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ABSTRACT: Nanoporous graphene which is used as hanosorbent was synthesized by chemical vapor deposition
method via porous zinc oxide nanocatalyst. The reaction was carried out using methane as the carbon source and
hydrogen as the carrier gas in a ratio of 4:1 at the temperature ranging 900-1050°C for 2-50 min. The product was
characterized by scanning electron microscopy, transmission electron microscopy, thermal gravimetric analysis,
Brunauer-Emmett-Teller method, x-ray diffraction, Raman and Fourier transform infrared spectroscopy. The ad-
sorption of benzene, toluene and xylenes on to nanoporous graphene was studied. Due to the high pore volume
(1.17 cm3/g), large specific surface area (410 m2/g) and small pore size, high adsorption capacity was achieved.
Maximum sorption capacity of this nanosorbent for benzene, toluene and xylenes was 118.83,123.45 and 125.36 g/
g nanosorbent, respectively. According to the satisfactory results achieved, nanoporous graphene can be used as a
good carbon nanostructure sorbent in the removal of benzene, toluene and xylenes.

Key words: Nanoporous graphene, Adsorption, Chemical vapor deposition, Nanocatalyst

INTRODUCTION

Benzene, toluene and mixture of xylenes (BTXs)
are mono aromatic hydrocarbons which are present in
gasoline in 1, 1.5 and 8-10 percent volume respec-
tively (Azev et al., 2004). Relatively high water solu-
bility of monoaromatic hydrocarbons demonstrates
their great tendency to spread in contaminated waters
(Lipson and Siegel 2000). According to toxicity and
carcinogenic properties of these compounds, water
contamination by these compounds is a very serious
problem (Pohl et al., 2003). BTXs have no safety
threshold dose for carcinogenic effects. Thus even low-
level exposure poses a finite risk (Begerow et al.,
1996; Sone et al., 2008). Humans can be easily ex-
posed to these compounds through skin contact, breath-
ing and eating. Prolonged exposure causes primary and
secondary harmful effects (Wolkoff and Nielsen 2001;
Wallace et al., 1989).These include eye and throat ir-
ritation, liver and central nervous system damage.
BTXs can form photochemical smog, which contains
ozone and other toxic by products, by reacting with
other atmospheric chemicals such as nitrogen oxide
(Das et al., 2004).The presence of light aromatic hy-

*Corresponding author E-mail: phdabdouss44@aut.ac.ir

1269

drocarbons in water is an indicator of the presence of
oil products. Major sources of monoaromatics as
water contaminants are industrial wastes, leakages,
spills, improper disposal and accidents during trans-
portation of oil products. Also contamination can pro-
duced from storage tanks (that release petroleum prod-
ucts such as gasoline, diesel fuel, lubricating oil), gas
work sites, airports, paint manufactures, chemical
industries (that release pesticides, plastics, synthetic
fibers) and railway yards (Vidali 2001).

It should be noticed that maximum levels of
monoaromatic compounds allowed in the United States
for drinking water are 0.005, 1 and 10 parts per million
(ppm) for benzene, toluene and mixed xylenes, respec-
tively (USEPA 2006).

There are several methods such as condensation,
absorption, adsorption, contact oxidation and incin-
eration that are employed for removal of organic com-
pounds. The most commonly used process is adsorp-
tion by the adsorbents with high surface areas, pore
volume, pore size distribution. The most widely uti-
lized adsorbent for environmental cleaning is high sur-
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face area mesoporous silicates such as Mobile Crys-
talline Material (MCM) and Santa Barbara Amorphous
type material (SBA) (Moura et al., 2011).

In recent years, graphene has received considerable
attention in different fields of research and has become
a "'star" material in recent years due to its amazing prop-
erties (John etal., 1969; Lu et al., 1999; Lu et al., 1999;
Novoselov et al., 2004; Cai et al., 2008; Li et al., 2009;
Chenetal., 2011; Geim 2009; Marcanoetal., 2010; O'Neill
et al., 2011).It has been found that the nanoporous
graphene has a high capacity for sorption of BTXs and
other petroleum products, as well as other organic sol-
vents, without any further modification or treatment (Bi
etal., 2012).

In this research, the adsorption of BT Xs on nanoporous
graphene was studied. The addition of sorbents to the
BTXs contaminated waters facilitates a change from
liquid to semi-solid phase and once this change is
achieved, contaminants can be easily omitted from
water by the removal of the sorbent structure. Accord-
ing to some unique properties of the nanoporous
graphene include hydrophobicity and oleophilicity,
high uptake capacity, high rate of uptake, retention over
time and shaping ability, it can be used as a good can-
didate for the BTXs removal from water.

MATERIALS & METHODS

Nanoporous graphene was prepared by our
specialchemical vapor deposition (CVD) method
(Rashidi etal., 2012) in a catalytic basis. The CVD tech-
nique was carried out on porous zinc oxide nanocatalyst
in an electrical furnace consisting of a quartz tube with
adiameter of 50 mm and 120 mm length. The furnace
provided programmable heating up to 900-1050 °C for
2-50 min. The reaction was carried out using methane
as the carbon source and hydrogen as the carrier gasin
aratioof4:1.

The synthesized material was purified as
follows(Arasteh et al., 2010). In order to obtain pure
nanoporous graphene, and remove the metal
nanocatalysts, the product was stirred in 18% HCI so-
lution for about16 h at an ambient temperature. Then
the sample was washed for several times with the dis-
tilled water. The washing process continued untilthe
neutral material was obtained. The treated product was
dried at 100°C and characterized by SEM, TEM, TGA,
BET, XRD, Raman and FT-IR spectroscopy.

Scanning electron microscopy (SEM) micrographs
were taken with a CamScan MV2300 Microscope with
an operating voltage of 15 kV to investigate the mor-
phology of the samples. The nanoporous graphene was
dispersed in 2-propanol and then the product was ex-
amined by transmission electron microscopy (TEM)
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images using a JEOL 1200 EXII microscope to verify
the desired structure of the synthesized nanoporous
graphene.

To evaluate the purity of nanoporous graphene,
thermo-gravimetric analysis (TGA) was performed in
air with a temperature ramp of 5°C/min.

Fourier transform infrared (FT-IR) spectra was re-
corded on a Bruker IFS 88 Fourier transform infrared
Spectrophotometer with KBr pellets in the 4000-400 cm-
1region.

In addition, Raman spectroscopy, using an Almega
Thermo Nicolet and 532 nm Ar-ion laser excitation
source was carried out to reveal the quality of the
nanoporous graphene. The main features in Raman
spectra of sp2 hybridized carbon materials are the G
band appearing at about 1580/cm and the 2D band at
(2400-2600)/cm. In the presence of a certain amount of
disorder or edges within the structure, D band appears
at (1200-1400)/cm. Raman spectroscopy indicates the
number of graphene layers via a change in the position
and intensity of the G and 2D band (Allen et al., 2010).
The surface area, pore volume and pore size distribu-
tion were measured by nitrogen adsorption at77 K us-
ing an ASAP-2010 porosimeter from the Micromeritics
Corporation GA. The sample was degassed at 350 °C
and 1.33-0.67 kPa overnight prior to the adsorption ex-
periment. The pore size distribution (PSD) was evalu-
ated from the adsorption isotherms using the Barrett,
Joyner and Halenda (BJH) algorithm (ASAP-2010) avail-
able as a built-in software from Micromeritics and the
standard Brunauer-Emmett-Teller (BET) method was
used for the calculation of the surface area.

X-ray diffraction (XRD) patterns were recorded on
Bruker D8 Advance (Cu K_radiation 0.154 nm) operat-
ing at 40 kV and 40 mA. Graphene distance layer can be
calculated based on Bragg's law (James 1961; Cullity
1965):
na=2d

(hki)

sin(0) (1)
Where A is the wavelength of the X-ray;, 6 is the scatter-
ing angle, n is an integer representing the order of the
diffraction peak, d is the interplane distance of the lat-
tices, and (h kl) are Miller indices.

The mean crystallite size of the powder composed of
relatively perfect crystalline particles can be determined
by Scherrer equation (James 1961; Cullity 1965):

L, = (KA/B,cosb) (2)

where L, is the mean dimension of the crystallite per-
pendicular to the plane (h k I); B, is the integral full
widths at half maximum in radians; k is a constant de-
pendent on the crystallite shape (0.89). However, the
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number of graphene layers (N) can be calculated by
using the following equation (Ju et al., 2010):

N=Lhkl/dh kI 3)

Experiments have been carried out to remove BT Xs
from the water samples. Physical properties of
nonoporous graphene which has been used as
nanosorbent are shown in Table 1. In each experiment,
a specified amount of either benzene, toluene or xy-
lenes was added to a 600-ml beaker containing 400-ml
of distilled water at a constant temperature of 30°C in a
water bath and stirred for awhile. Immediately after the
stirring stopped, one gram of nanoporous graphene
was carefully weighed and added. By changing the
weight ratio of the pollutants to nanosorbent, the maxi-
mum sorption capacity of the nanoporous graphene
for benzene, toluene and xylenes was determined.

RESULTS & DISCUSSION

Nanoporous graphene was prepared with high pore
volume. SEM image of nanoporous graphene is shown
in Fig. 1(a), presents a highly porous structure with
pore sizes from 45 to 63 nm. The pores provide high
porosity and sufficient space for the storage of ab-
sorbed material. Likewise the capillary action which
spontaneously drives the BT Xs into the pores is pro-

vided by highly porous nanographene.

The TEM image of nanoporous graphene is shown
in Fig.1(b).As can be observed, the structure is highly
porous and the size of the graphene sheets are about
50 nm, which increase the surface area and conse-
quently sorption capacity in comparison to the other
kinds of graphene (with nonporous sheets) which are
made by the other methods (Geng et al., 2011; Khedr
2013; Yuan et al., 2011; Jabariseresht et al., 2013).

Fig. 2 shows the TGA and DTA data measured for
nanoporous graphene. The weight loss of the sample
in the air occurs at about 500 °C and continues to about
620°C which shows the thermal stability of the
nanoporous graphene.

The functionalization process of nanoporous
graphene could be also confirmed by Fourier transform
infrared (FT-IR) spectroscopy, the FT-IR spectra is
shown in Fig. 3(a). The peak at 3429/cm is corresponded
to O-H stretching vibrations of the absorbed water
molecules and structural OH groups, where peaks at
1723/cm are related to C=0 stretching mode of carboxylic
acid. The peak at 1628/cm is attributed to in plane C=C
bound and the skeletal vibration of the graphene sheets
that confirm the successful oxidation (Huh etal., 2011).
The peak at 1383/cm and 1123/cm is corresponded to
O-H bending and C-O bending vibrations respectively.

Table 1. Physical properties deduced from N2 adsorption at 77 K on nanoporous graphene

Bulk
| ) 3 \VJ VIV,
Sample g;lna / (mBZZT]) (msg'}'g) SnifSeet(%) (m%) Viri(cm®/g) (Cmnaljg) Vier(cm®/g) 'Eol@mt
cm
g‘rﬁzongous 01 410989 40.0398 9 370.9471 0017844 1173240 1071623 1

*SBET, BET surface area; Smi, microporous surface; Sext, external surface; Vmi, micropore volume; VVme, mesopore volume;

Vtot, total pore volume
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Fig. 1. (a) Scanning electron microscope image and (b) Transmission electron microscope image of nanoporous
graphene
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Fig. 3. (a) FT-IR and (b) Raman spectra of nanoporous graphene.
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The peak at 1459/cm is corresponded to the C-C bend-
ing mode of the graphene sheets.

The Raman spectra of nanoporous graphene is
shown in Fig. 3(b). The D band in 1292.5/cm is usually
attributedto the presence of amorphous or disordered
carbon due to the nano-sized graphitic planes and de-
fects on these planes. The G band at 1583.5/cm is re-
lated to in-plane tangentialstretching of the carbon-car-
bon double bonds in the graphenesheets (Naeimi et
al., 2009). The intensity ratio of the D band to G band is
used to evaluate the amount of disordered carbons in
nanoporous graphene. The ID /IG ratio of 1.32 shows
the large amount of the disordered carbons and conse-
quently the higher adsorption capacity for the
nanoporous graphene.

G band frequency of the single-layer graphene is
(1585.5+1)/cm, and that of the bi-layer graphene is
(1581.50.5)/cm.The frequency for the other thicknesses
is (1582.5£1)/cm (Yoon et al., 2009). The results are
shown in Table 2.G band frequency is about (1582.5+1)/
cm and that is why the number of nanoporous graphene
layer is morethan two.

2D band at 2551/cm is also an evidence for the
multilayer graphene. The 2D band can be explained by
a double resonance Raman process and has a close
correlation with the electronic band structure of the
graphitic materials (Yoon et al., 2009; Ferrari 2007). For
single layer graphene, the 2D band can be seen as a
sharp and symmetric peak while the 2D band shifts to
higher wave numbers and becomes broader when the
graphene thickness increases from single to multi layer
graphene. Unfortunately, the differences in 2D band
between two and a few layers of graphene sheets are
not unambiguous in the Raman spectra (Ferrari 2007).
According to G band frequency, broaden 2D band at
2551/cm and X-ray results, nanoporous graphene can
have six layers.The N2 adsorption desorption isotherms
of nanoporous graphene are shown in Fig. 4(a). The
isotherms exhibit a typical type-1 curve and a hyster-
esis loop at a relative pressure from 0.4, indicating the
presence of slit shaped pores between parallel layers of
nanoporous graphene (Szabo et al., 2005). Physical and
textural properties of nanoporous graphene were de-
termined from N2 adsorption experiments which are pre-
sented in Table 3.

The BJH (Barrett 1951) pore size distribution is

shown in Fig. 4(b). The main pore size belongs to
mesoporous (2-50 nm). Mesoporous materials are an
important category of nanoporous materials. Further-
more, the total pore volume of nanoporous graphene is
1.071623 cm3/g at p/p0 = 0.98. The average pore diam-
eter, Dp, was calculated from Dp = 4VT/S (D? az-D? ez
etal., 2004), where VT isthe total volume of pores, and
Sisbeen the BET surface area. Average pore diameter
of 10.4 and 11.3 nm was obtained from the BET model
and BJH method respectively. Average particle size was
evaluated 14.6 nm. The pores with homogenous size
can be seen in the range of 2-5 nm.

Fig. 5 presents the X-ray diffraction (XRD) pattern

of nanoporous graphene. A peak at around 29.08°(26)
can be seen which is the characteristic peak of graphene
(Rao et al., 2009), indicating that the nanoporous
grapheneis existed individually in single or fewer lay-
ers (Jabariseresht etal., 2013).
The structural parameters such as: 2? plane (0 0 2),
Interlayer distance (d) is calculated by Bargg's law(Eq.
(1)), full widths at half maximum (FWHM), crystal size
that is calculated by Eq. (2) and the number of graphene
layers is calculated by Eq. (3) are estimated from XRD
pattern and they are summarized in Table 3.

By addition of 1 g of nanoporous graphene onto
the different amount of BTXs in the water, maximum
sorption capacity of the nanosorbent is achieved.
When the amount of BT Xs in water is more than the
maximum capacity of nanoporous graphene, no more
compound will adsorb to the nanosorbent and the
weight of the nanosorbent will no longer be increased.
In Fig. 6, sorption efficiency of nanoporous graphene
on benzene, toluene and xylenes is compared as histo-
gram. Sorption capacity can be referred to as weight
gain, wt%, defined as the weight of adsorbed BTXs
per unit weight of the dry nanosorbent. In this case, up
to 119 g benzene, 123g of toluene and 125¢g xylenes
was adsorbed into 1 g of nanoporous graphene . Sorp-
tion rate of BTXs was so quick as to be completed
within 1 min. Various kinds of graphenes and carbon
nano structures have been reported with a wide range
of specifications and sorption capacities for BT Xs sorp-
tion (Bi et al., 2012; Gui et al., 2013). Among these,
nanoporous graphene due to large specific surface area
and high pore volume has significant advantages over
other sorbent materials. Also the comparison of the
maximum sorption capacity (g/g) for BT Xs on different

Table 2. The G band and D band position and their intensity,intensity of D band G band ratio and 2D band position

of nanoporous graphene
Sample Dband position(cm®) G band position (cm™) I In/le 2D band position (cm?)
Nanoporous
graphene 12925 1583.5 192.32 132 2551
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Fig. 4. (a) Nitrogen adsorption-desorption isotherms and (b) The porosity distribution of nanoporous graphene
Table 3. X-ray structural parameters of nanoporous graphene

Sample 20

FWHM(°)

Layer distance(A)

Crystal thickness (nm)

Number of layers™
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Fig. 5. X-ray diffraction pattern of nanoporous graphene
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Table 4. Comparison of the maximum adsorption capacities (g/g)for BTXs by different sorbents

Sorbent max. adsorption capacity, (9/9) ref
Benzene Toluene Xylenes
SWCNT 0.037 0.049 0.057 Jahangiriet al., 2011
MWCNT 0.034 0.047 0.053 Jahangiri et al., 2011
Activated carbon 0.035 0.044 0.049 Jou and Tai, 1998
Carbon nanofiber 0.041 0.052 0.058 Daset al., 2004
Nanoporous carbon 0.034 0.045 0.047 Jahangiriet al., 2011
Mesoporous organo silica 0.44 0.62 0.66 Moura et al., 2011
HDT MA-modified zeolite Y 0.013 0.014 0.014 Vidal etal., 2012
Nanop orous graphene 118.8 1234 125.4 This work
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Fig. 6. Adsorption efficiency of nanoporous graphene.Weight gain is here defined as the ratio of adsorbate mass
to dry weight of nanoporous graphene

sorbents is presented in Table 4. Adsorption capacity
of nanoporous graphene for BT Xs is greater than that
for many other sorbents. It is concluded that the
nanoporous graphene showed better performance than
many other adsorbents in terms of adsorption capacity
(Jahangiri et al., 2011; Jou and Tai 1998; Daset al., 2004;
Vidal etal., 2012).

CONCLUSIONS

Nanoporous graphene was prepared by special
CVD method. This nanosorbent was produced with
high pore volume, large specific area, small pore size
and high sorption capacity. Nanoporous graphene was
used as sorbent for BTXs removal from water. It showed
highly sorption capacity up to 119-125g/g for BT Xs.
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