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Pickering emulsions stabilized by graphene oxide (GO) have attracted much attention owing to the
unique 2-D structure and amphiphilic surface properties of GO. On the other hand, investigations on
reduced GO (RGO) to prepare Pickering emulsions are still limited, especially for water-in-oil (W/O)
emulsions. Considering growing interests for directing Pickering emulsions to a specific location, it is nec-
essary to embed Pickering emulsions with responsiveness upon external driving forces such as magnetic
fields. To that end, we developed magnetically responsive RGO (denoted as ‘‘MRGO’’) and used MRGO to
prepare W/O Pickering emulsions. MRGO was synthesized by decorating iron oxide nanoparticles on the
surface of RGO and characterized by SEM, EDS, TEM, FT-IR, Raman, XRD and SQUID. MRGO Pickering
emulsion (MRGO-PE) was prepared by suspending MRGO sheets in dodecane and mixing with water vig-
orously. The amount of MRGO added to prepare MRGO-PE is related to the size distribution of the drop-
lets of MRGO-PE and the relationship can be well-described using a mass balance model. The motion of
droplets of MRGO-PE under an external magnetic field is demonstrated. We also investigated the adsorp-
tive property of MRGO-PE by evaluating the removal of Nile Red dye from dodecane. The results shows
that the dye removal by MRGO-PE is not just achieved by MRGO layer of MRGO-PE but also by water
encapsulated by MRGO. Owing to their magnetic property, MRGO-PE can be utilized as a magnetically-
controlled carrier which can preserve and transport to specific locations certain compounds.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Emulsions stabilized by solid particles are generally referred to
Pickering emulsions [1]. Unlike emulsions stabilized by organic
surfactants, Pickering emulsions possess many advantageous prop-
erties, including low toxicity [2], low cost [2], irreversible adsorp-
tion [3–6], self-assembly capability [7–10], improved stability [11],
etc. These properties render Pickering emulsions intriguing in both
fundamental research fields and in industry [3].

Among solid materials in Pickering emulsions, carbonaceous
materials appear to be one of the most attractive ones owing to
their mechanical and physical properties [12–15]. Up to date, there
have been several examples of Pickering emulsions prepared by
carbonaceous materials, including carbon nanotubes (CNTs)
[13,16,17], graphene oxide (GO) [18–24], and GO-derived materi-
als [15,25]. Pickering emulsions stabilized by GO have drawn sig-
nificant attention owing to the unique 2-D structure and
amphiphilic surface properties of GO [19,20]. Indeed, GO, which
is obtained by oxidation of graphite, exhibits several types of
hydrophilic oxygen-containing groups on the surface and the basal
planes of the graphene layers. Factors affecting GO-stabilized Pick-
ering emulsions were also examined in detail, including sonication
time, GO concentration, pH of aqueous solution, oil/water ratio, etc.
[19,20,23]. While GO-stabilized Pickering emulsions have been
extensively explored, studies reporting the use of reduced GO
(RGO) in Pickering emulsions are still limited [19]. It has been
revealed that more hydrophilic particles tend to stabilize oil-in-
water (O/W) emulsions whereas more hydrophobic particles tend
to stabilize water-in-oil (W/O) emulsion [19]. Therefore, the less
hydrophilic RGO is expected to improve stability of W/O emulsions
which are important to applications in drug delivery [4,26–29],
cosmetic preparation [30,31] as well as food processing [32].

On the other hand, as the interest on manipulating Pickering
emulsion droplets is growing, several studies have used magnetic
nanoparticles to prepare Pickering emulsions [11,33–35]. This con-
cept of magnetically-responsive liquid–liquid Pickering emulsion
is also applied to air-air emulsions, so-called Pickering foams
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[5,36–47] and further extended to prepare liquid marbles (i.e., a
liquid droplet encapsulated by solid particles in the air phase)
[39,48–62]. Considering the increasing demand for developing
magnetically-responsive and controllable Pickering emulsions,
we proposed to develop a magnetically responsive materials based
on RGO (denoted as ‘‘MRGO’’) to be used in Pickering emulsions,
especially W/O emulsions. MRGO was synthesized by functionali-
zing RGO with magnetic iron oxide nanoparticles (ION). MRGO
was characterized by Scanning Electronic Microscopy (SEM),
Energy Dispersive X-ray Spectrometry (EDS) and Transmission
Electronic Microscopy (TEM) to investigate its morphology and
chemical composition. FT-IR and Raman spectroscopic analyses
of MRGO were performed to examine MRGO’s surface chemistry
and conjugated carbon structures. X-ray Diffraction was also used
to characterize the crystalline structure of MRGO. Since MRGO is a
magnetic material, magnetization of MRGO was measured and
compared to that of its precursor material, ION. MRGO Pickering
emulsion (MRGO-PE) was prepared by first obtaining a suspension
of MRGO sheets in oil (i.e., dodecane) and then mixing with water.
We also investigated the relationship between the average size of
droplets of MRGO-PE and the mass of MRGO as well as the kinetics
of adsorption of MRGO to the surface of water droplets. The motion
of droplets of MRGO-PE under an external magnetic field was dem-
onstrated and the adsorptive property of MRGO-PE was also exam-
ined by evaluating the removal of a dye from dodecane.

2. Experimental

2.1. Materials and methods

All commercially available chemicals and solvents were used as
received without further purification unless otherwise stated. The
chemicals involved in this study include: Graphite (Showa Chemi-
cals, Japan), iron sulfate Fe(SO4) (Merck, Germany), sodium boro-
hydride NaBH4 (Sigma–Aldrich, USA), Nile Red dye (Sigma–
Aldrich, USA), glucose (Ferak, Germany), and dodecane (Tedia,
USA). For all experiments/analyses involving water, deionized
(D.I.) water exhibiting less than 18.0 MX cm was used. All other
chemicals used in this study were analytical grade, purchased from
commercial chemicals suppliers.

2.2. Synthesis of MRGO

GO was prepared by oxidation of natural graphite powder
according to the modified Hummers’ method [63]. MRGO was syn-
thesized according to the scheme shown in Fig. 1(a) [64]. In brief,
200 mg of Fe(SO4) was dissolved in 10 ml of D.I. water and the
resulting solution was then added dropwise to 10 ml of ethanol
containing 40 mg of NaOH to form ‘‘Solution A’’. Next, 200 mg of
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Fig. 1. Schematics for (a) the synthesis of magnetically responsive RGO (MRGO) a
GO was added to 100 ml of D.I. water and the suspension was son-
icated for 30 min followed by vigorous stirring for 1 h. Glucose
(200 mg) and 2 ml of ammonium hydroxide were then added to
the GO suspension to obtain ‘‘Solution B’’. Solution A was added
dropwise to Solution B while stirring. The new mixture was stirred
for 30 min to ensure that GO was evenly dispersed. Subsequently,
the mixture was poured into a Teflon-lined autoclave and heated at
160 �C for 4 h to reduced GO to RGO and decorate iron oxide nano-
particles (ION) on the surface of RGO. The product was washed
with ethanol and D.I. water repeatedly and then dried at 90 �C
for 24 h to obtain black-color MRGO, indicating that brownish
GO had been converted to RGO. For comparison purposes, pure
ION were also prepared using the above method without addition
of GO. Similarly, reduced graphene oxide (RGO) was prepared
according to a reported procedure using sodium borohydride
(NaBH4) [65].

2.3. Characterization of MRGO

The morphology of the as-synthesized MRGO was characterized
using a Field Emission SEM (JEOL JSM-6700, Japan) and a Transmis-
sion Electronic Microscopy (JEOL JEM-2010, Japan). Absorption
infrared (IR) spectroscopic analysis of MRGO was conducted using
an infrared spectrometer (4100, Jasco, Japan) and the structures of
conjugated carbon bonds of MRGO and precursor materials were
analyzed by a Raman spectrometer (Nanofinder 30 R., Tokyo
Instruments Inc., Japan). The powder X-ray diffraction patterns
(PXRD) of MRGO and precursor materials were obtained using an
X-ray diffractometer (PANalytical, the Netherlands) with copper
as an anode material (40 mA, 45 kV). Magnetization of MRGO
and ION were measured using a Superconducting Quantum Inter-
ference Device (SQUID) Vibrating Sample Magnetometer (Quan-
tum Design MPMS SQUID VSM, USA) at 27 �C.

2.4. Preparation of MRGO-based Pickering Emulsion (MRGO-PE)

The preparation of MRGO-PE can be visualized using the
scheme shown as Fig. 1(b). Firstly, a certain mass of MRGO, MMRGO,
was added to 20 ml of dodecane in a 30-ml polyethylene sample
vial. The resulting suspension was sonicated for at least 10 min
to exfoliate and disperse MRGO. Next, 0.5 g of D.I. water was added
to the suspension and water in the sample vial formed a big droplet
and settled in the bottom of the vial. The vial containing the mix-
ture of MRGO, water, and dodecane was then placed on an orbital
shaker to shake for 3 min at 300 rpm. During the vigorous shaking,
the big droplet of water broke into smaller droplets which were
encapsulated and stabilized by MRGO to form MRGO-PE. In this
study, a series of MRGO-PE were prepared with various MMRGO
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various amounts of MRGO, a ratio of MMRGO to Mwater was adopted
and denoted as ‘‘a’’. The values of a were selected from 0.0075 to
0.036 to represent low and high concentrations of MRGO in dode-
cane respectively. Droplet sizes of MRGO-PE were visualized and
determined using a Nikon microscope (Alphaphot) equipped with
a digital camera.

To estimate the coverage fraction of MRGO on the droplet, a
water droplet was added to MRGO suspension and shaken. After
a certain shaking time, the droplet covered by MRGO sheets was
removed from the suspension and placed into clean dodecane
under the microscope (Carl Zeiss microscope (Axiovert 200)
equipped with a CCD camera) to visualize surface of the droplet.
The as-obtained image was then compared with the pristine water
droplet to quantify the area which had been covered by MRGO
sheets. The coverage fraction was the ratio of the area covered by
MRGO over the total area of the analyzed region. This was con-
ducted using the image processing and analysis software ‘‘Image
J’’ which is developed by National Institute of Health, USA.

2.5. Movement of MRGO-Pickering emulsion under a Magnetic field

Motion of MRGO-PE under a magnetic field was demonstrated
by first placing three droplets of MRGO-PE with different sizes
(0.6, 1.2, and 1.5 mm in diameter) in dodecane. Next, a permanent
Neodymium magnet was used to draw these three droplets of
MRGO-PE to a certain direction. The motion was visualized and
recorded using a digital camera (Canon SX500IS).

2.6. Adsorption of Nile Red dye to MRGO-PE

The adsorptive properties of MRGO-PE were investigated for the
removal of Nile Red dye from dodecane. MRGO-PE of a = 0.01 was
first prepared in a polyethylene vial. Nile Red dye in dodecane was
then added to the MRGO-PE to reach a concentration of 20 mg L�1.
The mixture of MRGO-PE and Nile Red dye was immediately placed
on the orbital shaker at 300 rpm at the ambient temperature for a
certain time. After the adsorption, since MRGO-PE tended to settle
down in the vial, the supernatant dodecane was collected to ana-
lyze the remaining concentration of Nile Red dye. The concentra-
tion of Nile Red dye in dodecane was determined using a UV–Vis
spectrophotometer (ChromeTech CT-2200, Taiwan) with a calibra-
tion curve established by known concentrations of Nile Red dye in
dodecane. In comparison with the adsorption capacity of MRGO-
PE, MRGO alone was also used to adsorb Nile Red dye as MRGO-
PE being tested. Finally, the stability of dye-containing MRGO-PE
was tested by placing a droplet of the dye-containing MRGO-PE
next to droplets of D.I. water, salt-containing water, and dye-con-
taining water, respectively, to observe whether any breakages of
MRGO-PE occurred in contact with these droplets.
3. Results and discussion

3.1. Characterization of MRGO

3.1.1. Morphology of MRGO
SEM and TEM were taken in order to characterize the structure

of MRGO. As seen in Fig. 2(a), MRGO sheets look rather disordered
and entangled. Since MRGO powders were not exfoliated to form
MRGO sheets prior to the sonication process, the bulk MRGO pow-
der was fluffy. However monolayers of MRGO can still be observed
on the edge of the bulk MRGO powder. To examine the chemical
composition of the as-synthesized MRGO, EDS was used and the
results are summarized in Fig. 2(b). The composition analysis
reveals that MRGO mainly consisted of carbon, oxygen and iron
and their corresponding atomic percentages are 65.61%, 29.40%
and 5.00%, respectively. The existence of iron indicates that iron
oxide nanoparticles were successfully decorated on the surface of
RGO.

To visualize single MRGO sheets, MRGO sheets were exfoliated
using sonication and the obtained material was analyzed by TEM
(Fig. 3(a)). The TEM image reveals that the size of MRGO sheets
was in the range of 200–400 nm and the MRGO sheets were also
decorated with well-dispersed and uniform ION. Fig. 3(b) shows
the size distribution of ION on MRGO sheets and the sizes were
concentrated in the range of 2–13 nm. The histogram plot was fit-
ted using a Gaussian distribution to determine its mean value and
standard deviation which were 6.5 and 3.4 nm respectively. The
size of ION was comparable to the reported value obtained by a
similar synthesis procedure [64].

3.1.2. FT-IR spectroscopic analyses
To characterize the surface chemistry of MRGO, the FT-IR spec-

trum of MRGO was taken and compared to those of the precursor
materials. Fig. 4 shows the FT-IR spectra of graphite, GO, RGO, and
MRGO. As expected, graphite’s spectrum is rather featureless.
However, after graphite was oxidized to form GO, GO exhibited
several well-pronounced bands at 1040 cm–1 (CAOAC), 1220 cm–1

(CAO), 1415 cm–1 (CAOAH), 1620 cm–1 (C@C), 1732 cm–1 (C@O),
3400 cm–1 (OAH) [66,67]. As expected, the intensities of these
bands decreased after reduction of GO, especially the bands at
1040 cm–1 (CAOAC) and 1220 cm–1 (CAO). Similarly, the intensi-
ties of the bands at 1040 and 1220 cm–1 also decreased signifi-
cantly on the spectrum of MRGO, indicating the effective
reduction of GO for that material as well. In addition to the charac-
teristic bands of RGO, MRGO also exhibited an intense band at
600 cm–1, which can be attributed to lattice adsorption of iron oxi-
des present on the surface of MRGO [68], confirming that ION were
successfully dispersed onto MRGO sheets.

3.1.3. Raman spectroscopic analyses
Raman spectroscopy was used to characterize the structure of

conjugated carbon bonds in MRGO and the precursor materials
(i.e., GO and RGO). Their Raman spectra are shown in Fig. 5. Raw
graphite exhibited two characteristic bands: a sharp band at
1580 cm�1, so-called ‘‘G band’’ and a relatively small band at
1355 cm�1, so-called ‘‘D band’’. The G band is attributed to the
doubly degenerate zone center E2g mode derived from the struc-
tural integrity of sp2-hybridized carbon atoms [69]. On the other
hand, the D band is linked to disorder sp2-hybridized carbon atoms
which consist of vacancies, impurities, and symmetry-breaking
defects [69]. After raw graphite was oxidized and exfoliated to
form GO, the intensity of the D band of GO increased and exhibited
a broader shape than that of raw graphite due to the sp3 amor-
phous carbons derived from oxidation. Additionally, the G band
of GO noticeably shifted to higher frequencies (blue shift) [70]
compared to that of graphite. A trend similar to that of graphite
was found for RGO (and MRGO) due to the less ordered carbon
atoms and defects of RGO sheets compared to graphite [71]. The
extent of carbon-containing defects in graphitic materials can be
determined using an intensity ratio of the D band to the G band
(ID/IG) [72]. The ID/IG ratios for raw graphite, GO, RGO and MRGO
were 0.223, 0.883, 1.053 and 1.129, respectively. As raw graphite
was oxidized to GO and further converted to RGO and MRGO, the
ID/IG ratio continued to increase, indicating that GO, RGO and
MRGO all possessed fewer graphitized structures than raw
graphite.

3.1.4. XRD spectroscopic analyses
Fig. 6 shows the XRD patterns of GO, RGO, ION, and MRGO. GO

exhibited a characteristic peak at 2h = 11.5�, corresponding to an
interlayer spacing of 7.7 Å (d002) for the stacked GO sheets. As



Element Weight% Atomic%
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Fe K 18.15 5.00

Totals 100.00
1 µm

(b)(a)

Fig. 2. Morphology and chemical composition of the as-synthesized bulk MRGO: (a) SEM image and (b) EDS analysis of MRGO.
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Fig. 3. Morphology of MRGO sheet: (a) TEM image of MRGO and (a) size distribution of iron oxide nanoparticle (ION) present on the surface of MRGO.
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Fig. 5. Raman spectra of Graphite, GO, RGO and MRGO.
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expected, the interlayer space is increased compared to that of
graphite because of the presence of oxygen-containing groups as
well as the atomic-scale roughness derived from structural defects
(i.e., sp3 bonding) [64,73]. XRD patterns of RGO showed a broad
peak (002) at the range 2h = 23–26�, corresponding to
d002 = �3.5 Å. The substantial change in d002 from 7.7 to 3.5 Å is
due to the elimination of the oxygen-containing groups [73,74].
To examine the structure of ION on MRGO, ION alone was also
examined using XRD.

It was found that ION consisted of c-Fe2O3 and Fe3O4. This could
be deduced from the presence of the peaks at 36.52�, 62.64�, 43.52�
and 53.54�, corresponding to (311), (440), (400) and (422) crystal
planes of c-Fe2O3 (JCPDS 39-1346), and at 30.2�, 35.6�, 43.3�, 53.7�,
57.3� and 62.8�, corresponding to (220), (311), (400), (422),
(511) and (440) crystal planes of Fe3O4 (JCPDS 19-0629). On the
XRD pattern of MRGO, one can recognized the pattern of RGO
(i.e., the peak at 2h = 23–26�) and that of ION indicating that GO
was reduced to form MRGO and that both c-Fe2O3 and Fe3O4 were
dispersed on the surface of the RGO sheets.
3.1.5. Magnetization of MRGO and ION
The magnetic properties of MRGO were also examined. Fig. 7

illustrates the magnetizations of MRGO and ION as a function of
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magnetic field. Under a varying magnetic field, MRGO exhibited
the superparamagnetic characteristic with negligible histeresis
(see the inset of Fig. 7). Coercivity of MRGO was found to be only
3.46 (±0.3) Oe, indicating that MRGO were superparamagnetic
with negligible remanence of magnetization. In addition, the satu-
ration magnetization of MRGO was found to be 11.4 emu g�1

whereas that of ION was 65.0 emu g�1. This difference was mainly
attributed to the fact that MRGO only contained around 18 wt% of
iron according to the EDS result discussed in the earlier section.
Although the saturation magnetization of MRGO was smaller than
that of ION, MRGO still exhibited high magnetic sensitivity which
could be utilized in magnetically-controllable applications.
3.2. MRGO-based Pickering emulsion (MRGO-PE)

3.2.1. Formation of MRGO-PE
Preparation and formation of MRGO-PE was demonstrated in a

sequence of pictures in Fig. S1 (see ESI�). Fig. S1(a) shows a vial
containing colorless dodecane before MRGO was added to the vial.
Once MRGO powder (0.005 g) was added to the vial and sonicated,
MRGO was exfoliated and dispersed evenly in the vial to render the
vial black color (Fig. S1(b), ESI�). Subsequently, 0.5 ml of water was
added to the MRGO suspension which was shaken to break the
large water droplet into small droplets. During the shaking process,
these small water droplets were stabilized and encapsulated by
MRGO to form MRGO-PE (Fig. S1(c), see ESI�). The supernatant of
the vial (Fig. S1(c)) also became relatively clear after the shaking
process, indicating that MRGO were displaced from dodecane to
the surface of the water. After decanting the as-prepared MRGO-
PE to a rectangular dish (Fig. 8(a)), we observed that the original
large droplet broke up into numerous mono-dispersed black small
droplets, showing that droplets of MRGO-PE were stable. The layer
of MRGO on the surface of water droplets protected the encapsu-
lated water droplets and prevented them from coalescence. For
comparison, ION was also used to prepare a Pickering emulsions
using the same procedure for preparation of MRGO-PE. However,
the mixture of dodecane, water and ION did not become a stable
W/O Pickering emulsion using the preparation procedure. Instead,
ION was dissolved in water to result in a large droplet as shown in
Fig. 8(b). The same phenomenon was observed when GO, instead of
MRGO, was used to prepare Pickering emulsion as shown in Fig. 8
(c). Fig. S2 (see ESI�) shows the contact angles of GO, ION and
MRGO. The contact angles of GO and ION were found to be below
90�, whereas that of MRGO was 109�. Thus, the reason that using
GO and ION could not form stable W/O Pickering emulsions was
due to the highly hydrophilic surfaces of GO and ION. Since GO
and ION both had oxygen-containing groups on their surfaces,
these oxygen-containing groups (e.g., hydroxyl groups, carboxylic
groups, epoxide groups, etc.) [19,75] rendered GO and ION highly
hydrophilic. Consequently, GO and ION were fully wetted by water
and therefore remained only in the phase of water [19]. In contrast,
MRGO was not wetted by water, confirming that MRGO exhibited a
less hydrophilic behavior which led MRGO to preferentially stay at
the interface of water/dodecane.

3.2.2. Size distributions of MRGO-PE
Although water added to the vial was broken into a number of

small droplets encapsulated by MRGO as shown in Fig. 8(a), a range
of different sizes of droplets for MRGO-PE was still observed. These
water droplets required encapsulation by MRGO to avoid coales-
cence, and therefore the amount of MRGO added to prepare the
Pickering emulsion can be a critical parameter to control the size
of the droplets. Therefore, we further varied the amount of MRGO
added to prepare MRGO-PE while fixing the amount of water pres-
ent in the system. A ratio ‘‘a’’ was used to express the ratio of the
mass of MRGO, MMRGO, to the mass of water, Mwater. To obtain rep-
resentative size distributions, at least triplicates of each MRGO-PE
of a certain ‘‘a’’ value were prepared and the sizes of droplets were
visualized using a microscope equipped with a digital camera. The
droplets images were then analyzed using the image processing
and analysis software ‘‘Image J’’, to determine the size distribution.
In this study, a was varied from 0.0075 to 0.036. Fig. 9 shows his-
togram plots of size distributions for a = 0.0075, 0.010, 0.015,
0.025, 0.030 and 0.036. In Fig. 9(a), it can be seen that when a is
0.0075, the size of the droplets ranges from 0.25 to 5 mm. The size
distribution was fitted using a Gaussian function to estimate the
average size which was found to be 2.00 (±0.16) mm. However,
when a was increased to 0.010, the size distribution of droplets
narrowed down (Fig. 9(b)) and a dominant size of 1.7 mm was
noticed. In comparison with the average size of a = 0.0075, the
average size for a = 0.010 was decreased to 1.64 (±0.12) mm, show-
ing that, as expected, a higher amount of MRGO present in the sys-
tem can result in smaller stable droplets of Pickering emulsions.
When a was further increased to 0.015, the range of size distribu-
tion became narrower. In particular, the dominant size of droplets
was shifted to a smaller value and the average size of droplets was
found to be 1.07 (±0.08) mm. a was then increased to 0.025, result-
ing in a size distribution ranging from 0 to 1.75 mm. The average
size of MRGO-PE was reduced to 0.63 (±0.08) mm. For a = 0.300
and 0.036, the ranges of size distribution were 0–1.25 mm. The
average sizes for MRGO-PE of a = 0.300 and 0.036 were 0.49
(±0.08) and 0.47 (±0.08) mm, respectively. Since water added in



Fig. 8. Pictures of (a) MRGO and water in dodecane, (b) the mixture of ION and water in dodecane, and (c) the mixture of GO and water in dodecane, after the vigorous
shaking process. The scale bar is 50 mm.
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the preparation of MRGO-PE was constant regardless of a, smaller
droplets of MRGO-PE meant that a higher number of droplets
formed after the shaking process during the preparation. These
smaller droplets resulted in a much larger surface area for the
same total water volume. In order to stabilize these small droplets,
a higher amount of MRGO was required to encapsulate the surface
of these MRGO-PE droplets and prevent them from coalescence.
Therefore, there should be a relationship between the average size
of droplets and the value of a. To model this relationship, the mass
of water, Mwater, was expressed as follows [13]:

Mwater ¼
qwaterNpd3

6
ð1Þ

where qwater is the density of water and N is the number of water
droplets present in MRGO-PE; d is the average diameter of droplets.
On the other hand, the mass of MRGO, MMRGO, was expressed as
follows:

MMRGO ¼ qMRGONhpd2h ð2Þ

where qMRGO is the density of MRGO and h is the average thickness
of MRGO residing on the surface of water droplets to encapsulate
the droplets. h is the coverage fraction accounting for the ratio of
the area covered by MRGO over the surface area of a water droplet.
Since a was defined as the ratio of MMRGO to Mwater, a could be
expressed in the following equation:

a ¼ MMRGO

Mwater
¼ qMRGONhpd2h

qwaterNpd3

6

ð3Þ

Eq. (3) was rearranged to express the droplet diameter, d, as a func-
tion of qMRGO, qwater, h, h, and a (Eq. (4)).

d ¼ 6
qMRGO

qwater

h
a

h ð4Þ

Since qMRGO and qwater are the physical properties of MRGO and
remain constant at a steady condition, the average diameter was
proportional to the product of h, h and a�1. Here we assume that
the average thickness of MRGO residing on the surface of water
was constant. The coverage fraction, h, was also expected to
approach a constant value in the size range that we studied as
the adsorption of MRGO sheets to the surface of the water droplet
approached the equilibrium. This is because the curvature of the
surface has minimal effect on the interfacial stability when the
droplet size is larger than a few microns. Consequently, the average
diameter should be inversely proportional to a (i.e., d / a�1). To
examine this relationship, we plotted the average diameter of
droplets as a function of a in Fig. 10. It must be noted that the error
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bars in Fig. 10 are related to the standard deviations from the sets
of three replicate measurements conducted to determine the aver-
age droplet size for each a value (Fig. 9 only show one set of mea-
surements). It can be seen that an increase in a results in a
decrease in the average droplet diameter. These data points were
then fitted using the non-linear regression with a power function.
The fitting curve was plotted as the red line in Fig. 10 and the equa-
tion of the fitting curve was d = 0.015 a�1.00(±0.09) (R2 = 0.984) con-
firming the inversely proportional relationship between the
average diameter and a. The coefficient, 0.015, was directly propor-
tional to the product of qMRGO, qwater

�1, h and h. To estimate the
coverage fraction of MRGO on the surface of water droplets, the
adsorption kinetics of MRGO sheets to a droplet was investigated.
The adsorption process can be visualized in Fig. 11 at different
shaking times. Before contact with MRGO, the surface of a droplet
of water was clear as shown in Fig. 11(a). After addition of MRGO
and shaking, MRGO sheets started to reside on the surface of the
droplet (Fig. 11(b) and (c)). To quantitatively determine the
amount of MRGO covering the surface of the droplet, each image
of the droplet at the different shaking times was analyzed by esti-
mating the area covered with dark MRGO sheets. A coverage frac-
tion was used to quantify the ratio of the area covered by MRGO
sheets over the surface area of the water droplet. The coverage
fraction as a function of the shaking time is depicted in Fig. 12.
The coverage on the droplet rapidly increased as the shaking time
increased and then reached equilibrium. Both the pseudo-first-
order and the pseudo-second-order equations were tested to esti-
mate the kinetic constants and the coverage fraction at
equilibrium.

The pseudo-first-order equation can be expressed as follows:

ht ¼ heð1� e�k1tÞ ð5Þ

where ht and he are the coverage fraction at time t and at equilib-
rium, respectively. k1 (min�1) is the rate constant for the pseudo
first order equation. The pseudo-second-order equation can be
described by the following equation:

ht ¼
k2h

2
e t

1þ k2het
ð6Þ

where k2 (g mg�1 min�1) represents the rate constant for the
pseudo second order equation. Fig. 12 illustrates the kinetic data fit-
ted using the pseudo-first-order (the dash line) and the pseudo-sec-
ond-order (the solid line) equations. Although the kinetic data can
be fitted rather well by two linear lines of the pseudo-first-order
and the pseudo-second-order equations, the pseudo-second-order
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Fig. 10. Correlation of the average diameter, d, of droplets of MRGO-PE with the a
value.
equation appears to be more satisfactory to describe the kinetic
data. Table 1 summarizes the kinetic constants and the coverage
fraction at equilibrium using these two equations. It can be seen
that the latter one exhibits a higher correlation coefficient of
0.993, confirming that the pseudo-second-order is a better equation
to represent the kinetic data. The coverage fraction at equilibrium
estimated from the pseudo-second-order equation was 0.898,
showing that 10% of the area of the droplet was not covered by
MRGO.

As the coverage fraction at equilibrium was obtained and qMRGO

and qwater were constant at 25 �C and 1 atm, the coefficient of 0.015
could be used to estimate the average thickness, h. The particle
density of MRGO, qMRGO, was measured using a Pycnometer at
25 �C [76] and found to be 1.43 (±0.24) g/cm3. The density of water,
qwater, was taken as 1.00 g/cm3 under the experiments conditions.
Thus, the thickness was then estimated using Eq. (4) and found to
be 1.83 (±0.45) lm.

3.3. Magnetic motion of different MRGO-PE

The magnetic properties of MRGO were examined in the earlier
section and found that MRGO was ferromagnetic and sensitive
under an external magnetic field. Since MRGO-PE is designed to
exhibit magnetically responsive properties, it is also important to
examine their motion under an external magnetic field. To visual-
ize the motion of the droplets of MRGO-PE, three droplets of
MRGO-PE with different sizes, 0.6, 1.2 and 1.5 mm in diameter,
were prepared and lined up in dodecane as shown in Fig. 13(a).
Once an external magnetic field was applied using the neodymium
magnet, these three droplets of MRGO-PE started to move as
shown in the sequential pictures in Fig. 13(b)–(e). During the
motion, these three droplets were not broken or misshaped, show-
ing the stability of emulsions under the magnetic field. Another
noteworthy phenomenon was that the biggest droplet (i.e.,
1.5 mm) was the first one to move, followed by the middle one
and then the smallest one. This could be attributed to the different
absolute amounts of MRGO residing on the surface of the droplets.
Based on the estimated thickness and the density of MRGO, the
weights of MRGO residing on these three droplets were
2.75 � 10�7 g, 11.00 � 10�7 g and 17.20 � 10�7 g for the droplets
of 0.6, 1.2 and 1.5 mm in diameter, respectively. Different weights
of MRGO layer residing on the surface of water droplets indicate
different amounts of ION present. Therefore, this results in differ-
ent degrees of magnetization under the same magnetic field, and
thereby leads to the different response of the three droplets. To
analyze their motion, a plot of distance traveled by the droplets
away from the starting point as a function of time is displayed in
Fig. 14. Interestingly, although the different droplets started to
move at distinct times, their trajectory and motion were similar.
All three droplets moved slowly in the beginning and then speeded
up because the magnetic field strength became stronger as these
droplets approached the magnet.

3.4. Adsorptive property of droplets of MRGO-PE: adsorption of Nile
Red dye

When Pickering emulsions exist in the presence of other mole-
cules, the interactions between the PE droplets and the molecules
are critical to the stability as well as the adsorption property of PE
droplets. As graphene and graphene oxide are proven as promising
materials for adsorption applications [77,78], Pickering emulsion
stabilized by MRGO was expected to act as an adsorbent system.
Therefore, in this study, MRGO-PE was tested for sorption of an
organic dye, i.e. Nile Red. Fig. 15 shows the adsorption capacity
of MRGO-PE as a function of reaction time. The adsorption capacity
was determined by the following equation (Eq. (7)):



Fig. 11. Pictures of (a) water droplet in dodecane prior to contacting with MRGO (i.e., shaking time = 0), (b) MRGO starts to reside on the surface of the water droplet in
contact with MRGO (the shaking time = 15 s), (c) the adsorption of MRGO on the surface of the water droplet approaches equilibrium (the shaking time = 120 s). The diameter
of the droplet in the images is 1.5 mm.
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Table 1
Model parameters for the Pseudo first order (1) and Pseudo-second order (2)
equations for the coverage kinetics of MRGO on the droplet. k1 and k2 are kinetic
constants of the pseudo first order and the pseudo second order rate laws,
respectively. R1

2 and R2
2 are the correlation coefficients. he,fitted is the estimated

coverage fraction at equilibrium using the kinetic models.

Condition Pseudo-first-order Pseudo-second-order

k1 (min�1) he,fitted R1
2 k2 (g g–1 min�1) he,fitted R2

2

25 �C 0.942 0.785 0.920 0.087 0.898 0.993
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Fig. 14. The travel distance of these three droplets of MRGO-PE mentioned in
Fig. 13 as a function of time after the magnetic field is applied.
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qt ¼
VðC0 � CtÞ

m
ð7Þ

where qt is the adsorption capacity at time t, V is the volume of the
solution containing Nile Red dye. C0 is the initial concentration of
(a) (b) (c)

Magnet 

Fig. 13. Sequence of pictures showing the trajectory of droplets of MRGO-PE under an
0.6 mm for the smallest one (to the left), 1.2 mm for the middle one, and 1.5 mm for th
picture.
Nile Red dye in dodecane and Ct is the concentration of Nile Red
dye at the time t; m is the mass of MRGO added to the solution of
dodecane. As seen in Fig. 15(a), MRGO-PE adsorbed Nile Red dye
quickly in the beginning (i.e., 0–10 min) and then the adsorption
increased slowly until reaching equilibrium after 20 min, indicating
that Nile Red dye can be adsorbed to MRGO-PE and equilibrium
existed between the continuous phase (i.e., dodecane) and the drop-
lets (i.e., MRGO-PE). Since droplets of MRGO-PE consisted of MRGO
and water, we also examined the adsorption capacity of MRGO for
removal of Nile Red dye and the solubility of Nile Red dye in water
individually. Fig. 15(a) reveals Nile Red dye is slightly soluble in
water and that MRGO exhibited a strong affinity for Nile Red dye.
Another interesting feature in Fig. 15(a) is that the kinetics of the
dye adsorption in MRGO was faster than that in MRGO-PE. This
was due to the fact that MRGO sheets were well-dispersed in dode-
cane when MRGO was used alone. In contrast, MRGO sheets were in
(d) (e)

external magnetic field in dodecane. The sizes of three droplets shown above are
e largest one (to the right). The neodymium magnet is placed at the bottom of the
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contact with the surface of the water droplets in MRGO-PE. Never-
theless, the dye adsorption capacity of MRGO-PE was noticeably
higher than that of MRGO alone. The difference could be attributed
to the amount of the dye being soluble in the water droplets. This
interesting feature suggests that solutes can be adsorbed not only
by the layer of MRGO residing on the surface of the droplets but also
‘‘captured’’ inside droplets of the discrete phase (i.e., water in this
study) encapsulated by MRGO sheets. This mechanism is illustrated
in Fig. 15(b). The proposed adsorption scenario is a hypothesis and
further experiments, as for instance dual microscopic/spectroscopic
techniques, could enable to validate or invalidate it. From the result
of the adsorption of MRGO to the surface of the water droplets, we
found that the coverage fraction of MRGO on the surface of water
droplet was �90%. Thus, the dye could still be transferred from
the oil phase to the water phase at the regions where MRGO sheets
are not present. Fig. S3 (ESI�) also reveals that the droplet of MRGO-
PE containing the dye did not break or coalesce in contact with a
pure water droplet, a water droplet containing NaCl or a water
droplet containing the same dye. This suggests that the droplet of
MRGO-PE containing the dye was protected by the layer of MRGO
and the dye can be preserved.
4. Conclusion

In this study, we have successfully prepared a composite of
reduced graphene oxide and iron oxide nanoparticles, denoted as
‘‘MRGO’’. MRGO was decorated with spherical iron oxide nanopar-
ticles of �10 nm (c-Fe2O3 and Fe3O4) in diameter, which rendered
MRGO magnetically responsive. MRGO Pickering emulsion
(MRGO-PE) was prepared by first obtaining a suspension of MRGO
sheets in dodecane and then mixing with water. By varying the
amount of MRGO added to prepare MRGO-PE, the average size of
the droplets of MRGO-PE also changed, indicating a specific rela-
tionship between the amount of MRGO and the average size of
the droplets. We also examined the kinetics of MRGO adsorption
to the surface of the water droplets, which seemed to follow a
pseudo second order rate law. The motion of the droplets of
MRGO-PE under an external magnetic field was also visualized
and was found to be associated with the size of the droplet and
the magnetic field strength. In addition, the adsorption properties
of MRGO-PE were investigated for the removal of Nile Red dye
from oil. The results indicated that the dye removal occurred via:
(i) adsorption on the surface of the MRGO sheets and (ii) transfer
to the water droplets owing to the fact that coverage of the water
droplet is covered up to 90% by the MRGO sheets. The MRGO-PE
containing the dye did not break or coalesce in contact with bare
water droplets. Thus, the magnetically responsive MRGO-PE can
be utilized as a carrier to preserve certain compounds and trans-
port to specific locations by the external magnetic field.
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