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A modified Hummer's method was adopted for the synthesis of graphene oxide (GO) and
reduced graphene oxide (rGO). It was revealed that the modified method is effective for the
production of GO and rGO from graphite. Transmission electron microscopy (TEM) images
of GO and rGO showed a sheet-like morphology. Because of the presence of oxygenated
functional groups on the carbon surface, the interlayer spacing of the prepared GO was
higher than that of rGO. The presence of \OH and C_O groups in the Fourier transform
infrared spectra (FTIR) spectrum and G-mode and 2D-mode in Raman spectra confirmed the
synthesis of GO and rGO. rGO (292.6 m2/g) showed higher surface area than that of GO
(236.4 m2/g). The prepared rGO was used as an adsorbent for benzene and toluene (model
pollutants of volatile organic compounds (VOCs)) under dynamic adsorption/desorption
conditions. rGO showed higher adsorption capacity and breakthrough times than GO. The
adsorption capacity of rGO for benzene and toluene was 276.4 and 304.4 mg/g, respectively.
Desorption experiments showed that the spent rGO can be successfully regenerated by
heating at 150.0°C. Its excellent adsorption/desorption performance for benzene and
toluene makes rGO a potential adsorbent for VOC adsorption.
© 2017 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Volatile organic compounds (VOCs) include aromatic, aliphat-
ic and chlorinated hydrocarbons etc., which are emitted into
the atmosphere mainly from human activities, such as
production of adhesives, paints, printing materials, building
materials and chemicals for synthesis (Li et al., 2010; Sakai et
al., 2017). In recent years, VOCs have become one of the most
harmful types of pollutants toward human health, which can
cause a series of symptoms such as nausea, headache, coryza,
pharyngitis, emphysema, lung cancer, and even death (Yi et
al., 2009; Dai et al., 2017). Since the presence of VOCs in the
atmosphere can cause severe health problems, they have
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attracted extensive attention, and many efforts have been
dedicated to the removal of VOCs in recent years. Several
physical–chemical technologies including adsorption (Jia et
al., 2017), condensation (Hamad and Fayed, 2004), incineration
(Campesi et al., 2015), catalytic combustion (Wang et al., 2017)
and thermal oxidation (Mao et al., 2015) have been used to
remove VOCs from gaseous streams. Among these methods,
the adsorption technique has been widely used due to its low
cost and easy application at large scale.

As adsorbents, carbon-based materials such as activated
carbon (Li et al., 2016a), graphene (Wang et al., 2015), carbon
nanotubes (Li et al., 2016b) and porous carbon (Qi et al., 2017),
have attracted much attention. Due to their unique structure
ye@scut.edu.cn (Daiqi Ye).

s, Chinese Academy of Sciences. Published by Elsevier B.V.



172 J O U R N A L O F E N V I R O N M E N T A L S C I E N C E S 6 7 ( 2 0 1 8 ) 1 7 1 – 1 7 8
and large surface area, graphene-based materials have been
used as superior adsorbents for the removal of toxic pollutants
from the natural environment (Yu et al., 2016). Graphene is
extremelyhydrophobic and its theoretical specific surface area is
as high as 2600 m2/g (Zhao et al., 2014); it is expected to possess
excellent adsorption capacity for hydrophobic organic com-
pounds and can be used as an excellent adsorbent in air
purification. Graphene oxide (GO) is a graphene sheet, with
carboxylic groups at its edges and epoxide groups and phenolic
hydroxyl on its basal plane. Chemical treatment or thermal
annealing can eliminate the functional groups on GO, which can
produce reduced graphene oxide (rGO) (Yu et al., 2016). Com-
pared with GO, rGO shows better adsorption performance for
aromatic pollutants due to its lower oxygen content, higher
hydrophobicity and higher surface area. Chen and Chen (2015)
studied the adsorption of m-dinitrobenzene, nitrobenzene, and
p-nitrotoluene onto GO and rGO. They found that rGO nano-
sheets, which had more defect sites than GO, exhibited higher
adsorption capacity for nitroaromatic compounds, which was
10–50 times higher than the reported adsorption by carbon
nanotubes. It has been demonstrated that in addition to the
hydrophobic effect, π–π interactions were also responsible for
the strong adsorption of organic molecules onto graphene
materials (Wang et al., 2014). Wang et al. (2015) studied the
adsorption of phenolic compounds onto rGO and found that the
adsorption was dependent on π–π interactions between the
aromatic molecules and rGO; both the chemical structure of the
phenolics and the degree of reduction of rGO can influence the
π–π interactions. Because of the π–π interaction, rGO shows
strong adsorption ability for chemicals with one or more
benzene rings. Nevertheless, as far as we know, the adsorption
of VOCs by rGO has not been paid much attention.

In this work, we report a cost-effective and facile method to
prepare rGO, derived from few-layered graphite oxide. The
microstructure and surface characteristics of rGO were studied
using transmission electronmicroscopy (TEM), X-ray diffraction
(XRD), Raman spectroscopy, Fourier transform infrared spectra
(FTIR) and N2 adsorption and desorption isotherms. The
prepared rGOwasused as anadsorbent for benzene and toluene,
model pollutants of VOCs, and its adsorption performance was
compared with that of GO. The relatively longer breakthrough
time and gradual increase of VOC concentration following
breakthrough observed for this material are promising features.
The regeneration of saturated rGO is another critical factor that
should be considered while selecting an adsorbent. Therefore,
dynamic adsorption/desorption experiments to study the ad-
sorption performance of rGO were also carried out.
1. Experiment

1.1. Chemicals

rGO was prepared by reducing GO according to a method
reported previously (Yu et al., 2016). Graphite flake with an
averagediameter of 20 μm(99.95 wt.%purity)was obtained from
Yingshida graphite Co. Ltd., Qingdao, China. Sulfuric acid (H2SO4,
98.0 wt.%), hydrogen peroxide (H2O2, 30.0 wt.%), potassium
permanganate (KMnO4), sodium nitrate (NaNO3), hydrochloric
acid (HCl), hydrazine hydrate (H6N2O), benzene, and toluene
were of analytical grade and purchased from Sinopharm
Chemical Reagent Co., Ltd. All chemicals were used without
further purification. Ultrapure water (18.0 MΩ·cm) used in all
experiments was produced using a Millipore-ELIX water purifi-
cation system.

1.2. Materials synthesis

1.2.1. Preparation of GO
GO was synthesized using a modified Hummer's method
(Rajaura et al., 2016). The starting material for preparation of
GO was graphite powder, KMnO4, NaNO3, H2O2, and concen-
trated H2SO4. Graphite powder (3.0 g) and NaNO3 (2.0 g) were
stirred in 70.0 mL of concentrated H2SO4 at a temperature of
0°C. Then, KMnO4 (9.0 g) was slowly added into the mixture
and the temperature was kept below 20.0°C. Then, the ice bath
was removed from the reaction flask, the mixture in flask
warmed up to room temperature, and again the mixture was
stirred for 15.0 min. After that, deionized water (250.0 mL)
was slowly added to the mixture and stirred for 15.0 min;
during this process, the temperature of the mixed solution
was kept below 100.0°C. Then, 30.0% H2O2 was added to the
solution followed by stirring for 24.0 hr. Finally, the mixture
was centrifuged at 7000 rotations per minute (r/min) using a
rotary centrifuge. The brown pasty material obtained was GO.

1.2.2. Preparation of rGO
The prepared GO was dispersed in distilled water under
continuous stirring at a temperature of 35.0°C to prepare
colloidal GO. A solution of hydrazinium hydroxide (H6N2O, as a
reducing agent) was then added in the above colloid, which was
then stirred at 60.0°C for 3.0 hr. Then, the mixture turned from
brown to black and was filtered to obtain black powdered rGO
(Rajaura et al., 2016). The prepared samples were freeze-dried
under vacuum for 24.0 hr.

1.3. Characterization techniques

The structural and morphological properties of rGO were
characterized using various analytic and spectroscopic tech-
niques. Transmission electron microscopy (TEM) observations
were carried out by using a Tecnai G2 20 S-TWIN microscope
(Tecnai G2 F20 S-TWIN, FEI, USA) with an accelerating voltage of
200 kV. X-ray diffraction (XRD) patterns of the samples were
measured from 5° to 60° using a Philips X'Pert PRO (X'Pert PRO,
Panalytical, Netherlands) X-ray diffraction instrument. Raman
spectra were recorded with a Renishaw INVIA Raman spectrom-
eter (INVIA, Renishawplc, UK). Fourier transform infrared spectra
(FTIR) were recorded on a Shimadzu IR Prestige-21 FTIR
spectrophotometer (Prestige-21, Shimadzu, Japan) in the range
of 4000–400 cm−1 using the KBr disc technique. N2 sorption
isotherms were recorded with a Micromeritics TriStar II 3020
surface area and porosity analyzer (TriStar II 3020, Micromeritics
Instrument Corporation, USA). Before measurement, the
as-prepared samples were degassed under vacuum at 120.0°C
for 12.0 hr. The specific surface area resultswere calculated using
the BET (Brunauer–Emmett–Teller) method based on the adsorp-
tion data. The pore size distribution was determined via the BJH
(Barrett–Joyner–Halenda)methodusingnitrogenadsorptiondata.



173J O U R N A L O F E N V I R O N M E N T A L S C I E N C E S 6 7 ( 2 0 1 8 ) 1 7 1 – 1 7 8
1.4. Adsorption measurements

The cyclic adsorption/desorption experiments of benzene and
toluene on GO and rGO were carried out in a continuous flow
tube reactor made of iron. The parameters such as bed depth
and flow rate were fixed at 10.0 cm and 40.0 mL/min,
respectively. The 1, 2, 3 and 4 in the diagram are valves. The
reactor was placed in a programmable furnace, so that the
temperature inside the reactor could be regulated. In the
adsorption experiment, GO or rGO (500.0 mg) was loaded in a
tube reactor, and a 40.0 mL/min N2 flow containing 50.0 ppm
benzene (toluene) vapor was then passed through the tube
reactor until adsorption equilibrium. Gaseous benzene and
toluene were prepared by bubbling N2 into liquid benzene and
toluene that were kept at 10.0°C with a thermostatic water
bath. Then, benzene or toluene was mixed with diluent gas
(N2) in a gas-mixing chamber to acquire the desired concen-
tration. A flowmeter was applied to adjust the flow rate of
VOCs, in order to maintain the concentration of benzene and
toluene at a constant level. In order to obtain the break-
through curve of the dynamic adsorption experiment, the gas
concentration at the inlet and outlet of the reactor was
detected by a gas chromatograph (GC) (7890A, Agilent, USA)
equipped with a hydrogen flame ionization detector (FID). The
time when the outlet concentration of VOCs is 5.0% of the
inlet concentration was defined as the breakthrough time.
The adsorption capacity for the VOCs was calculated by
numerical integration of the breakthrough curve. After
saturation of the adsorbent bed, desorption experiments
were carried out using the same experimental setup as
adsorption (Fig. 1). The desorption experiments were carried
out in a N2 flow (30.0 mL/min) at a heating rate of 10.0°C/min
up to 150.0°C, and the temperature of the outlet gas was
detected by a resistance thermometer sensor.
Benzene or toluene

Flowmeter

Mixer bottle

Nitrogen Hydrogen

Fixed

Furna

Temperature-controlled 
instrument

Compressed air

Fig. 1 – Schematic diagram o
2. Results and discussion

2.1. Characterization of the as-synthesized materials

The TEM images of GO and rGO are presented in Fig. 2a and b.
The nature of graphene can be identified by the typical ripples
present on the GO and rGO surfaces (Wang et al., 2014). As can
be seen from Fig. 2, there are many wrinkles located at the
edge of GO, GO nanosheets are slightly aggregated, and the
surface of rGO is relatively flat compared with that of GO. In
Fig. 2b, rGO presents a large, entangled and almost transpar-
ent morphology, where the nearly invisible areas are due to
the ultrathin character of the rGO nanosheets. As VOC
molecules were mainly adsorbed onto the surface of rGO
(GO), the flat surfaces and wrinkled regions are both potential
adsorption sites; as rGO nanosheets are dispersed better than
GO, rGO may be expected to show higher adsorption capacity
than that of GO.

Fig. 3 shows XRD patterns of GO, rGO and rGO treated at
150°C. The interlayer distance of GO calculated from the (001)
plane at 2θ = 11.4° was 0.78 nm, which is much larger than
that of pristine graphite (~0.34 nm); this can be attributed to
the introduction of a large number of oxygenated functional
groups (such as epoxy, carbonyl, hydroxyl and carboxyl) into
the graphite layers during the process of oxidation (Sui et al.,
2014). As the inter-layer space in the graphite layer increased,
the surface area of GO and rGO increased, which is favorable
for VOC adsorption. After hydrothermal reduction, the peak at
2θ = 11.4° completely disappeared, and a broad peak centered
at around 2θ = 25.2° (d002 of ca. 0.37 nm) was observed for the
rGO, confirming the reduction of GO and the recovery of the
graphitic structure (Sui et al., 2014); rGO also exhibits a peak at
44.5°, which can be attributed to the (100) plane (Jiang et al.,
GC
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Fig. 2 – Transmission electron microscopy (TEM) images of the as-synthesized graphene oxide (GO) (a) and reduced graphene
oxide (rGO) (b).
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2016). As can be seen from Fig. 3, the intensities for the (002)
and (100) reflections of rGO treated at 150°C were a little lower
than those of rGO, but the XRD patterns of rGO and rGO
treated at 150°C were almost the same, indicating the thermal
stability of rGO.

Raman spectroscopy can be used to characterize the sp2 and
sp3hybridizationof carbonatoms in graphite, GOand rGO. Single,
double, and multi-layer graphene can be differentiated by their
Raman fingerprints (Rajaura et al., 2016). The Raman spectra of
GOand rGOare shown in Fig. 4. As canbe seen, theDandGbands
of GO observed at wave numbers 1362.5 and 1589.6 cm−1 are
shifted to 1348.2 and 1577.2 cm−1 in the case of rGO. The G-band
arises from the stretching of the C-C bond in graphitic materials,
which is typical of all sp2 carbon systems. The D-mode originates
from defects, disordered sp2-hybridization, and some impurity
structure of GO. The relative intensity ratio of the D and G bands
of GO is about 0.68, while in the case of rGO, the value is about
0.81. The higher value of the intensity ratio for rGO suggests the
presence of defects that remained even after the removal of a
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Fig. 3 – X-ray diffractograms obtained on GO, rGO and rGO
treated at 150°C.
large amount of oxygen-containing functional groups (Rajaura et
al., 2016). This further confirms that GO is reduced to rGO. The
presence of the 2D band in GO located at 2698.6 cm−1 can be
attributed to a second-order two-phonon Raman process. The 2D
band in GO suggests that all of the graphite layers have been
oxidized, which is consistent with the XRD results in Fig. 3. The
absence of the 2D band in the Raman spectra of rGO indicates the
removal of oxygenated functional groups in GO by chemical
reduction (Rajaura et al., 2016).

FTIR spectroscopy was used to confirm the process of the
preparation of GO and rGO. As can be seen in Fig. 5, the peak
located at 3432.8 cm−1 is attributed to the bending and stretching
of the widespread O\H groups on GO and rGO. The peak located
at 2368.3 cm−1 is related to the stretching of sp2 and sp3

hybridized C\H bonds present in graphite (Rathnayake et al.,
2017). Two weak peaks at 1643.1 and 1577.6 cm−1 are related to
the C_O stretching vibration (indicating the presence of carbox-
ylic acid or carbonyl groups) and C\C (in–ring) stretching
vibrations (indicating the presence of non-oxidized carbon rings;
as for rGO, it has two resonance structures: diene anddienophile).
The peaks at 1438.7 and 674.9 cm−1 can be attributed to the
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Fig. 4 – Raman spectra of GO and rGO.
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bending of aromatic C\H bonds. The peak at 1122.4 cm−1

corresponds to C\O bonds (epoxy or alkoxy). It also can be
found that the intensities of C_O, O\H and C\O peaks in rGO
are lower in comparison to GO.

The specific textural properties of GO and rGO were
analyzed by N2 adsorption–desorption measurements. The
N2 adsorption–desorption isotherms and the corresponding
pore size distribution curves of GO and rGO are shown in Fig.
6. Both of the isotherms exhibit N2 adsorption isotherms of
type IV, which indicates the presence of mesopores. The
isotherm of GO is below the isotherm of rGO; this can be due
to the filling of the interlayer space with various functional
groups for GO (Ganesan and Shaijumon, 2016). The BJH pore
size distribution (Fig. 6b) revealed the pore diameters in GO
and rGO; the peaks in the distribution for GO and rGO are
mainly located around 3.8–4.8 and 4.6–6.2 nm, respectively.
Compared with GO (BET surface area, 236.4 m2/g), rGO has a
higher BET surface area (292.6 m2/g), which is higher than that
reported for rGO (surface area, 209.0 m2/g) by Nawaz et al.
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Fig. 6 – (a) Nitrogen adsorption–desorption isotherms and (b) BJH
and rGO. P: the gas phase pressure when adsorption equilibrium
width.
(2017), and the higher surface area is beneficial for the
adsorption of more pollutants. The higher surface area
directly reflects the higher exfoliation degree of graphene
materials, as compared with graphite (4.5 m2/g) (Wang et al.,
2014). However, the surface areas of the obtained GO and rGO
are lower than the theoretical value (∼2630 m2/g); this should
be attributed to the occurrence of incomplete exfoliation and
aggregation during the sample preparation process.

2.2. Dynamic adsorption and desorption studies

The prepared rGOwasutilized as an adsorbent for the removal of
VOCs. For comparison purposes, GO was also tested. The
dynamic adsorption experiments were conducted in a continu-
ous flow reactor; Fig. 7a and b show the breakthrough curves for
benzene and toluene adsorption on GO and rGO at room
temperature. The adsorption capacity was calculated based on
the breakthrough curves. In the first run, the adsorption capacity
for benzene was 276.4 mg/g (rGO) and 216.2 mg/g (GO), respec-
tively. As for toluene, the adsorption capacity was 304.4 mg/g
(rGO) and 240.6 mg/g (GO), respectively. It can be seen that the
adsorption capacity of toluene is higher than that of benzene
both for rGO and GO. It is well-known that both the surface
chemistry and the micro-structure of rGO are important factors
determining the adsorption of differentVOCs (Lemus et al., 2012).
Increasing the surface area of sorbents can generally improve the
adsorption performance, but the chemical functional groups at
the surface of the sorbents play an important role in benzene and
toluene adsorption. In the processes of benzene and toluene
adsorption, different mechanisms may act simultaneously;
mainly, electrostatic interactions, π–π bonds and hydrophobic
interactions. Due to the presence of benzene rings and the
hydrophobic surface, electrostatic interactions, π–π bonds and
hydrophobic interactions between the aromatic compounds and
rGO are expected. There is one benzene ring in the molecular
structure of both benzene and toluene, and the only difference is
that toluene has an extra methyl group in its structure. The
methyl group of toluene can interact with the O-containing
groups at the surface of rGO via hydrogen bonding, which can
enhance the interaction between toluene and rGO.
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For an excellent adsorbent, the ability to keep its adsorption
capacity after successive adsorption/desorption cycles is very
important. As can be seen from Fig. 1, the regeneration
(desorption) of saturated rGO was conducted by heating the
tube reactor with a furnace. As can be seen from Fig. 8a, the
breakthrough point of the second run was markedly earlier
compared with the first run. The breakthrough curves in the last
three runs were quite similar, suggesting that the adsorption
behaviors were reproduced in the successive adsorption/desorp-
tion processes; whereas, as can be seen from Fig. 8b, the
desorption profiles seem a little different from each other in the
four runs. It was difficult to conduct a manual sampling to
conduct at the same time point in the four desorption runs.
Therefore, the obtained desorption profiles could not accurately
reflect the real-time changes of concentration of the outlet gas. In
any case, the desorption curves reflected the fact thatmost of the
toluene was desorbed within 30.0 min in each desorption run,
and the concentration of toluene in the outlet gas could reach up
to 1600.0 ppm, indicating that toluene was quickly desorbed
from rGO and well-concentrated. The outlet concentration
dropped to below 2.0 ppm within 50.0 min, and the adsorption
capacity in the successive adsorption/desorption runs remained
almost unchanged, suggesting that rGO can be effectively
regenerated by thermal desorption. Furthermore, temperature
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Fig. 8 – Cyclic adsorption/desorption profiles of toluene on rGO: (a
(b) the thermal desorption curves obtained at 150.0°C.
monitoring showed that the temperature of the outlet gas was
generally lower than 40.0°C in the first 20.0 min during the
thermal desorptionprocess,whichwasbeneficial to the recycling
of the VOCs by freezing condensation.

Fig. 9 shows the breakthrough curves of toluene adsorption
on rGO and GO under humid conditions in the presence of
300.0 ppm water vapor, and the other experimental conditions
were the same as under dry conditions. The breakthrough curves
for dry and humid conditions were similar, and the calculated
adsorption capacity of rGOwas 304.4 and 243.8 mg/g, respective-
ly. This indicated that approximately 80.1% of the adsorption
capacity of rGO was still retained under the condition of high
humidity; the decrease of the adsorption capacity could be due to
competitive adsorption with water vapor. The initial concentra-
tions for toluene and water vapor were 50.0 and 300.0 ppm,
respectively, but the adsorption capacity for toluene remained
relatively high. As for GO, the calculated adsorption capacity
under dry and humid conditions was 240.6 and 79.9 mg/g,
respectively, showing that the adsorption capacity of GO
decreased significantly compared to that of rGO under humid
conditions, suggesting that rGO is rather water-resistant. It has
been reported that the graphitized structure can ensure high
hydrophobicity (Du and Miller, 2007), and this is a desirable
feature for applications in humid conditions.
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3. Conclusion

This study presented the preparation of rGOwith high purity and
crystallinity by a modified Hummer's method. GO and rGO
showed a packed sheet-like morphology. The interlayer spacing
of the prepared GO was relatively large, likely due to the
introduction of oxygenated functional groups to the carbon
surface; after hydrothermal reduction, the interlayer spacing of
rGO decreased, indicating the recovery of the graphitic structure.
The BET surface areas of GO and rGO were 236.4 and 292.6 m2/g,
respectively. The adsorption experiment results show that rGO
possessed a higher benzene and toluene adsorption capacity
than GO, and the breakthrough adsorption capacity of rGO for
benzene and toluene at normal pressure and room temperature
was 276.4 and 304.4 mg/g, respectively. Desorption experiments
showed that the regeneration of the spent rGO could be
successfully realized by heating at 150.0°C. rGO shows potential
as an adsorbent for adsorption of VOCs (at ppm levels) under
dynamic adsorption/desorption conditions.
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