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Abstract: Water is increasingly being used as a solvent in place of organic solvent in order to meet the
demand for green chemical synthesis. Nevertheless, many of the reaction substrates are organic matter,
which have low water solubility, resulting in a low reaction interface and limiting the development
of organic-water biphasic systems. A surfactant is typically added to the two-phase system to form
an emulsion to increase the contact area between the organic phase and the water. Compared to
ordinary emulsion stabilized with the surfactant, Pickering emulsion offers better adhesion resistance,
biocompatibility, and environmental friendliness. It possesses unrivaled benefits as an emulsifier and
catalyst in a two-phase interfacial catalysis system (PIC). In this study, the amine group (NNDB) was
employed to alter the surface of graphene oxide (GO). A stable Pickering emulsion was created by
adsorbing GO-NNDB on the toluene–water interface. It was determined that the emulsion system
had good stability by analyzing digital photographs and microscope images of droplets at various
temperatures, and fluorescence microscopy images of emulsion droplets created by both newly added
and recovered emulsifiers. This work provided the groundwork for future applications of Pickering
emulsion in interfacial catalysis.

Keywords: Pickering emulsion; graphene oxide; interfacial catalysis

1. Introduction

An emulsion is a system consisting of two insoluble liquids, or when one of the liquids
is dispersed in the other. Due to the high surface energy at the interphase interface between
two incompatible solutions, the emulsion is thermodynamically unstable. Stable emulsions
to facilitate industrial production have been widely studied. Ramsden [1] and Pickering [2]
first discovered an emulsion stabilized by solid particles nearly a century ago (Pickering
emulsion). The adsorption of the solid particles on the two-phase interface formed a
mechanical barrier, and it changed the steric hindrance between the particles and stabilized
the Pickering emulsion [3]. Because of the low toxicity, strong interfacial stability, and
environmental friendliness of Pickering emulsion, it is widely used in food technology [4,5],
wastewater treatment [6], oil recovery [7,8], drug delivery [9], and interfacial catalysis [10].

With the advancement of green chemistry, water from nature has become a popu-
lar green solvent to replace organic solvents in reactions [11]. However, because some
organic reactants are poorly soluble in water, the contact area between the two phases
is minimal, which is detrimental to the reaction [12]. Surfactants are typically required
to stabilize the two oil–water phases while creating an emulsion in order to improve
the contact area between the two phases [13]. Stabilizing emulsions typically requires
a significant quantity of surfactants, which are harmful to both human health and the
environment [14]. The use of surfactants will definitely increase the complexity of the
reaction system and impair product and emulsifier recovery. Pickering emulsion effectively
addresses these issues. In Pickering interfacial catalysis (PIC) systems, Pickering emulsifier
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acts as both emulsifier and catalyst at the liquid/liquid interface (L/L). Because of its large
reaction interface and unique biphase environment, the system has irreplaceable advan-
tages in double phase reactions, including (1) excellent solid catalyst recovery performance;
(2) large interfacial area to promote reaction kinetics; (3) ability to selectively catalyze
different reaction substrates distributed in two immiscible reagents; and (4) spontaneous
separation of key products on the basis of a “phase transfer” procedure [15]. In recent years,
the PIC system has been widely used in oxidation reactions [16,17], reduction reactions [18],
acid-base catalyzed reactions [19], and biocatalytic reactions/enzymatic reactions [20].

The type and morphology of solid particles can regulate the performance of Pickering
emulsions. Specifically, the shape of the particles determines the way they behave at
the interface, and this influences their ability to stabilize the emulsion. It is essential to
select suitable nano/micro-particles to obtain Pickering emulsions with specific types,
characteristics, and applications [21]. Currently, the shapes of solid particles are mainly
spherical [22–25], two-dimensional structures [26–29], anisotropic particles [30,31], rod-
shaped [32], ellipsoid [33,34], and others.

Graphene oxide (GO) is an ultra-thin flexible sheet of two-dimensional structural
material [35] with a high specific surface area. More surfaces can be exposed compared
with rigid spherical emulsifiers when adsorbed at the oil/water interface. Moreover, due to
GO’s high volume/mass ratio, the amount of emulsifier adsorbed on the droplet interface
will be reduced significantly. Hence, GO shows unique advantages in emulsion catalysis as
a Pickering emulsifier [36].

GO is obtained from the oxidation of graphite powder, which is a derivative of
graphene [37]. Due to its unique structure, GO has great potential for the cost-effective
large-scale production of graphene-based materials [38,39]. The GO is composed of a
two-dimensional lattice with partially broken sp2 hybridized bonds, with hydroxyl and
epoxide groups on the surface and carboxylic acid groups on the edges. This makes GO
a certain amphiphilicity (hydrophilic–hydrophobic). The assembly behavior of GO at
air–water, liquid–liquid, and liquid–solid interfaces is reported by Kim [40], proving that
GO can be used as a colloidal surfactant. Gudarzi and Sharif [41] studied the preparation
of polymer/GO microspheres by in-situ polymerization employing GO as a colloidal
surfactant. Nanocomposites containing 0.3 wt% graphene showed better thermal stability
and stiffness compared with pure resin. Danae [42] utilizes GO of different qualities
combined with hexagonal boron nitride nanosheets (h-BNNS). Two different types of
emulsion (O/W and W/O) are obtained in the same two-phase system. Their results
show a new method for the preparation of graphene/h-BNNS functional materials with
novel nanostructures employing a Pickering emulsifier as a soft template. Graphene oxide
nanoribbons (GONR) previously obtained by longitudinal cutting of carbon nanotubes
(CNTs) were employed as a precursor [43]. A pH-responsive Pickering emulsifier (GONR-
IL) was achieved by the amidation of−NH2 in ionic liquid (IL) with−COOH on the GONR
surface. Compared with GO-IL emulsifier obtained by a combination of GO and IL, higher
stability and smaller emulsion drop size can be obtained by Pickering emulsion stabilized
by GONR-IL at the toluene–water phase interface. Moreover, Pd/GONR-IL prepared by
GONR-IL as an emulsion catalyst for benzyl alcohol oxidation indicates excellent catalytic
activity (the conversion rate can reach 92% in 3 h of reaction). The emulsion catalyst
following the reaction can be demulsified and recovered by adjusting the pH. Due to these
properties, the emulsion catalyst has broad application prospects in the field of biphase
catalysis. In spite of previous studies on the preparation of GO emulsifiers, the emulsifying
ability of emulsifiers and the interface area of emulsions need to be further enhanced.

In this paper, a Pickering emulsifier (GO-NNDB) with excellent wettability is obtained
by a ring-opening reaction between the amine group (N,N-dimethyl-1,4-butanediamine,
NNDB) and the epoxy group on the GO surface. The synthetic route of GO-NNDB is
shown in Scheme 1. This Pickering emulsifier leads to the stabilization of the toluene–water
biphase interface over a wide range of ratios. The emulsion system has good stability, and
the optimum emulsifying conditions are achieved by adjusting the volume ratio of toluene
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to water as well as the concentration of the emulsifier. The mechanism of emulsion stability
was examined by contact angle characterization of GO and GO-NNDB. The emulsion
created under ideal emulsification conditions can be stable at ambient temperature for
two months and can be heated at 85 ◦C for five hours while staying stable. The successful
development of GO-NNDB set the groundwork for its subsequent use in PIC systems.
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Scheme 1. Preparation of GO-NNDB.

2. Materials and Methods
2.1. Material and Reagent

Graphite (<20 µm, >99.5%), potassium permanganate (>99.0%), concentrated sul-
furic acid (>95.0%), hydrochloric acid (36–38%), and toluene (≥99.5%) were purchased
from Sinopsin Chemical Reagent Co., Ltd.(Shanghai, China); sodium hydroxide (>96.0%),
sodium nitrate (98%), and N,N-dimethyl 1,4-butylenediamine (≥95%) from Aladdin Biotech-
nology(Shanghai, China); Hydrogen peroxide (30%) was purchased from Albokai Chemical
Co., Ltd. (Tianjin, China). In this study, all reagents used were of analytical grade.

2.2. Preparation of Materials and Emulsions
2.2.1. Preparation of GO

GO was prepared by an improved Hummers method. At first, 5 g of graphite and
2.5 g of NaNO3 were added into 130 mL of concentrated sulfuric acid, stirred in an ice
bath for 2 h, and then 15 g of KMnO4 was added slowly into the reaction system. Then,
the above suspension was transferred to a 35 ◦C water bath. Further, 230 mL of deionized
water was added slowly and stirred continuously for 1 h. The temperature of the water
bath was set at 98 ◦C. It was stirred for 30 min before turning off the heat. The unreacted
potassium permanganate was removed by adding 400 mL of deionized water and 10 mL of
hydrogen peroxide to the system. After standing, the product was centrifuged to neutral
with deionized water to remove the remaining water-soluble ions in the GO stock solution.
We stored the product in a silk bottle for later use.

2.2.2. Preparation of GO-NNDB

In total, 160 mg of NaOH was added after dispersing 5 mL of GO in 40 mL of deionized
water. The mixture was stirred for 10 min, and then ultrasonically dispersed for 30 min,
followed by A reaction at 70 ◦C for 3 h after adding 515 µL NNDB. After the reaction, the
mixture was cooled to room temperature, centrifuged, and washed until neutral. The final
product (GO-NNDB) was then cold-dried for use.

2.2.3. Preparation of Pickering Emulsion

Place a certain amount of dried GO-NNDB in a 15 mL glass bottle. Add deionized
water and ultrasonic for 30 min to make GO-NNDB evenly dispersed in water. Toluene
was added to the above dispersing solution and emulsified for 2 min (10,000 r) with a
high-speed shear machine. After standing for 5min, it was observed under a microscope
and pictures were taken.
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2.3. Emulsion Stability Test
2.3.1. Thermal Stability Test

Place 5 portions of 12 mg dried GO-NNDB in 15 mL glass bottles with 4 mL deionized
water. After each 30 min ultrasound, 8 mL toluene was added to each glass bottle and
emulsified for 2 min (10,000 r) with a high-speed shear. After standing for 5 min, the 5 glass
bottles were placed in a constant temperature water bath at 25 ◦C, 45 ◦C, 65 ◦C, 85 ◦C, and
100 ◦C, and removed after 5 h. After standing for 5 min, the glass bottles were observed
under a microscope and pictures were taken.

2.3.2. Stability Test

Place 12 mg of dried GO-NNDB in a 15 mL glass bottle with 4 mL of deionized water.
Then, 30 min after ultrasound, 8 mL toluene was added into glass bottles and emulsified
for 2 min (10,000 r) with a high-speed shear. At 1, 2, 4, 8, and 60 days, the emulsion
was observed by optical microscope and photographed. Random statistics of 100 droplet
diameters under different standing time can obtain the image of the change of the average
droplet diameter with time.

2.4. Determination of Emulsion Type

Place 12 mg of dried GO-NNDB in a 15 mL glass bottle with 4 mL of deionized water.
Then, 30 min after ultrasound, 8 mL toluene dissolved with Nile red stain, which was
added to the glass bottle and emulsified for 2 min (10,000 r) with a high-speed shear.
After standing for 5 min, they were observed by fluorescence microscope and pictures
were taken.

2.5. Materials Characterization

We examined the morphology of the materials by using field emission scanning
electron microscopy (Bruker QUANTAX) with an accelerating voltage of 10 kV at the
same magnification. The FT-IR spectra of the materials were recorded by employing
JASCO FT/IR-430 spectrometer with a resolution of 2 cm−1 (KBr pellet, carbon loading of
≈0.5 wt%). The chemical composition was determined by XPS with Al Kα radiation (AXIS
SUPRA). The C 1s peak at 284.8 eV was taken as a calibration peak. The pass energy values
of 160 and 20 eV were set, respectively, for the survey spectra and the single-element spectra.
The water contact angles of the materials were measured on a contact angle measuring
instrument (SINDIN CSCDIC-100). The quantitative sample is pressed into as thin slices as
possible (about 40 Mpa, thickness about 1 mm) on a tablet press before measurement. The
morphology of the water drop after contact with the sample was quickly photographed and
recorded. The morphology of emulsion was observed by optical microscope (OLYMPUS-
CX33). After the emulsion stood for 5 min, a drop of emulsion was put on the slide, wiped
clean in advance, and then observed and photographed. The emulsion was dripped onto a
pre-placed slide and then diluted with methyl orange water solution. The type of emulsion
was observed with a fluorescence microscope (OLYMPU SB-X53).

3. Results and Discussion
3.1. Characterization of Emulsifiers
3.1.1. SEM/EDS

From the SEM image of GO in Figure 1, we observe that GO prepared by us is a kind
of flexible sheet material. It is shown from EDS images that elements C and O are evenly
distributed on the GO surface. Figure 2 reveals that the GO-NNDB obtained after the
reaction can still maintain the sheet structure of GO, which indicates that GO has good
stability in the modification process. It is shown by the EDS analysis of GO-NNDB that C,
O, and N elements were uniformly distributed on the GO surface. This means that NNDB
successfully modified the GO surface.
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3.1.2. FT-IR

To verify that the action mode of NNDB and GO is chemical bonding rather than
simple physical adsorption, we employed FT-IR spectroscopy to characterize the surface
properties of the materials. Figure 3 shows that the surface of GO prepared by the Hummer
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method contains oxygen-containing functional groups, including −OH (3410 cm−1), C=O
(1730 cm−1), and C=C (1625 cm−1). It is consistent with what was reported in the previ-
ous article [44], which makes surface functionalization modification possible. The NNDB
showed characteristic double peaks of symmetric and asymmetric N−H stretching vibra-
tions typical of primary amines at 3296 cm−1 and 3373 cm−1 (Figure 3a). The double-peaks
stretching vibration disappeared during modification, and the stretching vibration peak of
C−N appears at 1263 cm–1 of GO-NNDB (Figure 3b) during modification. This reveals that
NNDB exists on the GO surface [45]. Clearly, the interaction mode of NNDB and GO tends
to be the chemical reaction between NNDB and the epoxy group on the GO surface instead
of the simple physical adsorption [46,47].
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3.1.3. XPS

To further investigate the surface properties of the materials and the bonding mode,
the element types and bonding modes on GO and GO-NNDB surfaces were analyzed
by XPS. The XPS spectral comparison of GO and GO-NNDB is shown in Figure 4a. The
original GO only revealed typical characteristic peaks of C 1s and O 1s, and the intensity
of the O 1s peak was close to that of the C 1s peak. This was caused by the abundant
oxygen-containing functional groups on the surface of GO. We note that a new N 1s
characteristic peak appeared in the GO-NNDB obtained after NNDB grafting. This means
that the grafting process successfully introduced NNDB to the GO surface. For its further
peaks shown in Figure 4b, we noted that the binding energy of 399.8 eV and 401.8 eV
correspond to the characteristic peaks of secondary and tertiary amine N. Combined with
the FT-IR images of NNDB, GO, and GO-NNDB (Figure 3a), the double-peaks of −NH2
(3296 cm−1, 3373 cm−1) stretching vibration in NNDB disappear during modification,
indicating that NNDB has an open-loop reaction through −NH2 and the C−O−C bond on
the GO surface. We observe that a new characteristic peak of the C−N bond appears at
285.5 eV for GO-NNDB by comparing the characteristic peaks of GO and C 1s (Figure 4c,d).
This is accompanied by a significant reduction in the content of the C−O bond, which also
shows that GO−NNDB is obtained by a ring-opening reaction with the epoxy group on
the surface of GO. The above results verified our GO-NNDB preparation scheme.
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3.2. Emulsion Effect Optimization

The ratio of toluene to water volume and the concentration of emulsifier are closely
related to the stability of the emulsion. To obtain the most suitable toluene–water volume
ratio of GO-NNDB as an emulsifier, we investigated the emulsion formed by employing a
series of emulsifier concentrations at different toluene–water volume ratios. Figure 5 shows
that the emulsion cannot be fully emulsified when the volume ratio of toluene to water is 1:1
and the emulsifier concentration is 0.25–1.5 mg mL−1. When the ratio of toluene to water
volume increases to 2:1 and 3:1, and the concentration of emulsifier reaches 0.5 mg mL−1,
the emulsion can be fully emulsified. In light of the impact of toluene on the environment,
we selected the toluene phase volume as small as possible in this study, so the optimal
toluene–water volume ratio was 2:1.

To determine the optimal emulsifier concentration, an optical microscope was used to
observe the emulsion formed by different emulsifier concentrations. In Figure 6, we show
that a stable emulsion can be formed with an emulsifier concentration of 0.25–1.5 mg mL−1.
Another important factor affecting the stability of the emulsion is the size distribution of
the emulsion droplets. We carried out the size distribution statistics of emulsion droplets
formed by different emulsifiers. The results are shown in Figure 7. Droplet size distri-
bution as a whole becomes more uniform with the increase of emulsifier concentration.
Furthermore, the unit mass interface area and the total interface area of the emulsion
greatly influence the overall stability of the emulsion and the application of the emulsion
in subsequent industrial production. Generally, the smaller the interface area per unit mass,
the more microreactors can be provided for interfacial catalytic reactions. The larger the
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total interfacial area, the smaller the mass transfer resistance of the two phases, and the
more favorable it is to the two phases. We calculated the emulsion interface area per unit
mass and total emulsion interface area formed by different emulsifier concentrations. The
formulas for calculating the emulsion interface area S and the emulsifying interface area
Sm (interface area per unit mass) formed by emulsifier are shown in Equations (1) and (2).

S =
6a ·Ve

D
(1)

Sm =
6a ·Ve

D ·m (2)

where a is the utilization rate of milk droplet accumulation space (74%, which is considered
as hexagonal dense accumulation), Ve is the volume of emulsion formed, D is the average
diameter of droplets, and m is the mass of the emulsifier. The result is shown in Figure 8.
We observed that the interface area of the emulsion gradually increases with the increase
of emulsifier concentration. Moreover, the interface area per unit mass increases first and
then decreases. A total of 1 mg mL−1 was determined as the best emulsifier concentration
in light of the influence of the emulsion interface area and unit mass interface area.
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3.3. Emulsion Stability

It is known that Pickering emulsion with good thermal stability can be better used in
a variety of double-phase reactions. In order to investigate the stability of the Pickering
emulsion formed by GO-NNDB, the emulsions were first heated at different temperatures
(25–100 ◦C) for 5 h and photos were taken to record the emulsion status. The average size
of liquid droplets under the optical microscope was statistically analyzed, and the results
are shown in Figure 9a. The average size of the emulsion drops increases gradually, but no
obvious demulsification occurs below 85 ◦C. However, partial demulsification occurs when
the temperature is 100 ◦C, indicating that the emulsion can remain stable at 85 ◦C for 5 h.
Secondly, we recorded the emulsion state and the average size of liquid droplets at different
standing times at room temperature (Figure 9b). With the extension of time, the emulsion
state did not change significantly, and the average size of the liquid droplets increased
only slightly. The results showed that the emulsion could be stable at room temperature
for 60 days. Finally, after recovering the emulsifier (GO-NNDB) from the emulsion, GO-
NNDB was re-used to stabilize the emulsion (consistent with the method used for the
first emulsion preparation). The fluorescence microscope images of the emulsion after five
repeated operations and the emulsion formed for the first time are shown in Figure 9c,e (the
toluene phase was dyed with Nile red in advance). It was observed that the emulsion type
was toluene-in-water, and there was no change after five cycles. As shown in Figure 9d,f,
the histogram of emulsion size distribution obtained by statistical analysis of the particle
size of liquid droplets shows that the average emulsion size increases only by 0.87 µm. The
above results prove that GO-NNDB-stabilized Pickering emulsion has excellent stability.

Binks [48] proposed the desorption energy theory to explain the influence of the surface
wettability of solid particles on emulsion stability. The stability of solid particles on the
emulsion surface depends on the energy required to transfer from the oil–water interface
to the continuous phase. Without considering the interaction force between particles, the
formula for calculating desorption energy ∆E in the Pickering emulsion system is shown in
Equation (3):

∆E = πR2σ(1− |cos θ|)2 (3)

In the formula, θ represents three-phase contact antennae; R is particle radius; and σ is
interfacial tension.
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According to the formula, when the particles tend to be completely hydrophilic (θ = 0◦)
or completely hydrophobic (θ = 180◦), the desorption energy is minimum and the emulsion
cannot be formed. The closer the θ is to 90◦, the better wettability of the particles, the
greater the desorption energy, and the more stable the Pickering emulsion obtained.

In order to study the reason why the emulsion formed by GO-NNDB has good
stability, we tested the contact angle of GO and GO-NNDB. As shown in Figure 10, the
water contact angle of GO is 34◦ and it has good hydrophilicity. Because there are many
oxygen-containing functional groups on the surface of GO, the contact angle of GO-NNDB
increases to 88◦, which is caused by the modification of the GO surface by NNDB as a
hydrophobic molecule. Combined with the desorption energy theory, it can be known
that GO-NNDB with a contact angle of 88◦ has good wettability, thus forming a stable
Pickering emulsion.
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4. Conclusions

In this paper, we designed and prepared a new type of carbon-based emulsifier by
modifying the surface of graphene oxide. Various characterizations indicated that the amino
group was successfully grafted onto GO. The amino group is bound to GO by forming a
new C−N bond instead of simple physical adsorption. The prepared emulsifier reveals
good emulsifying performance. We observe that the emulsion has the best stability when
the toluene–water volume ratio is 2:1. It is shown that the optimal emulsifier concentration
tends to be 1 mg mL−1 based on calculating the interface area per unit mass and the total
interface area of the emulsion. Moreover, the emulsion prepared in this work can maintain
good dispersion and droplet size under 85 ◦C as well as long-time storage. Fluorescence
microscopy showed that GO-NNDB could still be emulsified five times after recovery, and
the emulsion type did not change. Studies show that the good stability of the emulsion is
attributable to the good wettability of GO-NNDB. However, Pickering emulsion stabilized
by GO-NNDB at the toluene–water two-phase interface is only suitable for double phase
reactions below 85 ◦C, and its application to emulsifiers at higher temperatures needs
further study. More importantly, graphite material also has certain toxicity [49]. Although
GO-NNDB can be separated from the Pickering emulsion by centrifuge, there will still be
some losses in the recovery process. Therefore, it is necessary to further modify GO-NNDB
to obtain a Pickering emulsifier that can be efficiently recovered with simple stimulation.
In summary, we designed and prepared a recyclable carbon-based Pickering emulsifier that
has good stability and can be reused repeatedly. It lays a foundation for the subsequent
application of this emulsifier in double phase reactions. It is hoped that the emulsion
prepared here can be widely used in the field of green chemistry.
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