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ABSTRACT: Pickering emulsion systems provide potential plat-
forms for simultaneously intensifying and catalyzing transester-
ification between triglyceride and methanol under static conditions.
However, realizing static transesterification with high biodiesel
yield is still challenging due to low emulsion stability at the reaction
temperature. Here, a series of magnetically recyclable Pickering
interfacial catalysts (PICs) with similar surface affinities but
different densities were constructed as stabilizers of a soybean
oil/methanol emulsion. The variations in the emulsion volume
fraction and droplet size were comparatively studied and analyzed
from the viewpoint of droplet settling and catalyst particle
shedding. It is found that, except for surface affinity, PIC density
also plays a pivotal role in emulsion stability owing to the non-
negligible effect of gravity on catalyst adsorption in triglyceride/methanol emulsion (especially at elevated temperature). By reducing
the density, finely improving the lipophilicity, and optimizing the addition amount of PIC, the obtained soybean oil/methanol
emulsion can remain stable for at least 12 h at 60 °C, enabling static transesterification with a high biodiesel yield of 95.6%.
Moreover, the best performing PIC can be reused for at least 7 cycles. This efficient static transesterification system offers a green
strategy for biodiesel production.

1. INTRODUCTION

Biodiesel, as a clean and renewable biofuel, has aroused
growing interest among research communities due to the
depletion of fossil fuels and serious environmental pollu-
tion.1−3 In industry, biodiesel is commonly produced by
catalytic transesterification of triglyceride with methanol,4,5

yielding long-chained fatty acid methyl esters (FAME).6,7 The
immiscible triglyceride and methanol constitutes a liquid−
liquid biphasic system, which always encounters the issue of
low reaction efficiency due to high mass transfer resistance.8

To accelerate the transesterification rate, various intensification
methods such as stirring,9 ultrasonic10 and microwave
treatment,11 and hydrodynamic cavitation12,13 were applied
to strongly mix the two phases, thus enlarging the interfacial
area for more efficient reactant contact. These methods rely on
continuous energy input to balance out the cohesive energy of
dispersed droplets. However, most of the input energy is
eventually dissipated as internal energy due to low energy
transmission and conversion efficiency, resulting in significant
energy waste.
In recent years, Pickering emulsion (emulsion stabilized by

solid particles) has been developed as a versatile platform for
overcoming mass transfer obstacles of liquid−liquid biphasic
reactions.14−17 The solid particles in a Pickering emulsion can

simultaneously act as an emulsion stabilizer and a catalyst,18,19

namely Pickering interfacial catalyst (PIC).14,20 In a Pickering
emulsion, the highly dispersed droplets not only lead to a large
interfacial contact area but also prominently shortened
diffusion distance between reactant molecules.21,22 Hence, a
stable Pickering emulsion makes it possible to realize a high
reaction rate without continuous stirring (static condi-
tion),23−25 which is beneficial for reducing energy con-
sumption. For instance, Yang et al. found that the reaction
efficiency of lipase-catalyzed hydrolytic kinetic resolution of
racemic esters in the static Pickering emulsion system is
comparable to that of the conventional stirrer-driven biphasic
systems.26 Wang et al. employed amphiphilic carbon−organo-
silica Janus particles containing phosphotungstic active
component as PICs to stabilize an n-octane/acetonitrile
emulsion for fuel oil desulfurization, and a high desulfurization
ratio was obtained without stirring.27 According to the
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literature,28,29 the surface affinity of PIC plays a dominant role
in emulsion stability (a critical factor for realizing an efficient
static reaction). In our previous work, we have developed a
series of magnetic PICs loaded with tetramethylpiperidi-
nooxy.30−32 The magnetic PICs with optimized hydro-
phobicity can not only be used to stabilize the water/
dichloromethane emulsion for selective oxidation of alcohols
under static conditions but can also be conveniently recovered
using a magnet.32

Considering the merits of high performance and easy
recovery of magnetic PICs, recently, we constructed several
magnetic PICs loaded with organic base 1,1,3,3-tetramethyl-
guanidine (TMG) for catalyzing transesterification of soybean
oil (triglyceride) with methanol,33 and realized a high biodiesel
yield (98.6%) under low-speed stirring (300 rpm). The use of
a magnetic recyclable PIC also simplifies the biodiesel
production process and reduces the generation of waste
pollutants, which overcomes the drawbacks of the most widely
adopted alkaline catalyst (KOH) in industry.34,35 However,
merely adjusting the surface affinity of the magnetic PICs failed
to make the static soybean oil/methanol emulsions remain
stable for enough time at the reaction temperature. Under
static conditions, the ex-field that causes emulsion destabiliza-
tion must be gravity.36,37 In aqueous−organic type emulsion,
the gravity of PICs is normally ignored due to their small size,
and the adsorption of PICs at water−oil interface is extremely
stable owing to large interfacial tension.38 We note that the
soybean oil/methanol emulsion is an organic−organic biphasic
system, which presents much smaller interfacial tension than
that of aqueous−organic systems.39 Therefore, the adsorption
of the magnetic PICs at the soybean oil−methanol interface is
expected to be less stable than that of aqueous−organic
systems. Under this circumstance, gravity might have a
significant influence on emulsion stability. As is well known,
the force of gravity on an object is closely related to its density.

To construct a more stable platform for realizing efficient
transesterification under static conditions, it is necessary to
modulate the density of the magnetic PICs and further explore
the underlying stability mechanism of the triglyceride/
methanol biphasic emulsion system. To the best of our
knowledge, the effect of PIC density on emulsion stability has
rarely been reported.
Herein, we first designed and synthesized a series of

magnetic PICs with a similar TMG loading amount but
different densities based on the Fe3O4 core and polystyrene
(PS) shell, and systematically investigated their performance
on the stabilization of a soybean oil/methanol emulsion. The
variations in the emulsion volume fraction and droplet size
were analyzed from the viewpoint of droplet settling and
catalyst particle shedding. The experimental results and force
analysis revealed that, except for optimizing surface affinity,
adjusting the density of PIC particles is also critical to realizing
a long-time stable triglyceride/methanol emulsion. Then, by
keeping the density of PIC close to that of the continuous
phase, finely improving the lipophilicity, and optimizing the
addition amount of PIC particles, the obtained soybean oil/
methanol emulsion remains stable for at least 12 h at 60 °C,
which enables self-transformation of triglyceride to FAME
under static conditions with a high yield of 95.6%.
Furthermore, the best performing catalyst can be quickly
recovered with a magnet and reused for at least 7 cycles.

2. EXPERIMENTAL SECTION
2.1. Materials and Reagents. FeCl3·6H2O (≥99%),

FeSO4·7H2O (≥99%), ammonia solution (NH3·H2O, 25−
28%), oleic acid (OA, ≥93%), octane (≥99%), styrene (St,
99%), 4-chloromethyl styrene (CMS, ≥90%), divinylbenzene
(DVB, 80%), n-hexadecane (98%), sodium dodecyl sulfate
(SDS, ≥99%), potassium persulfate (KPS, ≥99%), 1,1,3,3-
tetramethylguanidine (TMG, 99%), Bu4NI (≥99%), tetrahy-

Figure 1. (a) Schematic diagram of the preparation of the nanocatalysts. (b) Fourier transform infrared (FTIR) spectra of Fe3O4@PS-CH2Cl and
Fe3O4@PS-TMG-n (n = 1−3). (c) Thermogravimetry (TG) curves of Fe3O4@PS-TMG-n (n = 1−3).
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drofuran (THF, 99.0%), NaOH (97%), anhydrous sodium
sulfate (99%), and methanol were purchased from Aladdin Co.
Ltd. Refined soybean oil (molecular weight of 882 g/mol, acid
value of 0.12 mg KOH/g) was obtained from Zhejiang Yihai
Kerry Food Industry Co., Ltd.
2.2. Preparation of Magnetic Nanocatalysts Loaded

with TMG. The magnetic nanocatalysts were prepared
according to the previously reported procedure shown in
Figure 1a.33 First, the magnetic nanoparticles (MNPs)
consisting of oleic acid functionalized Fe3O4 was dispersed in
octane to get a ferrofluid. Then, a certain amount of styrene, 4-
chloromethyl styrene, and divinylbenzene were added to the
ferrofluid, which would be added into aqueous solution
containing SDS. After emulsification, KPS was added and the
mixture was heated to 80 °C for 17 h to obtain magnetic
nanospheres Fe3O4@PS-CH2Cl. Afterward, Fe3O4@PS-
CH2Cl, TMG, Bu4NI, NaOH, H2O, and THF were placed
in a reactor and the mixture was refluxed at 60 °C for 24 h
under a nitrogen atmosphere. After reaction finished, the
obtained magnetic nanocatalysts were washed with methanol
and dried. The density of catalyst particles was modulated by
adjusting the Fe3O4 concentration (Table 1).
2.3. Catalyst Characterization. The functional groups of

catalysts were determined using a Thermo Fisher Nicolet iS10
FTIR using a KBr tablet. A Netzsch TG 209 F3 Tarsus was
used to analyze the thermal stability of Fe3O4@PS-CH2Cl and
Fe3O4@PS-TMG-n (n = 1−5). The size of catalysts was
measured using a Malvern ZS90 DLS. An Elementar Vario
MICRO cube elemental analyzer was used to detect the
nitrogen content of Fe3O4@PS-TMG-n (n = 1−5). The
morphology of catalysts was observed using a JEOL JEM-1010
TEM with 80 kV. The static contact angle (CA) between
methanol and soybean oil on the surface of catalysts was
measured by the Dataphysics OCA-20 sessile drop method.
The density of catalysts was measured by the drain away liquid
method.
2.4. Preparation and Stability Evaluation of Pickering

Emulsions. To obtain Pickering emulsions, Fe3O4@PS-TMG
was dispersed in anhydrous methanol (2.78 g) with ultra-
sonication for 2 min. Then, soybean oil (5 g, n(methanol)/
n(oil) = 15:1, V(methanol)/V(oil) = 2:3, the same as below)
was added to above suspension. The German IKA
T18ULTRA-TURRAX high-speed homogenizer was used to
emulsify the above system at 10 000 rpm and 25 °C for 60 s.
To determine the emulsion type, the obtained emulsions were
dripped into the soybean oil phase and methanol phase,
respectively. A phase that can disperse the emulsion
immediately is the continuous phase (external phase), while
the other phase is the dispersed phase (internal phase).24

Images of the emulsion droplets were taken using an
OLYMPUS BX41 optical microscope. The average droplet
size of the emulsions was obtained using ImageJ analysis. The
volume fraction of emulsion calculated by eq 1 was used to
evaluate the stability of Pickering emulsions

F
V

V
100%emulsion

total
= ×

(1)

where, F is the volume fraction of the emulsion, Vemulsion is the
volume of the emulsion, and Vtotal is the total volume of the
soybean oil/methanol system.

2.5. Biodiesel Production Process under Static
Conditions. For biodiesel production via a static trans-
esterification reaction, Fe3O4@PS-TMG was dispersed in
anhydrous methanol. Then, soybean oil was added (n(meth-
anol)/n(oil) = 15:1). The amount of the catalyst (Fe3O4@PS-
TMG) was 5.0−10.0 wt % of soybean oil. Then, A high-speed
homogenizer (German IKA T18ULTRA-TURRAX) was used
to emulsify the above system at 10 000 rpm and 25 °C for 60 s.
After stopping emulsification, the emulsion temperature was
increased to 60 °C using the circulating heating cooler. In the
reaction process, there was no stirring operation. The reaction
medium was sampled regularly and a gas chromatograph (GC-
2104C, Shimadzu Co., Ltd.) equipped with an Rtx-5 capillary
column (length 30 m, i.d. 0.25 mm, film thickness 0.25 μm)
and flame ionization detector was used to analyze the content
of biodiesel in the sample (temperature program: SPL 240 °C,
column 50 °C, SFID 250 °C). After the reaction, the catalyst
particles were recovered using magnets, washed with ether and
methanol, and dried. The recovered particles were recycled 7
times to determine their activity and stability. Each reaction
condition was repeated three times, and the results were
averaged.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of Magnetic

Nanocatalysts with Different Densities. Nanospheres
consisting of Fe3O4 and polystyrene were chosen as the
magnetic supporter due to a large density difference between
Fe3O4 and polystyrene, which provides a facile way to adjust
the catalyst density by changing the proportion of each
component. Based on the magnetic supporter Fe3O4@PS, we
first synthesized three magnetic nanocatalysts Fe3O4@PS-
TMG-n (n = 1−3). FTIR (Figure 1b) and TG measurements
(Figure 1c) were carried out to examine the composition of the
as-fabricated magnetic nanocatalysts. The characteristic peak of
−CH2Cl (1260 cm

−1) almost entirely disappeared in the FTIR
spectrum of Fe3O4@PS-TMG-n (n = 1−3), while a new band
arising from −CN appeared at 1640 cm−1, indicating that
TMG has been successfully loaded on the nanocatalysts.
Elemental analysis was also performed to calculate the loading
amounts of TMG (Table S1). As shown in Table 1, the TMG
loading amounts of Fe3O4@PS-TMG-n (n = 1−3) are close to
each other, while the density of the catalysts decreases from
1413.3 to 1069.1 kg/m3. Table 1 also presents the contact
angle measurement results, which suggests that Fe3O4@PS-
TMG-n (n = 1−3) have a similar surface affinity.
In the TG curve of Fe3O4@PS-CH2Cl (Figure S1), a weight

loss process can be obviously observed at 180 °C, owing to the

Table 1. Experimental Conditions and Characterization Results of Fe3O4@PS-TMG-n (n = 1−5)

sample Fe3O4 concentration (wt %) nSt:nCMS TMG loading (mmol/g) ρparticle (kg/m
3) methanol CA (deg) soybean oil CA (deg)

Fe3O4@PS-TMG-1 46 3:1 0.488 1413.3 9 ± 2 30 ± 2
Fe3O4@PS-TMG-2 38 3:1 0.495 1306.2 8 ± 1 31 ± 2
Fe3O4@PS-TMG-3 30 3:1 0.506 1069.1 8 ± 2 30 ± 1
Fe3O4@PS-TMG-4 30 3.15:1 0.498 1045.8 11 ± 1 27 ± 1
Fe3O4@PS-TMG-5 30 3.3:1 0.491 1040.2 14 ± 1 23 ± 1
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decomposition of −CH2Cl. In comparison, the TG curves of
Fe3O4@PS-TMG-n (n = 1−3) do not show a steep weight loss
at such temperature, which further suggests that −CH2Cl
reacts well with TMG. The residues remaining above 700 °C
should be Fe3O4 particles. For Fe3O4@PS-TMG-n (n = 1−3),
the weight proportions of the residues are 34.8, 29.9, and
22.6%, respectively, indicating that the Fe3O4 content of the
catalyst particle indeed decreases with the reduction of the
MNP concentration used for catalyst synthesis.
The particle size of Fe3O4@PS-TMG-n (n = 1−3) measured

by dynamic light scattering (DLS) is 107, 98, and 82 nm,
respectively, and the PDI values lie between 0.14 and 0.23
(Figure S2). Typically, transmission electron microscopy
(TEM) images of Fe3O4@PS-TMG-3 are shown in Figure 2.

It can be observed that Fe3O4@PS-TMG-3 particles contain
black internal Fe3O4 and shallow outer polymeric shells and
exhibit a spherical shape with uniform size. The average
particle size of Fe3O4@PS-TMG-3 in TEM images is around
80 nm, which is consistent with the DLS measurement results,
indicating that the catalyst particles belong to the nanometer
category.
3.2. Effect of PIC Density on the Stability of

Triglyceride/Methanol Pickering Emulsions. In the
presence of Fe3O4@PS-TMG-n (n = 1−3) nanoparticles,
Pickering emulsions were obtained by stirring the soybean oil/
methanol biphasic systems at high speed for 60 s. The
dispersion test of the emulsions stabilized by Fe3O4@PS-
TMG-n (n = 1−3) demonstrated that the internal phase is
soybean oil and the continuous phase is methanol.
Appearance and average droplet size of the emulsions placed

at room temperature for different times are shown in Figure 3.
The initial emulsion volume fractions of all samples are more

than 90% (vol/vol). However, over time, the methanol phase
obviously appeared on the upper layer of the emulsion
stabilized by Fe3O4@PS-TMG-1 nanoparticles, and the
average droplet diameter drastically increased from 83 to 123
μm, which implies sedimentation and coalescence of the
emulsion droplets. A similar phenomenon was also observed in
the emulsions stabilized by Fe3O4@PS-TMG-2, but the
appearance time is relatively late and the change in the oil
droplet size is smaller, suggesting that the emulsion suspension
stability was improved to some extent. Compared to that of
Fe3O4@PS-TMG-2, Fe3O4@PS-TMG-3 stabilized sample
present further improved stability with negligible variation in
the emulsion volume and droplet size.
In principle, the destabilization of emulsion originated from

the collision and then coalescence of dispersed droplets.38,40

Under the gravity field, the coalescence of oil droplets might be
accelerated by a combined effect of droplet settling and catalyst
particle shedding (Figure 4). On the one hand, the
sedimentation of oil droplets leads to the generation of a
pure methanol phase and a crowded emulsion phase with a
higher droplet concentration. In this case, the collision
between dispersed droplets is more frequent than that in the
initial emulsion. On the other hand, the catalyst particles
themselves might come off under the influence of the gravity
field, which weakens the protective effects of the catalyst
particle layer. To gain more insight into the stability of the
soybean oil/methanol Pickering emulsion systems, the detailed
process of droplet settling and catalyst particle shedding were
analyzed.
In the soybean oil/methanol Pickering emulsion, the oil

droplets are affected by gravity G and buoyancy F′ (Figure 5a).
The resultant force F is given by eq 2

F G F V g( )2 1ρ ρ= − ′ = − (2)

where ρ1 is the density of methanol (786.9 kg/m3), ρ2 is the
density of soybean oil (937.5 kg/m3), g is the gravitational
acceleration, and V is the volume of the droplet. Due to the
higher density of soybean oil relative to methanol, the oil
droplets tend to settle. In the process of settling movement, the
oil droplet will be affected by the friction resistance Fυ, which is
proportional to the movement velocity: Fυ = fυ, f is the
resistance coefficient and υ is the settling velocity. When Fυ
increases to be equal to F, the particles move at a constant
velocity,41 namely

f V g( )2 1υ ρ ρ= − (3)

For spherical droplets, it is known from the Stokes formula
that f = 6πη1R, R is the radius of the droplet and η1 is the
viscosity of the continuous phase. V = 4πR3/3, substituting
into eq 3, the oil droplet settling velocity is given by eq 4

gR2 ( )

9

2
2 1

1

υ
ρ ρ
η

=
−

(4)

Here, the viscosity of methanol (η1) is 0.55 mPa·s (25 °C).
The corresponding initial droplet average size D (D = 2R) of
Fe3O4@PS-TMG-n (n = 1−3) stabilized samples are 83, 77,
and 65 μm, respectively, which indicates that as the catalyst
particle density and size decreases, the droplet size also
decreases. This may be due to the smaller density and size of
catalyst particles at the same amount of addition, the
corresponding number of catalyst particles being more, thus
it is easier to form smaller emulsion droplets for the same

Figure 2. TEM images of Fe3O4@PS-TMG-3.

Figure 3. Appearance and average droplet size of soybean oil/
methanol (3:2 vol/vol) emulsion stabilized by (a) Fe3O4@PS-TMG-
1, (b) Fe3O4@PS-TMG-2, and (c) Fe3O4@PS-TMG-3 at different
times under room temperature (25 °C, the amount of catalyst particle
is 5.0 wt %).
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internal phase volume. According to eq 4, the initial settling
velocities of emulsion droplets stabilized by Fe3O4@PS-TMG-
n (n = 1−3) nanoparticles are 0.1027, 0.0884, and 0.0630 cm/
s, respectively. Emulsion droplets stabilized by Fe3O4@PS-
TMG-1 exhibit the highest settling velocity under the gravity
field. In comparison, the emulsion droplets stabilized by
Fe3O4@PS-TMG-n (n = 2−3) settle relatively slower, which is
beneficial for enhancing emulsion suspension stability.
With regard to the PIC particles, they are mainly affected by

the gravity GP, buoyancy FP′, and interface adsorption force FI
(Figure 5b). The combined force of gravity and buoyancy (FP)
is calculated by

F r g4 ( ) /3P
3

S 1π ρ ρ= − (5)

where ρS is the density of the catalyst particles and ρ1 is the
density of methanol. According to literature research,42 the

energy E required to remove the particle from the interface
into the methanol phase is given by

E r (1 cos )2
OM

2π γ θ= − (6)

r is the radius of the adsorbed catalyst particle, γOM is the oil−
methanol interfacial tension, and θ is the three-phase contact
angle. The distance (h) required to move the catalyst particle
to the methanol phase is given by h = r (1 − cos θ).43

Therefore, the interface adsorption force corresponding to the
particles is

F E h r/ (1 cos )I OMπ γ θ= = − (7)

It should be noted that the effect of gravity can be passed from
one particle to another, causing collective instabilities.38,44 For
simplicity, we evaluated the adsorption stability of the particles
at the interface by the ratio of the force of gravitational field to

Figure 4. Possible destabilization processes of the soybean oil/methanol Pickering emulsion.

Figure 5. Force analysis of (a) emulsion droplets and (b) PIC particles at the soybean oil−methanol interface.
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detach particles from the interface to the force of the interface
energy to fix the particles at the interface, which is shown in eq
8

F F r g/ 4 ( ) /3 (1 cos )p I
2

S 1 OMρ ρ γ θ= − − (8)

Here, parameter B is defined as

B r g/ (1 cos )2
OMρ γ θ= Δ − (9)

where Δρ is the density difference between the catalyst particle
and methanol. The contact angles (CA) test (Figure S3)
indicates that Fe3O4@PS-TMG-n (n = 1−3) exhibit almost the
same θ values. Among them, Fe3O4@PS-TMG-1 shows the
largest B value, mainly due to its higher Δρ value relative to
Fe3O4@PS-TMG-n (n = 2−3), indicating that Fe3O4@PS-
TMG-1 particles can be more easily shed from the oil droplet
surface under the gravity field. The shedding of catalyst
particles increases the coalescence possibility of dispersed
droplets, which further increases the droplet settling velocity
due to the enlarged droplet size, resulting in rapid emulsion
destabilization. In comparison, the B value of Fe3O4@PS-
TMG-3 with the lowest density is nearly four times lower than
that of Fe3O4@PS-TMG-1, which is a pivotal factor for its
improved adsorption stability.
The analysis of the above two aspects revealed that the main

destabilization process of the Pickering emulsion, droplet
sedimentation and catalyst particle desorption, can be retarded
by reducing the catalyst density. Therefore, Fe3O4@PS-TMG-
n (n = 2−3) with a lower density relative to Fe3O4@PS-TMG-
1 exhibit better performance in stabilizing the soybean oil/
methanol emulsion.
For transesterification between triglyceride and methanol, an

elevated temperature relative to room temperature is usually
required to accelerate the reaction. On the basis of previous
research, 60 °C is the best optimized temperature for our
reaction system.33 Therefore, we further studied the stability of

Pickering emulsions at 60 °C under static conditions (without
stirring, except for the initial emulsification stage).
As shown in Figure 6a, in the beginning, the emulsion

volume of all samples reduces much faster than that at room
temperature. The declined emulsion stability at high temper-
atures can be ascribed to the following two aspects: (i) the
movement and collision of emulsion droplets were enhanced at
elevated temperature due to the decreased viscosity of
methanol (0.344 mPa·s, 60 °C) and (ii) high temperature
exacerbated the Brownian motion of catalyst particles, which
made the transfer of gravity from one particle to another more
likely to happen, resulting in improved particle shedding
probability. Figure 6b shows the appearance and optical
microscopy images of the Pickering emulsions at 60 °C. After
12 h, a large amount of opaque solid appeared in the
microscopic images of Fe3O4@PS-TMG-n (n = 1−2)
stabilized samples, indicating the desorption and aggregation
of catalyst particles. By contrast, the adsorption of Fe3O4@PS-
TMG-3 at the soybean oil−methanol interface is demonstrated
to be more stable due to its smaller density.
Notably, the declining rate of emulsion volume slows down

with time. At 60 °C, the transesterification reaction occurred
over time to produce fatty acid methyl ester (biodiesel) and
glycerol, accompanied by the generation of intermediate
products such as diglyceride and monoglyceride (Figure 6d).
The production of fatty acid methyl ester (879.6 kg/m3)
reduced the density of dispersed droplets (ρ2), while the
production of glycerol (1283.0 kg/m3) with a viscosity of 81.3
mPa·s (60 °C) increased the continuous phase density ρ1 and
viscosity η1, thereby reducing the droplet settling velocity and
particle shedding probability. Besides, the amphipathic
intermediate products (diglyceride and monoglyceride)
might act as an extra surfactant stabilizer that further improves
the emulsion stability.45 Therefore, as the transesterification
reaction proceeds, the emulsion evolves to become more
stable, accounting for the lower declining rate of emulsion
volume with time.

Figure 6. (a) Emulsion volume fraction, (b) appearance and optical microscopy images, and (c) biodiesel yield of soybean oil/methanol (3:2 vol/
vol) emulsions stabilized by Fe3O4@PS-TMG-n (n = 1−3) at 60 °C (the amount of catalyst particle is 5.0 wt %). (d) The mechanism of
transesterification reaction between soybean oil and methanol.
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Figure 6c shows the biodiesel yield of Fe3O4@PS-TMG-n (n
= 1−3) stabilized soybean oil/methanol emulsions over time.
The emulsions based on Fe3O4@PS-TMG-n (n = 1−2)
present lower reaction rates than those based on Fe3O4@PS-
TMG-3, achieving a biodiesel yield of only 40 and 58%,
respectively at 12 h, which can be ascribed to the quickly
reduced emulsion stability that leads to insufficient contact
with the reactant. By contrast, the emulsion based on Fe3O4@
PS-TMG-3 showed a relatively higher yield of 71% due to
superior emulsion stability that resulted in a larger interfacial
area for transesterification. Obviously, improving emulsion
stability is vital for improving transesterification efficiency
under static conditions. As discussed above, improved
transesterification efficiency, in turn, is beneficial for improving
emulsion stability.
3.3. Efficient Transesterification under Static Con-

ditions. On account of the favorable performance of Fe3O4@
PS-TMG-3, we try to finely improve the lipophilicity of the
designed magnetic PICs to further enhance the emulsion
stability. To achieve this, Fe3O4@PS-TMG-4 and Fe3O4@PS-
TMG-5 were prepared by increasing the molar ratio of St to
CMS relative to that of Fe3O4@PS-TMG-3 during synthesis.
The characterization of Fe3O4@PS-TMG-4 and Fe3O4@PS-
TMG-5 are shown in the Supporting Information (Figures
S4−S7 and Table S2). Compared to that of Fe3O4@PS-TMG-
3, the soybean oil contact angles of Fe3O4@PS-TMG-4 and
Fe3O4@PS-TMG-5 were slightly decreased due to improved
lipophilicity. As shown in Figure 7, the emulsion volume and
biodiesel yield of Fe3O4@PS-TMG-4 stabilized sample are
larger than those of Fe3O4@PS-TMG-3 stabilized sample
during the whole reaction process. Considering that they have
almost the same density and particle size (Table 1), the further
improved stability should be due to the better lipophilicity of

Fe3O4@PS-TMG-4 relative to Fe3O4@PS-TMG-3, which leads
to an increased θ value and consequently a decreased B value.
However, when the lipophilicity of particles increases further
(in the case of Fe3O4@PS-TMG-5), the emulsion stability
decreased instead. Such a phenomenon can be rationalized by
drastically decreasing the maximum capillary force (the
pressure that the liquid film formed by the continuous phase
can withstand) owing to the over increased θ value that is close
to 90°.46 In this case, coalescence of dispersed droplets
becomes easier.
In addition to density and surface affinity, the concentration

of catalyst particles also has an important impact on emulsion
droplet size and stability under given emulsification con-
ditions.21 As discussed above, the soybean oil/methanol
emulsion stabilized by 5.0 wt % Fe3O4@PS-TMG-4 nano-
particles exhibits the best stability and biodiesel yield at 60 °C,
but it still exhibits an obvious nonemulsion layer after 6 h.
Therefore, we further adjusted the added amount of Fe3O4@
PS-TMG-4. It can be seen from Figure 8 that when the particle
addition amount was increased from 5.0 to 8.0 wt %, the
average diameter of the emulsion droplets dramatically
decreases from 70 to 39 μm and the emulsion volume
remained unchanged in 12 h, showing excellent stability. The
enhanced emulsion stability can originate from the following
two aspects: (i) with increased particle concentration and
decreased droplet size, the surface coverage rate of the droplet
is enhanced, which can effectively protect dispersed droplets
from coalescence and (ii) the increase of particle concentration
increases the viscosity of the continuous phase, thus retarding
the motion and collision of dispersed droplets. Nevertheless,
when the particle concentration is further increased to 10.0 wt
%, the emulsion stability decreases. This is mainly because with
the increase of the particle concentration to a certain value, the

Figure 7. (a) Emulsion volume fraction and (b) biodiesel yield of soybean oil/methanol (3:2 vol/vol) emulsions stabilized by Fe3O4@PS-TMG-n
(n = 3−5) at 60 °C (the amount of catalyst particle is 5.0 wt %).

Figure 8. Appearance and optical microscopy images of the soybean oil/methanol (3:2 vol/vol) emulsion stabilized by Fe3O4@PS-TMG-4 at 60
°C (the amount of catalyst particle is 5.0, 6.0, 8.0, and 10.0 wt %, respectively, scale is 100 μm).
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droplet diameter remains unchanged, and the excess particles
will disperse in the continuous phase or form multi-layer
adsorption, which increases the particle collision probability at
high temperatures, thus resulting in a greater influence of
gravity on the emulsion and a decrease in emulsion stability.
As shown in Figure 9a, with 8.0 wt % Fe3O4@PS-TMG-4,

the biodiesel yield reached 95.6% after 12 h of static reaction,
comparable to our previous work with stirring operation,33

which suggests that the designed magnetic PIC Fe3O4@PS-
TMG-4 has great potential for achieving biodiesel production
in an energy-saving manner. Besides, compared to other static
Pickering systems (Table S3), the optimized reaction system
not only represents the highest biodiesel yield with the lowest
molar ratio (methanol to oil) but also avoids the use of more
complicated autoclave reactors. When the concentration of
Fe3O4@PS-TMG-4 was increased further, the yield of biodiesel
decreased. This should be ascribed to multi-layer adsorption of
the particles on the droplets, which hinder the mass transfer at
the oil−methanol interface, thereby weakening the reaction
intensification effect caused by the enlarged interfacial area.47

To further embody the catalytic activity of the static
transesterification reaction system, we also investigated the
catalytic activity of KOH without stirring. Here, the number of
active sites is controlled to be equivalent to that of Fe3O4@PS-
TMG-4 (8.0 wt %). After 12 h, the KOH catalyzed static
transesterification reaction system exhibits an extremely low
biodiesel yield of only 21.2% due to the large mass transfer
resistance (Figure S8).
In addition to high catalytic efficiency under static

conditions, the designed magnetic PICs also show significant
advantages over KOH, such as recycling capability using a
magnet, which significantly simplifies the purification proce-
dure and reduces the generation of waste liquid. After the
reaction, Fe3O4@PS-TMG-4 was recovered with a magnet and
reused for evaluating its catalytic stability. Under the same
reaction conditions, the catalytic activity of the recovered
Fe3O4@PS-TMG-4 only slightly decreased, still retaining a
high biodiesel yield of 93.8% at 12 h after 7 cycles (Figure 9b).
FTIR analysis and EA results of Fe3O4@PS-TMG-4 after being
recycled 7 times are shown in Figure S9. The characteristic
peak of TMG (1640 cm−1) can be obviously observed and the
TMG loading (0.436 mmol/g) remained close to that of the
fresh sample, which further demonstrates the stability of the
catalyst. The decrease in catalyst activity was mainly due to the
existence of a small amount of acid in the raw materials. The
high catalytic efficiency and stability of Fe3O4@PS-TMG-4
make it a promising catalyst for the green production of
biodiesel.

4. CONCLUSIONS

In summary, this work aims at constructing a stable
triglyceride/methanol Pickering emulsion via magnetic PIC
for achieving efficient transesterification under static con-
ditions. A series of magnetic PICs with a similar TMG loading
amount but different densities were first synthesized and
utilized as a stabilizer of the soybean oil/methanol emulsion.
The variation in the emulsion volume fraction and droplet size
revealed that, except for optimizing surface affinity, adjusting
the density of PIC particles is also critical to long-time stability
of the triglyceride/methanol emulsion (especially at elevated
temperatures), owing to the non-negligible effect of gravity on
the catalyst particle shedding process. Through adjusting the
density of the PIC particles to be close to the density of the
continuous phase, finely improving the lipophilicity, and
optimizing the addition amount of catalyst particles, we
succeed in stabilizing the soybean oil/methanol emulsion for
12 h at 60 °C, which enables efficient transesterification under
static conditions, thus resulting in a high biodiesel yield of
95.6% without stirring operation. Moreover, the stability test
reveals that the magnetic PIC can be conveniently recycled
with a magnet and reused without significant loss of catalytic
activity. The static transesterification reaction system offers an
alternative strategy for biodiesel production in an environ-
mentally benign and cost-effective way.
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