-spacing

Mag= 21.00KX  Signal A= SE1
Institute of Color Science & Technology

EHT=10006V WD= 8mm




Z. Hosseinabadi-Farahani et al. | Desalination and Water Treatment 56 (2015) 2382-2394

2652 deg

5
3,
oy
g 10.77 deg “
E ™ | (b)
| (a)
5 10 15 20 25 30 35 40

2 theta [deg]

Fig. 4. XRD pattern of (a) Graphite and (b) GO.

from 0.336 to 0.821nm is due to the creation of the
abundant oxygen-containing functional groups on the
surfaces of GO [23,24].

3.2. Adsorption kinetics

The mechanism of adsorption process is investi-
gated by kinetics studies. The characteristic constants
of adsorption kinetics were determined using pseudo-
first order, pseudo-second order, and intraparticle dif-
fusion models [25-27].

A linear form of pseudo-first-order model is:

log(qe — q+) = log(qe) — (k1/2.303)t 3

where 4., q;, and k; are the adsorbed dye on adsorbent
at equilibrium (mg/g), the amount of adsorbed dye
on adsorbent at time t (mg/g), and the equilibrium
rate constant of pseudo-first-order kinetics (1/min),
respectively.

To understand the applicability of the pseudo-first
order for dye adsorption on GO at different amount of
adsorbent, linear plots of log (g.—¢;) Vvs. contact time
(t) are plotted (Fig. 5). The values of ky, R?, and the
calculated g, ((ge)ca)) are shown in Table 1.

Linear form of pseudo-second-order model is
shown as:

t/qr = 1/kaqe” + t/qe 4)

where k, is the equilibrium rate constant pseudo-
second order (g/mg min).

To understand the applicability of the pseudo-
second order for dye adsorption onto GO at different
amount of adsorbent, linear plots of f/g; vs. contact
time () are plotted (Fig. 6). The values of k,, R?, and
(ge)car are shown in Table 1.
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The possibility of intraparticle diffusion resistance
affecting adsorption is illustrated as:

g =kt'? +1 ®)

where k, and I are constant intraparticle diffusion rate
constant and intercept, respectively.

To understand the applicability of the intraparticle
diffusion for dye adsorption onto GO at different
amount of adsorbent, linear plots of g; vs. t'/? are plot-
ted (Fig. 7). The values of k,, R? and I are shown in
Table 1.

Linearity of plots shows that pseudo-first order
and intraparticle diffusion does not play a significant
role in kinetics of dye adsorption on GO in single and
binary systems. The linear fit between the t/g; vs. con-
tact time (t) for pseudo-second-order kinetics model
shows that the dye removal kinetic can be approxi-
mate as pseudo-second-order kinetics in both systems.
In addition, the experimental g. ((7c)exp) Values agree
with the calculated ones ((ge)car) obtained from the
linear plots of pseudo-second-order kinetics.

3.3. Adsorption isotherm

The adsorption isotherm investigates the relation
between mass of the adsorbed dye on to adsorbent
and the temperature, particle size, and liquid phase of
the dye concentration. Several isotherms such as Lang-
muir, Tempkin, and Freundlich models were studied
in detail [25-27]. Langmuir isotherm assumes that
adsorption takes place at specific sites within the
adsorbent and is explained by the following equation:

Ce/qe = 1/KpQo + Ce/Qo 6)

where C,, Ki, and Qy are equilibrium concentration of
dye solution (mg/L), Langmuir constant, and maxi-
mum adsorption capacity (mg/g), respectively.

Isotherm data tested with Freundlich isotherm can
be expressed by:

logg. = logKr + (1/n)logCe @)

where Kg is adsorption capacity at unit concentration
and 1/n is adsorption intensity.

The Tempkin isotherm assumes that the heat of
adsorption of all the molecules in the layer decreases
linearly with coverage, and also the adsorption is
characterized by a uniform distribution of binding
energies up to some maximum binding energy, and is
given by:
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Fig. 5. Pseudo-first-order kinetics of dye removal by GO from single (sin.) and binary (bin.) systems
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Fig. 6. Pseudo-second-order kinetics of dye removal by GO from single (sin.) and binary (bin.) systems.
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Fig. 7. Intraparticle diffusion kinetics of dye removal by GO from single (sin.) and binary (bin.) systems.
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Table 2
Linearized isotherm coefficients of dye removal using GO at different adsorbent dosages from single and binary systems
Langmuir Freundlich Tempkin
System Qo Kp R? K 1/n R? Kr B; R?
Single system BB41
1,429  0.3684  0.9805  902.82 0.1091 0.7508  135.66 5280  0.7234
BR18
1,250  0.1702  0.8687  414.57 0.2808  0.8171 23399 3.0 0.7359
BR46
476 0.2019  0.9409  213.25 0.1890  0.6319  70.45 10.0 0.6136
Binary system BB41+BR18 BB41
1,639  0.0858  0.9710  204.31 0.5558  0.9940 379.37 0.7 0.9745
BR18
417 0.0330  0.9089  1.9320 19813 09787  844.21 0.1 0.9654
BB41+BR46  BB41
870 0.3795  0.9826  407.85 0.2168  0.9431  139.20 14.0 0.9148
BR46
625 0.0156  0.0938  14.5512  0.7765  0.4927 11865 0.2 0.4708
onto GO from single and binary systems at different
e = BiInKt +B1InC, ®)

where B; =RT/b, Ky is the equilibrium binding con-
stant (L/mol) corresponding to the maximum binding
energy, and B; is related to the heat of adsorption.
Also, R and T are the gas constant and the absolute
temperature, respectively.

To study the applicability of the Langmuir,
Tempkin, and Freundlich isotherms for dye adsorption

adsorbent dosage, linear plots of C./g. against C,
log g. vs. log C., and g vs. In C. are plotted. The
values of Qo Ky, Kg, 1/n, Kr, By, and R*are shown in
Table 2.

The R* values show that the dye removal isotherm
using GO adsorbent for BB41, BR 18, and BR 46 in sin-
gle systems follows the Langmuir, in binary system
BB41 and BR 18 follows the Freundlich, and in binary
system BB41 and BR 46 follows the Langmuir and

Table 3
Adsorption capacities of different GO adsorbents to remove dyes (rGO: reduced GO)
Adsorbent Adsorbate Qo (mg/g) Reference
GO Pyrene 96 [28]
rGO Pyrene 198
Anthracene 81
Naphtalene 767
GO-iron oxides, 303 K PbI) 588 [29]
rGO-iron oxides, 303 K Pb(II) 454
GO-iron oxides, 303 K 1-naphthol 228
rGO-iron oxides, 303 K 1-naphthol 243
rGO-iron oxides, 323 K 1-naphthol 357
rGO-iron oxides, 343 K 1-naphthol 588
GO-iron oxides, 303 K 1-naphthylamine 286
rGO-iron oxides, 303 K 1-naphthylamine 303
rGO-iron oxides, 323 K 1-naphthylamine 400
rGO-iron oxides, 343 K 1-naphthylamine 625
Sulfonated GO Naphthalene 307 [30]
1-naphthol 346
GO BB 41 1,429 Present study
BR 18 1,250
BR 46 476
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Fig. 8. The effect of adsorbent dosage on dye removal by GO from single (sin.) and binary (bin.) systems.
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Freundlich, respectively. The BR 18 and BB41 have lin-
ear structures, but BR 46 has a nonlinear structure.
The structure of BR 46 makes a steric hindrance for
adsorption. Therefore adsorption of BR 18 and BB 41
on GO are more than BR 46.

The maximum adsorption capacity (Qo) of several
adsorbents is shown in Table 3. The results show that
the prepared GO has high dye adsorption capability.
Thus, it can be used as a high-capacity adsorbent to
remove cationic dyes.

3.4. Effect of operational parameter on dye removal
3.4.1. Effect of adsorbent dosage

The percentage of dye removal from single and
binary systems vs. time (min) at different GO dosages
from single and binary systems is shown in Fig. 8.
Dye removal increases when GO dosage increases
(dye removal of 0.0025, 0.005, 0.0075, and 0.01g GO
was 28, 48, 72, and 89%, respectively, for BB41; dye
removal of 0.005, 0.01, 0.015, and 0.02g GO was 48,
64, 84, and 94%, respectively, for BR 18; dye removal
of 0.015, 0.02, 0.025, and 0.03 g GO was 50, 58, 68, and
81%, respectively, for BR 46). The increase in dye
removal with adsorbent dosage can be attributed to
increased adsorbent surface and availability of more
adsorption sites.

3.4.2. Effect of dye concentration

The dye removal (%) from single and binary sys-
tems vs. time (min) at different dye concentration
(mg/L) is shown in Fig. 9. Dye removal of GO at 50,
100, 150, and 200 mg/L dye concentration was 89, 52,
44, and 28% for BB 41 dye, and 94, 52, 46, and 33% for
BR 18 dye, and 76, 50, 31, and 25% for BR 46, respec-
tively. The amount of the dye absorbed onto GO
increases with an increase in the initial dye concentra-
tion of solution.

4. Conclusion

In this paper, the GO was prepared and used as
an adsorbent to remove three cationic dyes (BB 41, BR
18, and BR 46) from single and binary systems. The
GO was characterized using FTIR, SEM, and XRD.
There is an electrostatic interaction between the nega-
tively charged groups in the GO and the cationic dye
molecules. The adsorption of BR 18 and BB 41 on GO
are more than BR 46. The BR 18 and BB41 have linear
structures, but BR 46 has a nonlinear structure. The
structure of BR 46 makes a steric hindrance for
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adsorption. Dye removal increases with the adsorbent
dosage. It was found that adsorption kinetic of dyes in
both systems follow with pseudo-second-order kinet-
ics. Also, results showed that adsorption of three dyes
in both systems conform to Langmuir isotherm. The
maximum dye adsorption capacity of GO for BB 41,
BR 18, and BR 46 were 1,429, 1,250, and 476 mg/g,
respectively, that are high dye adsorption capacities.
Therefore, GO can be a suitable adsorbent to remove
cationic dyes from wastewater.
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