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ABSTRACT: Colloidal particle-stabilized emulsions have recently
gained increasing interest as delivery systems for essential oils.
Despite the use of silica particles in food and pharmaceutical
applications, the formation and release of hydrophilic and
hydrophobic silica particle-stabilized emulsions are still not well
studied. Thus, in this study, the structures of hydrophilic (A200,
A380, 244FP, and 3150) and hydrophobic (R202 and R106) silica
were deeply characterized using the solid state, contact angle, and
other properties that could affect the formation of emulsions.
Following that, Mosla chinensis essential oil emulsions were
stabilized with different types of silica, and their characteristics,
particularly their release behavior, were studied. Fick’s second law
was used to investigate the mechanism of release. Additionally, six
mathematical models were employed to assess the experimental data of release: zero-order, first-order, Higuchi, Hixson−Crowell,
Peppas, and Page models. The release mechanism of essential oils demonstrated that diffusion was the dominant mechanism, and the
fitting results for the release kinetics confirmed that the release profiles were governed by the Higuchi model. The contact angle and
specific surface area were the key properties that affect the release of essential oils from emulsions. Hydrophilic A200 was found to be
capable of delivering essential oils more efficiently, and silica particles could be extended to achieve the controlled release of
bioactives. This study showed that understanding the impact of silica particles on the release behavior provided the basis for
modulating and mapping material properties to optimize the performance of emulsion products.

1. INTRODUCTION
Emulsions play an important role in overcoming the inherent
problems of poorly water-soluble drugs or volatile bioactives
and are extensively utilized in medicines1 and functional
foods.2 Generally, large amounts of surfactants and other
emulsifiers are added to the system to achieve the formation
and stability of emulsions. However, excessive amounts of
surfactants may have potential safety concerns for human
health. Compared to the emulsions stabilized by conventional
surfactants, emulsions stabilized by solid particles, often
referred to as Pickering emulsions, have been widely used
due to their unique emulsifying mechanism of a strong steric
barrier at the interface, irreversible adsorption, and anchoring
of solid particles.3,4

Pickering emulsions did not receive much attention at first
due to the limited choice of solid particles. With the progress
of science and technology, materials can be synthesized with
adjustable properties and functions, thus allowing Pickering
emulsions to be used widely in various fields. As an alternative
to surfactants, solid silica particles have been proved to be an
effective stabilizer in a variety of emulsion systems.3,5 Many
studies have been conducted on silica-stabilized emulsions,
from the modification of the silica structure and function to the
evaluation of emulsion stability. Silica particles were widely

used in emulsions due to their surface chemistry, commercial
availability, thermal stability, and low price.6 Commercial silica
particles, such as hydrophobic (e.g., Aerosil R805, Vacker
H2000) and hydrophilic (e.g., Aerosil A300, Vacker N20)
silica particles, have been used as potential stabilizers in the
preparation of emulsions.7,8 Also, the wettability of silica
particles could be regulated by modification of functional
groups. Alison et al. reported using chitosan to modify
hydrophilic silica to improve its hydrophobic properties and
promote its adsorption ability at the oil−water interface of
emulsions.9

To date, many silica particles, both hydrophilic and
hydrophobic, are available on the market. Some of the
properties of these materials, such as wettability, porosity,
surface area, density, and particle size, are key to drug
delivery.10 Despite the increasing applications in food and
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pharmaceutics, there is still only limited knowledge about the
properties of silica in different specifications. Therefore, it is
necessary to screen suitable silica to improve delivery
efficiency. However, application of silica in pharmaceutical
and food industries is still challenging because the related
properties of silica obtained by different processes are unclear,
and their subsequent application in pharmaceuticals and food
is limited. The lack of related research on silica would lead to a
deplorable ignorance of their potential values.
Essential oils have attracted great interest because of their

excellent biological activities,11 including antioxidant, anti-

inflammatory, antibacterial,12 and other health benefits.13

Nevertheless, the application of direct incorporation of
essential oils into products is still rare due to their poor
physicochemical properties, such as hydrophobicity14 and low
solubility.15 On the other hand, the sensitivity of essential oils
to light, heat, and oxygen also limits their applications.
Emulsions have been proven to be an effective strategy for
enhancing the effective delivery of these substances while
reducing the inherent issues.16 A large number of essential oils
such as oregano, cinnamon, basil, and thyme white have been

Figure 1. Nitrogen isothermal adsorption and pore size distribution curves of silica samples.
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emulsified by particles of ZnO, nanocrystalline cellulose, etc.,
to enhance stability and biological activity.17−19

Based on all these considerations, this study aimed to
evaluate the properties of commercially available silica samples
and explore their potential as stabilizers for emulsions. To the
best of our knowledge, no literature on the systematic study of

different types of silica particles as emulsion stabilizers and for
delivery of essential oils is available yet. Therefore, the specific
research objectives of this study were to (a) identify
overarching properties of six different types of silica samples,
(b) examine the effect of different silica samples on the
properties of emulsions and release profiles, and (c) investigate

Table 1. Properties of Silica Samples

samples
BET specific surface

area (m2/g)
Langmuir specific
surface area (m2/g)

bulk density
(g/cm3) D[3.2] (μm) span

dispersed
contact angle

(deg)
tablet contact
angle (deg)

ratio of
inner area

(%)

A200 218.9911 ± 0.4460 305.4011 ± 6.5417 0.0473 ± 0.0001 9.704 ± 0.550 1.801 ± 0.231 29.6 ± 2.3 23.8 ± 1.1 99.26
A380 395.4748 ± 0.9762 534.6888 ± 10.1617 0.0489 ± 0.0001 19.371 ± 0.064 1.504 ± 0.044 54.2 ± 0.7 19.1 ± 2.0 99.19
R106 242.9380 ± 1.9994 354.9399 ± 11.5608 0.0499 ± 0.0001 25.169 ± 0.524 1.720 ± 0.017 144.1 ± 1.5 140.2 ± 1.1 99.91
R202 96.5682 ± 0.6862 156.4553 ± 5.3502 0.0476 ± 0.0003 18.303 ± 0.381 1.544 ± 0.098 143.9 ± 2.0 140.5 ± 1.8 98.18
244FP 345.5488 ± 1.2563 480.5328 ± 9.0660 0.0707 ± 0.0001 3.831 ± 0.257 0.747 ± 0.001 41.6 ± 1.7 22.0 ± 1.3 98.14
3150 305.5089 ± 1.2310 422.0394 ± 7.9852 0.2496 ± 0.0003 17.905 ± 0.847 1.760 ± 0.008 45.6 ± 3.6 17.6 ± 0.4 92.19

Figure 2. Properties characterization of different silica samples: (a) morphology and particle size distribution, (b) FT-IR, (c) contact angle with
water, (d) transparency, and (e) XRD.
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the release mechanism of essential oils in silica-stabilized
emulsions. For an enhanced understanding, the release kinetics
of the essential oils from the fabricated emulsions was
modeled. It is expected that the systematic study could clarify
the suitability of different types of silica samples as potential
carriers for emulsion systems, achieve the controllable release
of essential oils, and finally expand the application of silica and
essential oils in the fields of medicines and functional foods.

2. RESULTS AND DISCUSSION
2.1. Characterization of Silica Particles. The phys-

icochemical properties of different samples were studied by
various technologies to explore the differences in properties.
Nitrogen isothermal adsorption is an effective strategy to
characterize the specific surface area and pore size distribution
of substances. From the isothermal adsorption/desorption
curves (Figure 1), the trends of all kinds of silica curves were
very similar, both of which had H3-type hysteresis loops and
could be considered to belong to type II isotherm according to
the IUPAC classification.20 The occurrence of hysteresis loops
was induced by multilayer adsorption and capillary coagulation
of adsorption or desorption and was also caused by the
presence of large pores.21 The isothermal adsorption−
desorption curves could be divided into three regions, namely,
low pressure (0 < P/P0 ≤ 0.2) of the monolayer adsorption
region, medium pressure (0.2 < P/P0 ≤ 0.5) of the multilayer
adsorption region, and high pressure (0.5 < P/P0 ≤ 1.0) of the
capillary condensation region. According to the specific surface
area calculated from the adsorption curves based on the BET
of multilayer adsorption and the Langmuir single-layer
adsorption theories, the specific surface area values obtained
by Langmuir were larger than that of BET, and these
differences were caused by the different calculation principles.
All of the silica samples exhibited large specific surface area
values being 96 for R202 to 395 m2/g for A380, which were
calculated by the BET method (Table 1).
To obtain further insight information about the samples,

their pore size characteristics, in terms of pore size distribution
and cumulative pore volume, were characterized by the BJH
model. It could be seen from Figure 1 that the pore diameter of
all silica samples was mainly distributed in the range of 17−
2000 nm, which indicated that the pore sizes of silica were
mainly mesoporous (2−50 nm) and microporous (>50 nm),
as recommended by the IUPAC standard.22 From the curves,
the pore size of silica samples was different. The average pore
sizes of A200, A380, R106, R202, 244FP, and 3150 were 78.07,
88.58, 85.12, 99.30, 88.73, and 64.43 nm, respectively; and
their corresponding pore volumes were 0.37, 0.71, 0.57, 0.25,
0.66, and 0.38 cm3/g, respectively.
Moreover, 3150 exhibited the highest bulk density of 0.2496

g/mL, and A200 showed the lowest bulk density of 0.0473 g/
cm3 (Table 1). It had been confirmed that the bulk density of
solid particles was also a key factor affecting the buoyancy and
gravity of emulsions.23 The smaller the density of the particles,
the less the influence of gravity and the greater the influence of
buoyancy, which contributed to the stability of the emulsion.
Except for the 3105 sample, the density values of the other
samples were less than 0.1 g/cm3, reflecting the porous
characteristics of silica particles.
The SEM analysis of the series of silica exhibited porous

nature and assembled into large aggregates (Figure 2a). A200,
A380, R106, and R202 exhibited a similar morphology, with
loose aggregates and cotton-like structures, but individual

dispersing silica particles could also be seen. 244FP particles
displayed an irregular with a polygonal shape. The 3150
particles showed a lamellar porous structure with larger
aggregates. This result was consistent with previously reported
results.24

FT-IR data showed the characteristic groups of the silica
powders (Figure 2b). The bands at ∼470, 800, and 1100 cm−1

observed for all of the samples were attributed to bending,
rocking, and antisymmetric stretching vibrations of Si−O−Si.25
Besides that, bands of the O−H group at ∼3400 and ∼1640
cm−1 were observed for the deformation vibrations of the
adsorbed water molecules.26 The bonds at ∼960 and 1940
cm−1 showed the presence of Si−OH and C−H groups,
respectively. Because of the hydrophilic nature, samples A200,
A380, 244FP, and 3150 had a strong and wide absorption peak
at 3400 cm−1, which was due to the absorption of water from
the atmosphere. In contrast, hydrophobic samples R106 and
R202 had weak absorption at 3400 cm−1.
Wetting, an important parameter for emulsion preparation,

was characterized by the contact angle (Figure 2c). Both
dispersion and tableting methods were used to characterize the
contact angle between silica and water. The contact angles of
samples measured by the dispersion method were larger than
those by tableting. The tableting method was commonly used
because it could form a smooth surface and facilitate the
measurement of contact angle. Our previous study had shown
that when the contact angle was determined by the tableting
method, the contact angle could be maintained only after a
certain high pressure was reached (∼353 MPa).27 At low
tableting pressure, the capillary in the tablet would be attractive
for probing liquid, thus underestimating the measurement of
the contact angle. The contact angles of A200, R202, and R106
showed no difference between the two methods, but the
contact angles of A380, 244FP, and 3150 samples were
significantly higher by the dispersion than by the tableting
method. Considering that the contact angle might be reduced
due to the capillary action by the tableting method, the
dispersion method could be used as a supplement to the
contact angle measurement. It was thought that the dispersion
method could better maintain the microstructure of the silica
samples. As expected, the two hydrophobic silica samples,
R106 and R202, had the maximum contact angles of 144.1 and
143.9°, respectively, indicating strong hydrophobic nature.
Compared with the other four kinds of silica, R106 and R202
had poor wettability and strong hydrophobic sites, penetrating
the oil phase more easily.28 In contrast, the contact angles of
other silica samples ranged from 29.6 to 54.2°, showing that
materials were hydrophilic as well as partially hydrophobic.
Transparency was an important physical parameter that

could be used to analyze the optical properties of silica
samples, as shown in Figure 2d. Samples 3150, 244FP, and
A200 expressed the highest transmittance in the range from
200 to 800 nm, and transmittance was over 90%. As for R106,
the transmittance was over 90% between 400 and 800 nm and
decreased to 80% in 400−200 nm. A similar trend occurred
with sample A380. However, the signal of R202 showed an
upward trend with the increase of wavelength, and the
transmission gradually increased from 37 to 88% in a
wavelength range from 200 to 800 nm.
The solid state of silica samples was characterized using X-

ray diffraction, as shown in (Figure 2e). The structures of all
the silica samples were still amorphous with broad bands; no
crystal structure appeared in these samples. Previous studies
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showed that fumed silica particles exhibited a typical
amorphous shape in the XRD.29

Primary hydrophilic silica particles with primary sizes
between 5 and 30 nm were provided by the manufacturer.30

After that, the powders aggregated into larger units about
submicron and several microns (Table 1). The difference
between the measured particle and that of primary size could
be ascribed to the aggregation of the particles inherently taking
place in dry nanopowders.31 However, in the preparation
process of emulsions, the aggregated silica particles could be
dispersed into the nanoscale, and the particle size of dispersion
in aqueous solutions was about 150 nm, as described in the
literature.32 The D[3.2] of the series silica was generally less
than 30 μm, varying from a minimum of 3.8 μm for 244FP up
to a maximum of 25.2 μm for R106. The span reflected the
degree of particle size uniformity. 244FP had the most
concentrated particle size distribution with a span of 0.74,
while the span of the other silica was between 1.5 and 1.8.
Besides, the ratio of the inner area was calculated based on the
specific surface areas and median particle sizes of the samples.
As expected, all samples had very high inner surfaces (>92%),
indicating that the samples had a lot of porosity inside, which
was consistent with the results of pore size distribution.
Ultimately, a heatmap was constructed for data mining to

illustrate the difference among the samples intuitively.33 The
heatmap, an effective practical tool for processing complex
data, was used to make the data understandable and actionable
and to explore the mechanisms behind the data.34 The
heatmap hierarchical clustering of physicochemical properties
was analyzed based on similarities and differences, including
bulk density, specific surface area, pore volume, pore size,
particle size distribution, and contact angle (Figure 3). As a
data visualization tool, in this study, red represented higher
values in the heatmap, whereas blue represented lower values,
which provided a more visual data trend. Consistent with
previous studies, silica samples from different manufacturers
and brands displayed different properties.35 For different kinds
of silica samples, it was clear that the original 11 variables could
be condensed and reduced into three overarching properties,
which were classified according to Pearson distance similarity.
The first cluster was identified as surface-related properties,

whereas the second and third could be attributed to pore-
related properties and wettability-related properties. Similarly,
different types of silica could also be divided into three
categories based on the differences and similarities in
properties. Hydrophilic A200, A380, and 244FP samples
could be combined into one category, hydrophobic R106 and
R202 were divided into one category, and finally, hydrophilic
3150 was one category. The first two categories were well
understood because of the hydrophilic and hydrophobic nature
of samples. The reason why sample 3150 was in a separate
category was that it had the largest bulk density and particle
size values, which were far greater than those of other samples.
It was speculated that the difference in the properties of silica
samples would affect the properties of silica-stabilized
emulsions.

2.2. Essential Oil Isolation and Analysis. In this section,
the chemical compositions of the essential oil of dried Mosla
chinensis herbal were determined. Mosla chinensis ‘Jiangxiangru’
was widely used in food supplements and folk medicine for its
antibacterial, anti-inflammatory, antiviral, and antioxidant
properties. In traditional medicine, this herb has been used
for diaphoresis and influenza. This plant is widely grown in the
southern provinces of China, Vietnam, India, and Japan.36

Jiangxi province in China is its main producing area. As a
potential functional food with medicinal value, its leaves are
widely considered as a wild vegetable to be eaten or a food
supplement to give aroma and flavor.37 The chemical
composition of the essential oil was isolated by water
hydrodistillation and analyzed by GC-MS, and the results are
shown in Table 2 and Figure 4. A total of 11 compounds were
identified in the essential oil. The predominant compounds
were carvacrol (75.40 ± 0.06%), thymol (11.04 ± 0.04%), and
cymene (5.14 ± 0.02%). A similar result was presented in the
research of Cao et al., and the main compounds in their study
identified were carvacrol (57.08%), thymol (6.67%), and
cymene (13.61%).37 The essential oil reported in this paper
had a higher carvacrol content, and this discrepancy was
attributed to the climatic conditions, growth location, the
extraction method of essential oil, etc.38

2.3. Characterization of Emulsions. Camellia oil was
chosen as the oil phase for this study since it is edible39 and

Figure 3. Hierarchical clustering heatmap analysis of the silica samples related to different properties. The dendrograms are based on the Euclidean
linkage algorithm. BD: bulk density; BET: BET specific surface area; Langmuir: Langmuir specific surface area; Cum PV: cumulative pore volume;
PSD D50: medium value of particle size distribution; Pore S: pore size; RI: ratio of the inner area; Dis CA: dispersed contact angle; Tab CA: tablet
contact angle; and Span: (D90-D10)/D50.
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most commonly available in foods and drugs.40 At the same
time, camellia oil was also an oil solvent for injection and had
good safety.41 Therefore, it could be used as the oil phase of
emulsions to deliver poorly soluble and unstable bioactives.
The properties of emulsion systems stabilized by several kinds
of silica were compared.
The change in Pickering emulsion rheology based on

different kinds of silica was evaluated (Figure 5). The viscosity

decreased as the shear rate increased, indicating that the
emulsion exhibited shear thinning behavior, similar to most
reported emulsions.42 Encapsulation efficiency values for
emulsions ranged between 20.97 and 58.70%, evidencing
statistical significances (Table 3). The lowest encapsulation
efficiency was obtained for the R202-stabilized emulsion
(20.97%), and the highest percentage of entrapment efficiency
was obtained for the A200-stabilized emulsion (58.7%). It was
speculated that the structure and physical properties of silica
samples as well as their preparation conditions affected the
ability of an emulsion to encapsulate and retain essential oils.
Emulsions were formed via hydrogen bonding, van der Waals
forces, electrostatic forces, and mechanical barriers.43 The
properties of silica, such as particle size, porosity, density, and
wettability, would alter the forces mentioned above and thus
affect the emulsions for the encapsulation of essential oils.
The typical microscopic images of the droplets of silica-

stabilized emulsions were observed. Figure 6 shows the optical
microscopy of typical emulsions. A spherical dispersed droplet
structure could be observed for all emulsions. The immisci-
bility behavior of the oil layer and the water layer could be
easily distinguished (Figure S1). Average droplet size values
were 20.3, 26.5, 35.3, 33.9, 32.4, and 24.2 μm for A200, A380,
R106, R202, 244FP, and 3150, respectively (Table 3). The
droplet size was related to the inherent properties of the oil
phase, such as the chemical structure and physical and
chemical properties, and was also associated with the stability
of emulsions.44

2.4. Release Profile and Effective Diffusivity Analysis.
Essential oils have recently been extensively studied as
additives of antioxidants, antimicrobials, antidiabetic, and
anti-inflammatory activates in the pharmaceutical, food, and
cosmetics industries.45 However, the strong hydrophobicity
and volatile defects of essential oils have become major
obstacles in their applications. Therefore, increasing the
stability and availability of essential oils and realizing effective
delivery were the prerequisites for food and pharmaceutical
applications. Emulsion-based delivery systems are considered
an effective strategy to increase the dispersion, stability, and
bioavailability of therapeutic substances.
It had been demonstrated that in Pickering emulsions, large

interfacial gaps between particles enable the encapsulation
material to diffuse from the inner phase.46 The release profiles
obtained from the emulsions with different silica stabilizers are
shown in Figure 7a. It could be seen that the release of
essential oil in the emulsion increased with the increase of
time. Release curves showed that the release of essential oil was
faster from hydrophobic silica samples such as R202- and
R106-stabilized emulsions than from other hydrophilic
emulsions. After 24 h, all emulsions released nearly 50% of
the essential oil (Table 3). At 24 h, the highest release of
essential oil was 67.58% for the emulsion with the R202

Table 2. Chemical Composition of Essential Oils

no. compounds relative peak area (%)

1 β-myrcene 0.38 ± 0.01
2 α-terpinene 0.51 ± 0.01
3 cymene 5.14 ± 0.02
4 eucalyptol 0.19 ± 0.01
5 γ-terpinene 1.31 ± 0.01
6 terpinen-4-ol 0.71 ± 0.01
7 carvacrol 75.40 ± 0.06
8 thymol 11.04 ± 0.04
9 bergamotene 0.11 ± 0.01
10 α-humulene 0.92 ± 0.01
11 caryophyllene oxide 0.41 ± 0.01

Figure 4. Total ion chromatograph for GC-MS detection of essential
oils.

Figure 5. Viscosity as a function of shear rate for the silica-stabilized
Pickering emulsions.

Table 3. Properties of Emulsions Using Different Silica Samples as Stabilizers

D[3.2] (μm) viscosity (mPa S) encapsulation efficiency (%) release in 24 h (%) Deff (μm
2/min)

A200 20.379 ± 1.356 0.0192 ± 0.0011 58.70 ± 3.69 52.30 ± 1.50 0.004513
A380 26.474 ± 0.947 0.0189 ± 0.0011 56.03 ± 1.58 48.33 ± 2.87 0.006753
R106 35.298 ± 1.525 0.0186 ± 0.0025 52.51 ± 6.32 62.07 ± 0.48 0.023009
R202 33.946 ± 3.080 0.0615 ± 0.0061 20.97 ± 1.02 67.58 ± 4.28 0.018358
244FP 32.397 ± 0.607 0.0199 ± 0.0039 48.78 ± 7.08 59.32 ± 1.59 0.014419
3150 24.248 ± 0.126 0.0216 ± 0.0042 51.35 ± 7.35 63.94 ± 1.93 0.005277
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stabilizer, while the lowest release was observed at 48.33% for
the A380-stabilized emulsion. It was suggested that the type of
silica samples played a significant role in the rate of bioactive
release from emulsions, and the controlled release could be
achieved by only altering the type of silica.
In an attempt to further explore the difference in essential oil

release from emulsions that were stabilized by different kinds
of silica, Fick’s diffusion law was applied to calculate the
diffusion coefficients. This approach has been used in previous
studies to investigate the mechanism of bioactive release from
emulsions.47 It was assumed that the small molecule entities
could pass the dialysis membrane freely and that the diffusion
from the emulsion was the rate-limiting step.
Therefore, the mathematical model based on Fick’s diffusion

could be fitted and further used to calculate the effective

diffusion coefficient. Figure 7b shows that the linear fitting
results of all release curves were satisfactory. The gradient of
the resulting linear fit could be used to calculate the diffusion
coefficient, as shown in Table 3. Diffusion coefficients reflected
the release rate of essential oil from the emulsions. The
effective diffusivity values were found to vary in the range of
0.0045−0.0230 μm2/min. The calculated diffusivities were
0.004513, 0.006753, 0.023009, 0.018358, 0.014419, and
0.005277 μm2/min for A200-, A380-, R106-, R202-, 244FP-,
and 3150-based emulsions, respectively. The essential oil was
released from emulsions in a controlled manner, with the
release rate increased in an order of A200 < 3150 < A380 <
244FP < R202 < R106. The greater release effect of R106
could be reasonably attributed to its hydrophobic properties
and relatively small specific surface area with respect to the
other hydrophilic character of silica samples. It has been
recently described by other authors that the physicochemical
properties and surface area of the oil−water interface layer had
a major influence on the rate and extent of the release of active
ingredients.48

On the premise of elucidating the related mechanism, silica-
stabilized emulsions with different properties could be
fabricated to realize the controlled release of bioactives. The
above comprehensive results also showed that the properties of
silica could affect the structure of emulsions and the release of
bioactives in emulsions. Therefore, exploring the internal
relationship between the structure/physicochemical properties
of silica samples and the properties of emulsions would be an
important basis for regulating the function of silica-stabilized
emulsions.

2.5. Effect of Key Properties of Silica Particles on
Effective Diffusivity. Model fitting was performed using
stepwise regression involving six factors (BET specific surface
area, bulk density, particle size D[3.2], span, dispersed contact
angle, and ratio of inner area) as independent variables. The
results of the statistical analysis using SAS-JMP in leverage
plots and the summary of fit are shown in Figure 8 and Table
4, respectively. The leverage plots for the linear effect were a
simple regression and a point farther from the center of the
plot in the horizontal direction contributed a greater influence

Figure 6. Visual appearance and microscopic images of silica-stabilized Pickering emulsions.

Figure 7. In vitro release profile of essential oil from silica-stabilized
Pickering emulsions: (a) cumulative percentage of essential oil release
and (b) diffusion coefficient fitting.
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on the fitting.49 Additionally, statistical parameters such as the
square of the correlation coefficient (R2), root mean square
error (RMSE), parameter estimates, and their significance (P-
values) were used to test the fitting accuracy.50

From the leverage plots in Figure 8 and the summary of
statistical analysis in Table 4, the R2 (0.9993) and adjusted R2

(0.9965) values were reasonably high and RMSE (0.0005) was
low, indicating that the model had good accuracy. The effect of
the specific surface area, span, contact angle, and D[3.2] on the

effective diffusivity of emulsion release was evaluated by the
effect leverage plots, which depicted how the above
independent variables affected the effective diffusivity and
gave insights into the multicollinearity of the statistical
model.51 In the effect leverage plots, the small P-values
combined with the results that 95% confidence curves (red
dotted lines in the figure) crossed the hypothetical horizontal
line (blue dotted line in the middle of the figure) showed that
both the specific surface area and contact angle were significant
(Figure 8a,b), while the large P-values for span (0.3125) had
nearly no effect on the effective diffusivity (Figure 8d), which
supported the results of statistical analysis (Table 4).
The stepwise regression model revealed that both the

specific surface area and contact angle had significantly
contributed to the effective diffusivity. Interestingly, the
effective diffusivity was positively correlated to the contact
angle and negatively correlated to the specific surface area.
Parameter estimates showed that the contact angle had a more
significant influence (0.00016) than the specific surface area
(−0.00004) (Table 4).

Figure 8. Effects of the main physical properties on effective diffusivity: (a) leverage plot of the contact angle, (b) leverage plot of the specific
surface area, (c) leverage plot of D[3.2], and (d) leverage plot of span.

Table 4. Statistical Summary of the Fit of Effective
Diffusivitya

parameter estimates

summary of fit term estimate prob > |t|

R2 0.9993 intercept 0.00164 0.0359**
adjusted R2 0.9965 SSA −0.00004 0.0567*
RMSE 0.0005 D[3.2] −0.00065 0.0702*

span 0.00021 0.3125
contact angle 0.00016 0.0235**

a*P < 0.10; **P < 0.05; and SSA, BET specific surface area.

Figure 9. Schematic diagram for release mechanism of essential oil in Pickering emulsions: (a) bioactive release mechanism from the droplet, (b)
oil−water interface at a low contact angle, and (c) oil−water interface at a high contact angle.
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It should be noted that the release of bioactives from the
emulsions was mainly the migration of bioactives from the oil
phase through the particles bridging to the water phase, which
was closely related to the densely distributed particles bridging
at the oil−water interface. Therefore, a representative diagram
could be used to depict the possible emulsion formation
pathway and release process (Figure 9a). The contact angle
was the most important factor for effective diffusivity as shown
by a higher parameter estimate. Increasing contact increased
the effective diffusivity of emulsions. For the stability of the
emulsion, the interfacial attachment energy of particles to the
two-phase interface was the key parameter.52 The higher the
attachment energy, the better the stability of the emulsion.
Lower interfacial tension, moderate contact angle, particle
content, etc., were beneficial to the preparation of emulsions.
But in practice, higher attachment energy might also lead to
the instability of the emulsion because there were other factors
such as surface charge and morphology of particles that could
affect the stability.53
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where E is the attachment energy, d is the diameter of the
particle, γ is the interfacial tension between the oil and water
phases, and θ is the contact angle at the oil−water interface.
Increasing the contact angle promoted the release of

bioactives. The possible reason could be attributed to the
reduction of the contact surface between particles and the oil−
water interface and the gap widened as the contact angle
increased, making the bioactives more easily penetrate the oil−
water interface through the gap (Figure 9b,c). In contrast to
the contact angle, the specific surface area had an adverse effect
on bioactive release. As the internal porosity of silica was as
high as over 92%, the high specific surface area was mainly due
to the abundance of internal voids of silica particles. In the case
of equivalent particle size, the larger specific surface area of
silica involved more voids and more complex internal channels,
which needed to pass through the sinuous pathway before
bioactives could be released. At the same time, studies have
confirmed that hollow particles with a high specific surface area
had strong attachment energy and made the emulsion more
stable.23

2.6. Mathematical Modeling of Release Curves. The
dissolution kinetics was assessed by fitting the experimental
data to the models. In this study, six commonly used release

Figure 10. Fitting the release profiles with different models: (a) zero order, (b) first order, (c) Higuchi, (d) Hixson−Crowell, (e) Peppas, and (f)
Page.
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models for fitting procedures for the release profiles are shown
in Figure 10, and their correlation parameters are shown in
Table 5. The best-fitting models were Higuchi > first order >
Peppas > Page > Hixson−Crowell > zero order. The regression
values of R2 for the Higuchi release model were between
0.9922 and 0.9968, confirming that the release of essential oil
from emulsions could be attributed to diffusion throughout the
matrix and followed Fick’s second law. Fick’s diffusion always
occurred in the case of porous matrix54 and microemulsion
systems.55 In our previous work, the Page model was more
suitable to fit the release kinetics of the cyclodextrin inclusion
complex, while in this study, Higuchi had a higher model
accuracy, indicating that the existing form of bioactives could
affect the release. In the inclusion complex, bioactives were
encapsulated in supramolecular structures, and in emulsions,
bioactives were highly dispersed into droplets.56 Differences in
these structures resulted in different release mechanisms.

3. CONCLUSIONS

To date, many kinds of silica particles have been used to
fabricate Pickering emulsions. However, the properties of
different kinds of silica have not been studied systematically,
and the effect of these properties on the emulsions was still
unknown. Therefore, our aim was to study how the type of the
silica samples modulate the formation and release of
emulsions. Preliminary in-depth characterization of the proper-
ties of silica was carried out by various technologies. After that,
the suitability of different kinds of silica samples as potential
emulsion carriers for the delivery of essential oils was
evaluated. The release mechanism of essential oils from
silica-stabilized emulsions was suggested to be Fickian,
depending on the molecular diffusion. The release profiles
were fitted by six different models, and the release kinetics
showed that the release of essential oils from silica-stabilized
emulsions was followed the Higuchi model, based on statistical
analysis. Based on the results of the performance of the
emulsions and the release kinetics, A200 silica particles were
the most effective carriers to achieve the enhanced perform-
ance of essential oils in the emulsion. In summary, efficient
encapsulation and controlled release of essential oils could be
achieved by selecting suitable silica particles.

4. METHODS

4.1. Materials. Hydrophilic Aerosil 200 (A200) and
Aerosil 380 (A380) and hydrophobic Aerosil R202 (R202)
and Aerosil R106 (R106) silica samples were manufactured by
Evonik Degussa, provided by Kingchemical (China). Hydro-
philic Syloid 244FP (244FP) and Syloid XDP 3150 (3150)
were kindly supplied by Grace GmbH (Germany). All silica
samples were supplied in the solid powder form. Deionized
water was prepared by a Milli-Q water system. Mosla chinensis
‘Jiangxiangru’ was provided by Jiangzhong TCM Pieces
(China), and its essential oil was obtained by hydrodistillation.
Camellia oil as the oil phase was purchased from Jiangzhong
Food Therapy (China), and its fatty acid composition was 11%
saturated fatty acid, 79.5% monounsaturated fatty acid, and
9.5% polyunsaturated fatty acid. All other reagents were of
analytical grade. Dialysis cassettes (molecular weight cutoff of
2 kDa) were purchased from Solarbio (China). All reagents
were used without further purification.

4.2. Characterization of Silica Samples. The isothermal
nitrogen adsorption/desorption curves were measured on a
TriStar 3000 surface area analyzer (Micromeritics) at 77K. The
specific surface area was calculated by the Brunauer−Emmett−
Teller (BET) and Langmuir models, and the pore volume and
pore size distribution were obtained by the Barrett−Joyner−
Halenda (BJH) model based on adsorption data. Prior to
measurement, the samples were degassed at 80 °C for 5 h in a
FlowPrep 060 Sample Degas System (Micromeritics).57

The morphology of silica samples was determined using a
Quanta 250 scanning electron microscope (SEM). Before the
measurement, each sample was sputter-coated with gold to
increase electrical conductivity.56

Particle size distribution was determined using laser
diffraction of a Mastersizer 2000 (Malvern, U.K.) with a
Hydro 2000MU dispersion unit by dispersing the powder in
water for hydrophilic samples or ethanol for hydrophobic
samples.57

The bulk density (ρ) of the powder was measured by
pouring the sample into a cylinder with a volume of 100 mL,
scraping off the excess powder on the surface, weighing the
mass, and calculating the bulk density as the ratio of mass
occupied to the volume.58

Table 5. Fitting Parameters of the Curves for the Different Models

zero-order first-order Higuchi

k R2 k (×10−4) R2 k n R2

A200 0.02440 0.9295 4.269 0.9897 1.400 −3.258 0.9962
A380 0.02296 0.9318 3.794 0.9874 1.321 −3.599 0.9949
R106 0.03048 0.9135 7.283 0.9952 1.765 −4.101 0.9968
R202 0.02651 0.8886 6.283 0.9912 1.554 5.743 0.9941
244FP 0.02772 0.9264 5.418 0.9953 1.590 −4.964 0.9922
3150 0.02847 0.9298 6.492 0.9982 1.611 0.490 0.9963

Hixson−Crowell Peppas Page

k (×10−4) R2 k n R2 k n R2

A200 5.425 0.9756 0.7318 0.5798 0.9880 −0.6464 0.2576 0.9527
A380 4.924 0.9736 0.7556 0.5597 0.9825 −0.6838 0.2438 0.9823
R106 8.168 0.9862 0.8279 0.5976 0.9932 −0.7592 0.2436 0.9627
R202 7.127 0.9699 3.6877 0.3896 0.9918 −1.7188 0.1231 0.9939
244FP 6.596 0.9810 0.7780 0.5810 0.9874 −0.7286 0.2419 0.9821
3150 7.441 0.9892 2.3392 0.4406 0.9803 −1.4205 0.1467 0.9938
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When the particle was a sphere, the ratio of the inner area
(RI) of the silica samples was calculated as the ratio between
the specific surface area and the geometric area.59
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where d is the median particle size measured by laser
diffraction, ρ is the bulk density, and Stol is the total area
calculated by the BET model.
Fourier transform infrared (FT-IR) spectra were collected in

the range of 4000−400 cm−1 with a resolution of 4 cm−1 and
64 scans on a Spectrum Two Spectrophotometer (PerkinElm-
er, U.K.) using KBr pellet technology.56

Contact angle measurements were performed using an
OCA20 contact angle analyzer (DataPhysics, Germany) and
automatically calculated by a sessile drop method at room
temperature. The sample was prepared either by compacting it
into a tablet at 353 MPa27 or dispersing it in n-hexane onto a
glass slide at 10 mg/mL.60 By powder particle compaction or
evaporation of n-hexane, a relatively dense membrane of silica
was preserved. For hydrophilic samples, 2 μL of deionized
water was used as the detection liquid for the contact angle
measurement, while for hydrophobic samples, 10 μL of
deionized water was used.61

The transparency of silica samples was measured using a
UV-2600 UV−vis spectrophotometer (Shimadzu, Japan) at a
wavelength range from 200 to 800 nm.62 Before measurement,
the silica substrate was dispersed in n-hexane at a
concentration of 10 mg/mL, and a silica membrane was
formed and dispersed on the surface of a colorimetric dish
when n-hexane was volatilized.
X-ray diffraction data were collected using an X-ray Oxford

diffraction instrument XTaLAB Synergy-R diffractometer
(Rigaku, Japan) equipped with a CCD detector, using Cu
Kα radiation.63

4.3. Extraction and GC/MS Analysis of Essential Oil.
Mosla chinensi essential oil (with low density < 1.0 g/mL) was
extracted by water hydrodistillation using a Clevenger
apparatus.64 The dried herb was placed in distilled water
(ratio w/v = 1/8) and extracted at 3 h. The chemical
composition of essential oil was determined by gas
chromatography and mass spectrometry (GC-MS, Agilent
5975). National Institute of Standards and Technology
(NIST) v17 (Department of Commerce, Washington) as a
standard library was utilized to analyze the ingredients of
essential oil. The extracted oil was dissolved in HPLC grade
methanol prior to the injection with a concentration of 10 μL/
mL. In each analysis, about 1.0 μL of a diluted sample was
injected into the GC/MS system equipped with a mass
selective detector. The operating conditions were the
following: a capillary column Agilent 123-1334 DB-624 (30
m × 320 μm × 1.8 μm); helium as a carrier gas: 1.0 mL/min;
injector temperature: 250 °C; capillary column temperature
programmed at 50 °C isothermals for 5 min, then increased to
80 °C at a rate of 1 °C/min and held isothermal for 2 min,
increased to 150 °C at a rate of 5 °C/min isothermal for 2 min,
and finally increased to 220 °C at a rate of 10 °C/min; split
ratio: 1:50; ion source temperature: 230 °C; and mass scan
range: 29−650 mass unit.
4.4. Emulsion Preparation and Characterization.

Based on the results of preliminary experiments, the
formulation of the emulsion was optimized. The emulsion

comprised 50% oil phase and 50% aqueous phase. The oil
phase was a solution of camellia oil and essential oil prepared
in a volume ratio of 90:10. The mass fraction of silica added to
the emulsion was fixed at 0.5% of the emulsion (m/v). The
emulsion was emulsified using an FA 25 disperser (Fluko,
Germany) operating at 13 000 rpm for 5 min in an ice bath.65

The volume of the emulsions produced was 20 mL.
The Sauter surface-weighted mean diameter (D[3,2]) of

droplets was determined by laser diffraction of a Mastersizer
2000 (Malvern, U.K.) with a Hydro 2000 MU dispersion
unit.66

Rheological measurements of emulsions were performed
with an MCR 101 Rheometer (Anton Paar, Austria) under the
condition of 25 °C. The apparent viscosities of freshly
prepared emulsions were monitored throughout from 0.1 to
100 1/s.67

Encapsulation efficiency was determined according to a
published method.68 The amount of essential oil in the
emulsions was determined using a UV-2600 UV−vis
spectrophotometer (Shimadzu, Japan) at a wavelength of
277 nm, and the release percent of essential oil from the
emulsion was calculated using predetermined linear calibration
curves (absorbance = 0.0147 × concentration (μg/mL) −
0.0292, R2 = 0.9992).
Optical microscopy was used to analyze the microstructure

of emulsion droplets. The morphology of emulsion droplets
was observed using a DS-Fi2 microscope equipped with NIS
Elements Imaging software Version 4.60 (Nikon, Japan).
Approximately 20 μL of the diluted emulsion was placed on a
glass slide, covered with a cover glass, and then placed on the
microscope to observe the morphology under a suitable
magnification.69

4.5. Release Measurement and Determination of
Effective Diffusivity. The release mechanism of the loaded
essential oil from the emulsion was evaluated based on the
change in concentration as a function of time during dialysis of
emulsion with excess solvent.70 Briefly, 1 mL of each emulsion
was transferred into a cellulose dialysis bag (11.5 mm × 80.0
mm), and the bag was suspended in 500 mL of a 20% (v/v)
ethanol solution and then placed in a 37 °C water bath with
magnetic stirring at 200 rpm. Release behavior was monitored
by collecting 3 mL of dialysate at regular time intervals and
replaced with an equal volume of a fresh 20% (v/v) ethanol
solution. The release of essential oil was determined at 277 nm
using a UV−vis spectrometer as described before. Finally, the
release profiles of essential oil in emulsions were obtained by
plotting the cumulative release as a function of time.
The release characteristics of essential oil with emulsion

droplets could be considered the diffusion of the active
ingredient from the oil core toward the interface. Therefore,
Fick’s second law of diffusion was used to clarify the
experimental release data. In this model, the dependent
parameter was the fraction of the cumulative amount of
essential oil (Mt), which related the concentration gradient in
real time to both initial and equilibrium concentrations.71
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where Deff is the effective diffusivity, t is the release time, and x
is the spatial dimension.
When the internal oil core ingredient diffusion was assumed

to be the main control mechanism, and the diffusion occurred
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in one dimension within an infinite plate, the mathematical
equation could be approximately simplified as follows
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Or its linear form in logarithmic transformation as follows
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where M0 is the release at infinite time, equal to the amount of
essential oil encapsulated in the emulsion droplets, and r is the
equivalent radius of emulsion droplets measured by laser
diffraction.
4.6. Mathematical Modeling of the Release Curves.

Several commonly used release models, including zero-order,
first-order, Higuchi, Hixson−Crowell, Peppas, and Page
models, were selected to evaluate the best model representing
the release of essential oil in all emulsions. These models are
listed in Table 6. These models were extensively used in the

drug release of emulsions, inclusion complexes, microcapsules,
and other microparticle systems. Based on the release model,
the release mechanism of drugs could be elucidated, which
could guide the drug design and finally achieve the desired
release behavior. The fit quality and accuracy of the release
models were evaluated by the square of the correlation
coefficient (R2).72

4.7. Statistical Analysis. The data were presented as mean
values and standard deviations. Statistical analyses of differ-
ences between the values were determined via the analysis of
variance (ANOVA) procedure of the SPSS 26.0 program, and
P < 0.05 was considered to be statistically significant.
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