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ARTICLE INFO ABSTRACT

Keywords: The aim of this study was to understand how beeswax can be used to stabilize water-in-oil emulsions and
Pickering particles examine the impact of droplet volume fraction on emulsion stability. Pickering water-in-oil (W/O) emulsions
Oleogels were successfully designed using beeswax oleogels (4 wt%) as the sole stabilizer via a facile homogenization
2221‘;";’;%1(2 approach. The effects of beeswax crystals on the formation, stability, and structural organization of W/O
Emulsions emulsions (containing up to 70 % v/v water) were systematically investigated. Oleogelation reduced the

SEM interfacial tension between oil and water from 21 + 1 mN/m to 14 + 1 mN/m, enabling beeswax crystals to
stabilize emulsions without the need for any synthetic surfactant. X-ray diffraction analysis revealed that
beeswax crystals in oleogels exhibited a stable p° polymorph with orthorhombic packing, maintaining a reduced
long-chain spacing from 7.8 nm in pure beeswax to 6.3 nm, which contributed to the stabilization of Pickering
W/0 emulsions. The emulsions ranged in size (D32) from 8 to 16 pm depending upon the droplet volume fraction
and showed no significant change over storage period of 6 weeks. Microscopic observations of the interface
demonstrated that emulsion stability was achieved through the synergistic effects of both the Pickering stabi-
lization and bulk network stabilization. This dual stabilization mechanism was further confirmed by thermal
cycling experiments and in situ crystallization analysis at the interface as well as rheological measurements
showing gel formation at higher volume fractions of droplets. Overall, these findings highlight the potential of
beeswax to stabilize W/O emulsions for applications in food and allied soft matter industries.

1. Introduction

Pickering emulsions, in which droplets are covered by a layer of solid
particles, have attracted a great deal of attention due to their enhanced
stability and potential applications in food, pharmaceuticals, lipid-based
active ingredient delivery, and personal care formulations (Cheng et al.,
2024; Sarkar and Dickinson, 2020; Sarkar et al., 2019; Tenorio-Garcia,
Araiza-Calahorra, Rappolt, Simone and Sarkar, 2023). In these systems,
Pickering particles are irreversibly adsorbed at the liquid-liquid inter-
face, forming an effective steric and often electrostatic barrier that
prevents coalescence, and macroscopic phase separation (Koroleva and
Yurtov, 2022). While some functional particles inherently exhibit the
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interfacial properties required for stabilizing Pickering water-in-oil
(W/0) emulsions, others may have a strong affinity for either the oil
or water phase, resulting in limited interfacial adsorption and reduced
emulsion stability (Kim et al., 2025). Traditionally, oil-soluble surfac-
tants such as polyglycerol polyricinoleate (PGPR), Span80, glycerol
monooleate, and some nanoparticles such as hydrophobic silica (SiOy),
titania (TiO,), and carbon nanotubes (CNTs) with static water contact
angles above 90° have been used to stabilize W/O emulsions (Hong
et al., 2023). However, concerns over their environmental impacts and
sustainability have driven the search for naturally derived, food-grade
particles with interfacial stabilizing properties.

Recent investigations have identified oleogels prepared using
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naturally sourced organic crystals such as cocoa butter fat, shellac,
p-sitosterol and y-oryzanol as a promising candidate for the preparation
of stable W/O emulsions (Huang et al., 2023; Septiyanti et al., 2021;
Tenorio-Garcia et al., 2023). Oleogels, are semi-solid systems in which
the liquid oil is trapped by oleogelators to form a self-supporting
structure, which can then provide a network to effectively stabilize
water droplets (Zhang et al., 2023). Oleogelators can be either high- or
low-molecular-weight compounds, among which waxes are promising
alternatives thanks to their availability, renewability, biocompatibility,
and inherent hydrophobic properties (Merchan Sandoval, Carelli, Palla
and Baumler, 2020). Oleogel-based emulsions generally function by
modifying the bulk rheological properties of the oil phase, forming a
viscoelastic gel network that helps to maintain water droplet dispersion
(Tenorio-Garcia et al., 2023). Among them, beeswax (BW) has been
particularly recognized as a promising oleogelator due to its complex
crystalline structure and GRAS status, making it widely applicable in
food and pharmaceutical emulsions (Schaeffer et al., 2024). Previous
research has shown that beeswax can significantly alter the viscoelastic
properties of oleogels, contributing to overall emulsion stability through
bulk structuring effects (Penagos et al., 2023). However, these studies
have not systematically investigated whether beeswax crystals can also
function as Pickering stabilizers at the oil-water interface.

Several recent studies have reported the formation of W/0 emulsions
by dispersing water in pre-formed oleogels, stabilizing droplets without
additional surfactants (Du et al., 2025; Tenorio-Garcia et al., 2023). In
some cases, wax crystals have been observed at the oil-water interface,
hinting at a possible Pickering stabilization mechanism (Du et al., 2025).
Notably, previous studies using plant-derived waxes (e.g., shellac wax,
phytosterol crystal) have suggested that the presence of interfacial
active crystals may contribute to emulsion stability (Song et al., 2025).
However, these studies either did not explicitly analyze the Pickering
stabilization mechanism or relied on indirect evidence, leaving the
fundamental stabilization mechanism largely unresolved. Additionally,
most existing work has relied on thermal melting methods, where waxes
are first dissolved at high temperatures before emulsification. While
effective, these methods pose several challenges: (i) high energy con-
sumption, (ii) potential degradation of heat-sensitive compounds, and
(iii) limited control over crystallization kinetics during cooling, which
may affect emulsion stability (Jia and Zhang, 2024).

Motivated by these gaps, here we trial a room-temperature approach
to construct stable W/O emulsion with high water content stabilized
solely by beeswax crystals. Systematic tests, including multiscale
microstructural observation, X-Ray diffraction, in situ crystallization
analysis at the interface, and particle size analysis were carried out. We
aimed to examine the behavior of beeswax crystals and to explain the
stabilization mechanism of this surfactant-free emulsion. The findings
provide new insights into the physicochemical basis of beeswax-
stabilized emulsions, offering a sustainable alternative to conventional
surfactants and expanding the application of natural wax-based emul-
sifiers in food, personal care, and other soft material formulations.

2. Materials and methods
2.1. Materials

Refined beeswax (BW) was purchased from Aromantic.co.uk. The
main components have been reported to be linear monoesters and hy-
droxy monoesters, 35-45 %; complex esters, diesters, and triesters,
15-27 %; odd-numbered straight-chain hydrocarbons, 15 %; free fatty
acids, 12-14 %; and free fatty alcohols, 1 % (Tulloch, 1971). Corn oil
(CO) was obtained from KTC Edibles Ltd (UK). Nile blue and Nile red
dyes were bought from Sigma Aldrich (St. Louis, MO, USA).

2.2. Preparation of oleogels

Oleogels were prepared using a combination of BW and CO by
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subjecting the mixture to a controlled crystallization process. First, 2, 4,
and 6 wt% BW was mixed with CO at 80 °C using a stirrer on a hot plate
for at least 30 min to ensure all the wax crystals were melted and soluble
in the oil (Sarkisyan et al., 2023). Subsequently, the mixture was added
to a jacketed vessel connected to a Huber Ministat 230 thermostat
(Germany) to ensure crystallization at a controlled temperature. The
jacket temperature was reduced from 75 to 25 at 2 °C/min cooling rate
and maintained at 25 °C for 4 h. During the crystallization process, the
samples were continuously sheared at 200 rpm using an overhead
electric stirrer while the temperature was continuously monitored using
a PT-100 temperature sensor inside the vessel. Light absorbance and
transmittance were measured by a Control 4000 turbidimeter device
(Optek, Germany) equipped with an ASD12-N absorption probe. The
oleogels obtained in vessel were maintained at 25 °C before emulsion
preparation. The resulting oleogels were named BW2, BW4, and BW6
containing 2, 4 and 6 wt% beeswax in the final samples.

2.3. X-ray diffraction (XRD)

Crystal structures were analyzed by X-ray diffraction (XRD), using a
Bruker D8 diffractometer with monochromatic Cu Ka radiation (26
range 2°-70°, step size = 0.03°). Measurements were performed for BW,
CO, and oleogels containing different concentrations of beeswax,
namely 5, 10, 20, 40, 60 and 80 wt%. The XRD data for BW was also
captured during heating and cooling cycles between 25 °C and 80 °C.
Temperature was increased/decreased in 5 °C steps and samples were
held for 5 min at every temperature to ensure stabilization.

2.4. Interfacial tension and wettability measurements

Interfacial tensions of corn oil and oleogels were determined based
on the optical pendant drop technique using a tensiometer setup (Theta,
Biolin Scientific) in shadow-graphy mode. Oleogels of 0.5 wt% BW were
tested as higher concentrations reduced the transparency and increased
the viscosity of the solutions with adverse impacts on the reliability of
the optical measurements. The wettabiliity of the oleogels was evaluated
by water contact angle measurements. Static contact angle measure-
ments were performed at 20 °C using a customized drop-shape tensi-
ometer fitted with a tube microscope lens and DSLR Nikon camera.
Oleogels containing varying concentrations of beeswax (2, 4, 6, 8, 10,
20, 40, 60, and 80 wt%) were melted and subsequently coated onto glass
slides, where they were cooled to form smooth surfaces. Static contact
angles were measured using the sessile drop method. Water droplets (3
pL) were produced using a straight needle of 0.52 mm outer diameter
and 0.26 mm internal diameter onto the surface of the solidified oleogel.
The droplet contour was fitted using the drop shape analyzer plugin of
ImageJ software, and the contact angles between the oleogel and the
water droplet were measured by averaging the right and left contact
angles.

2.5. Preparation of W/O emulsions

The emulsions were prepared by mixing BW oleogels (BW4, 4 wt%
beeswax in the corn oil) and the Milli Q water (10-70 % v/v), followed
by homogenization with a high-speed blender (Ultra-Turrax S25N-18G,
IKA, Staufen) at 12,000 rpm for 300 s. After the preparation, all samples
were stored at 25 °C.

2.6. Microstructure of oleogels and W/O emulsions

Cryogenic Scanning Electron Microscopy (Cryo-SEM): A Helios
G4 CX DualBean scanning electron microscope (FEI, USA) coupled with
a PP3010T Cryo-FIG/SEM preparation system (Quorum Technologies,
UK) was used to obtain morphology of the oleogel (BW4), and W/O
emulsions (20-60 % v/v water). The sample was placed into a prechilled
rivet holder and rapidly frozen using liquid nitrogen. Subsequently, the
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sample was positioned in the sample preparation chamber, maintained
at a temperature of —145 °C in a vacuum environment with a pressure of
less than 10~ mbar. It was then cleaved using a chilled, sharp blade and
subjected to sublimation at —90 °C. Finally, the sample was re-cooled to
—145 °C, coated with iridium via sputtering at a current of 10 mA for 30
s and moved into the microscope chamber. The imaging process was
conducted at an accelerating voltage of 2 kV and a beam current of 0.10
nA.

Cross-polarized Light Microscopy (PLM): Cross-polarized imaging
was performed using an Olympus BX53M optical microscope (OM)
equipped with a Peltier device (Linkham PE120) for temperature con-
trol. A 20X long-working distance (Olympus LMPLFLN 20X) and a dig-
ital CMOS camera (Basler ace acA2040-90uc) were used for imaging.
The sample temperature was varied from 25 °C to 70 °C during heating
and cooling cycles at a rate of 1 °C per minute. Images were captured
every 20 s to record the changes in the sample during the heating and
cooling cycles. To visualize the location of wax crystals in a simple oil-
water system, water and oil droplets were placed adjacent to each
other on the stage at 70 °C and covered with a cover slip to form an
interface.

Confocal Laser Scanning Microscopy (CLSM): The microstructure
of the emulsions was characterized using a Zeiss LSM 880 inverted mi-
croscope (Carl Zeiss Microlmaging GmbH, Jena, Germany). The dye
solution consisted of Nile Red (diluted to 0.1 mg/mL in dimethyl sulf-
oxide) and Nile Blue (diluted to 0.1 mg/mL in Milli Q water). Before the
test, 20 pL dye solution was mixed with 1 mL emulsion (Tenorio-Garcia
et al., 2023). The stained emulsions were then transferred to a concave
well of confocal microscope slides, covered with a glass slide, and
allowed to settle for about 10 min before being examined under the
microscope. Image acquisition was performed through an oil immersion
63x objective, with the pinhole adjusted to 1 Air Unit to minimize light
scattering. For fluorescence excitation, a wavelength of 488 nm was set
for Nile Red, and 625 nm for Nile blue.

2.7. Droplet size distribution

A Malvern MasterSizer 3000 (Malvern Instruments Ltd, Malvern,
Worcestershire, UK) equipped with Hydro SM was used to measure the
droplet size distribution of the emulsions. The relative refractive index
of the oil phase and droplet was set as 1.456 and 1.330, respectively. The
droplet size was collected as Sauter-average diameter (Ds3).

TliDl?’

D3y =—2= 1
2= ®

where n; represented the count of droplets with diameter D;.

2.8. Rheological measurement

The rheological properties of the samples were analyzed using an
Anton Paar MCR 302 rheometer (Anton Paar Ltd., Austria) equipped
with a temperature control unit and a stainless-steel parallel plate (50
mm diameter). The test gap was set to 1000 pm. The steady shear vis-
cosity of the emulsions was measured over a shear rate range of
0.1-1000 s~ . The linear viscoelastic region (LVR) was determined
through a strain sweep (0.01-1000 %) at 25 °C and 1 Hz. A frequency
sweep was conducted from 0.1 to 100 Hz at a strain of 0.02 % (within the
LVR), and the evolution of G’ and G” was recorded as a function of fre-
quency. All the test was conducted at 25 °C.

2.9. Statistics

All experimental results are presented by the mean and standard
deviation of at least three measurements on triplicate samples (n = 3 x
3). Origin Pro 2021 was used to analyze the test data and draw the plots.
SPSS 20.0 was applied to analyze the variance (ANOVA) of data with a
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significant level of p < 0.05.
3. Results and discussion
3.1. Properties of beeswax-based oleogels

The oleogel is the critical building block of a stable emulsion,
therefore, it is essential to examine the properties of the beeswax (BW)
crystals and the corresponding oleogels formed at various beeswax
concentrations. The apparent transparency of the oleogel solutions
gradually decreased with increasing beeswax content, as shown in
Fig. 1A. At a BW concentration of 4 wt%, the oleogel displayed a self-
supporting structure, forming a semi-solid gel. In a broader context,
the formation and structural organization of crystals in oleogels are
significantly influenced by both the crystallization process and the BW
concentration (Han et al., 2022). Thus, temperature was controlled and
maintained the same avoiding any effect from thermal fluctuations.
Fig. S1 illustrates the real time the crystallization process of oleogels
containing 2, 4, and 6 wt% BW. Changes in light transmittance and
absorbance values were used to detect the onset of crystals formation in
the oil mixture. A sudden decrease in transmittance and the sharp in-
crease in absorbance indicated the initiation of crystallization at the
crystallization temperature (T.) (Metilli et al., 2021; Tenorio-Garcia
et al., 2023). As shown in Fig. SIA-C, BW6 exhibited the highest T,
(47.50 + 0.44 °C), followed by BW4 (45.2 + 0.11 °C) and BW2 (42.62
+ 0.39 °C), demonstrating that the T, increased proportionally with BW
concentration.The higher beeswax concentration provided additional
nucleation sites, facilitating earlier crystallization. Consequently, the
shear viscosity also increased with BW content due to the formation of a
denser crystal network, leading to greater resistance to flow (Fig. S2).

Based on the gel-like texture (Fig. 1A) and results of the preliminary
storage experiments (Fig. S3), the oleogel with 4 wt% beeswax (BW4)
was selected for emulsion formulation due to its potential future in-
dustrial applications (Han et al., 2022). Fig. 1B and C depicted the
crystal morphology of BW4 with PLM and cryo-SEM. In the PLM images,
BW4 exhibited tightly packed needle-shaped crystals, which provided a
robust physical network for structuring the liquid oil (Tavernier et al.,
2017). This observation was further supported by the cryo-SEM image in
Fig. 1C, which also revealed a needle-like crystal morphology (showed
by the yellow arrows) capable of effectively trapping the oil phase.

Crystal structure of beeswax and oleogels. XRD was utilized to
examine the structure of pure BW crystals and those within the oleogels.
Fig. 2 and S4 show the diffraction patterns for BW100 and examples of
oleogels at varied concentrations of BW. Small-angle diffraction peaks
for BW100 presented in Fig. 2A show the long-spacing ordering of the
crystals formed of long carbon chains, mainly attributed to the diesters
and fatty acids in the wax (Gaillard et al., 2011). Further analysis of the
small-angle peaks showed a reduction in the long chain spacing from
7.8 nm for BW100 to 6.3 nm for BW crystals in the oleogels (Fig. S5).
These observed long-spacing values and respective chain tilt values of
0° and 36°, respectively, agree well with the reported stacking ar-
rangements of diesters in beeswax. The average wax ester was estimated
to be of approximately 60 carbon chain length in line with the previ-
ously reported values of C56-C64 for BW diesters (Schoening, 1980;
Tulloch, 1971).

Fig. 2B demonstrates the wide-angle region, where two strong
diffraction peaks are observable at q values 15.2 nm™* and 16.9 nm ™},
corresponding to lateral packing of wax molecules with spacings of 4.12
A and 3.71 A, respectively. These two peaks indicate the B’ polymorph
formed of orthorhombic packing of chains (Liu et al., 2019; Schoening,
1980). The scattering pattern of the corn oil exhibits only two broad
diffuse lobes, corresponding to the characteristic spacings of 4.6 A and
2.2 A, which confirms the fluid state of the corn oil. Note, the average
next nearest chain neighbour distance in the fluid state is about 4.6 A.
The main diffraction peaks of BW crystals were detectable in all oleogels
with the peak intensities increasing with the concentration of the BW,
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Fig. 1. (A) Images of beeswax oleogels (BWO: corn oil, BW2: 2 wt% beeswax in oleogel, BW4: 4 wt% beeswax in oleogel, BW6: 6 wt% beeswax in oleogel) in upside
down vials showing the transparency and flowability of the solution. (B) Cross-polarized light micrograph and (C) cryo-scanning electron microscopy (cryo-SEM)
images of BW4 oleogels. Yellow arrows point to the location of the crystals. (For interpretation of the references to colour in this figure legend, the reader is referred

to the Web version of this article.)
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Fig. 2. X-ray diffraction (XRD) patterns of beeswax and oleogels containing different concentrations of beeswax (BWO: corn oil, BW5: 5 wt% beeswax in oleogel,
BW20: 20 wt% beeswax in oleogel, BW100: pure beeswax). (A) Small-angle region showing peaks associated with the longitudinal packing of long-chain diesters. (B)
Wide-angle region including two main peaks associated with the orthorhombic crystal structure of the B’ polymorph and a peak at smaller intensity attributed to the
triclinic structure of the p polymorph. Indexing of other wide-angle peaks is presented in Fig. S4.

while the peak positions remained constant; see Fig. S4 for more BW
concentrations. That is, the area per chain is with a value of 18.4 A?
conserved, when adding CO. We note, that the (110) and (200) re-
flections of the orthorhombic sub-cell reflects a four nearest neighbour
arrangement of chains (Small, 1984). The ' polymorph was maintained
up to the BW melting point at above 60 °C (Fig. S6). The relatively weak
peak at 13.7 nm~! corresponding to 4.6 A indicates the presence of a
smaller amount of the B polymorph crystals with a triclinic chain
packing structure. Further indexing of the wide-angle diffraction peaks
for BW crystals was performed following the structure reported by
Schoening (1980), see Fig. S4. XRD measurements at varied tempera-
tures showed that the f§ polymorph is formed of wax components with
relatively lower melting temperatures compared to the ’ polymorph
(Fig. S6) (Buchwald et al., 2008). This observation is in line with the two
main endothermic peaks observed in differential scanning calorimetry

(DSC) analysis of beeswax at temperatures 50-55 °C and 62-65 °C
(Buchwald et al., 2008).

3.2. Formation of the W/O emulsions

3.2.1. Microstructure of the emulsions

BW crystals were found to exhibit outstanding potential for fabri-
cating W/0O emulsions with high water content, however, their stabili-
zation mechanism has remained unresolved. Surfactant-free W/O
emulsions with 30 % v/v water were successfully prepared by high-
speed shearing at 25 °C, with microstructures shown in Fig. 3.

The droplets were fairly uniform in size and tightly packed with no
coalescence events observed. The majority of water droplets in Fig. 3A1
appear non-circular, which is often a characteristic of Pickering emul-
sions (Ming et al., 2023). The distribution and arrangement of BW
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Fig. 3. Brightfield (A1), cross-polarized (A2), laser confocal (B, B1: crystals in emulsion, B2: crystals and oil phase in emulsion. Yellow arrows point to the location
of the crystals in the bulk phase in the microscopy images of water-in-oil (W/0O) emulsions (30 % v/v water) stabilized by oleogel (4 wt% beeswax in oleogel). The
emulsions were fluorescently dyed with a blend of Nile Red and Nile Blue stains in B in order to differentiate the beeswax crystals from the bulk oil phase (corn oil),
where Nile Blue preferentially stains the surface of beeswax crystals (blue) whilst Nile Red stains the bulk oil (red). Beeswax crystals at the interface of emulsions
proved that the system was stabilized by Pickering crystals. Cryo-SEM image (C) of the 30 % v/v emulsion showing the bulk oil phase (C1), the emulsion (C2) and
interface of a droplet (C3). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

crystals within the emulsion defines the stabilization mechanism, play-
ing a crucial role in defining the final physical properties of the emul-
sion, which was initially examined using polarized light microscopy.
The wax crystals were clearly noticeable at the water-oil interface of
droplets under polarized light (Fig. 3A2), confirming their role in sta-
bilizing the oil-water interface (Ghosh et al., 2011). The 3D confocal
images in Fig. 3B further confirm the distribution of BW crystals at the
water-oil interface. The interfacial tension of 0.5 wt% BW oleogel with
water was measured to be 14 + 1 mN/m, significantly smaller than the
21 + 1 mN/m measured for the corn oil without any added wax
(Fig. S7). This measurement further confirms the Pickering role of the
wax crystals in reducing the overall energy of the W/0O emulsion for a
given number and size of water droplets (Dekker et al., 2023). Besides
BW crystals at the interface, the fluorescent signal from the BW crystal
particles was also captured in the continuous phase (arrows in Fig. 3B),
indicating that the water droplets were additionally immobilized in the
crystal network in the bulk (Chen et al., 2021). Similar behavior was
found in other systems, where wax crystallization on the droplet inter-
face provided stability against droplet coalescence while presence of
crystals within the continuous phase reduced inter-droplet collisions (Gu
et al., 2023). The dual role of BW crystals in stabilizing the W/O
emulsion was also confirmed by the cryo-SEM images in Fig. 3C. As
expected, a rough texture was found in the bulk phase, which has been
reported to be the BW crystals in oil (Enamul Hossain et al., 2009;
Wettlaufer et al., 2021). Interestingly, wax crystals are clearly detectable
on the surface of the droplets as shown in the magnified images
(Fig. 3C1) supporting the hypothesis of BW crystals acting as Pickering
particles (Fig. 3C3). Additionally, some components in beeswax, such as
free fatty acids and free fatty alcohols (e.g., oleic acid, stearic acid and
tetracosanol), act as co-emulsifiers, working together with wax ester
crystals to stabilize the interface (Shu et al., 2023; Zhang et al., 2021).

Above all, the crystal network in the bulk phase and the BW crystals
at the interface hindered the migration of water droplets and improved
the stability of water droplets within the continuous phase (Shi et al.,
2024). The combination of the two effects resulted in highly stable W/O
emulsions in line with those systems stabilized by paraffin wax (Chen
et al., 2021).

3.2.2. Thermal stability of the emulsions

To further confirm the role of BW in stabilizing the droplets versus
the bulk oil phase, crystallization and melting of BW crystals at the
interface were characterized in situ during heating and cooling cycles.
Fig. 4 shows the microstructure of the emulsions alongside XRD patterns
of BW at varied temperatures.

The melting point of BW has been reported to be in the range of
60-65 °C with onset of melting observed from above 45 °C (Buchwald
et al., 2008). During the heating process, the stabilizing BW crystals
melted gradually leading to the total phase separation of water and oil at
temperatures above 60 °C (Fig. 4A1-A3). Tracking the XRD peaks cor-
responding to the orthorhombic BW crystal structures in Fig. 4B clearly
shows that significant crystal loss is only observed when temperature is
raised above 50 °C, with no detectable peaks at temperatures above
60 °C. A significant number of water droplets were still detected at 60 °C
possibly stabilized by smaller-sized BW crystals as confirmed by the XRD
data in Fig. 4B. Heating the solution to 70 °C resulted in full melting of
the BW crystals and coalescence of water droplets, see Fig. 4C. Cooling
the mixture back to its original temperature resulted in crystal formation
in the bulk oil and at the remaining oil-water interface reaching the
maximum crystal content at temperatures below 40 °C as confirmed by
the XRD data, Fig. 4D.

Crystallization of the BW within the oleogel in the vicinity of oil-
water interface was further analyzed through in situ cross-polarized
analysis demonstrated in Fig. 5. The oleogel was brought into contact
with pure water at temperatures above the melting point of the BW to
ensure the wax solubility, see an example micrograph of the interface
between oleogel and water at 70 °C in Fig. 5A1 and A2. Upon cooling,
the dissolved BW crystallized in the bulk oil phase (Fig. 5B1 and B2) and
at the water interface at room temperature (Fig. 5C1 and C2) owing to
the adsorption of surface-active compounds in BW (Moghtadaei et al.,
2018). Location of the water-oil interface is depicted by arrows and
dashed line in the full frame and zoomed-in images, respectively. Based
on the above findings, we can confirm that the stabilization might be
described as a “dual” mechanism (Pickering stabilization + network
stabilization). Such in situ confirmation of crystallization of BW at the
interface is reported for the first time in this work.
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Fig. 4. Cross-polarized light micrographs (A: heating, C: cooling) and X-ray diffraction patterns (B: heating, D: cooling) of W/O emulsions (30 % v/v) during the
heating and cooling process. The microstructure of the emulsions showed the changes as a function of temperature cycle which involved heating from 25 °C to 80 °C
(A1: 25 °C, A2: 55 °C, A3: 60 °C) and cooling from 80 °C to 25 °C (C1: 25 °C, C2: 55 °C, C3: 60 °C). Stabilizing wax crystals were largely lost at temperature around
60 °C leading to droplet coalescence (A2 and A3). The XRD pattern shows a dramatic drop in the magnitude of the short-spacing peaks at 60 °C, while wax crystal
structure was fully lost at 65 °C. Upon cooling the sample, the wax re-crystallized in the bulk and the remaining oil-water interface.
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Fig. 5. Cross-polarized microscopy images of oleogel-water interface at different temperatures (A: 60 °C, B: 35 °C, C: 25 °C). Yellow arrows point to the location of
the interface in A1, B1 and C1. Upon cooling the sample, wax crystals form in the bulk and at the oil-water interface. Close-up views of the region identified by the red
dotted frame show the wax crystals in the bulk and at the interface highlighted by a dashed line during cooling (A2: 60 °C, B2: 35 °C, C2: 25 °C). (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

3.3. Effect of water content on emulsion properties emulsions that can be effectively stabilized solely by BW crystals. To this
end, emulsions with varying concentrations of water phase (10-70 % v/

3.3.1. Appearance and droplet size v) were successfully prepared through high-speed shearing, as shown
Having confirmed the emulsion stabilization mechanism, we next macroscopically in Fig. 6A. All emulsions had a homogeneous appear-
investigated the maximum volume fraction of water in the W/O ance upon preparation, except for those with 70 % v/v water content, as
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Fig. 6. Images of (A) the freshly prepared W/O emulsions containing different volume fractions of water (10-70 % v/v) showing kinetic stability. Droplet size
distribution (B) and mean droplet size (C) of the freshly prepared emulsions containing various volume fractions of water (10-70 % v/v) stabilized by the beeswax
crystals. Different lower-case letters in the bar plot in C indicate that the mean is statistically significant (p < 0.05). Mean and standard deviations are shown in C for

a minimum of three measurements on triplicate samples (n = 3 x 3).

can be observed in Fig. 6A. The gel-like structures most likely resulted
from the oleogelation of the continuous phase and the packing of the
water droplets (Qiu et al., 2024; Zhang et al., 2021).

Droplet size is a key indicator for evaluating the stability and
emulsification of the emulsions (Chondrou et al., 2024). Fig. 6B shows
the droplet size distributions as a function of water content in the
emulsion. Most droplet size distributions of W/O emulsions were
bimodal. The distributions were skewed distribution curve to the left.
Upon increasing the water content from 10 to 40 %, the mean droplet
diameter decreased. Further increase in the water content resulted in a
gradual shift in the distribution curve reflecting an increase in the
droplet diameter. This behavior may be attributed to the unabsorbed BW
crystals that aggregated in the bulk phase for relatively smaller water
content (Ogiitcii et al., 2015). At larger content, homogenization is ex-
pected to become more challenging resulting in higher packing of water
droplet and overall larger mean diameters (Hong et al., 2022). A similar
phenomenon was also observed by Gao et al. (2021) who reported that
smaller droplet size for emulsions containing 25 and 40 % (v/v) water
compared to those with 10 and 55 % (v/v) water content. Previous
studies reported a maximum 55 % (v/v) water content for emulsions
stabilized by beeswax-oleogel (Gao et al., 2021). The larger water con-
tent reported in our work is postulated to be attributed to the higher
input energy of the emulsification process used here in comparison to
the electromagnetic stirring proposed previously which did not provide
enough energy to overcome the interfacial energy barrier between the
two phases.

3.3.2. Microstructure of emulsions

CLSM images. The distribution of water droplets and BW crystals in
the emulsions of increasing water content was visualized using CLSM
(Fig. 7).

From the images in Fig. 7, we can observe that water droplets (in
black) were dispersed in the oil phase (in red), while the BW crystals (in

blue) were distributed at the interface and the bulk phase. It was
revealed that the crystals were dispersed within the continuous phase
and at the interface, stabilizing the emulsion by "wrapping" water
droplets in a crystalline network. By comparing images of different
volume fractions of water, it can be observed that droplets with regular
shapes were sparsely distributed in the continuous phase in emulsions
containing 20 % v/v water (Fig. 7A2). However, as the water content
reached 60 % v/v, the droplets became more densely packed with
relatively irregular shapes (Fig. 7C2). Such closely packed droplets are
typically found in Pickering emulsions of larger dispersed phase volume
(Lu et al., 2023; Zhao et al., 2019). Cryo-SEM analysis of the emulsions
revealed the detailed structures of the emulsions (Fig. S8). In all the
emulsions, the water droplets were encapsulated by the dense contin-
uous phase of oil. The presence of BW crystals on the surface of the
droplets suggested the formation of the Pickering emulsions (Fig. S8A),
with additional dendritic crystals structuring the bulk phase (Fig. S8A).
These observations provide additional support for the presence of a
synergic interaction between the Pickering effect and network stabili-
zation, which significantly enhances the emulsion stability.

3.3.3. Rheological properties

Fig. 8 presents the rheological properties of emulsions with varying
water contents. The observed trends in viscosity (Fig. 8A), viscoelastic
properties (Fig. 8B), and strain-dependent behavior (Fig. 8C) provide
insights into the stabilization mechanisms governing these systems.

Fig. 8A presents the viscosity-shear rate relationship of emulsions.
The emulsions exhibited shear-thinning behavior, where viscosity
decreased with an increasing shear rate, indicating a non-Newtonian
fluid characteristic. Higher water content resulted in increased viscos-
ity, suggesting a stronger internal structure under low shear rate. At low
water contents, the viscosity of the emulsions increased with higher
water content (10-50 % v/v) across the entire shear range. This
behavior was typical of systems where the gel network dominated
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Fig. 7. Laser confocal micrographs of freshly prepared W/O emulsions containing different volume fractions of water (A: 20; B: 40; C: 60 % v/v). Beeswax crystals (1,
blue) at the interface of freshly prepared W/O emulsions containing different volume fractions of water can be observed. The emulsions were fluorescently dyed with
a blend of Nile Red and Nile Blue stains (2, red and blue) in order to differentiate the beeswax crystals from the bulk oil phase (corn oil), where Nile Blue pref-
erentially stains the surface of beeswax crystals whilst Nile Red stains the bulk oil. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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Fig. 8. Rheological properties of emulsions stabilized by BW4 with varying water contents (10-70 % v/v). (A) Shear test: the apparent viscosity as a function of shear
rate. (B) Frequency sweep: storage modulus (G') and loss modulus (G") as a function of frequency. (C) Strain sweep: behavior of G’ and G".

(Wijarnprecha et al., 2021). On the other hand, a reduction in aqueous
droplet size also contributed to the increase of emulsions’ viscosity
(Zhang et al., 2021). However, when the water content exceeded 50 %,
shear thinning became particularly noticeable under high shear rates,
especially in high-water-content systems. This suggested that the drop-
lets moved along the shearing direction, indicating the dominance of the
Pickering stabilization mechanism. Across all formulations in Fig. 8B, G’
was higher than G”, demonstrating the dominance of elastic behavior,
characteristic of a gel-like structure (Han et al., 2024). As the water
content increased from 10 % to 70 %, G’ progressively increased, with
the 70 % water content emulsion exhibiting the highest G’ values over
the entire frequency range. This indicated that a higher water content

contributed to a stronger viscoelastic network, likely due to enhanced
droplet interactions and structuring within the continuous phase. It is
also proved that the water acted as active fillers in the system
(Wijarnprecha et al., 2019). The increasing trend suggested that the
emulsion stability was not solely dictated by the gel network of the oil
phase but also influenced by the distribution and interaction between
water droplets and the oil phase. Fig. 8C depicts the evolution of G’ and
G’’. All samples exhibited a linear viscoelastic region at low strains,
followed by a sharp decrease in G/, indicating structural yielding (Zhang
et al., 2023). The emulsion with 70 % water demonstrated the highest G’
value and highest yielded strain, confirming its superior structural
resistance (Zhang et al., 2022). In contrast, lower water content
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emulsions (10 %-40 %) exhibited lower moduli and yielded at lower
strains, suggesting weaker internal networks. The results indicated that
increasing the water content enhanced the structural integrity of the
emulsions, likely due to the increased interactions between water
droplets and the surrounding network. However, the role of the
continuous phase gel network in stabilizing the system might have
diminished at high water content, where Pickering-like stabilization
effects became more dominant.

3.4. Storage stability

We observed that after 6 weeks of storage, all emulsions remained
stable with no signs of coalescence and maintained their self-supporting
gel-like structures, further demonstrating the macroscopic stability of
the Pickering emulsions (Fig. 9A). The gel-like properties were largely
due to the crystals in the bulk phase (oleogel). Size of water droplets was
used as a quantitative indicator for evaluating the storage stability of
emulsions. After 6 weeks of storage, the droplet size within the emul-
sions with different water content showed no significant change
(Fig. 9B) (Geng et al., 2024). As can be seen from the right CLSM images
(Fig. 9C), no significant coalescence of droplets was visible after storage
for 6 weeks. Compared with the fresh images in Fig. 7, slight crystal
aggregation was observed after long term as previously reported for BW
particles by Jana and Martini (Jana and Martini, 2014). This, however,
did not impact on the overall stability of the emulsions.

4. Conclusions

In summary, this study demonstrated that beeswax can effectively
stabilize surfactant-free water-in-oil (W/0) emulsions through a com-
bination of Pickering and network formation stabilization mechanisms.
By simply mixing water and oleogels under high-speed shearing, we
successfully prepared emulsions with up to 70 % v/v water content at
less than 4 wt% of overall beeswax concentration without using any
additional surfactant. The p’ polymorph of beeswax, with its

(A)

10%

20% 50% 60%

70%
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orthorhombic chain packing, was maintained in oleogels and emulsions,
enhancing the stability of the Pickering water-in-oil emulsions. The
crystallization behavior and polymorph stability of beeswax contribute
significantly to the structural integrity of the emulsions. Optical mi-
croscopy analysis directly confirmed that beeswax crystals acted as
Pickering particles stabilizing the interface of water droplets while
providing structural stability to the oleogel. Beeswax crystals provided
interfacial stability up to temperatures close to their melting point.
Micron-sized droplets were characterized in all beeswax-stabilized
emulsions with up to 70 % water. The viscoelastic properties of emul-
sions with varying water content demonstrated the dominance of
beeswax-stabilized network enhancing emulsion structural integrity and
stability in addition to the Pickerings stabilization. Furthermore, the
emulsions displayed excellent storage stability, retaining similar droplet
sizes and microstructures over several weeks of storage. Overall, these
findings provide new insights into the stabilization mechanism of
beeswax in W/O emulsions and offer valuable guidance for developing
alternative surfactant-free emulsifiers. The water-in-oleogel systems
introduced here could be used in future formulations to encapsulate
hydrophilic and lipophilic nutrients for the formulation of drugs, cos-
metics, food and other soft matter applications.
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