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ABSTRACT

In the present work, graphene oxide was prepared by the modified Hummer’s method for the effec-
tive removal of rhodamine B and Congo red from their aqueous solution. The synthesized graphene
oxide was characterized by different techniques such as thermogravimetric/differential thermal
analysis, scanning electron microscopy, Fourier transform infrared spectrometry and X-ray diffrac-
tion. It was found that among different models applied, the Langmuir isotherm model fitted the
data very well for both the thodamine B and Congo red dyes adsorption onto the graphene oxide.
Moreover, Van't Hoff equation was used to calculate the various thermodynamic parameters such
as, enthalpy (AH®), entropy (AS°) and Gibbs free energy (AG®) for both the selected dyes. The AH®
for thodamine B and Congo red was found to be 4.18 k] mol™ and 10.69 k] mol™ whereas, AS® was
found to be 5.95 ] mol™ K™ and 8.80 ] mol™ K™ respectively. Similarly, the Gibbs free energy (AG°) was
calculated to be —1.89 k] mol™ and -2.78 k] mol™ for rhodamine B and Congo red respectively. The
thermodynamic studies indicated that the entire adsorption process was physisorption, endother-
mic and spontaneous in nature. The high adsorption affinity of the graphene oxide could be due to
the electrostatic interaction between the positively charged surface of rhodamine B and negatively
charged surface of graphene oxide. Further, this study depicts that the synthesized graphene oxide
has a great potential to remove the dyes from waste water effectively.
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1. Introduction

Water is an indispensable part of life as most of the
human metabolic activities also depend upon water. Water
is used for drinking, cleaning, bathing, air conditioning,
washing and heating. Water containing pollutants affect
the natural level of environment. Any undesirable change
in the chemical, physical and biological properties of the
water lead to harmful effects on the human life as well as
the natural environment [1].

Approximately 3% of the entire earth surface water is
fresh water. A very small proportion of this water is avail-
able for the human society [2]. The toxic effluents from
industries and agriculture sector are significant threat to the
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environment [1]. Similarly, domestic and municipal wastes
are also responsible for water pollution. In the above con-
text, fresh water in general and particularly in Pakistan is
becoming unsafe for the use of human purposes [2].

Dyes are the main cause of water pollution and becom-
ing the major environmental problem in the universe. Dyes
have low biodegradability, affects human beings and nat-
ural ecosystem as well [3]. Different dyes are used for dif-
ferent purposes by textiles, dyeing operations, printing,
food and paper making industries [4-6]. Colored effluents
coming from the textile, paper, plastic, dyeing and printing
industries containing Congo red and rhodamine B [5,7].

Congo red having anionic nature in solution belongs to
diazo dye and it is the first synthetic dye used for dyeing
cotton. Congo red dye upon metabolization produces ben-
zidine which is known to be human carcinogen [8,9]. It also
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causes irritation to eyes, skin, gastro intestine and affects
blood clotting as well as induces the respiratory problems.
Congo red dye is optically, thermally and physiochemicaly
stable [10,11]. Therefore, biodegradability of this dye is dif-
ficult due to its complex aromatic nature. This dye is also
sensitive towards the pH and its color changes from red to
blue as the pH of the solution decreases below pH 5 and
becomes reddish in the pH range of 5-10 [8].

Similarly, Rhodamine B belongs to xanthene dyes and is
soluble both in water and organic solvents. Due to its stabil-
ity, it is used as a biological stain, pathology, histology and
for dye laser production [12]. It can also be used for dyeing
wool, jute leather, silk and cotton in textile industries. It is
highly toxic and causes irritation to eyes, skin and respira-
tory tract if swallowed by humans and animals [13]. Due
to the presence of N-ethyl groups on the sides of xanthene
ring it is highly toxic and carcinogenic due to which it is
banned in many countries while using for coloring of food
and cosmetics [14].

Different physio-chemical techniques such as coag-
ulation, ozonation, flocculation, chemical oxidation, ion
exchange, reverse osmosis, photo catalysis, precipitation
and adsorption are used for the treatment of different
industrial waste effluents [15,16]. Among these techniques,
adsorption process is the most effective technique which is
successfully employed for the removal of color from waste-
water [17]. Adsorption is more reliable process due to its
simplicity, high efficiency, regenerability [15] and recycling
of the adsorbent and low production of residues [16-18].

Different adsorbents like activated carbon, fly ash, man-
ganese oxide, silica gel, soil, alumina, red mud, bentonite,
kaolinite, hematite, biomass, polymers and clay [15,16] are
used for the removal of toxins from aqueous system [19].
Yang et al. [20] studied the adsorptive removal of Congo
red dye using functionalized carbon nanotube/mixed
metal oxide and its maximum adsorption capacity was 1250
mg/g. Jia et al. [21] used 3D hierarchical porous iron oxides
for the adsorptive removal of Congo red dye from waste
water. The maximum adsorption capacity was obtained
for a-Fe,O,. The removal performance was reported in the
order of-Fe,O, > Fe,O, > y-Fe,O,. Motahari et al. [22] stud-
ied the removal of rhodamine B from waste water using the
NiO Nano particles in the presence of H,acacen ligand and
the maximum monolayer capacity was observed to be 111
mg/g.

Graphene oxide displays excellent electronic, ther-
mal, mechanical and optical properties. Therefore, it can
be used in catalysis, electronics, sensors, and for energy
conversion and storage [23]. Graphene oxide can also be
modified by using nanomaterials, surfactants, biomole-
cules and polymers to enhance its efficiency for different
applications. Graphene oxide has been used as an adsor-
bent for the adsorption of different dyes, aromatic wastes
and heavy metal cations from water on account of its acidic
nature and high surface area [24,25]. Graphene oxide can
act as an excellent adsorbent for the removal of rhodamine
B and Congo red. However, no systematic studies on the
ion exchange removal of rhodamine B and Congo red
from aqueous solutions by the graphene oxide have been
reported in the literature. In the present work, graphene
oxide has been utilized for the sorption of rhodamine B and
Congo red from aqueous solutions. Moreover, the effect of

pH has also been evaluated in order to develop an efficient
process for the removal of selected dyes under suitable
conditions.

2. Experimental
2.1. Materials and chemicals

Graphite powder was purchased from DaeJung chemi-
cals, potassium permanganate, sulphuric acid, hydrochloric
acid, sodium nitrate, sodium hydroxide and hydrogen per-
oxide, were purchased from Scharlau. Rhodamine B having
a molecular weight equal to 479.01 g/mol and a molecular
formula C,;H, N,O,Cl was purchased from BioM laborato-
ries Cerritos USA (Chemical Division, Malaysia) and Congo
red dye having a molecular formula C,,H, N /Na,O.S, and
molecular weight equal to 696.665 g/mol was obtained
from BDH chemical Ltd Poole England. All the chemicals
used during the whole studies were of analytical grade.

2.2. Graphene oxide syntheses

The graphene oxide was synthesized by using modified
Hummer’s method [26]. Typically, 3 g of graphite powder
was dissolved in 70 mL of concentrated sulphuric acid
(H,SO,) in the double walled cell and the temperature of the
system was kept below 10°C. The mixture was stirred for 30
min and then 9 g of KMnO, was added slowly and the tem-
perature was maintained lower than 5°C. The mixture was
stirred and the temperature was allowed to increase gradu-
ally. When the temperature reached to 40°C, about 150 mL
of deionized water (H,0) was added slowly to the mixture
and the temperature was raised up to 90°C. Then 500 mL
of deionized water was further added which was followed
by the addition of 15 mL of 30% H,O,. As a result, the color
of the solution changed from dark brown to yellow and
the suspension was stirred to make it homogeneous. The
material was filtered and washed with 10% HCI solution to
remove metal ions. The as synthesized material was again
dispersed in 1000 mL of deionized water and kept over-
night. The suspension was centrifuged and washed with
deionized water until the pH became neutral. The obtained
particles (graphite oxide) were dispersed in deionized
water and sonicated to get the graphene oxide dispersion.
The graphene oxide dispersion was then centrifuged and
dried in oven at 100 for further studies [26,27].

2.3. Characterization of graphene oxide

Different analytical techniques such as thermogravi-
metric/differential thermal analysis (TG/DTA), scanning
electron microscopy (SEM), fourier transform infrared spec-
trometry (FI-IR) and X-ray diffraction (XRD) were used
for the characterization of the synthesized graphene oxide
before and after adsorption studies.

2.4. Adsorption studies

Batch adsorption experiments were performed in order to
obtain the rate and data of equilibrium. About 40 mL of each
rhodamine B and Congo red (1.4 x 10* M) was taken into 100
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mL titration flasks separately and then 0.1 g of adsorbent was
added to each reaction vessel. The reaction mixtures were
equilibrated for 24 h at 298 K in the shaker bath. The suspen-
sion was then filtered by using the Whatman filter paper 44 to
separate the graphene oxide. The supernatant solution absor-
bance was then determined in order to calculate the concen-
tration of residual dyes. UV-Visible spectrophotometer (BMS
VIS-1100) was used to measure the concentration before and
after the treatment of graphene oxide with selected dyes in
the wavelength range of 498 to 554 nm. Initial concentration
of dye and adsorbent dosage were varied to study their effect
on the adsorption kinetics. In order to observe the pH effect
on the dyes adsorption, the adsorption process was carried
out in the pH range of 2-10. The solutions pH was adjusted
by using HC1/NaOH solutions and pH meter. The studies
of adsorption were performed at various temperatures, such
as 298 K, 308 K and 318 K, in order to find the effect of tem-
perature on the thermodynamic parameters. The sorption
amount at time ¢, g, (mg/g or mol/g) was calculated by using
the following equation:

_ (C,—-C)V
qt W

where C, (mg/L or mol/L) is the dye liquid phase concen-
tration at any time, C, (mg/L or mol/L) is the initial concen-
tration of dye in the solution, V (L) is the solution volume
and W (g) is the graphene oxide mass.

The equilibrium sorption capacity amount g, (mg/g or
mol/g) was determined by using the following equation:

(C,-C,)V
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The percent removal of rhodamine B and Congo red can
be determined from the following equation:

)

g, = (C"C;Ce) %100 3)

0

where C and C, (mg/L or mol/L) are the initials and an
equilibrium liquid phase concentration of the rhodamine B
and Congo red in the solution.

3. Results and discussion
3.1. Characterization of graphene oxide
3.1.1. X-ray diffraction analysis (XRD)

The X-ray diffraction (XRD) analysis was performed
to achieve the information about the degree of oxidation.
Fig. 1 shows the XRD pattern of the synthesized graphene
oxide. It can be observed that only one peak appeared at the
26 = 10.5° in the XRD pattern of the graphene oxide which
corresponds to (001) plane. This confirms that the sample of
graphene oxide was synthesized successfully. The present
findings are in close agreements with the literature [28,29].

3.1.2. Thermal gravimetric analysis (TGA)

The thermogravimetric analysis was used to measure
the weight loss in the graphene oxide as shown in Fig. 2. It
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Fig. 1. XRD pattern for graphene oxide.
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Fig. 2. TG/DTA of graphene oxide at 1273 K.

can be observed from the thermogravimetric curve that the
graphene oxide is thermally unstable and starts to lose its
weight upon heating. Further, it can be observed that the
weight loss of graphene oxide was observed in three stages.
In the first stage i.e. from 70-140°C the weight loss could
be attributed to the removal of adsorbed water. A high
weight loss could be observed at 200°C, which may be due
to the removal of oxygen containing groups in graphene
oxide in the form of CO,and H,O. The peak appeared at
550°C is attributed to the weight loss due to the combus-
tion of carbon skeleton of graphene oxide [30]. Similarly, the
DTA curve also supported the three weight losses at about
97.83°C, 283.16°C and 600°C.

3.1.3. Scanning electron microscopy (SEM)

SEM is widely used for the surface and morphological
characteristics of the adsorbent material. It also deals with
the porosity and surface texture of the adsorbent and plays
an important role in the surface availability determination
for the dyes adsorption onto the adsorbent. Fig. 3a shows
the SEM images of synthesized graphene oxide before
adsorption while Figs. 3b and 3c show the SEM images of
graphene oxide after the adsorption of rhodamine B and
Congo red respectively. Before the adsorption, the graphene
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Fig. 3. SEM micrograph of graphene oxide (a) before adsorp-
tion and (b & c) after rhodamine B and congo red adsorption
respectively.

oxide particles are highly porous while after adsorption the
surface of graphene oxide is loaded with rhodamine B and
Congo red and the graphene oxide becomes bulky and the

particles are agglomerated and becomes spherical in shape
[31,32].

3.1.4. Fourier transform infrared spectroscopy (FTIR)

FTIR was used to identify the functional groups that are
responsible for the rhodamine B and Congo red adsorption
onto the surface of graphene oxide. Fig. 4 shows the FTIR
spectra of graphene oxide before and after the rhodamine
B and Congo red adsorption. Different oxygen containing
functional groups could be observed in the FTIR spectra.
The main absorption band recorded at 3340 cm™ could be
assigned to the stretching vibrations of O-H groups. The
peaks of absorption at 1730 and 1630 cm™ could be due to
the C=0 stretching of carboxylic and carbonyl functional
groups respectively. While the two peaks of absorption
appeared at 1226 cm™and 1044 cm™ are due to the stretch-
ing vibrations of C-O [31]. After the rhodamine B adsorp-
tion, strong characteristic band appeared at 821 and 1331
cm™ (Fig. 4b). These absorption bands could be assigned
to the adsorption of rhodamine B onto the graphene oxide
surface [33]. Similarly, the absorption peaks at 1182 cm™!
(Fig. 4c¢) is associated with the benzene rings vibrations and
the peak at 1045 cm™ is assigned to the stretching vibration
of S=O bond [34]. Thus, it is concluded from the FTIR analy-
sis, that thodamine B and Congo red dyes were successfully
adsorbed onto the surface of graphene oxide.

3.1.5. Point of zero charge of graphene oxide

Point of zero charge (PZC) of the graphene oxide was
determined by the salt addition method. 40 mL of NaNO,
was taken in various conical flasks and then the pH of
these solutions was adjusted in the range of 1 to 11 using
NaOH/HCI. About 0.1 g of adsorbent (graphene oxide)
was then added to each flask and kept for 24 h in a shaker
bath. After 24 h, the pH of each suspension was determined
and finally the pH versus pHi was plotted to calculate the
PZC for graphene oxide as shown in Fig. 5. The PZC for
graphene oxide was calculated to be 2, which is in close
agreement with the reported values [35-37]. At this pH,
graphene oxide behaves neutrally. The surface is positively
charged below the PZC and adsorption of anionic dyes is
most favourable while the surface is negatively charged
above the PZC which adsorbs preferably the cationic dyes.
Graphene oxide consists of a several functional groups such
as epoxy, hydroxyl, ketone and carboxyl groups. When
graphene oxide is dispersed in water, a negative charge is
created on its surface because of the ionization of the sur-
face functional groups. The PZC graph demonstrates that
the surface of graphene oxide remains negatively charged

almost over the entire pH range (above pH,, value 2).

3.2. Adsorption studies
3.2.1. pH effect on adsorption of rhodamine B and Congo red

The pH plays an important role in the dyes adsorption
onto the adsorbent surface. The surface charge of the adsor-
bent and the degree of ionization of the dye are dependent
upon the change in the pH of the solution. The solution pH
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Fig. 4. FTIR spectra of graphene oxide (a) before and (b & c) after
adsorption of rhodamine B and congo red respectively.
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Fig. 5. Point of zero charge (PZC) of graphene oxide.

also changes the color intensity and structural stability of
the dyes [38]. The adsorption data collected at various pH
are given in Fig. 6a. It can be seen that the adsorption of
rhodamine B increases with the increasing solution pH. The
pH adsorption curve shows that the uptake of rhodamine
B is strongly dependent on initial pH of the solution. Fur-
ther, it can be observed that the rhodamine B removal
from aqueous solution increases almost linearly with the
increase in the pH. However, at pH 7 the curve was lev-
eled off and no further change in the adsorption capacity
of the graphene oxide was noted. This indicates the satu-
ration of the graphene oxide surface. The decrease in the
rhodamine B adsorption at pH 2 could be assigned to the
electrostatic repulsion between the negatively charge sur-
face and rhodamine B. While the increase in the uptake
of rhodamine B in alkaline pH region can be attributed to
the electrostatic attraction between the negatively charged
surface and cationic dye [35,37]. While the effect of pH
on Congo red dye adsorption is shown in Fig. 6b. As can
be seen that the Congo red adsorption decreases with an
increase in the solution pH. The pH adsorption curve shows
that the uptake of Congo red is strongly dependent on ini-
tial solution pH. Graphene oxide contains several oxygen
functional groups such as carboxylic (-COOH), epoxy and
hydroxyl (-OH) groups. Therefore, when it is dispersed in
aqueous solution it exist in anionic form due to carboxylic
groups (-COOH) which are present in carboxylate (-COO")
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Fig. 6. pH Effect on dye (a) thodamine B and (b) congo red re-
moval onto graphene oxide at 298 K.

form. On the other hand, the Congo red dye is dipolar in
nature. The Congo red dye may exists either as a cationic
or anionic form depending on the pH of the solution. At
lower pH, the NH, and -SO, groups of the Congo red
dye are protonated and converted to the NH,* and -SO,H
respectively and show attraction towards the negative sur-
face of the graphene oxide which results in the maximum
adsorption at pH 3 while at higher pH the Congo red exist
as negatively charged —SO," due to the deprotonation of the
dye and showing repulsion towards the negatively charged
graphene oxide surface [39,40]. As such, the adsorption of
Congo red decreases with the increase in the pH of the solu-
tion. But due to its sensitivity towards the acids, the color
of Congo red changes from red to blue with the change in
solution pH i.e. at low pH and in the pH range of 5-10 it
becomes reddish [11]. Consequently, pH 7 was chosen for
further studies because at this pH the dye remains stable
and no change in the color was observed at this pH value.
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3.3. Adsorption isotherms

The adsorption isotherms are used to study the adsor-
bent performance in the process of adsorption and define
the interactions between adsorbent and adsorbate. In the
present studies, various isotherms such as Langmuir, Fre-
undlich and Dubinin-Radushkevich were used to interpret
the experimental data.

3.3.1. Langmuir adsorption isotherm for rhodamine B and
Congo red adsorption

The monolayer formation on the adsorbent surface is
best defined by the Langmuir adsorption isotherm. Accord-
ing to this model, a uniform adsorption of adsorbate mol-
ecules on certain specific sites of the adsorbent takes place.
Further, the adsorption sites are energetically uniform and
there is no adsorbate transmigration on the plane of the
adsorbent surface [41,42]. The linear form of the Langmuir
adsorption isotherm, which is based on the above assump-
tions, can be represented as follow.

C_G 1 4)

9 Gm Kidn

where C (mg/Lormol/L)is the concentration of dye atequi-
librium present in the solution, g is the amount of adsorbed
dye per unit mass of adsorbent (mg/g or mol/g), q, is the
area occupied by the adsorbate monolayer, indicating the
adsorption capacity (mg/g or mol/g), K, is the Langmuir
isotherm constant (L/mg) and associated to the adsorption
free energy. The values of g and K, for the rhodamine B and
Congo red adsorption were obtained from the slope and
intercept of the plot of C,/q versus C, as presented in the
Fig. 7a-b. The theoretically calculated monolayer adsorp-
tion capacities from the Langmuir isotherm and experimen-
tal results for selected dyes are shown in Table 1 and 2. The
experimental adsorption capacities are in close agreements
with the theoretical adsorption capacities, which indicate
that Langmuir model is best fitted to the experimental
data of rhodamine B and Congo red adsorption onto the
graphene oxide [43,44]. The monolayer adsorption capacity
value slightly increases with increase in temperature from
298 to 318 K. The values of g, and K, concludes that max-
imum removal relates to the monolayer saturation of the
molecules of adsorbate on surface of adsorbent with con-
stant energy and no adsorbate transmission occurred in
the plane of the surface of adsorbent. Further, the value of
K, shows that the entire process is endothermic in nature.
The separation factor (R,) was calculated (Tables 1 and 2)
to confirm the favorable nature of the adsorption process.
The Langmuir adsorption isotherm important characteristic
can be expressed in term of dimensionless constant referred
to equilibrium parameter or separation factor R, and the
shape of isotherm can be indicated from the value of R

1

T (1+K.G) ©®)

R,
where C, is adsorbate (dye) initial concentration present in
the solution and K| is the constant of Langmuir isotherm.

The value of R, shows the type of isotherm to be linear (R, =
1), irreversible (R, = 0), unfavorable (R, > 1) and favorable (0
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Fig. 7. Langmuir isotherm for the removal of dye (a) rhodamine
B and (b) congo red onto the surface of graphene oxide at pH 7.

<R, <1). The calculated values of R, at all initial concentra-
tions of both rhodamine B and Congo red were found to be
in the range of 0-0.01, which confirms that the rhodamine B
dye uptake was favorable on graphene oxide [45].

3.3.2. Freundlich adsorption isotherm for rhodamine B and
Congo red adsorption

Freundlich isotherm is used for the heterogeneous
surfaces adsorption that involves the interaction between
the molecules adsorbed. This model is not limited to the
monolayer formation and the sorption energy decreases
exponentially on the completion of the adsorbent sorption
sites [46,47]. This isotherm is used for the determination
of the adsorption intensity and capacity of the adsorbent.
The empirical equation of the Freundlich isotherm is given
below,

q,= KF : Cpl/n (6)
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Table 1

Langmuir parameters for the rhodamine B adsorption onto the surface of graphene oxide at different temperatures and pH 7
Temperature Theoretical Experimental R? K, (g/L)
(K) g, 10> (mol g™) q x10°(mol g™)
298 8.79 8.69 0.996 1.233
308 9.60 9.44 0.997 1.294
318 11.33 10.70 0.963 1.371

Table 2

Langmuir parameters for the congo red adsorption onto the surface of graphene oxide at different temperatures and pH 7
Temperature Theoretical Experimental R? K, (g/L)
(K) g, x 107 (mol g™) g x10-%(mol g™
298 412 3.52 0.996 0.2175
308 5.54 490 0.993 0.2592
318 5.87 5.30 0.99 0.2851

where g, is the amount of the adsorbed dye at equilib- 1.0

rium, C, is the dye concentration present in the solution at !

equilibrium, K is Freundlich isotherm constant related to 0.8

the capacity of adsorption (mg/g or mol/g), n is empiri- ;

cal parameter signifies the intensity of adsorption and also 0.64

shows the favourabilty of the process of adsorption, favor- !

able (0 < 1/n < 1), irreversible (1/n = 0) and unfavorable 0.4

(1/n > 1) [48]. If n = 1 then the partitions are concentra- =

tion independent between the two phases. If 1/n value is & 024

below one it shows a normal sorption. On the other hand, - |

1/n value above one indicates the cooperative adsorption. 0.04

Moreover, if n value lies between 1 and 10, then it shows |

that the adsorption process is favorable. The Freundlich iso- 024

therm in linearized form is given below: J

Ing, = InK, +1/nInC, @) b & S

The value of 1/n and K, can be obtained from the inter- = 15 12 09 0.6 03 00

cept and slope of the plot of log g, versus C, (Fig. 8). The log C

values obtained for the coefficient of correlation (R?) for &

Freundlich isotherm are found to be lesser than the Lang-

muir isotherm, suggesting that Langmuir isotherm is best 0.8+

fitted to experimental data. This model further assumes

that the adsorbate concentration at the interface increases 0.6

with its corresponding increase in the solution. If n value

is equal to unity, then the adsorption process is linear. If 0.44

n value is below unity, it shows the process of adsorption

is unfavorable, and if the n value is above unity, then the ot 027

process of adsorption is favorable. Further, if 1/n value is &

less than unity so it further confirms the normal Langmuir e

isotherm. As in our case, the value of 1/n is lesser than 1, so o

it confirms that the process of adsorption follows the Lang- ’

muir adsorption isotherm. If the value of n lies between 1 e

and 10 so it shows a beneficial process of adsorption. In the

present work, the value of n for both dyes lies within this 0.6

range. This implies that graphene oxide has a high affin- — ' . . .
ity towards the rhodamine B and Congo red removal. The -1.0 0.5 0.0 0.5 1.0 15
increase in the K, value with increasing temperature indi- log C,

cates that the capacity of adsorption has been increased for
the rhodamine B and Congo red adsorption onto the surface
of graphene oxide. Further, the increase in the capacity of

Fig. 8. Freundlich isotherm for the removal of dye (a) rhodamine
B and (b) congo red onto the surface of graphene oxide at pH 7.
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Freundlich adsorption with increasing temperature shows
that the process of adsorption is endothermic in nature.

3.3.3. Dubinin—Radushkevich model for rhodamine B and
Congo red adsorption

The Dubinin—-Radushkevich (D-R) model can be used
to estimate the adsorption free energy and characteristic
porosity. It helps in the determination of the nature of the
adsorption, i.e., whether the process is chemical or phys-
ical. The D-R isotherm is temperature dependent and it
indicates the non-homogeneous surface of the adsorbent
[48,49]. The D-R isotherm linear form is given below.

Ing=1Ing, - pe ®)
where ¢ is the amount of adsorbed dye per unit weight of
graphene oxide (mol/g), g, is the maximum capacity of

Table 3
Freundlich parameters for the removal of rhodamine B onto the
surface of graphene oxide at different temperatures and pH 7

Temperature(K) 1/n K, (L/g) R?

298 0.923 5.940 0.999

308 0.851 6.931 0.997

318 0.832 6.924 0.995
Table 4

Freundlich parameters for the removal of congo red onto the
surface of graphene oxide at different temperatures and pH 7

Temperature (K) 1/n K. (L/g) R?
298 0.645 1.351 0.994
308 0.607 1.023 0.98
318 0.502 1.288 0.983
Table 5

D-R parameters for the removal of rhodamine B onto the surface

of graphene oxide at different temperatures and pH 7

Temperature (K) E (k] mol™) R?

298 2.307 0.97

308 2.570 0.98

318 2470 091
Table 6

D-R parameters for the removal of congo red onto the surface of

graphene oxide at different temperatures and pH 7

Temperature (K) E (k] mol™) R?

298 0.516 0.94
308 0.594 091
318 0.527 092

adsorption (mol/g), while € is the Polanyi potential and is
equal to

€=RTIn (1 +Cij )

e

where R is the general gas constant and its value is equal
to 8.314 kJ/molK and T is the absolute temperature (K),
is the coefficient of activity associated with the adsorption
mean free energy (mol?/kJ?), which is defined as “when one
mole of ion from an infinity of solution is transferred to the
solid surface then it is called free energy of adsorption and
is represented by E” as given by the following equation,

E = (2k)*5 (10)

The process of physical adsorption occurs, when the E
<8 k] /mol while 8 < E < 16 shows that the chemical adsorp-
tion mechanism (ion-exchange). The Dubinin-Radushkev-
ich model supported the mechanism of monolayer to be

0.0+
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—
=
—
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=
~
h
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Fig. 9. D-R plots for the dye (a) rhodamine B and (b) congo red
onto the surface of the graphene oxide at pH 7.
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physical in nature because the mean free energy value was
less than 8 kJ/mol.

3.4. Thermodynamic studies of rhodamine B and Congo red
adsorption

The temperature effect on dyes adsorption is used to
determine the important thermodynamic parameters such
as Gibbs free energy, entropy and enthalpy change [18,50].
The influence of these parameters on the rhodamine B
adsorption was calculated based on the following equa-
tions:

AG =RT InK, 11)

AG® = AH° - TAS® (12)
where AG is the Gibbs free energy change, R is the universal
gas constant and its value is equal to 8.3145 J/molK, T is
absolute temperature (K), and K is the constant of equilib-
rium and is given below:

0.33
(a)
0304
-
4 0274
=
0244
0214
T T T ¥ T v T v T
315 320 325 3.30 335
Ut (K
-1.25+4
" (b)
-1.30 <
-1.35
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£ 1404
-1.45 <
-1.50 <
_]'55 T T T T T
3.15 320 3.25 3.30 3.35
1T (K"

Fig. 10. Van't Hoff plot for the adsorption of dye (a) rhodamine
B and (b) congo red onto the surface of graphene oxide at pH 7.

(13)

where C, is the equilibrium dye concentration and C.is the
dye concentration in solution. The standard enthalpy and
entropy of the process of adsorption can be calculated by
using the Van't Hoff equation:

AS° B AH®
R RT

The value of InK, was calculated from the Langmuir
adsorption isotherm. The values of AH° and AS° were
found to be 4.18 k]-mol™ and 5.95 J-mol™ K™ respectively for
rhodamine B, whereas, for Congo red the values of AH® and
AS° were 10.69 kJ-mol™ and 8.80 J-mol™ K™ respectively. The
AH° values of both dyes show that the removal was endo-
thermic in nature. Moreover, the AS° values clearly indicates
the irregular increase in the randomness at solid-liquid
interface during the rhodamine B adsorption from aque-
ous solution onto the graphene oxide. The AS°value further
indicates an increase in the degree of freedom of species
adsorbed as reported elsewhere [18].

The Gibbs free energy (AG°) for the adsorption of
rhodamine B and Congo red onto the graphene oxide was
calculated by using Eq. (12). The negative value of AG°
(Table 7) for rhodamine B and Congo red (Table 8) confirms
that the removal process is spontaneous and thermodynam-
ically favorable at all temperatures. As can be seen, that AG®
value for thodamine B changes from -1.77 to —1.89 kJ/mol
whereas, the AG® value for Congo red changes from -2.61 to
—2.78 kJ/mol. This indicates that the removal of rhodamine
B and Congo red onto the surface of the graphene oxide at
higher temperature is more spontaneous. Similar results
were also reported by other researchers in the literature [51].

LT’[KL = (14)

3.5. Adsorption mechanism

The mechanism of adsorption depends upon the texture
properties and chemistry of the adsorbent and adsorbate.

Table 7
Thermodynamic parameters for the removal of rhodamine B
onto the surface of graphene oxide

Temperature AG® AH° AS°
(K) (kJ mol™) (kJ mol™) (J mol'K)
298 -1.77 4.18 5.95
308 -1.83
318 -1.89
Table 8

Thermodynamic parameters for the removal of congo red onto
the surface of graphene oxide

Temperature AG® AH° AS°

(K) (kJ mol™) (kJ mol™) (J molK™)
298 —-2.61 10.69 8.80

308 -2.70

318 -2.78
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Scheme 1. Mechanism of adsorption for the removal of rhodamine B and Congo red onto graphene oxide.

The forces that are involved in the process of adsorption are
electrostatic attraction and interaction as shown in Scheme
1. The electrostatic attraction exists between the opposite
charges on graphene oxide and both dyes rhodamine B and
Congo red while the interactions occur between the aro-
matic ring of rhodamine B and Congo red and the aromatic
ring of graphene oxide [52].

3.6. Comparison with other adsorbents

The adsorption capacity of graphene oxide for adsorp-
tion of rhodamine B and Congo red was compared with
other adsorbents reported in the literature. The maximum
adsorption capacity of graphene oxide was calculated to
be 1655 mg/g, which is higher than the adsorption capac-
ities of other adsorbents as shown in Table 9. Postai et al.
[53] investigated the removal of rhodamine B from waste
water by using the waste seeds Aleurites moluccana (WAM)
as an adsorbent. The maximum adsorption capacity of

rhodamine B was 117 mg/g. Peng et al. [54] used the
humic acid modified Fe,O, nanoparticles (Fe,O,/HA)
for the adsorption of rhodamine B from aqueous solu-
tion and the maximum adsorption capacity was reported
to be 161.8 mg/g. Khan et al. [55] reported the kaolin-
ite adsorption efficiency for the removal of rhodamine
B from aqueous solution and the maximum adsorption
capacity for rhodamine B adsorption was 46.08 mg/g.
Zhou et al. [56] used the shrimp shell powder for the
removal of Congo red from waste water. Results revealed
that adsorption capacity for treated shrimp shell powder
was 288.2 mg/g for the removal of Congo red. The above
study suggest that graphene oxide may be used as an
excellent adsorbent for the removal of rhodamine B and
Congo red from aqueous solution due to the presence of
different oxygen functional groups, high surface area and
high adsorption capacity. Therefore, graphene oxide has
a great potential to be applied for the treatment of waste
water in the near future.
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Table 9
Comparison of adsorption capacities of rhodamine B and congo
red by graphene oxide with other adsorbents

Adsorbent T References
(mg/g)

Waste seeds Aleurites moluccana 117 [53]

(WAM)

Humic acid (HA) modified 161.8 [54]

Fe,O, nanoparticles

Kaolinite 46.08 [55]

Shrimp shell powder 288.2 [56]

Duolite C-20 (resin) 28.57 [57]

Activated Carbon 6.72 [58]

Montmorillonite 8.4 [59]

Graphene Oxide 1655 This Study

4. Conclusion

Graphene oxide was successfully synthesized by mod-
ified Hummer’s method. The various analytical techniques
such as thermogravimetric/differential thermal analysis,
scanning electron microscopy, fourier transform infrared
spectrometry and X-ray diffraction were used to evaluate
the physiochemical properties of the synthesized graphene
oxide. The synthesized graphene oxide showed potential
capacity towards adsorption of rhodamine B and Congo red.
However, it was found that graphene oxide showed greater
affinity towards the adsorption of rhodamine B as compared
to Congo red. This may be due to the strong electrostatic inter-
action between the positively charged surface of rhodamine
B and negatively charged surface of graphene oxide. More-
over, the thermodynamic parameters such as AH®, AS® and
AG® calculated in this study, clearly indicated that the adsorp-
tion process of the selected dyes on graphene oxide was phy-
sisorption, endothermic and spontaneous at all temperatures.
Thus, graphene oxide may be used as a potential adsorbent
for the removal of toxic pollutants from drinking water.
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