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Abstract−The surface modification of silica-graphene nanohybrid through treatment with a mixture of nitric and
sulfuric acid vapors to prepare a novel stabilizer for decalin-water emulsion was investigated. The nanohybrid was pre-
pared through chemical vapor deposition using silica aerogel and acetylene as catalyst and carbon precursor at atmo-
spheric pressure and 600 oC. The physicochemical properties of the modified nanohybrid were characterized by FT-IR,
XPS, Raman spectroscopy, and TEM. The surface modification of nanohybrid was at various duration times (24, 48,
and 72 hours) to optimize the surface modification conditions. Zeta potential of −39.9 mV revealed that the surface
modification of nanohybrid after 72 hours had an excellent stability in aqueous phase due to the presence of excep-
tional functional groups. The emulsion average droplet size decreased by increasing the nanohybrid concentration. The
negative value of the zeta potential showed the proposed nanohybrid can be applied as an appropriate stabilizer for
emulsion.
Keywords: Chemical Vapor Deposition, Nanostructures, Functional Groups, Silica-graphene, Stabilizer

INTRODUCTION

Increasing the stability of oil-water emulsion plays a pivotal role
in many industrial fields [1-5]. Although addition of surfactants as
stabilizer agent has been diminished due to their high toxicity, cor-
rosion, and environmental problems, anionic or cationic surfac-
tants are still proposed to produce stable emulsions. Thus, elim-
ination of hazardous surfactants and developing an alternative
technique for increasing the stability of emulsion are the current
challenges in this field. It has been reported that the use of solid
nanoparticles for stabilization of emulsions helps to reduce the con-
centration of conventional emulsifying agents or even their com-
plete elimination [6,7]. Up to now, Pickering emulsions have been
identified as well-known two-phase oil-water emulsions that can be
stabilized by using solid nanoparticles at the interface of oil-water
through physical interactions [8]. Pickering emulsions can be sta-
bilized by particles that are partly wetted by the two phases [9];
however, particles that are completely wetted by either water or oil
are dispersed in that phase and a Pickering emulsion cannot be
formed [6,10]. Although various kinds of organic and inorganic
materials such as solid lipids, silica, carbon, titanium dioxide, and
ferric oxide nanoparticles have been employed for the stabilization
of oil-water Pickering emulsions [11-14], a few of these nanoparti-
cles are able to form stable emulsions with a suitable size distribu-
tion and higher stability. In fact, the addition of nanoparticles replaces
the liquid-liquid interfaces with solid-liquid interfaces which have
a less interfacial energy [15]. As a new and efficient achievement,

it has been proved that the nanoparticles would facilitate and in-
crease the dispersion of immiscible droplets into the other liquids,
leading to the stable and cost-effective emulsifiers [1,16].

Additionally, the control of some solid particles properties, includ-
ing their concentration, shape, and size, plays an important role in
Pickering emulsion behavior. The concentration of particles has
been confirmed to be a key factor in Pickering emulsion proper-
ties [17]. The stability of Pickering emulsions is also affected mark-
edly by the hydrophilic-lipophilic balance (HLB) of the particles that
should be adjusted [18]. Consequently, although some types of
organic and inorganic materials can produce stable Pickering emul-
sions, stabilization of emulsion with solid particles is still a major
challenge [19].

Graphene and its derivatives as a new class of 2D materials have
attracted attention in various fields from industrial [20,21] to bio-
medical applications [22-24]. Among the state-of-the-art nanopar-
ticles, surface modified graphene has been recently used to produce
stable Pickering emulsion due to their remarkable properties [25,26].
On the other hand, silica-based nanomaterials have been widely
exploited as an encouraging nano additive for the preparation of
stable Pickering emulsions, due to their exceptional characteristics
such as unique morphology, size, porosity, and high affinity to var-
ious functional groups [27-29]. It has been recently suggested that
the combination of graphene and silica-based materials can be used
to produce solid-stabilized Pickering emulsions because of the syner-
getic effect of the nanohybrid versus bare graphene and silica pow-
der. However, owing to the inertness of graphene sheets, which
leads to a rapid aggregation in polar aqueous solution, develop-
ment of a well-stabilized Pickering emulsion by the use of surface
modified graphene has been shown an increasing interest.

Surface modification of hydrophobic graphene nanohybrids can
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be employed as a suitable substitution of surfactants for stabiliza-
tion of emulsions. The creation of oxygen containing functional
groups such as carboxyl and hydroxyl at the edge or on the basal
planes of graphene sheets [30] leads to boost the hydrophilicity of
graphene nanohybrid due to the oxidation process [31]. Numer-
ous methods such as ozonation [32], plasma enhancement [33],
and acid treatment in liquid phase [34] were reported for oxida-
tion and surface modification of carbon nanostructures. Most of
the conventional methods are based on acidic treatment in liquid
phase which suffer from disadvantages such as harsh synthesis condi-
tion, cumbersome separation or filtration, corrosive media, struc-
tural damages which require sophisticated devices [35,36]. Hence,
gas phase surface modification of carbon nanostructures can be a
proper alternative to overcome the above-mentioned issues. Xia et
al. [37] have proposed the vapor phase surface modification by
nitric acid for carbon nanotube that shows many advantages com-
pared to liquid phase surface modification, especially the elimina-
tion of filtering step. Herein, silica-graphene nanohybrid was first
synthesized through chemical vapor deposition technique (CVD)
using silica powder as a heterogeneous catalyst without any addi-
tional step for removing catalyst. Afterwards, a desired proportion of
sulfuric and nitric acid in gas phase was used for the surface mod-
ification of the silica-graphene nanohybrid. The proposed method
facilitates the surface modification of silica-graphene nanohybrid
through eliminating the difficult steps such as filtration, purifying,
washing, and drying compared to other reported methods. Fur-
thermore, addition of sulfuric acid might enhance the relative vol-
atility of nitric acid, which is essential to accomplish a high level of
modification. The time of surface modification was altered and
optimized to get the highest level of oxygen containing functional
groups on the silica-graphene nanohybrid. Finally, the effect of
surface modification time and the concentration of nanohybrids
on the emulsion droplet size were visually investigated by micros-
copy images. The as-prepared surface modified silica-graphene nano-
hybrid was used as a promising stabilizer for the preparation of
stable decalin-water emulsion.

EXPERIMENTAL

1. Materials
All chemicals, including sulfuric acid (H2SO4, 98%), nitric acid

(HNO3, 65%), citric acid monohydrate, methanol, sodium silicate
(Na2SiO3-specific gravity 1.05), and decahydronaphthalene (deca-
lin, >98%), were purchased from Merck. Acetylene (C2H2), hydro-
gen (H2), and nitrogen (N2) gasses with a purification of 99.99%
were from an Iranian gas corporation and distilled deionized water
was used in all experiments.
2. Characterization

Powder X-ray diffraction (XRD) measurements were carried out
on a Philips X’pert diffractometer, using filtered Cukα radiation
(K=1.54 oA). Transmission electron microscopy (TEM) images were
obtained with a field emission gun transmission electron micro-
scope (Tecnai G2 F20 S-TWIN HR(S) TEM, FEI). The Raman spec-
tra were acquired on a Jovin Yvon Horiba Lab Ram equipped with
a charge-coupled detector and a He-Ne laser (632 nm) as excitation
source. The X-ray photoelectron spectra were obtained by X-ray

photoelectron spectroscopy (XPS, SPECS Germany, PHOIBOS
150). Fourier transform infrared spectroscopy (FTIR) was performed
in the range of 400 cm−1 and 4,000 cm−1 (Tensor 27, Bruker Inc.,
Germany). Thermogravimetric analysis measurement was on a
Shimadzu TG50 analyzer. Malvern Zetasizer Nano ZS was used
for measuring zeta potential. A Nikon LV100D optical micro-
scope was used to take images from the droplets.
3. Synthesis of Silica-graphene Nanohybrids

The silica aerogel was prepared by using a special sol-gel method
[38]. The preliminary experiments were conducted at various tem-
peratures, heating rates, time, flow rates, and concentrations of sil-
ica aerogel. In a typical experiment, the nanohybrids were achieved
by annealing of 1 g silica aerogel powders in a horizontal quartz
tube furnace under a flow of H2 (600 sccm) up to 600 oC (heating
rate of 5 oC/min). Afterwards, acetylene gas with the flow rate of
100sccm was injected into the reaction for 30min. Finally, the sam-
ple was immediately cooled to room temperature under N2 atmo-
sphere.
4. Surface Modification Method

The applied experimental set-up for surface modification of sil-
ica-graphene nanohybrid is shown in Fig. 1. It consists of a round
bottom flask, a fixed bed reactor equipped with a heater, tempera-
ture controller, and a condenser. The tubular reactor was heated
by a resistance heating coil. Surface modified silica-graphene nano-
hybrids were prepared through loading 0.1 g of nanohybrids into
the reactor and heating to 100 oC. The round bottom flask was filled
with 150 ml of a mixture of concentrated nitric and sulfuric acid
(1 :3 v/v) and heated to 150 oC, under magnetic stirring, in an eth-
ylene glycol bath. The condenser was used to ensure that the sur-
face modification process was completely accomplished at vapor
phase without any contact with liquid acids. The ethylene glycol
bath was turned off after the desired time (24, 48, and 72 h), while
the reactor heater was kept on for 2 h to dry nanohybrids. Hereaf-

Fig. 1. Schematic illustration of the set-up used for silica-graphene
nanohybrids treatment with acid vapor.
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ter, the modified silica-graphene nanohybrids at 24, 48, and 72 h
are denoted as fsg.24, fsg.48, and fsg.72, respectively.
5. Preparation of Pickering Emulsion with Pristine and Sur-
face Modified Silica-graphene Nanohybrids

The oil-water emulsions were prepared by adding modified nano-
hybrids in the mixture of deionized water and decalin as the aque-
ous and organic phases, respectively. The preliminary experiments
were conducted at the various ratios of water/decalin and the dif-
ferent amounts of nanohybrid. The ratio of (1 : 1 v : v) water/deca-
lin was selected as the optimized proportion due to its higher stability.
In a typical experiment, the nanohybrids were thoroughly dis-
persed in aqueous phase by sonication of 0.01, 0.05, and 0.1 (wt%)
of nanohybrids (bath sonicator 100 W) for 30 minutes. Afterwards,
decalin was added and the mixture was sonicated by an ultrasonic
device with a dipping probe close to the surface at 60W for 1minute.
Finally, the microscopic images were taken via dropping the as-
prepared emulsion on microscopic glass slides.

RESULTS AND DISCUSSION

Fourier transform infrared spectroscopy (FT-IR) was used to
characterize the as-prepared nanohybrids. According to the FT-IR
spectra (Fig. 2), obvious differences between pristine and surface
modified silica-graphene nanohybrids can be observed. However,
there is not a distinguishable difference in the chemically modi-
fied nanohybrids spectra after 24, 48, and 72 h, indicating the cre-
ation of desired oxygen containing functional groups mostly in the
first 24 h. Typical hydroxyl stretching absorption for C-OH and
HO-C=O groups appeared at 2,700-3,500 cm−1 as a broad peak
confirming a high degree of oxidation (lines b-d). The characteris-
tic absorption signal corresponding to the C=O stretching band
was also observed at 1,733.03 cm−1 (lines b-d). In all spectra, the
absorption band for C=C (aromatics) can be seen around 1,636
cm−1 (lines a-d). In addition, the weak peak at around 1,384.39
cm−1 can be attributed to the C-O (carboxyl groups) stretching band.

The FT-IR spectra reveal that by increasing the surface modifica-
tion time from 24 to 72 h, there is no distinct change regarding
the functional groups. It shows that the surface of nanohybrid in
the surface modification reaction has been considerably saturated
during 24 h. However, the effect of this chemical modification
time was thriving on the size of droplets as illustrated by micro-
scopic images.

The X-ray photoelectron spectrum (XPS) was also used to fur-
ther characterize the surface composition of the prepared silica-
graphene and modified nanohybrids. Fig. 3 shows all pristine and
modified silica-graphene nanohybrids composed of carbon, oxy-
gen, and silica as the main elements, indicating the lack of any
impurity. Fig. 4(a)-(d) represents the high resolution core level of
C1s XPS spectra. As can be seen in Fig. 4(a)-(d), all C1s XPS spec-
tra are fitted with four Gaussian peaks corresponding to C-C, C-O,
C=O, and O=C-O binds. The values of carbon-to-oxygen (C/O)
ratio of the samples were calculated and summarized in Table 1.
The XPS results also demonstrate noticeable differences between
pristine and surface modified silica-graphene nanohybrids. How-

Fig. 2. The FT-IR spectra of the pristine silica-graphene nanohybrid (a) and surface modified at 24 (b), 48 (c), and 72 h (d).

Fig. 3. X-ray photoelectron spectra of (a) silica-graphene nanohy-
brid, (b) fsg.24, (c) fsg.48, and (d) fsg.72.
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ever, there is no remarkable difference by increasing the surface
modification time, which is in accordance with the FTIR results.

The X-ray diffraction patterns of silica-graphene and modified

samples are shown in Fig. 5. The broad peak at around 2θ=23o

can be assigned to graphene structure [39,40]. Moreover, the amor-
phous nature of silica aerogel shows a broad peak in the vicinity of
23o revealing an overlap spectrum. The XRD patterns show that
there are no main structural changes of silica-graphene nanohy-
brids after treatment at different times. However, the smaller and
broader peak for longer acid vapor treatment shows a little de-
crease in the crystalline order that might be attributed to the cre-
ation of more defect structure and functional groups emanating
from longer surface modification [41].

TGA/DTG measurement of silica-graphene nanohybrid was
carried out at air from room temperature to 900 oC (shown in Fig.
6). The pure silica aerogel remained stable without significant weight
loss until 900 oC. It indicated the amount of graphene in the SiO2/
graphene nanohybrid was about 16 wt%, and also showed that the
silica-graphene was successfully prepared via the CVD method.

Raman spectra are generally employed for the characterization
of carbon nanostructure, especially graphene and its derivatives.
The Raman spectra of silica-graphene nanohybrid, fsg.24, fsg.48,
and fsg.72 are shown in Fig. 7. The G bands at 1,560 cm−1, 1,572
cm−1, 1,580cm−1, and 1,590cm−1 are related to silica-graphene nano-
hybrid, fsg.24, fsg.48, and fsg.72, respectively. The G bands of the
surface modified samples are shifted to a higher wave number due

Fig. 4. High resolution XPS spectra of (a) Silica-graphene nanohybrid, (b) fsg.24, (c) fsg.48, and (d) fsg.72.

Table 1. Atomic concentration of the samples based on XPS
Sample Concentration of carbon/atomic % Concentration of oxygen/atomic % C/O ratio

Silica-graphene nanohybrid 68.77 15.72 4.37
Fsg.24 36.89 39.78 0.93
Fsg.48 26.43 48.09 0.55
Fsg.72 21.96 54.69 0.40

Fig. 5. The XRD patterns of (a) silica-graphenenanohybrid, (b) fsg.24,
(c) fsg.48, and (d) fsg.72.
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to the oxygenation of nanohybrid indicating the formation of sp3

carbon atoms. The augmentation of ID/IG from 0.8 (silica-graphene
nanohybrid) to 1.07 (fsg.72) confirms the grafting of oxygen-con-
taining functional groups to the silica-graphene nanohybrids. More-
over, the intensity of the D band shows that defect structures have
been partially created in synthesis procedure leading to increase
the number of crumpled graphene layers by the passage of sur-
face modification time. Furthermore, the relatively high intensity
of 2D band around 2,600 cm−1 that usually appears in the mono-
layer graphene sheets further verifies the creation of single layer
graphene [42,43]. Hence, it can be concluded that the silica-graphene
nanohybrids simultaneously contain a combination of single and
few layer stacked graphene sheets. The intensity ratio between the
2D and G bands (I2D/IG≈0.1) and the full width at half maximum
(FWHM) of the 2D band (≈65 cm−1), which are directly assigned

to the number of graphene sheets, do not show any significant
change with acid vapor treatment for all of the surface modified
nanohybrids.

As shown in Fig. 8, the morphology of silica-graphene nanohy-
brid, fsg.24, fsg.48, and fsg.72 was characterized by TEM. The TEM
image of silica-graphene nanohybrid (Fig. 8(a)) shows spherical
silica aerogel nanoparticles (inset) and the synthesized graphene
sheets on the silica catalyst. As can be seen, the graphene sheets
were successfully formed on uniform silica aerogel nanoparticles
by CVD method. According to TEM images, the graphene sheets
get more wrinkled by increasing the time, due to the higher degree
of oxidation, which can be related to more exposure of the nano-
hybrid to acid vapor.

STEM images of the pristine and surface modified silica-graphene
nanohybrid are shown in Fig. 9. The formation of graphene sheets
on silica aerogel nanoparticles was further verified (Fig. 9(a)-(d)).
According to these images, the presence of both silica and graphene
can be distinguished owing to the high transparency of the graphene
sheets, and the few layer graphene can be observed, which is in
good agreement with TEM and Raman analysis.

The zeta potentials of all samples in aqueous phase are shown
in Fig. 10. The zeta potential plays an important role in determin-
ing the stability of colloidal dispersions. The zeta potential can be
used as a quantitative index for investigation of stable dispersion
because of inter-particle electrostatic repulsion [44]. The zeta poten-
tial of a stable emulsion can be more positive than +30 mV or
more negative than −30 mV. The values of zeta potential of silica-
graphene nanohybrids, fsg.24, fsg.48, and fsg.72 were obtained to
be about −20.9, −33.5, −37.2, and −39.3 (mV), respectively. These
results showed that increasing the time of surface modification leads
to increasing the amount of zeta potential due to more oxidation
duration which enhances the modification process. The more expo-
sure to the vapor of acidic mixture indicated the higher amount of
zeta potential and more stability in aqueous dispersions.

Fig. 11(a)-(i) depicts the microscopy images of the emulsions

Fig. 6. TGA/DTG of silica-graphene nanohybrid. The inset shows TGA of pure silica aerogel.

Fig. 7. Raman spectra of (a) silica-graphene nanohybrid, (b) fsg.24
(c) fsg.48,(d) fsg.72.
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Fig. 8. TEM images of (a) silica-graphene nanohybrids, silica aerogel (inset) (b) fsg.24, (c) fsg.48, (d) fsg.72.

Fig. 9. STEM images of (a) silica-graphene nanohybrids, (b) fsg.24, (c) fsg.48, (d) fsg.72.
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prepared by modified nanohybrids at different concentrations,
while keeping water/decalin ratio to be 1 : 1. During the emulsion
preparation, the nanoparticles migrate from the aqueous phase
toward the oil-water interface, which prevents enlarging kinetic
energy barrier [45]. In standard Pickering emulsions, the initial
dispersion of particles in aqueous phase can considerably affect both
the emulsion stability and droplet size, owing to limited re-coales-
cence during emulsification at higher particle content that can
migrate to the emulsion interface [46,47]. Promoting droplet sta-
bility and also reducing the oil-water interfacial tension (IFT) oc-
curred by migration of the particles from the dispersed phase to
the oil-water interface [2,48]. Thus, a reduction in the free energy
occurs while a part of the liquid-liquid interface is replaced with a

liquid-particle interface [49-51]. Therefore, regarding the values of
zeta Potential, the formation of smaller droplets in emulsion of
fsg.72 and also at the highest concentration (0.1wt%) is more proba-
ble than other emulsions.

Therefore, as can be seen in Fig. 11(a)-(i), the size of emulsion
droplets decreases with increasing functional groups in nanohy-

Fig. 10. The zeta Potential of (a) silica-graphene nanohybrids, (b)
fsg.24, (c) fsg.48, and (d) fsg.72.

Fig. 11. The microscopy images of the emulsions at different concentrations of surface modified nanohybrid: (a) fsg.24 (0.01 wt%), (b) fsg.24
(0.05 wt%), (c) fsg.24 (0.1 wt%), (d) fsg.48 (0.01 wt%), (e) fsg.48 (0.05 wt%), (f) fsg.48 (0.1 wt%), (g) fsg.72 (0.01 wt%), (h) fsg.72
(0.05 wt%), (i) fsg.72 (0.1 wt%), oil/water ratio: 1 : 1.

Fig. 12. Average droplets diameter as a function of surface modified
nanohybrids concentration.



Surface modification of silica-graphene nanohybrid as a novel stabilizer for oil-water emulsion 2495

Korean J. Chem. Eng.(Vol. 34, No. 9)

brids due to migration of nanoparticles toward the oil-water inter-
face. The average droplet diameter of each emulsion was estimated
based on the microscopy images by measuring approximately 50
droplets in every image in a random order and showing as a func-
tion of nanohybrids concentration in Fig. 12. As expected, the aver-
age droplet size decreased as the nanohybrids concentration in-
creased. The average and standard deviations droplets diameter of
data at concentration of 0.1 wt% of nanohybrids show that they

Table 2. The average and standard deviation droplets diameter of
emulsions at concentration of 0.1 wt%

Sample Average droplets
diameter/µm

Standard
deviation/µm

Emulsion of fsg.24 1.06 0.34
Emulsion of fsg.48 0.71 0.25
Emulsion of fsg.72 0.45 0.11

Fig. 13. The microscopy images of the emulsions stabilized by surface modified nanohybrids at different time span: (a) 0 (immediately after
emulsion preparation), (b) 48, (c) 96, (d) 144 h for fsg.24, (e) 0, (f) 48, (g) 96, (h) 144 h for fsg.48, (i) 0, (j) 48, (k) 96, (l) 144 h for
fsg.72 at constant concentration of 0.1 wt%.

Fig. 14. Histograms of the droplet size distribution as a function of time: (a) fsg.24, (b) fsg.48, (c) fsg.72, and (d) average droplets diameter as
a function of observation time (concentration of surface modified nanohybrids=0.1 wt%).
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are clustered closely around the mean and have a relatively homo-
geneous distribution (Table 2).

To investigate the stability of the emulsions, they were kept at
room temperature for six days. Following the previously estab-
lished procedures in the literature [52-54], by the optical micros-
copy method, the emulsions were characterized during different
time ranges. To have more exact studies, and our experience in the
area of the nanohybrid concentration effect on the average size of
droplets, a concentration of 0.1 wt% of modified nanohybrids was
selected to perform these experiments. Over a period of observa-
tion time, if there are no clear changes in droplet size distribution
and average droplets diameter, it can be concluded that the emul-
sions are stable.

Fig. 13(a)-(l) and Fig. 14(a)-(c) display the microscopy images
of emulsions at different times with their corresponding droplet
size distribution plots, respectively. As can be seen in Fig. 14(a)-(c),
a shift towards a broader droplet size distribution was observed via
changing the time from 0 to 144 h in all emulsions, while there was
no significant change in droplet size. Therefore, the present obser-
vations are relatively convincing proofs showing the surface modi-
fied silica-graphene nanohybrids adsorbed at the oil-water interface,
and they occupied a large interfacial area to hinder droplets coales-
cence [25,55]. As a matter of fact, during the adsorption of nano-
particles on the interface, some rigid shells are formed and lead to
the electrostatic repulsions and steric hindrance; therefore, it can
be considered as a reason for the stability of emulsions by the modi-
fied silica-graphene [56,57]. On the other hand, there is no consid-
erable change in the average droplets diameter over a period of
storage time (Fig. 14(d)), implying the high stability of emulsions.

To investigate the individual and particular behavior of emul-
sion in both deionized water and decalin, an equal amount of emul-
sion was dropped in a constant volume of deionized water and

decalin. It was generally observed that when a drop of oil-in-water
emulsion is dispersed in water, the added drop remains unchanged
in oil. By addition of a drop of the as-prepared emulsions to water
and decalin, it was also found that the type of emulsions could be
considered as decalin in water (see Fig. 15 as an example) [58].

CONCLUSION

Silica-graphene nanohybrid was prepared via CVD method and
then modified by using a mixture nitric and sulfuric acid vapors
as a new approach. The amount of graphene in the nanohybrid
was estimated to be about 16 wt% according to TGA analysis. The
modified nanohybrids demonstrated excellent stabilization in aque-
ous phase, which was efficiently used for preparing the stable oil-
water emulsions. The values of zeta potential of nanohybrids were
more negative than −30mV, confirming the high stability of nanohy-
brids in water. The surface modification process was carried out in
different time. According to the FT-IR, XPS and the values of zeta
potential, the structural defects, the oxygen containing functional
groups, and consequently the stability of nanohybrids in water
have increased by increasing the modification time. The value of
zeta potential and the minimum average droplets diameter of emul-
sion were directly dependent on the time of chemically surface
modification and the concentration of nanohybrids. This work
showed that hybridization and surface modification of graphene
would remarkably enhance the stability of Pickering emulsions.
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