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ABSTRACT

Expanded graphite nanosheets (EG-nanosheets) were used for
adsorption of Malachite Green (MG) from aqueous solution. The
influences of dye concentrations, absorbent dosage, pH values and the
temperatures on the adsorption were investigated as well. The dye
adsorption experiments were carried out by utilizing batch procedure.
EG-nanosheets were initially characterized by scanning electron
microscopy (SEM), fourier transform infrared (FT-IR) and X-ray
diffraction (XRD). Adsorption efficiency increased with increment in
initial pH, dye concentration and temperature, but decreased with
increment in adsorbent dose. The rate parameters of adsorption were
evaluated by First-order, pseudo-second-order, and intraparticle diffusion
models. These data indicated an endothermic spontaneous adsorption
process and kinetically followed the pseudo-second order model with
activation energy of +17.44 kimol™ Langmuir, Freundlich and Temkin
equations were used for analyzing of experimental isotherm data and
found that the Langmuir isotherm model showed good fit to the
equilibrium adsorption data. The maximum adsorption capacity of 158.9
mg g of Malachite Green was achieved (dye initial concentration of
100mg L™). Thermodynamic parameters such as changes in the free
energy of adsorption (4G°), enthalpy (4H°) and entropy (4S°) were
calculated. The negative values of 4G° indicate that the malachite green
adsorption process is spontaneous in nature and the positive value of 4H°
shows the endothermic nature of the process. Adsorption onto EG has
proved to be highly efficient technique for the handling of dye-
contaminated waters.

Keywords: Expanded Graphite Nanosheets; Nano-adsorbent; Textile
dye; Kinetic model; Thermodynamic parameter.
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INTRODUCTION

Carbonic materials like activated carbon
which have adsorptive particles or granules usually
obtained by heating carbonaceous material in the
absence of air or in steam and possessing a high
capacity to selectively remove trace and soluble
components such as organic dyes from solution [1,
2].

Expanded graphite (EG) is from graphite
intercalation compounds (expandable graphite), and
it possesses abundant porous structure and high
surface area and structure with the size from several
nm to hundreds um. Expanded graphite was used as
an absorbent with a high adsorption capacity for
dyes and heavy metal ions [3-4].

Malachite green dye is commonly used for
the dyeing process and in the manufacturing of
paints and printing inks [5]. Also upon contact with
eye will lead to permanent injury of human eyes
and laboratory animals. Therefore effective
removal of malachite green from wastewater is
necessary. Techniques evaluated for MG removal
include photo-degradation [6], photo-catalytic
degradation [7], bioremediation [8], and adsorption
[9]. Adsorption has gained importance as an
effective purification and separation technique used
in water and wastewater treatment. The removal of
metals, colored and colorless organic pollutants
from industrial wastewater are considered an
important application of adsorption processes using
suitable adsorbents. A considerable amount of work
has also been reported in the literatures regarding
the adsorption of some dyes on various adsorbent
surfaces such as activated carbon [1,2], silica [10],
clay [9], natural polymers [11] and so forth.

The aim of this study is investigating the
adsorption capacity of EG-nanosheets for MG
removal from aqueous solution. Thus, the present
study is devoted to test the ability of EG-nanosheets
for removing MG. Several studies have been
proposed in the literature about the use of new
sorbents, in relation with MG sorption from water
solutions. These materials have some comparative
advantages in contrast to common sorbent
materials. Some remarkable studies can be seen in
Table 1. The recovery percentage of MG onto EG
nanosheets is much more than other absorbents [12-
21]. Effective parameters such as adsorbent dosage,

initial dye concentration, pH, temperature, Kkinetics,
and thermodynamic studies were investigated.

Table 1. Comparison of Adsorption Capacities of VVarious
Adsorbents for Malachite Green.

Rattan Sawdust 62.71 16
Ferrofluid Mdified Sawdust 43 17
Magnetic:l(l(la);l Sl_éalcl:):lllzd Baker’s 19.6 18
Hydrilla verticillata 91.97 19
Solid Agricultural Waste 39.84 20
Wheat bran coarse particle 75.64 21
Mango seed husk 47.9 22
Rice husk activated carbon 63.85 23
PETNa8 169.49 24
MCM-48 158.7 25

Expanded graphite nanosheets 158.9 Present Work

EXPERIMENTAL

Materials

A SEM image was obtained with a FE-
SEM Hitachi S-4700 and Fourier Transform
Infrared (FT-IR) spectroscopy was performed on
ABB, MB3000 spectrometer. X-ray diffraction
(XRD) study was carried out with D500 Siemens,
X-Ray diffractometer. Analytical reagent grade
Malachite Green (MG, Cy3H»sN,Cl) was purchased
from Merck Co. It has a maximum visible
absorbance at a wavelength of 621 nm. MG stock
solution was prepared by dissolving an accurately
weighed amount of MG in distilled water to
achieve a concentration of 500 mg L™ and
subsequently diluted to the required concentrations.

Adsorption procedure

Batch  adsorption  experiments  were
conducted in order to evaluate the effects of contact
time, solution pH, adsorbent dose, initial MG
concentration and temperature. Batch adsorption
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experiments were carried out typically described in
literature [9].

The amount of MB adsorbed by EG
nanosheets in each time interval t, q;, was
calculated by equation (1):

g, =V (C, —C)/W (1)

Where g, is the amount of adsorbed dye on
EG-nanosheets at any time (mg g™); Co and C; are
concentration of MG before adsorption and after
contact time t (mg L™), respectively; V is the
volume of MG solution (L), and W is the mass of
EG-nanosheets sample used (g) [22].

The kinetics of the adsorption process was
analyzed using the pseudo first-order, pseudo
second-order and intraparticle diffusion equations
to model the kinetics of MG adsorption onto EG
nanosheets. The linear forms of three models are
expressed by equation (2-4):

In(ge — ;) =Ing, —kit )
o
G K e ©)
L tl/2
Q. = kit +C (4)

Where g, is the amount of the adsorbed
pollutant at equilibrium per unit mass of the
adsorbent (mg g™), k. (min™), k, (g mg™* min™) and
ki (mg g* min%) are the rate constants of the
pollutant adsorption in pseudo-first-order (Eg. 2),
pseudo-second-order (Eg. 3) and intraparticle
diffusion models (Eq. 4), respectively [23-25].

RESULTS AND DISCUSSION

Characterization of
nanosheets

SEM images of natural Graphite (Figure
1a) and expanded graphite flakes (Figure 1b and c)
are shown in Figure 1. Furthermore, Figure 1(b and
c¢) shows that the individual graphite nanosheets is
not a single graphite nanosheets or “‘graphene’’ but
rather consists of several layers of graphite sheets.
It is important to know that the graphite nanosheets

Expanded graphite

contain functional groups for instance hydroxyl and
carboxylic acid after acid and high temperature
treatments [26, 27]. Functional groups of EG-
nanosheets provide Physical interaction with
organic dyes. Acid and high temperature treatments
endows EG with high surface area, corresponding
to graphite nanosheets having thickness between
50-100 nm.

Fig. 1. SEM micrographs of a) Natural graphite and b,c) expanded
graphite nanosheets.

Figure 2a shows FT-IR spectrum of
graphite.  The results show that the graphite
exhibits no functional groups on the surface. The
peak at 1560 cm™ is of the C—-C—C symmetric

Submit your manuscript to www.ijnd.ir

57



Int. ].Nano Dimens. 6(1): 55-66, Winter 2015

Kiani

stretching vibration. The broad absorption band at
3400 cm™ indicates O-H stretching vibration,
whereas the band at 2924 cm™ is due to the
stretching of the C—H bonds. In FT-IR spectra of
EG (Figure 2b), some new peaks are observed at
lower wave number in between 500-800 cm™ due
to the C—H outer bending vibration, C—H in plane
bending and out-of-plane C-H wagging [28, 29].
The peak at 3436 cm™ is attributed to the O—H
stretching vibration of phenolic or alcoholic
functional groups present on the EG surface. The
band at 1706 cm™ can be ascribed to the C=0
stretching of COOH groups, The strong band at
1050 cm™ is due to the vibration of C-O, and the
weak band at 1200 cm™ will be due to phenolic
groups. During intercalation of natural graphite by
strong acids some of the carbon double bonds are
oxidized, which leads to the formation of oxygen-
containing functional (carboxylic and hydroxyl)
groups on exfoliated graphite surface, that can
facilitate the physical and chemical interactions
with dyes [30].

— — T — T T T T T —
4000 as00 3000 2500 20‘00 1500 1000 500

Wavenumber em-1)

Fig. 2. FT-IR spectra of a) graphite and b) EG-nanosheets.

XRD analysis of graphite and EG
nanosheets were studied (Figure not shown here).
XRD analysis indicates a very intense and narrow
peak at 26.62, 44.60, and 54.85°. These peaks
match with the (002), (101), and (004) planes of the
hexagonal system (reference number PCPDFWIN
25-0284) of the EG [31].

Adsorption rate

o [Effect of contact time and initial dye
concentration
The experimental results of adsorption of
MG onto EG-nanosheets at the various initial
concentrations of 20, 60 and 100 mg L™ is
illustrated in Figure 3. Figure 3 reveals that
adsorption capacity of the adsorbent increased from
0.093 to 0.431 mmol g™ (35.2 to 158.9 mg g™) with
increase in dye concentration. This indicates that
the initial dye concentration plays an important role
in the adsorption capacity of malachite green onto
EG-nanosheets. At lower concentration, the ratio of
initial number of dye molecules to the available
surface area is low. Subsequently, the fractional
adsorption becomes independent of initial dye
concentration.

180

160 |  freriirt——at——d—d—k

140

60 - —— 20 mg/L
10 | ettt 60 mg/L
20 A —&— 100 mg/L
D T T 1
0 50 100 150
Time (min)

Fig. 3. Effect of contact time and initial dye concentration on
adsorption of MG onto EG-nanosheets from aqueous solutions
(T=30 °C, pH=8.5).

o Effect of pH

One of the most important factors
affecting the adsorption capacity is pH. The
adsorption of MG increases with decrease in the pH
of the solution. It is well known that the surface of
graphite contain some oxygen groups such as
carboxylic groups (COOH) and hydroxylic groups
(OH) after acid treatment [32]. When pH increases,
the carboxylic groups are ionized and the negative
charge density on the surface increases, resulting in
enhanced removal efficiency of dyes. As can be
cleared in Figure 4 (a and b), when pH of the dye
solutions was increased from 7.5 to 8.5, the
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amounts of dye adsorbed increased from 18.5
(46.4% removal) to 34.8 (87% removal) mg g™,
respectively. The surface of the EG-nanosheets
may contain a large humber of negative active sites
and therefore cationic MG dye can be related to
these negative sites.
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Fig. 4. Effect of contact time and initial pH on a) adsorption and b) %
removal of MG onto EG-nanosheets from aqueous solutions (T=30 °C,
[MG]o=20mg L™, EG-nanosheets=0.05 g).

o Effect of adsorbent dose

The effect of the adsorbent dose on
removal of MG is depicted in Figure 5a. The effect
of EG-nanosheets doses on MG adsorption was
studied by varying the adsorbent dose from 0.05 to
0.15 g. Adsorption capacity decreases from 25.4 to
7.9 mg g* as the adsorbent dose increases from
0.05 to 0.15 g. This may be attributed to the
aggregation of adsorbent particles at high dosage,
which reduces the total surface area of the
adsorbent and results in an increase in the diffusion
path length [33].

o  Effect of temperature

In order to observe the effect of
temperature batch adsorption studies were carried
out with MG. Adsorption of MG onto EG-
nanosheets was measured at three different
temperatures (30, 45, and 60 °C). Figure 5b shows
an increase in adsorption with an increase in
solution temperature. Therefore, adsorption was
endothermic in nature. The equilibrium adsorption
capacity was clearly affected by temperature, with
the amount of MG adsorbed increasing from 35.2
(88.1% removal) to 39.6 mg g (99.1% removal)
when the temperature was raised from 30 to 60°C.
This may be a result of increase in the mobility of
the large dye ion with temperature. An increasing
number of molecules may also acquire sufficient
energy to undergo an interaction with active sites at
the surface. Furthermore, increasing temperature
may produce a swelling effect within the internal
structure of the EG-nanosheets enabling large dyes
to penetrate further [33-34].
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Fig. 5. Effect of adsorbent dose on adsorption of MG onto EG-
nanosheets (T=30 °C, [MG],=20 mg L™, pH=8.5) and b) Effect of
contact time and temperature on the removal rate of MG onto EG-
nanosheets from aqueous solutions ((MG],=20mg L, pH=8.5, EG-

nanosheets=0.05 g).
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Kinetics of adsorption

In order to find out the potential rate-
controlling steps involved in the process of
adsorption, kinetic models were established. Three
kinetic models, pseudo-first-order, pseudo-second-
order and intra-particle diffusion, are adopted to
investigate the adsorption process at different
temperatures [35]. Table 2 presented the rate
constant and correlation coefficient of the pseudo-
first-order, pseudo-second-order  and the
intraparticle diffusion model at 20, 40 and 60°C.
The correlation coefficient R®> for the pseudo-
second-order adsorption model has extremely high
values (R® > 0.999), and its calculated equilibrium
adsorption capacities Qe fit well with the
experimental data (Figure 6a). These suggest that
the pseudo-second-order adsorption mechanism is
predominant and the overall rate of this sorption
process appears to be controlled by the chemical
process [36].

Table 2. Adsorption kinetic parameters of MG onto Expanded
graphite nanosheets

Pseudo-first-order
Ky, min™ 0.003 | 0.001 | 0.001
R? 0.983 | 0.955 | 0.986
Pseudo-second-order
K, g/mg min 1999 | 443 10.9
e, car (Mg g ™) 38 40.2 | 41.6
Qerexp (MY G7) 36.7 | 39.6 | 40.8
R® 0999 | 1 1
Intraparticle diffusion
ki, mg g™ min*? 0.551 | 0.146 | 0.085
C 32.31 | 36.36 | 39.15
R? 0.993 | 0.989 | 0.909

Adsorption isotherms

The analysis and design of sorption
process requires the relevant Adsorption equilibria,
which is the most important piece of information in
the understanding an adsorption  process.
Adsorption isotherm is expressed by relating the
amount of adsorbate taken up per gram of

adsorbent, g. (mg g*), to the equilibrium solution
concentration, C, (mg L™), at a fixed temperature
[36].

In this study, three isotherms Langmuir
(Eg. (5)) [37], Freundlich (Eqg. (6)) [38] and
Temkin (Eq. (7)) [39] were tested.

&:i_FiCE (5)
qe KL KL
1
logq, =log K +=logC, (6)
n
9. =B,InK; +B,InC, (7)

Here g, is the solid phase equilibrium
concentration, i.e., the amount of MG adsorbed per
unit weight of the EG-nanosheets (mg g); C. is the
liquid phase equilibrium concentration (mg L™), K,
and a, are Langmuir constants found from the
intercept and slope of the straight line of the plot
Ce/ge versus C.. The a_ constant is related to the
free energy or net enthalpy of adsorption (L mg™)
(a. a e“"R) [40], and K_ is the equilibrium
constant of Langmuir (L g). K is a Freundlich
constant indicative of the relative adsorption
capacity of the adsorbent (mg g™) and 1/n is the
adsorption intensity. B; = RT/b, K; is the
equilibrium binding constant (Lmg™) and B, is the
heat of adsorption.

Table 3 summarizes the values of k_ and
a. (Langmuir isotherm), Kg and 1/n (Freundlich
isotherm), B; and k; (Temkin isotherm) and the
correlation coefficients for the three isotherms. It
can be clear that the Langmuir model resulted into
a better fit than the Freundlich and Temkin models.
Langmuir isotherm model assumes uniform
energies of adsorption on the surface without
transmigration of adsorbate in the plane of the
surface [36]. Therefore, the Langmuir isotherm
model was chosen for estimation of the maximum
adsorption capacity corresponding to complete
monolayer coverage on the adsorbent surface.
Similar result on the suitability of Langmuir
isotherm was observed by the adsorption of
methylene blue onto activated carbon [41]. Figure
6b shows Langmuir isotherms in the various
temperatures.
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Fig.6. Pseudo-second-order plots for the adsorption of MG onto EG-nanosheets at various temperatures ([MG],=20mg L™, EG-nanosheets=0.05 g,
pH=8.5) and b) Langmuir plot of adsorption of MG onto EG-nanosheets at various temperatures (pH=8.5, EG-nanosheets=0.05 g, [MG]o= 20, 60,
100 and 140 mg L™).

Table 3. Langmuir, Freundlich and Temkin isotherm constants for MG adsorption onto EG-nanosheets

K. a, R. R? S 1/n Ke R? S B, Kr R? S
111.1 | 0.45 | 0.042 1 | 00056 | 0018 | 3237 | 0.977 | 0.023 | 28.17 | 10.71 | 0.993 | 0.125
136 | 0.95 | 0.020 | 0.999 | 0.0076 | 0.0055 | 38.61 | 0.962 | 0.045 | - - - -
200 1 0.019 1 | 0.0145] 0.007 | 3595 | 0.993 | 0.065] - - - -

The essential characteristics of the
Langmuir isotherm can be expressed by a
dimensionless constant called the separation factor,
Ry, [42] which is defined by

1
b1+ acC, ®)

The value of R, indicates the type of the
isotherm to be (i) unfavorable (R_ > 1), (ii) linear
(R = 1), (iii) favorable (0 < R. < 1), or (iv)
irreversible (R, = 0). The R_ values for the
adsorption of MG onto EG-nanosheets are in the
range of 0.019-0.042, indicating that the adsorption
is a favorable process.

The standard deviation is a measure of
how precise the average is, that is, how well the

individual numbers agree with each other. It is a
measure of a type of error called random error- the
kind of error people can’t control very well. It is
calculated as follows:

HERYAY
5 |2XI=X) )
n-1
Here X is the average result and n is

summing the individual results. The calculated
amount of standard deviation of relative errors for
three models was shown in Table 3. Based on data
in Table 3, Langmuir is the best-fitting isotherms
which had the highest coefficient of determination
compared with other methods.
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Adsorption thermodynamics

When the temperature is concerned for
sorption, it is useful to determine the
thermodynamic parameters such as standard Gibbs
free energy change AG®, standard enthalpy change
AH®, and standard entropy change AS°. The Gibbs
free energy change for sorption of MG on EG-
nanosheets is estimated by using equilibrium
constant K. [43]. The thermodynamic parameters
AH®, AS°, and AG° associated with the adsorption
process can be determined by using the equations
(10 and11).

AG® = -RTInK, (10)

AG®= AHC- TAS® (11)

Where K_ is Langmuir constant when
concentration terms are expressed in L mol™®, R
(8.314 J mol™ K™) is the universal gas constant and
T (K) is the temperature. The spontaneous nature of
sorption appears due to negative values of AG°.
Figure 7a shows just such a plot with a correlation
coefficient of 0.985. AH® and AS° values are thus
found to be +241.1 kimol™ and +116.1 J K™,
respectively, while the AG® values are -11.8, -12.7,
and -14.6 kJmol® (at 30, 45, and 60°C,
respectively). This confirms affinity of EG-
nanosheets for the MG. The positive AH® values
could lead to endothermic nature of interaction
between MG dye and EG-nanosheets adsorbent.
Standard entropy determines the disorderness of the
adsorption at solid—liquid interface [44].

Activation parameters

As shown earlier, the pseudo-second-
order model is identified as the best kinetic model
for the adsorption of MG onto EG-nanosheets.
Accordingly, the rate constant k, of the pseudo-
second-order model is adopted to calculate the
activation energy (E,) of the adsorption process
using the Arrhenius equation (Eg. (12)), it is
possible to gain some insight into the type of
adsorption.

Inkgy = In A — E./RT (12)

Here E, is the activation energy (J mol™),
ksn the pseudo-second-order rate constant for
adsorption (g mol™ s?), A the temperature-
independent Arrhenius factor (g mol™ s™), R the gas
constant (8.314 J K* mol™), and T the solution
temperature (K). The activation energy can be
determined from the slope of the plot of In k;
versus 1/T. The physisorption process usually has
the activation energy (Ea) in the range of 5-40 kJ
mol™, while the activation energy (E,) in the range
of 40-800 kJ mol™ suggests the chemisorption
process [45]. The present results give E, = +17.44
kJ mol™ for the adsorption of MG onto EG-
nanosheets (Figure 7b), confirming that the
adsorption  process of  physisorption  was
predominant. The value is consistent with those
found in the literature for the adsorption of dyes
onto many adsorbents, e.g., MG onto HNTs (18.28
kJ mol™) [9] and methylene blue onto perlite (14 kJ
mol™) [45].

$4 4
53 1

a
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49 1
43 1
47 4
44

295 3 3.05 31

T 107

318 32

0.00295
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L T T L

0.003 000305 00031 000315 00032 000325

&Y

Fig. 7. Plot of InK_ vs. T: estimation of thermodynamic parameters for the adsorption of MG onto EG-nanosheets and b) Plot of Inkg, vs. T ™%
estimation of the activation energy, E,, for the adsorption of MG onto EG-nanosheets.
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In this work, the MG was adsorbed on
EG-nanosheets aggregated together to millimeter
scale particles and were deposited completely
within 30 min (Figure 8). This is also an advantage
of the application of EG-nanosheets as a relative
low-cost unconventional nano-adsorbent of MG.

Fig. 8. The photos of the MG solution before (left) and after (right)
adsorption with EG-nanosheets.

CONCLUSIONS

This work has demonstrated that EG-
nanosheets can be employed as effective nano-
absorbent for MG removal. The equilibrium data
have been analyzed using Langmuir, Freundlich
and Temkin isotherms. The characteristic
parameters for each isotherm and pertinent
correlation coefficients have been determined.
Langmuir model fitted well and adsorption was of
second-order Kkinetics. A maximum adsorption
capacity of 158.9 mg g™ of Malachite Green was
achieved. The adsorbed amount of MG increased as
initial MG concentration, pH and temperature
increase. The adsorption of MG onto EG-
nanosheets obeyed pseudo-second-order Kinetics
with activation energy +17.44 kJ mol™, this is

consistent with the description of the process as
physisorption. The negative values of AG° and
positive value of 4H° show that the adsorption is a
spontaneous and endothermic process. The
dimensionless separation factors (R,) released that
the adsorption is a favorable process. It is expected
that the EG-nanosheets can be utilized as
unconventional nano-adsorbent for the removal of
dyes from aqueous solutions.
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