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ABSTRACT: Emulsion systems that are independent of prepara-
tion conditions and time are ideal models for fundamental
emulsion research. However, special strategies are required to
form these emulsions, particularly with commonly used oils and
emulsifiers that have proven to be more difficult. In this study, an
efficient approach to preparing a low-energy emulsion with
outstanding stability is reported. This approach is derived from a
comprehensive study of the component composition in the residual
emulsified fractions in water-separation emulsions. The out-
standingly stable emulsion exhibits a highly stacked droplet
structure, which can restrict the droplet movement within the
disperse medium, accompanied by a stable oil—water interface

layer, which can hinder the molecular exchange between droplets and resist droplet destruction under extreme conditions, thereby
preventing the demulsification caused by sedimentation, coalescence, and Ostwald ripening. These peculiarities enable the emulsion
to remain stable over long periods and at elevated temperatures, even exhibiting a spontaneous tendency to recover to the emulsion
after centrifugal phase splitting. This approach lends itself to generalization in the context of multiple surfactants or oil phases, thus
establishing a foundation for the study of various emulsifiers and functional emulsions. Moreover, the low-energy-input preparation
can reduce energy consumption in the emulsion production, aligning with the principles of green development.

B INTRODUCTION

The stable dispersion of oil in aqueous media represents a
fundamental scientific problem that is of great consequence to
a number of processes,”” including drug delivery,” interfacial
catalysis,” and rheology modulation.” Due to the high internal
phase capacity and economical preparation, the oil—water
emulsions have attracted significant attention in a number of
important applications, such as pharmaceuticals,’ pesticides,”
chemicals,”® food,” and petroleum extraction.'”"" However, the
emulsion structure and properties are dependent on the
preparation conditions and placement time,'>"? which
presents a challenge in ensuring the repeatability of sample
observation and characterization. This has hindered funda-
mental scientific research on emulsions, including under-
standing the constitutive law and stabilization mechanism, and
has severely limited the development of emulsion applications.
Therefore, the development of highly stable emulsions by low-
energy preparation has emerged as a pivotal research focus.
Although the development of systems such as Pickering
emulsions stabilized by nanoparticles coexisting with surfac-
tants has led to breakthroughs in improving emulsion
stability,'"" these systems still have limitations in terms of
low-energy preparation.'”'” Nowadays, surfactant emulsions
are the preferred option for industrial applications. From the
perspective of preparation, surfactant small molecules are
capable of spontaneously dissolving and diffusing into the oil/
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water interface in oil—water systems, thereby eliminating the
need for additional energy consumption in the emulsification
process. Furthermore, surfactant emulsions with a high internal
phase content (¢ > 74%, i, high internal phase emulsion,
HIPE) can be applied without reverse rotation.'® Con-
sequently, the current research should focus on the high
stability of the surfactant emulsion, based on its low-energy
preparation and high internal phase content.

N-Hexadecane (the largest liquid alkane at room temper-
ature) is an important constituent of mineral oils and is also
frequently utilized in various studies of oil—water dispersion
systems.”” Beattie and Djerdjev employed hexadecane as a
model oil phase to study the stabilization mechanism of oil
droplets in water.”” Tcholakova et al. investigated the effect of
different surfactants on the stability of hexadecane/water
emulsion systems.21 Hence, hexadecane was selected as the
ideal oil phase in this work. Meanwhile, typical surfactants such
as sodium dodecyl sulfate (SDS) and dodecyl trimethylammo-
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Figure 1. (a) Macrographs of emulsions prepared with Visps(aq)/ Vhesadecane a8 1:2, 2:3, 1:1, 3:2, and 2:1, respectively (Viexadecane = 1.20 mL, Csps(ag) =
30 mmol/L). (b) Volumes of hexadecane and aqueous phase in the emulsified fractions of five samples (sample numbers @, @, ®, @, and ® refer to
emulsions prepared with Vipg(aq)/ Vhexadecane @8 1:2, 2:3, 1:1, 3:2, and 2:1, respectively). (c) SDS concentrations in the emulsified fractions and
aqueous fractions of five samples (sample numbers @, @, ®, @, and ® refer to emulsions prepared with Visps(aq)/ Vhesadecane 38 1:2, 2:3, 1:1, 3:2, and
2:1, respectively). (d) Macroscopic state of the emulsified fraction was isolated and observed. (e) Stable emulsion was produced by configuring the
emulsion according to the analyzed stoichiometric ratios. (f) Micrographs of the produced emulsion by CLSM.

nium chloride (DTAC) were chosen as emulsifiers. The low-
energy preparation was conducted using magnetic stirring at
1000 rpm, in comparison to high-energy preparations of O/W
emulsions with other emulsifiers, such as ultrasonic (240 W),
high-speed stirring (>10,000 rpm),”* or the high-pressure
homogenizing (30 MPa)** (a detailed comparison is shown in
Table S1). In order to ascertain the emulsion stability, both the
macro- and microscale retentions were considered the defining
criteria. In addition to the aging test, the stability of emulsions
was also analyzed under extreme conditions, including heating
and centrifugation.

Here, a general approach to constructing outstandingly
stable surfactant emulsions by low-energy preparation is
investigated. The emulsions are constituted solely of oil,
water, and a minor concentration of surfactant. Various
surfactant emulsions were fabricated and studied by visual
observation, component analysis, and microstructural charac-
terization. The stability mechanism of emulsions was explored
by analyzing the deformation and motion behaviors of

emulsion droplets under different conditions, utilizing a
combination of staining processing, transmission electron
microscopy, and heat stage microscopy.

B EXPERIMENTAL SECTION

Materials. The sodium dodecyl sulfate (SDS) (99%, AR) was
purchased from Aladdin. The hexadecane (99%, AR), decane (98%,
AR), and sodium laurate (98%, AR) were purchased from Energy
Chemical. The diethylbenzene (98%, RG) was purchased from
Adamas. The ethyl caprate (99%, AR) was purchased from C. The
mineral oil (CP) was purchased from Shanghai Yuanye Biotechnol-
ogy. The dodecyl trimethylammonium chloride (99%, LR) and
primary alcohol ethoxylate 7 (LR) were products from Shanghai Dibai
Biotechnology. The Oil Red O (biological stain) was purchased from
Beijing Xinxiyuan Biotechnology. The Nile Red (98%, LC) was
purchased from Beijing Konoscience Technology. Aqueous solutions
were prepared using Milli-Q water of ~18.3 MQ-cm.

Emulsion Preparation. Precalculated surfactant powder was
weighed and then dissolved in Milli-Q water at room temperature.
Following this, oil was added to the surfactant aqueous solution with
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precalculated volumes, resulting in a biphasic liquid with water—oil
stratification. Emulsification of the biphasic liquid was performed at
room temperature at 1000 rpm (S gear) for 30 min using a magnetic
stirrer (C-MAG HS7, IKA, Germany). All of the emulsions were
stored at room temperature before further characterization.

Emulsion Analysis. The volume of water in the emulsion part was
calculated as the added water volume minus the dropout water
volume. The volume of oil in the emulsion part was the volume of
added oil by default. The surfactant amount in the emulsion part was
calculated as the added surfactant amount minus the surfactant
amount in the dropout water, while the surfactant amount in the
dropout water was measured by a two-phase titration method.”® The
surfactant aqueous solutions with concentrations of 0.1, 0.5, 1, 1.5,
and 2 mmol/L were first measured to draw a standard curve. Ten
milliliters of the surfactant aqueous solution and 5 mL of
trichloromethane were mixed. Then, a small amount of Dimidium
Bromide-Acid blue mixed indicator was added, making the organic
layer pink. Benzylonium chloride standard solution (0.004009 mol/L)
was used to titrate the surfactant solution. When the organic layer
changed from pink to blue, the titration ended, and the volume of the
used standard solution was recorded. With the dropout water diluted
and titrated, the surfactant concentration in the dropout water was
calculated according to the standard curve.

Emulsion Characterizations. The appearance of emulsions was
observed by a digital camera. The microscopic structure of the
emulsions was observed by optical microscopy (OM) and confocal
laser scan microscopy (CLSM). In the OM measurements, the
emulsion sample was put on a glass plate with a cover glass and
observed by optical microscopy (BXS1, Olympus, Japan). The digital
video was transferred to a computer through a video capture board
and was recorded into JPG images using the software. In the CLSM
measurements, the oil phase was stained with Nile Red (red
fluorescent). A drop (about 10 uL) of the stained emulsion sample
was sealed between two slides, ready for CLSM observation. A TCS-
sp inverted confocal laser scanning microscope (Leica, Germany) was
used to conduct experiments in the florescence and differential
interference contrast (DIC) modes. Laser scanning confocal images
were performed on a Nikon A1R Si microscope. The droplet size of
emulsions was measured using a Mastersizer (Malven Instruments
Ltd., Malvern, U.K.). In order to ensure that the optical density during
the measurement process is between 10 and 20%, the 0.5 mL
emulsion sample was added to 800 mL of deionized water; after being
diluted homogeneously, the droplet size distribution was measured,
and then the average droplet size and uniformity were calculated.

Emulsion Stability. The emulsion stability was evaluated by
different tests. An aging test was performed by storing the emulsion in
a biochemical incubator (SPX-263, Ningbo Jiangnan Instrument
Factory, China) at a constant temperature of 25 °C for up to 12
months. High-temperature test was evaluated at 50 °C and 90 °C
within an electric thermostatic dryer (DH-202, Tianjin Zhonghuan
Furnace Corp, China) for 12 h. The resistance to centrifugal force was
tested by centrifugation at 8000 rpm for 10 min using a centrifuge
tube (MG1650, Merrick Instruments (Shanghai) Co. Ltd.,, China),
and repeating the cycles 3 times and prolonging the time to 30 min.

Droplet Behavior Observation with Staining Processing. In
comparison with unstained emulsions, the stained emulsions were
prepared with the oil phase stained by Oil Red O. The stained and
unstained emulsions were contacted without any disturbance for
observing the droplet behaviors macroscopically. The stained and
unstained emulsions were mixed by stirring for observing the droplet
behaviors microscopically.

Droplet Position Observation under Heating Conditions.
The emulsion droplet position under heating conditions was observed
using a polar microscope with a heat stage (LV100N, Nikon, Japan).
With the heat stage temperature set as 90 °C, the emulsion sample on
a glass plate through a cover glass was placed and sealed in the heat
stage. The droplet position was observed and recorded at the original
state for 30 and 60 min. The droplet movement was analyzed
according to the position variation.

TEM Observation. The structure of upper gelatinoid and bottom
water split instantly after centrifugation was examined utilizing
transmission electron microscopy (TEM) (FEI Tecnai G2 T20, 120
kV, together with energy-dispersive spectroscopy measurement). The
samples were deposited onto copper grids of 230 mesh that were
coated with Formvar film, and any additional liquid was wiped away
using filter paper. The samples were left to dry at room temperature in
preparation for TEM analysis.

B RESULTS AND DISCUSSION

Construction of the Low-Energy Prepared Outstand-
ingly Stable Emulsion (LEPOSE). With the fixed hexadecane
volume (Viexadecane) being 1.20 mL and the volume ratios of the
SDS aqueous solution (Cgpg(,q) as 30 mmol/L) to hexadecane
(Vieps(aq)/ Viesadecane) a8 1:2, 2:3, 1:1, 3:2, 2:1, the 0.6 08, 1.2,
1.8, and 2.4 mL of SDS aqueous solution were added in five
samples, respectively, and then the five samples were
emulsified using low-energy magnetic stirring at 1000 rpm
for 30 min. During the placement process at 25 °C, these
prepared emulsions underwent rapid aqueous phase separa-
tion, yielding an aqueous fraction and an emulsified fraction.
After a certain period of time, the volumes of the two fractions
remained constant (Figure la).

Then, the composition analysis was conducted on these five
samples, and the volumes of hexadecane and aqueous phase
contained within the emulsified fractions of five samples were
measured and are shown in Figure 1b, while the SDS
concentrations (Cgpg) in emulsified fractions and aqueous
fractions of five samples were measured and shown are in
Figure 1c. It is worth noting that Cgpg in the emulsified fraction
refers to the ratio of the SDS amount in the emulsified fraction
to the volume of the aqueous phase in the emulsified fraction.
As evidenced by the analyzed results, the component ratios in
five emulsified fractions demonstrated consistency, where the
Csps was found to be approximately 32 mmol/L and the
Viqueousphase/ Vhexadecane Was found to be approximately 0.29.
Subsequently, the macroscopic state of the emulsified fraction
was isolated for observation, and it exhibited a stable
macroscopic state (Figure 1d). This indicates that the
emulsified fraction obtained from the water-separation
emulsions is a highly stable emulsion.

Ingeniously, through configuring the hexadecane and SDS
aqueous solution in accordance with the above-analyzed
stoichiometric ratios, as illustrated in Figure le, with Vi qecanc
as 1.2 mL, Vgpg(,q) s 0.35 mL, and Cgpg(aq) as 32 mmol/L, a
stable emulsion that did not separate oil or water was produced
by low-energy magnetic stirring at 1000 rpm for 30 min. This
finding underscores the correlation between the highly stable
emulsion and water-separation emulsions. Furthermore, within
the error ranges of the preparation conditions, the stable
emulsion could be successfully prepared, with the macroscopic
and microscopic morphology of the emulsion remaining
relatively stable (Table S2), which allows for a certain margin
of error in practical experimental operation.

The microstructure of the emulsion was revealed by confocal
laser microscopy (CLSM). The emulsion was stained in the oil
phase with Nile Red (red fluorescent). A large number of oil
droplets in red fluorescence were observed, indicating an O/W
structure of the emulsion (Figure 1f). With the critical micelle
concentration (cmc) of the SDS as 8 mmol/L,* the SDS
concentration in the emulsion is 4 cmc. With the interfacial
tension between hexadecane and pure water at 37.5 mN/m,
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Figure 2. (a) Macrographs of the emulsion after different storage times (freshly prepared, 6 months, and 12 months). (b) Micrographs of the
emulsion after different storage times (freshly prepared, 6 months, and 12 months). (c) Droplet size distribution of the emulsion after different
storage times (freshly prepared, 6 months, and 12 months). (d) Trends of the average droplet diameter and the uniformity of the emulsion with
storage time. (e) Macrographs of emulsion after placing at 25, 50, and 90 °C for 12 h. (f) Micrographs of emulsion after placing at 25, 50, and 90
°C for 12 h. (g) Droplet size distribution of emulsion after placing at 25, 50, and 90 °C for 12 h. (h) Trends of the average droplet diameter and the
uniformity of emulsion with temperature. (i) Macrographs of the emulsion: original, instantly centrifuged, standing 2 h, standing 6 h (centrifugation
at 8000 rpm for 10 min). (j) Micrographs and droplet size distribution of the original emulsion and recovered emulsion. (k) Macrographs,
micrographs, and droplet size distribution of recovered emulsions: centrifugation at 8000 rpm for 10, 20, and 30 min. (I) Macrographs,
micrographs, and droplet size distribution of recovered emulsions: centrifugation (at 8000 rpm for 10 min) and recovery for 1 cycle, 2 cycles, and 3

cycles.
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Figure 3. (a) Macrographs of contacted stained—unstained emulsion (initial, 1 day, 15 days, and 30 days). (b) Droplet position in the LEPOSE
under 90 °C heating conditions (original, 30 min, and 60 min). (c) Micrographs of mixed stained—unstained emulsion (initial, 1 day, 15 days, and
30 days). (d) TEM photographs of the upper and lower phases in the instant phase splitting system after centrifugation.

the interfacial tension between hexadecane and SDS aqueous
solution is 7.8 mN/m.

Stability of the LEPOSE. As demonstrated by aging tests
at 25 °C, the emulsion exhibited outstanding stability, with its
macroscopic morphology, microstructure, and droplet size
distribution remaining consistent for a period of up to 12
months. Photographs of the emulsion samples after different
storage times (freshly prepared, 6 months, and 12 months) are
shown in Figure 2a. It can be observed that the emulsion
remained fully emulsified within 12 months. Microscopic
photographs also demonstrated that the microstructure of the
emulsion remained in a state of crowded spherical droplets
(Figure 2b). Furthermore, the droplet size distribution curves
indicated that the droplet diameter remained within the range
of 6—1000 ym over the 12-month period (Figure 2c). The
trends of the average droplet diameter and the uniformity were
calculated based on the droplet size distribution curves,
demonstrating the year-long stability of the emulsion micro-
structure (Figure 2d).

In addition to the storage stability of emulsion under
conventional conditions, the resistance of emulsion to high
temperature and intense centrifugal field was also investigated,
which is widely recognized to be extreme conditions that
accelerate emulsion destruction and determine emulsion
stability. It is generally believed that droplet movement is
intensified at high temperatures, which increases the possibility
of droplet collision and coalescence.”” Therefore, the droplet
usually appears to grow even during demulsification phenom-
ena when the emulsion is heated. Distinctively, the emulsion in
this study showed no change after being placed at higher
temperatures of 50 and 90 °C for 12 h. The characteristic
results of macromorphology (Figure 2e), micromorphology
(Figure 2f), droplet size distribution (Figure 2g), and variation
trends of the average droplet diameter and the uniformity
(Figure 2h) of emulsion indicated that both emulsion
appearance and microstructure did not change significantly
under high-temperature conditions, which can be comparable
to the thermostability of polymer emulsions™® and Pickering
emulsions.”

https://doi.org/10.1021/acs.langmuir.5c01936
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High-speed centrifugation can greatly amplify the relative
motion of the inner phase and the outer phase, thus
intensifying the droplet coalescence.”® Generally, the con-
ditions for judging emulsion centrifugal stability are low speed
(2000—4000 rpm) for a long time (30—60 min)’' or high
speed (6000—10,000 rpm) for a short time (10—20 min).”” In
this study, after centrifugation at 8000 rpm for 10 min, the
emulsion showed phase splitting instantly; however, when the
emulsion was left to stand at room temperature for 2 h, it was
miraculously found that the emulsion fraction had increased
markedly, further prolonging standing time to 6 h, the phase
splitting phenomenon disappeared, and the emulsion com-
pletely recovered (Figure 2i). The microstructure and droplet
size distribution curve of the recovered emulsion were
consistent with those of the original emulsion (Figure 2j).
This indicates that the emulsion has excellent self-recovery
stability against centrifugal force, which suggests that the
emulsion is in a thermodynamically mesostable state. To
explore the ultimate conditions for centrifugal stability, the
centrifugal time was increased to 20 and 30 min, and the
emulsion can still recover (Figure 2k). Centrifugation and
recovery cycle tests were conducted to investigate the fatigue
resistance of the process. The results demonstrated that
following three cycles, the emulsion exhibited the capacity to
regain its original structural integrity (Figure 21). The
resistance to intense centrifugal field exhibited by the emulsion
is comparable to that observed in polymer emulsions® and
Pickering emulsions.”*

Mechanism of the LEPOSE. The distinctive droplet
structure of LEPOSE is a fundamental factor contributing to its
exceptional stability, even under low-energy preparation
conditions. In LEPOSE, the high degree of droplet stacking
precludes the possibility of droplet movement, which would
compound the laws of the Stockes sink-rate equation.”® This
allows for the maintenance of high stability, even at large
droplet sizes. Observation of the stained and unstained
LEPOSE over a period of one month showed that the
emulsions of different colors remained distinct (Figure 3a).
This finding suggests that despite the large droplet sizes, the
droplets in LEPOSE exhibit minimal sedimentation, thereby
maintaining a stable dispersion structure. Furthermore, this
property also contributes to LEPOSE’s stability to withstand
elevated temperatures. As elevated temperatures can enhance
the movement of emulsion droplets, the temperature was
raised to a level that can disrupt the emulsion, whereas
microscopic observation conducted at elevated temperatures
revealed that the position of droplets in LEPOSE remained
largely unchanged (Figure 3b).

It is also worth noting that the oil—water interface layer in
LEPOSE plays an important role in determining its stability.
The oil-water interface layer of LEPOSE impedes the
exchange of oil molecules between disparate emulsion droplets.
Following the stirring mixing of stained and unstained
LEPOSE and the subsequent incubation for one month, it
was found that the red and white emulsion droplets retained
their distinct coloration under microscopic examination
(Figure 3c). This observation suggests that the two emulsion
droplets are not intermingled, suggesting that there is minimal
internal molecular exchange. Following centrifugation, the oil—
water interface layer was observed to retain its structural
integrity, allowing the system to spontaneously recover to the
emulsified state after phase splitting. The TEM photographs of
the upper and lower phases in the instant phase splitting

system after centrifugation are presented in Figure 3d. The
lower phase shows the aqueous phase containing some droplet
structures of 50—100 nm. It is postulated that these droplets
are structures formed by the addition of solubilized hexadecane
to the SDS micelles in the aqueous phase. There is an obvious
network-like structure in the upper phase. Under the
centrifugal field, the LEPOSE droplets only undergo
deformation rather than coalescence, causing the oil—water
interface layer and the external phase to be squeezed to form a
network structure. During the standing process, this network
structure can be reintegrated with the precipitated water to
form an external phase again, which is manifested in the
spontaneous recovery of the emulsion.

Generalization of the LEPOSE. In order to investigate the
applicability of the LEPOSE construction approach in various
emulsion application scenarios, a variety of oils and surfactants
were employed to prepare LEPOSE. All of the emulsions
displayed in Figure 4 were prepared by optimizing the
composition configuration, in a manner analogous to that
depicted in Figure le. Figure 4a shows the macromorphology
and the microstructural analysis of emulsions prepared with
different oils. A variety of oils, including alkanes, aromatic
hydrocarbons, esters, and mineral oils, which are widely used
in industry, could be used to construct LEPOSE by the same
method. Similarly, LEPOSE can be obtained using other types
of surfactants, including fatty acid-based surfactants, cationic
surfactants, and nonionic surfactants (Figure 4b). As
demonstrated in Figure 4, the low-energy formation and
year-long stability can be achieved using various structures of
oil and surfactants, verifying the generalizability of the
LEPOSE construction approach. Thus, this emulsion con-
struction approach has the potential to be applied in a variety
of fields, such as pharmaceutical and chemical production. The
oil—water interfacial tension of all emulsion systems in Figure
4 was measured and is shown in Figure S1.

B CONCLUSIONS

A general approach to constructing a low-energy prepared
outstandingly stable emulsion (LEPOSE) is presented based
on a comprehensive study of the component composition in
the residual emulsified fractions in water-separation emulsions.
All of the LEPOSEs exhibit year-long stability in both
macromorphology and microstructure. Furthermore, the
LEPOSE demonstrates resistance to extreme conditions,
including high temperature and an intense centrifugal field.
Microscopic droplet behaviors were studied to explain the
stability mechanism. The highly stacked droplet structure
precludes the movement of droplets in the disperse medium,
while the strength of the droplet interface layer prevents
coalescence of droplets under extreme conditions, thereby
ensuring the emulsion’s outstanding stability.

A variety of oils and surfactants were employed in the
preparation of LEPOSE, verifying the wide applicability of this
approach. This finding not only facilitates the emulsion
application but also provides an important model system for
fundamental research on surfactant emulsion in terms of
constitutive relationships and stability mechanisms. Further-
more, the low-energy consumption characteristics of emulsion
preparation are consistent with the green development
concept.
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