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Abstract—A facile, effective, and eco-friendly process was developed for the preparation of chemically expanded graph-
ite (CEG) under ambient conditions using natural flake graphite as raw material, potassium permanganate (KMnQO,) as
an oxidative intercalating agent, and hydrogen peroxide (H,O,) as the reactive species. The results showed that the
CEG had an interconnected and highly porous structure, and some oxygen-containing groups were grafted on the
graphite layer by the oxidation-intercalation process. The absence of the graphite diffraction peak at 26° in the XRD
pattern of expanded graphite (EG) indicates that the intercalation and expansion processes were complete, and most of
the starting graphite layers were converted into the graphene sheets. The sulfuric acid concentration was the most
effective parameter on the expansion, and the maximum expansion occurred at a sulfuric acid concentration of 77.5%.
The other optimum preparation conditions were obtained at 1.5 g of KMnO, and 30 mL of H,0, 30%. Under the opti-
mal condition, the developed room-temperature liquid-phase intercalation and expansion processes led to an expan-
sion volume of up to 250 times. The potential application of the as-prepared CEG in environmental clean-up was
evaluated by adsorptive removal of methylene blue (MB) from the aqueous solution. The kinetic studies exhibited that
the MB adsorption onto the CEG followed a pseudo-second-order kinetic model. Equilibrium data were fitted well with
the Langmuir model with a maximum adsorption capacity of 399.08 mg g . The findings indicate that the CEG would

be potentially applicable in water purification.
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INTRODUCTION

Graphite has a crystal layered structure with a weak van der
Waals force bonding the layers. Because of the weak force between
the layers, intercalating the layers with a wide range of atoms can
provide expanded graphite (EG) with incredibly higher pore size
compared to graphite [1].

EG can be obtained by the expansion of graphite layers along
the c-axis [2]. However, the van der Waals forces between the adja-
cent layers prevent the c-axis exfoliation of graphite. Therefore, for
the successful expansion of graphite, it needs to overcome the van
der Waals bonds between the layers by physical or chemical meth-
ods. The van der Waals forces can be weakened by inserting atomic
or molecular non-carbonaceous chemical species between graphite
layers [3]. Using high temperature or chemical reactions, the de-
composition of the inserted compounds between layers produces
a large volume of gas, resulting in a large force between the layers
greater than the van der Waals binding forces that push away the
layers along the c-axis [4]. This would result in the expansion of
the intercalated graphite (also known as graphite intercalation com-
pound or expandable graphite) to hundreds of times of its initial
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volume and formation of a porous worm-like filament. The result-
ing material is called expanded graphite, which has a different struc-
ture as well as properties than those of flake graphite, such as high
specific surface area and good adsorption ability [5-7]. EG has been
successfully applied to remove various organic and inorganic com-
pounds, such as pesticides [8,9], oils [10,11], heavy metals [12-15],
and dyes [16-18].

The expansion process of graphite can be achieved by various
strategies, such as thermal, chemical, and electrochemical processes
[19,20]. Thermal expansion mainly occurs by the release of gas
within the interlayers at high temperatures, produced by the sud-
den volatilization of intercalant species inserted between adjacent
layers, causing each region to expand like a balloon [21]. The main
drawback of this process is the inhomogeneous gas shock to graph-
ite layers, which results in the formation of multilayer stacked struc-
tures.

Electrochemical expansion is a highly efficient and environmen-
tally friendly procedure for the production of EG. This process is
based on graphite anodic polarization (formation of carbon mac-
rocations) and diffusion of intercalant substances into inter-layer
spaces [22-24]. However, the generation of radicals during the water
electrolysis is a major problem since these radicals can attack the
lattice of sp’-bonded carbon atoms, resulting in the formation of
defects in the structure [25].

Chemical expansion is another way to prepare the EG [26]. The
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gas evolution between the layers originating from the chemical
reaction of inserted intercalants with reactive substance is import-
ant for the graphite expansion in this route. In the production of
chemically expanded graphite (CEG), reactant types and their con-
tent affect intensively the volume of expansion as well as the struc-
ture. Various types of intercalation compounds, such as sulfuric
acid [27,28], peroxodisulfuric acid [29], nitric acid [30,31], acetic
acid [32], perchloric acid [33,34], ferric chloride [35], barium fer-
rite [36], and ammonium persulfate [37], have been used to pre-
pare expandable graphite materials. However, the toxicity of pre-
cursors in some cases and uneconomic process conditions such as
the need for applying high temperatures or using other co-inter-
calant/oxidant species can limit their widespread application for
the preparation of CEG materials [4,37,38]. A novel room-tempera-
ture chemical expansion method of graphite using CrO; as inter-
calant and H,O, as reactive species was developed in 2016 by Lin
et al. [20] to prepare high-quality EG. However, this method involves
the utilization of the toxic CrO; and subsequent generation of envi-
ronmental pollutant chromium ions during the expansion process.
Therefore, it is essential to develop new methods for highly effi-
cient mass production of CEG with less pollution.

In this study; a simple room-temperature method was developed
to produce high-quality CEG. In this method, the CEG is prepared
by acidic modification, which can be classified as a sub-category of
of chemical expansion, of graphite at ambient temperature using
natural flake graphite as raw material, KMnO, as the intercalant
reagent, and H,0, as the reactive species. The impact of effective
parameters on the expansion volume was investigated and opti-
mized. The structural change of the graphite during the intercala-
tion/expansion process was investigated with various methods. The
potential ability of the as-prepared CEG in water treatment was
examined by MB removal from an aqueous solution as a model.

MATERIALS AND METHODS

1. Reagents and Materials

Natural flake graphite (+100 mesh) was obtained from Sigma-
Aldrich (St. Louis, MA, USA). Potassium permanganate (KMnO,),
Methylene blue (MB, C,sH,sN;SCI), H,SO, (97%), and H,O, (30%)
were purchased from Merck Company (Darmstadt, Germany).
2. Instrumentation

The infrared spectrum was recorded using the KBr pellets on a
Spectrum RXI Fourier transform infrared (FTIR) spectrophotome-
ter (PerkinElmer, USA) in the range of 400 to 4,000 cm™". The sur-
face morphology of materials was investigated using a field emission
MIRA3TESCAN-XMU scanning electron microscope (SEM, Czech
Republic) at an accelerating voltage of 15kV. The surface area and
pore size of the synthesized material were determined using nitro-
gen adsorption-desorption analysis with BET-NOVA 2000e (Quan-
tachrome Instruments, USA) at 77 K according to the Brunauer-
Emmett-Teller (BET) method. The X-ray diffraction (XRD) pat-
terns were recorded using a PW 1800 X-ray diffractometer (Philips,
the Netherlands), equipped with Cu-Ke radiation (1=0.154056
nm). Raman spectra were recorded using a TEKSAN N1-541
Raman spectrometer (Iran) at an excitation laser beam wavelength
of 532 nm. The Malvern Zetasizer 3000 was used to measure zeta

potential of the CEG.
3. The Synthesis Procedure of CEG

1.5 g of KMnO, and 1.0 g of natural flake graphite (+100 mesh)
were slowly added to 20 mL of sulfuric acid (77.5%) in a beaker,
and the mixture was stirred at room temperature for 90 min. After
that, 30 mL of H,0, (30%) was slowly added to the mixture. The
mixture was kept at room temperature to complete the expansion
of graphite. After 24 hours, the mixture was washed with deion-
ized water several times to remove the residual sulfuric acid and
MnO, ions. Then, in order to measure the expansion volume, the
CEG was poured into a graduated cylinder and its volume was
measured. The obtained EG was simply mesh-filtered (100-mesh)
and dried at room temperature. The CrO; based CEG was synthe-
sized according to the previously reported procedure by Lin et al
[20].
4. MB Adsorption Test

MB solution with the initial concentration of 100 mg-L™" was
prepared by dissolving a certain amount of MB in deionized
water. Then, 0.02 g of EG was transferred to 50 mL of MB solu-
tion, and the solution was magnetically stirred for 90 min. After
adsorption, the EG was removed and the final concentration of
MB was measured by a spectrophotometer at 665 nm. The quan-
tity of MB adsorbed by EG at equilibrium (q,, mg-g ') was calcu-
lated based on the following equation (Eq. (1)):

(C,=C)xV

L= (1)
where C; and C, are the initial and equilibrium concentrations of
MB solution (mg-L™), respectively; V is the volume of MB solution
(L) and m is the mass of the CEG (g). For each point, three repli-
cates were done and the average of results was reported.

RESULTS AND DISCUSSION

1. Mechanism of Expansion

The expansion of graphite in the presence of KMnO,, H,SO,,
and H,0O, happens primarily by the evolution of O, gas within the
interlayer graphite plane. Fig. 1(a) schematically shows the prepa-
ration procedure of the CEG. In this process, first, by mixing graph-
ite with KMnO, and sulfuric acid, the intercalation reaction is
achieved by MnO; ion that further reacts with excess KMnO, to
form Mn,O;, which is more reactive than KMnO, (Eq. (2) and
Eq. (3)) [39:40]. The distributed Mn,O, molecules in the inter-
layer of graphite form a dark green mixture. The intercalation of
manganese heptoxide molecules between the graphite layers can
weaken the van der Waals forces between them and allow easier
exfoliation. However, the intercalation process failed to cause a sig-
nificant volume expansion for graphite flakes. When H,0, is added
to the mixture, the intercalant species (Mn,0O, molecules) between
the graphite layers react with H,O,, which causes release of oxygen
gas (Eq. (4)). The large volumes of O, gas evolving rapidly have not
enough time to escape from the interlayers, and therefore the expan-
sion of intercalated graphite happens. Actually; by the chemical reac-
tion of the adsorbed intercalating agent (Mn,O;) on the surface of
graphite with H,0,, the hydrophobic surface of graphite layers be-
comes hydrophilic due to the presence of Mn’" ions, which allows
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Fig. 1. (a) Schematic representation of the Mn,O;, based-chemical expansion process of graphite; (b) digital photos of the as-synthesized CEG.

more H,0, and H,0 molecules to enter the interlayers of graph-
ite and provides better volume expansion. Therefore, the presence
of H,0O molecules is also required for the significant expansion of
the intercalated graphite. The whole reactions result in the forma-
tion of a bulky intertwined black worm-like product attributed to
a large expansion of the graphite layers along the c-axis (Fig. 1(b)).
The CEG shows a fluffy morphology with an apparent volume of
250 mL-g ' of the starting flake graphite.

100 pm
—

~100/um

Fig. 2. SEM images of (a)-(d) Mn,O,-CEG; and (e)-(h) CrO;-CEG.
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2. Characterization of the CEG

SEM images of the prepared Mn,O,-CEG in this study and those
of CrO;-CEG were provided to detect and compare the graphite
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structural change that occurred during the chemical expansion.
Moreover, Fig. S1 in the supplementary information shows SEM
image of unmodified grafit. EDS analysis of CEG is presented on
Table S1 showing the oxygen content of 28.2%, which is a result of
relatively oxidation of graphite layers. As shown in Fig. 2(a), the
resulting Mn,O, based CEG has a homogeneous and highly porous
structure with wrinkled edges and dlear marks of bulging and spall-
ing, which is mainly due to the interaction of the intercalation reagent
with H,0, solution and generation of a large volume of O, gas escap-
ing from the layers which leave behind a highly porous and dis-
rupted region. The magnified images (Fig. 2(b)-(d)) present that
many open or semi-open honeycomb pores are formed between
the layers during the chemical expansion. This structure is rela-
tively different from that of the CrO,-CEG (Fig. 2(e)-(h)). For the
CrO;-CEG, some grooves appear in the structure, and the pores
are smaller than that of KMnO,-CEG. Therefore, it is expected
that the specific surface of Mn,O,-CEG would be higher than that
of the CrO,-CEG. However, compared to unmodified graphite (Fig.
S1) both KMnO,-CEG and CrO;-CEG show more porous struc-
ture due to interaction of graphite layers.

XRD patterns of graphite and CEG are shown in Fig. 3(a). As is
obvious, the flake graphite reveals a sharp characteristic diffraction
peak at 26=26" (002), indicating a high degree of crystallization in
the graphite structure. After entering the intercalant molecules to
the interlayers and interacting with hydrogen peroxide, such order
structures are significantly decreased, which causes the disappear-
ance of the graphite peak. The absence of the graphite diffraction
peak at 26° in the XRD pattern of EG indicates that the intercala-
tion and expansion processes are complete and most of the start-
ing graphite layers have been converted into the graphene sheets.
Fig. S2 shows SEM images of unmodified graphite (sideview) and
CEG, which can also confirm the conversion of graphite layers to
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graphene sheets. The appearance of two new broad diffraction
peaks in the XRD pattern of the EG at 9.9° and 22° can be attributed
to the oxidized and unoxidized regions of the graphene sheets,
respectively. In addition, it appears that the intensity of these dif-
fraction peaks was reduced in comparison with the graphite dif-
fraction peak, which can be due to the increased interlayer distances.
In fact, the graphite layers were partially oxidized, and intercalation
molecules entered graphite interlayers, which resulted in an increase
in the graphite layer distance and a decrease in the peak intensity
and diffraction angle. The XRD pattern of the CEG in this research
was also compared with the same study by Lin et al. that they
used CrO; as the precursor for graphite expansion (Fig. 3(b)). As
mentioned above, no graphite diffraction peak was observed for
the KMnO,-CEG, while it can be seen in the XRD pattern of the
CrO;-CEG, which can be discernible due to the existence of a part
of graphite structure in the final product.

The structural and electronic properties of as-prepared CEG
were analyzed by Raman spectroscopy to explore the ordered and
disordered crystal structure (Fig. 3(c)). The D band in the Raman
spectrum is related to the disorder-induced mode associated with
the sp’ defect sites or flake edges, while the G band is ascribed to
the first-order scattering of the E,g mode from the in-plane vibra-
tion of sp” bonded carbon atoms in a graphitic hexagonal lattice.
Therefore, the intensity ratio of ID/IG is often used to estimate the
amount of disorder in the structure. As shown in Fig. 3(c), the
characteristic D and G bands were located at about 1,354 and
1,589 cm™, respectively, and the ID/IG ratio was 0.72, indicating a
relatively high graphitization degree of the CEG and few defects in
its structure. Moreover, it has been reported that high defects in
the structure of graphite materials would broaden the G peak [41].
From the spectrum, the G peak of the CEG is quite sharp, con-
firming that there is a small amount of defects in the structure.
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Fig. 3. (a) XRD patterns of graphite and CEG; (b); XRD patterns of graphite, chemically intercalated graphite and CrO;-CEG (Reprinted
with permission from ref [20]); (c) Raman spectrum of the CEG; (d) N, adsorption-desorption isotherm of CEG; (e) BJH pore size

distribution curve of CEG; (f) FT-IR spectrum of CEG.
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Indeed, the Raman spectrum indicates a little oxidized GO-like phase
on the surface of the CEG and unchanged graphene inner layers.
The broad 2D band centered at about 2,720 cm™" resulting from
the out-of-plane vibrational mode and an S3 band at ~2,923 cm™"
originating from the combination of the D and G peaks are other
indicators for the structure disorder. These results suggest the few-
defect feature for the prepared CEG.

The N, adsorption-desorption isotherm of CEG and correspond-
ing Barrett-Joyner-Halenda (BJH) pore size distribution are shown
in Fig. 3(d). A type IV adsorption isotherm is observed for CEG
with a hysteresis loop at relative pressures ranging from 0.4 to 1.0,
indicating the mesoporous structure. The BET-specific surface
area (BET-SSA) of CEG was obtained to be 722 m’ g ', whereas
the BET-SSA of the starting natural flake graphite was 8.5m’ g .
In addition, the CEG showed a greater SSA value than that of
CrO,-CEG (584 m’ g '), indicating the existence of a better chemi-
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cal expansion and a higher number of pores distributed in the
CEG structure. The corresponding pore-size distribution curve
(Fig. 3(e)) derived from the BJH method showed that most of the
pores are distributed in the range of 2-50 nm with an approxi-
mate diameter of 3.07 nm, confirming the existence of mesopores
in the structure.

Fig. 3(f) displays the FTIR spectrum of as-prepared CEG. The
absorption peaks at 2,850 and 2,920 cm™' belong to the symmet-
ric and asymmetric vibration of CH,, which are possibly due to
the oxidation of graphite. The absorption peak at 1,745cm™" is
assigned to stretching vibrations of C=0. The peak at 1,654 cm™"
is ascribed to the C=C stretching vibration, indicating that carbon
atoms with sp® hybridization are still tightly arranged in a lattice of
hexagonal rings. The characteristic peaks at 1,125 and 1,045 cm™
are attributed to the stretching vibrations of C-O. The presence of
some oxygen-containing groups in the structure originated from
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Fig. 4. The effect of (a) sulfuric acid concentration on the EV and MB adsorption capacity; (b) H,SO, volume on the EV (c) KMnO, dosage
at various acid concentrations on the MB adsorption capacity; (d) KMnO, dosage on the EV; (¢) H,O, volume and H,O, concentra-

tion on the EV; and (f) the reaction time on the EV.
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the graphite oxidation by KMnO,.
3. Effective Parameters in the Expansion of Graphite

The expanded volume (EV) was used to study the efficiency of
the graphite expansion. To obtain the best performance for graph-
ite expansion, the effect of different parameters on the EV, includ-
ing sulfuric acid mass concentration and amount, KMnO, dosage,
hydrogen peroxide concentration, and the reaction time, were inves-
tigated and optimized.

3-1. Effect of Sulfuric Acid Concentration on Expansion and Ad-
sorption of MB

The effect of H,SO, mass concentration on the graphite expan-
sion was studied at different concentrations in the range of 60-98
wt% (Fig. 4(a)). For this purpose, before the reaction, the concen-
trated H,SO, (98 wt%) was diluted with deionized water to the
desired concentration. It was found that the EV was increased by
increasing of H,SO, concentration from 60 to 77.5 wt%, and when
the concentration reached 77.5wt%, the maximum EV of 140
mL-g™' could be obtained. But at higher H,SO, concentration, it
acts as an oxidant, and excessive oxygenation of the graphite plane
can lead to a decrease in the EV. Thus, the optimum concentra-
tion of H,SO, was set at 77.5 wt%.

The adsorption of MB on the surface of the CEG was also inves-
tigated at different acid concentrations (Fig. 4(a)). MB is a cationic
dye that contains aromatic rings, thereby making this material to
be adsorbed on the CEG surface through 77 stacking and elec-
trostatic interactions. At low concentrations of acid, a small num-
ber of oxygen-containing groups would exist at the CEG structure.
Thus, MB can initially diffuse through the CEG pores and adsorbed
by it via 7= 77 stacking interactions. With increasing acid concentra-
tion, the surface of the CEG will be more negatively charged in the
solution due to introducing greater amount of oxygen-containing
groups in the structure. Thus, besides the 77 stacking, the posi-
tively charged MB was attracted strongly by the negatively charged
CEG via the electrostatic attraction, which would lead to an
increase in the adsorption capacity.

3-2. Effect of the amount of Sulfuric Acid on Expansion

Sulfuric acid plays different roles in the expansion reaction in
this work: as an intercalating agent, as an oxidant, and as an acidic
medium to provide the oxidation of graphite with KMnO,. As
shown in Fig. 4(b), the expansion volume of EG first increased
with increasing the amount of H,SO, 77.5 wt%, and then it slowly
decreased at higher amounts. When the amount of sulfuric acid
was 20 mL, a large expandable volume of 225 mL-g ™ was achieved.
Sulfuric acid first acted as an acid to provide an acidic medium for
the reaction with KMnO,. Insufficient H,SO, leads to incomplete
interaction with KMnO, to act as an intercalating agent inserted
between the graphite layers. With increasing in H,SO, dosage, the
formation of active species of Mn,O, is enhanced, causing a bet-
ter intercalation reaction and the increase of EV. However, when
the amount of acid is excessive, it acts as an acid and oxidizes the
graphite, which causes critical damage to the structure of graphite.
In addition, at excess amount of acid, the reaction media is diluted,
and the amount of KMnO, diffused to the graphite interlayers per
unit time is limited. Thus, more H,SO, molecules are buried between
the layers instead of Mn,O, molecules acting as an intercalating
agent (Eq. (5)), which results in the reduction of EV.

5C+KMnO,+17H,80,—> 5C"-HSO; +2H,S0,+MnSO,+KSO,+4H,0 (5)

3-3. Effect of Potassium Permanganate Dosage on the Mb Adsorp-
tion

The effect of KMnO, dosage on the adsorption of MB at vari-
ous acid concentration is shown in Fig. 4(c). As can be seen, by
increasing the amount of KMnO,, the adsorption capacity of MB
increases. This is due to the existence of more active sites on the
adsorbent at higher dosage of KMnO,. Moerover, at higher acid
concentration, higher adsorption is achieved, which is a result of
better intercalation reaction and therefore existence of more active
sites on the adsorbent.
3-4. Effect of the amount of Potassium Permanganate on Expansion

The amount of KMnO, has an important effect on the EV. The
results (Fig. 4(d)) demonstrate that the EV first increases along
with the increase of the KMnO, amount to 1.5 g and then decreases
by further increasing the KMnO, dosage. With an insufficient
amount of KMnO,, the amount of intercalating agent getting into
the interlayer is low; and thus the O, gas evolution is limited, which
leads to the reduction of the expansion volume. On the other hand,
excessive amounts of KMnQ, lead to the intensive oxidation of the
graphite and opening the interlayer distances too large, which results
in the escape of the intercalation agent from the layers and a decrease
in EV. In addition, it can oxidize the graphite layers excessively and
create large defects in the structure. Based on Fig. 4(b), when the
mass ratio of KMnO, to graphite is 1.5g-g", the prepared EG
reaches a maximum EV of 220 mL-g . Thus, the appropriate dos-
age of KMnO, was selected as 1.5g-g .
3-5. Effect of Hydrogen Peroxide Concentration on Expansion

For preparing CEG, H,0, has an essential role in the expansion
of graphite by producing a high volume of gas through the chemi-
cal reaction with intercalating molecules. It was found that the
H,0, concentration has a positive correlation with the graphite EV.
From Fig. 4(e), it is clear that maximum EV can be achieved with
a hydrogen peroxide solution (30% wt). Increasing the H,O, con-
centrations leads to a reaction with more intercalation species and
more oxygen release, which results in higher graphite EV. There-
fore, H,0, 30% was selected for the chemical expansion of graphite.
3-6. Effect of the amount of Hydrogen Peroxide on Expansion

The dosage of H,O, also has a direct effect on the expansion vol-
ume. According to the results (Fig. 4(e)), with increasing the amount
of H,0, 30%, the EV was increased, reached a maximum at the
amount of 30mL, and then remained constant with further in-
creasing the volume of H,O,. Indeed, H,O, plays two main roles in
the whole reaction: (1) evolving oxygen gas by the chemical reac-
tion with the intercalating molecules, which is helpful for increas-
ing the EV of the expandable graphite (see Eq. (4)), and (2) removing
ash by interaction with MnO, and excess MnO"™ and converting
them into Mn™", which would be washed away more easily (Eq.
(6) and Eq. (7)):

MnO,+H,0,+2H'->Mn*+10,+2H,0 (6)
2MnO; +5H,0,+6H'—2Mn*'+ 1T 50,+8H,0 ?)

3-7. Effect of Expansion Time
As shown in Fig. 4(f), with increasing the expansion time, the
EV increased rapidly and after the reaction time of 6 h, it reached

Korean J. Chem. Eng.(Vol. 39, No. 6)
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Table 1. Comparison of the EV of the synthesized CEG with other reported EG

Starting materials

Temperature EV

CC) (mL/g) Ref.

Flake graphite (320 pm); CH;COOH and HCIO, (intercalator), K,Cr,0O, (oxidant) 1,000 400 (32]
Graphite flake (<160 pm), Acetic anhydride (intercalator), K,Cr,O, (oxidant) 1,000 60 [38]

Natural flake graphite (0.3 mm), KMnO, (oxidant), H,SO, (intercalator) and

sodium tripolyphosphate (assistant intercalator)

Natural flake graphite (+50 mesh), (NH,),S,0O; (intercalator) and H,SO, (98%)
Natural graphite flake (100 mesh), CrO; (intercalator), H,O, (reactive species)
Natural graphite flake (100 mesh), KMnO, (intercalator), H,O, (reactive species)

800 630 [42]

Room-temperature 225 [43]
Room-temperature - [20]
Room-temperature 250 This work

an EV value of approximately 95% of the maximum expanded vol-
ume (250 mL-g ). At low expansion times, the intercalation reac-
tion is not complete, and the intercalant molecules have not enough
time to diffuse between layers and interact with H,O, effectively;
thus, the EV will be low. The EV was then increased slightly when
the time was prolonged to 24 h. Note that the overreaction times
may lead to breaking the EG worms due to the superfluous ex-
pansion.
4. Comparison with other Synthesized EG

The as-synthesized CEG was compared to previously reported
EGs in the literature [20,32,38,42,43]. As shown in Table 1, the
expanded volume of the CEG was comparable with others. Al-
though in some studies, higher expanded volumes were achieved,
but their expansion processes were performed under applying a
high temperature for the intercalated graphite [32,42]. In addition,
most of the studies involved the use of toxic chemicals, such as
K,Cr,0, and CrO; or could generate toxic gases such as ClO,
(caused by CIO; decomposition) during the preparation process,
which is harmful to the environment and health. These limitations
make these procedures hardly acceptable for the mass production
of graphene. The developed method has a simple protocol with no
emission of chromium into the environment, which makes it suit-
able for mass production of EG and graphene.
5. Adsorption Experiments
5-1. Effect of the amount of Potassium Permanganate on the Adsorp-
tion of MB

The MB adsorption on the CEG at different dosages of KMnO,
showed that by increasing the mass of the KMnO,, the quantity of
dye adsorbed on the CEG was continuously increased (Fig. 4(c)).
As described previously, the interaction between the CEG and MB
is enhanced by increasing the amount of oxygen contacting groups
on the structure as the negatively charged CEG upon hydrolyzing
of oxygen groups in the aqueous media adsorbed cationic MB by
electrostatic interactions. KMnQO, is a strong oxidizing agent, and
at high dosage levels, it oxidized the graphitic structure, resulting
in an increase in the adsorption of MB by the adsorbent. As shown
in Fig. 4(c), the acid concentration and KMnO, dosage have a cor-
relative eftect on the adsorption capacity of MB. When the amount
of KMnO, is increased, a higher acid concentration leads to higher
adsorption of MB. This phenomenon is more brilliant at concen-
trated sulfuric acid (99.8%) with a maximum MB adsorption capac-
ity of 399.08 mg-g™". Both sulfuric acid and KMnO, have a sig-
nificant role in the oxidation of the graphite and creating many
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Fig. 5. Effect of pH on the adsorption of MB by CEG in room tem-
perature.

oxygen-containing groups on the CEG structure, which increases
the adsorption of cationic MB.
5-2. Effect of pH

Fig. S3 shows the effect of pH on the zeta potential of CEG. As
can be seen, the zeta potential of CEG has a negative value above
the pH value of 5, which shows the negative surface charge of CEG
at higher pH values. Effect of pH on the adsorption of MB by
CEG was studied (Fig. 5). Increasing the initial pH value resulted
in the increasing of adsorption capacity. This is because by increasing
the pH, more functional groups are formed on the surface of CEG
and therefore, a stronger electrostatic interaction is created. More-
over, as mentioned before, the surface of the CEG was negative
charged above the pH value of 5 which resulted in increasing of
MB adsorption.
5-3. Effect of Temperature

Fig. $4 shows the effect of temperature on the adsorption capacity
of MB by CEG. The equilibrium adsorption capacity of MB on
the CEg seems to slightly increase from 247.8 at 25 °C to 251.9 mg
g ' at 55°C. As can be seen, MB adsorption by CEG was favored
at higher temperature. However, the increase in adsorption of MB
was obtained slowly at higher temperature.
5-4. Adsorption Kinetics

The adsorption of MB onto CEG showed that the adsorption
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Fig. 6. (a) Effect of time on the MB adsorbed by CEG; The linear plot of (b) pseudo-first-order model; (c) pseudo-second-order model; and

(d) Elovich model.

was fast initially, then gradually slowed, and finally reached equi-
librium (Fig. 6). The decrease in the amount of MB adsorbed along
with increasing the time may be due to the occupation of avail-
able adsorption sites by adsorbate molecules. Moreover, the sur-
face of the CEG is negatively charged because of the oxygen con-
taining groups and since the MB in aqueous solution has a posi-
tive charge, the adsorption of Mb on CEG takes place on the basis
of electrostatic attraction. To further investigate the adsorption mech-
anism, the kinetic data were fitted to pseudo-first-order, pseudo-
second-order, and Elovich kinetic models.
The pseudo-first-order equation is expressed as follows (Eq. (8)):

®

where g, is the amount of MB adsorbed at any time (mg-g ), q, is
the amount of MB adsorbed at equilibrium point (mg-g), k; is
the pseudo-first-order rate constant (min™'), and t is the contact
time (min).

The pseudo-second-order kinetic model in the linearized form
[38] is represented by the following equation:

In(q,—q,)=Inq,—k;t

1 t

S+ — ©
kzqe e

t
q:

where k, is the pseudo-second-order rate constant (g-mg '-min ).
The Elovich model equation is expressed as:

q,= (%)ln aff+ (%)lnt

(10)

Table 2. Parameters of different kinetic models obtained for MB

adsorption onto the CEG
Model Parameters Value
Pseudo-first-order q. (mg-g™) 217.64
K, (min™") 0.0416
R’ 0.9836
Pseudo-second-order q. (mg-g ") 306.76
K, (g-mg '-min"") 0.0002
R’ 0.9969
Elovich a 44.56
B 0.014
R’ 0.9854

where « is the Elovich initial adsorption rate constant (mg-g -
min '), and Sis the Elovich desorption constant (g-mg ™).

The linear plots of kinetic models for MB adsorption onto the
CEG and the corresponding kinetic parameters obtained from fit-
ting the models are presented in Fig. 6 and Table 2. Clearly, the
regression coefficient (R*=0.9969) of the pseudo-second-order kinetic
model is higher than that of pseudo-first-order (R’=0.9836) and
Elovich kinetic model (R’=0.9705), suggesting that the kinetic
modeling of MB adsorbed by the CEG follows the pseudo-sec-
ond-order kinetic model.

5-5. Adsorption Isotherm
The adsorption isotherm can provide useful information about

Korean J. Chem. Eng.(Vol. 39, No. 6)
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Fig. 7. (a) Equilibrium adsorption isotherms of MB adsorption onto the CEG at 25 °C; The linear plot of (b) Langmuir model; (c) Freun-

dlich model; and (d) Temkin model.

the interaction between the adsorbate and the surface of the ad-
sorbent at a constant temperature. Three isotherm models, the Lang-
muir isotherm [44], the Freundlich isotherm [45], and the Tem-
kin isotherm [46], were used for describing the results (Fig. 7(a)).
The Langmuir isotherm is based on the assumption of monolayer
adsorption on a homogeneous surface [47]. The linear form of Lang-
muir isotherm is expressed by Eq. (11):

C_ 1

+Ce (11)
9e quL 9

where C, is the equilibrium concentration of MB in the solution
(mg-L™"), q, and q,, are the equilibrium adsorption capacity (mg-
g "), and maximum adsorption capacity (mg-g ') of MB, respec-
tively, and K| is the Langmuir adsorption constant (L-mg ).

The Freundlich isotherm assumes that the surface of the adsor-
bent is heterogeneous [48]. The linear form of the Freundlich iso-
therm can be expressed by the following equation:

Inq,= ﬁlnCe-k Ink, (12)

where K is the Freundlich adsorption constant (mg-g ") (mg-L™)™",
and 1/n is the heterogeneity parameter.

The Temkin isotherm assumes a linear relationship between the
decrease in adsorption energy and surface coverage. The linear

equation of the Temkin isotherm can be expressed as:
q.=BIn(A)+BIn(C,) (13)

where B is the constant related to the heat of adsorption (J-mol '),
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and A is the Temkin isotherm equilibrium binding constant (L-g™").

Figs. 7(b)-(d) display the linear fitted model plots for the adsorp-
tion of MB onto the CEG. The fitting isotherm parameters and
the R’ values are presented in Table 3. According to the regression
coefficients, the Langmuir isotherm (R*=0.9926) fitted the experi-
mental data better than the Freundlich model (R’=0.9743) and
Tempkin isotherm (R*=0.9774), indicating the monolayer cover-
age of MB molecules at the surface of the adsorbent. The essential
characteristics of the Langmuir equation can be expressed by the
equilibrium parameter, R; [49]:

1
RL_(1+bC0)

(14)
where C, is the initial concentration of MB (mg-L™"), and K, is the

Table 3. The parameters of adsorption isotherms obtained for MB

adsorption onto the CEG

Model Parameters Value

Langmuir Qn (mg-g™") 399.08
K; (L-mg™) 0.030
R’ 0.9926

Freundlich 1/n 0.42
K (mg~g’1) (mg-L’l)’”’1 103.35
R’ 0.9743

Temkin Ar(Lgh 471
B 73.40
R’ 0.9774
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Table 4. Comparison of MB maximum adsorption capacity of different graphene based adsorbents

Adsorbent Temperature (K) Isotherm model Q (mg-g™") Reference
Graphene 293 Langmuir 153.85 [61]
GO with oxidation degree of 2 298 Langmuir 164.5 [62]
MGC 293 Langmuir 65.79 [63]
Graphene aerogel - Langmuir 33223 [64]
This study 293 Langmuir 339.08 -

Langmuir adsorption constant (L-mg ). The R; value indicates the
adsorption to be favorable (0<R;<1), linear (R;=1), irreversible
(R;=0), or unfavorable (R;>1). In this study, the value of R; was
found to be 0.016, indicating the adsorption process of MB was
favorable for the prepared CEG. The adsorption capacity (399.08
mg-g ) of the adsorbent determined from the Langmuir isotherm
was higher than that of many other previously reported adsor-
bents for MB removal [50-60], suggesting that the as-prepared CEG
has great potential application in water treatment processes. Table 4
presents a comparison between the maximum adsorption capac-
ity of various adrorbents for MB. As it can be seen, the prepared
CEG has higher adsorption capacity in comparison to other graphene
based adsorbent.

CONCLUSION

A simple room-temperature method based on KMnO, was de-
veloped to prepare highly expanded graphite. In this method, all
processes, including intercalation and expansion, were conducted
under ambient conditions. The chemical expansion of intercalated
graphite in the H,O, solution generated a worm-like product with
a highly porous interconnected structure. By studying and opti-
mizing the operating parameters, a high expansion volume of 250
mL-g"' was achieved without any heating or high-temperature treat-
ment. The experimental conditions of the proposed expansion
method were obtained as KMnO, : H,SO, (77.5%) : H,O, (30%)=
1.5:20:30 (g:mL:mL) as the mass ratio of graphite, intercala-
tion time of 90 min, and expansion time of 6 h. It is expected that
the developed low-temperature method for the CEG preparation
may offer exciting opportunities for mass production of lightly oxi-
dized graphene sheets. The prepared CEG was then applied as an
adsorbent for MB removal from an aqueous solution. The adsorp-
tion experiments indicate that the pseudo-second-order kinetic
model and Langmuir isotherm model were well fitted to the adsorp-
tion data. The results confirmed that the synthesized CEG could
be used as an effective adsorbent in water treatment processes.
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