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Abstract

Lavender essential oil (LEO) nanoemulsions are gaining attention for their enhanced stability and antioxidant
properties, making them suitable for applications in pharmaceuticals, cosmetics, and the food industry. Despite the
widespread use of the high-energy sonication method, the phase inversion temperature (PIT) method has been
underexplored in the preparation of LEO-based nanoemulsions. This study aims to address this gap by comparing the
efficacy of the low-energy PIT method with the high-energy sonication method in terms of stability and antioxidant
capacity. The objectives were to evaluate the physical characteristics (particle size, polydispersity index (PDI), zeta
potential, and turbidity) and the antioxidant capacity of nanoemulsions prepared by both methods. The results showed
that PIT-prepared nanoemulsions, with slightly larger but more uniform droplet sizes (47.53 + 0.306 nm, PDI: 0.408 +
0.005), exhibited superior zeta potential (—14.60 £ 0.436 mV) and enhanced stability compared to those prepared by
sonication (47.23 £0.252 nm, PDI: 0.466 + 0.004). Furthermore, PIT-prepared nanoemulsions retained higher antioxidant
capacity over a 30-day period. The techno-economic analysis revealed that while sonication is more energy-intensive, the
PIT method offers better scalability and lower production costs. These findings suggest that the PIT method holds
significant potential for large-scale industrial applications, offering a more cost-effective and sustainable approach for
enhancing the stability and antioxidant capacity of LEO nanoemulsions.
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Introduction

Lavender essential oil (LEO), derived from the
native Mediterranean plant Lavandula angustifolia
Mill., is known for its aromatic qualities and its diverse
biological capabilities. One of its primary applications
is in aromatherapy, where it is known to alleviate stress,
anxiety, and insomnia by inducing a calming and
relaxing effect on the central nervous system [1,2]. Its
antibacterial and antifungal effects have been explored
in wound healing and infection prevention [3].
Furthermore, LEO has been investigated for its
antioxidant activity, which plays a role in mitigating

oxidative stress-related diseases and aging. Recent
research also indicates potential uses in pain
management, such as reducing muscle spasms and
headaches, and in neurological disorders, like
Alzheimer’s disease, due to its neuroprotective
properties [4,5]. LEO is rich in terpenoid and phenolic
compounds, comprising over 150 different components.
Among its primary constituents are the monoterpenoids
linalool, linalyl acetate, 1,8-cineole, [-ocimene,
terpinen-4-ol, and camphor [6]. However, LEO has
several obstacles in food, cosmetics, perfumes, and
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pharmaceutical applications, such as low solubility and
low stability under external factors such as light,
moisture, as well as temperature [7,8]. This contribution
aims to encapsulate and synthesize lavender essential oil
within the nanoemulsions system to address the
challenges.

Nanoemulsions can be characterized as a colloidal
dispersion comprising 2 immiscible liquids that are
thermodynamically unstable when in contact, with
droplet sizes typically ranging from 20 to 200 nm.
Nanoemulsion encapsulation of natural bioactive
compounds improves solubility and enables controlled
release [9,10]. Nanoemulsion can be created via both
high-energy and low-energy methods. Nanoemulsions
can be created via both high-energy and low-energy
methods, which differ in their approaches to droplet size
reduction and energy consumption. High-energy
techniques rely on mechanical devices to generate large
disruptive forces, such as shear, turbulence, or
cavitation, to break down droplets into nanosized
particles. These methods, including microfluidization,
high-pressure homogenization, and ultrasonication,
have traditionally been the preferred choice due to their
ability to produce highly uniform and stable
nanoemulsions [11,12]. In contrast, low-energy
techniques utilize changes in the physicochemical
properties of the system, such as temperature,
concentration, or phase behavior, to create nano-sized
particles without the need for external mechanical
forces. Methods like phase inversion temperature (PIT)
and spontaneous emulsification fall under this category
and have gained attention due to their mild processing
conditions, making them suitable for temperature-
sensitive components such as pharmaceutical or
bioactive compounds [13]. While high-energy methods
have been the standard due to their scalability and
efficiency, the increasing demand for cost-effective and
energy-efficient approaches has made low-energy
techniques a more appealing choice, particularly for
encapsulating delicate active ingredients in the
pharmaceutical and food industries.

High-energy methods for preparing
nanoemulsions employ mechanical devices such as
microfluidizers, high-pressure homogenizers (HPH),
and ultrasonicators, which generate nanodroplets
through disruptive forces like shear, turbulence, and
cavitation. These methods are industrially scalable and

effective for reducing droplet sizes, even in highly
viscous oils, while consuming fewer surfactants.
However, they are energy-intensive, leading to higher
production costs and potential challenges when working
with heat-sensitive compounds [14—16]. Sonication is a
widely utilized high-energy method for reducing the
droplet size of nanoemulsions. This technique employs
ultrasound waves (>20 kHz) to generate mechanical
vibrations that create alternating high-pressure and low-
pressure cycles within the emulsion system. These
pressure variations induce microjets, shock waves, and
particle collisions, resulting in the effective breakdown
of droplets into nanosized particles [17].

Conversely, Low-energy methods for preparing
nanoemulsions rely on the system's internal chemical
energy or the chemical potential of its components to
achieve emulsification. These methods induce changes
in the surfactant's spontaneous curvature, enabling the
formation of oil-in-water (o/w) or water-in-oil (w/0)
nanoemulsions.  Prominent  techniques include
spontaneous  emulsification, phase  inversion
composition (PIC), and phase inversion temperature
(PIT). Unlike high-energy methods, low-energy
approaches are less energy-intensive, require mild
processing conditions, and are well-suited for thermally
sensitive bioactive compounds. Among these, the PIT
method, which utilizes temperature-induced phase
transitions, stands out for its high emulsification
efficiency, low polydispersity index (PDI), and ability
to produce stable nanoemulsions. These attributes make
low-energy methods particularly appealing for
pharmaceutical and food applications [18-22]. The PIT
method not only offers technical advantages but also
presents significant environmental and economic
benefits compared to high-energy techniques. Its
reliance on temperature shifts rather than mechanical
force drastically reduces energy consumption, leading to
lower operational costs and reduced carbon footprints
[23,24]. Additionally, the mild processing conditions
associated with the PIT method help preserve the
integrity of heat-sensitive compounds, reducing waste
and improving overall yield [25,26]. These attributes
make it an attractive alternative for industries such as
pharmaceuticals, cosmetics, and food, where cost-
efficiency, sustainability, and product stability are
critical [27,28]. Furthermore, its scalability and
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reproducibility enhance its potential for widespread
adoption in large-scale production processes [29].

Therefore, the aim of this study was to compare
the nanoemulsion formation processes of lavender
essential oil using 2 distinct methods, phase inversion
temperature (PIT) and sonication. The focus was to
enhance the stability and antioxidant capacity of the
essential oil, making it suitable for potential applications
in food, pharmaceutical, and cosmetic industries. We
hypothesize that the PIT method will outperform
sonication in terms of stability and antioxidant capacity,
offering a more effective approach for improving the
functional properties of lavender essential oil
nanoemulsions.

Materials and methods

Materials

Lavender essential oil (LEO) was obtained by
distillation of seeds and was supplied from the Organic
International Joint Stock Company, in Ho Chi Minh
City, Vietnam. Tween 80 (polyethylene glycol sorbitan
monooleate) as surfactant was purchased from Xilong
Scientific Co., Ltd., Guangdong, China. DPPH (2,2-
diphenyl-1-picrylhydrazyl) and Ascorbic acid were
purchased from Sigma-Aldrich, Singapore. Double-
distilled water was used throughout the study, prepared
in the Laboratory of Biofuel and Biomass Research,
Faculty of Chemical Engineering, Ho Chi Minh City
University of Technology, Vietnam. All other chemicals
were analytical grade and were used without further
purification.

Gas chromatography-mass spectrometry (GC-
MS) analysis of lavender essential oil

GC-MS analysis was carried out using an Agilent
Technologies 6890N gas chromatograph (Les Ulis,
France), paired with an Agilent Technologies 5973
quadrupole mass spectrometer (Les Ulis, France) and
supported by a Gerstel MPS autosampler (Mullheim an
der Ruhr, Germany). The separation of chemical
compounds was performed on an HP5-MS column with
helium as the carrier gas at a steady flow rate of 1
mL/min. The injection port temperature was set at 250
°C, with the helium head pressure regulated at 9.3 psi.
Samples were diluted in hexane prior to analysis.
Identification of the compounds was based on a
comparison of retention indices with data from the

Wiley Library and corroborated using reference
information from existing mass spectrometry literature.

Nanoemulsions preparation

Sonication method

The LEO nanoemulsion was prepared by mixing
10 % (v/v) LEO, 16 % (v/v) Tween 80, 20 % (v/v)
ethanol, and 54 % distilled water. The mixture was
initially stirred using a magnetic stirrer at 1,000 rpm for
30 min to create a coarse emulsion. Following this, the
coarse emulsion was subjected to sonication using an
ultrasonic processor, operating at 750 W power, 20 kHz
frequency, and a pulse duration of 1 sec ON/2 sec OFF
for 15 min. The temperature of the emulsion was
monitored during sonication and was kept at 25 + 2 °C
using an ice bath to prevent overheating. The resulting
nanoemulsion exhibited no phase separation and
demonstrated excellent transparency, indicating
successful formulation [30,31].

PIT method

The nanoemulsion was prepared using the same
formulation as the Sonication method, but via the phase
inversion temperature (PIT) method, with modifications
based on the procedure described by Rao et al. [21], with
some modifications. In brief, the oil phase mixture was
added to the heated water phase at 60 + 2 °C, and the
mixture was continuously stirred until the PIT
temperature of approximately 90 + 2 °C was reached.
The temperature was carefully monitored using a digital
thermometer during the heating phase to ensure a
gradual and controlled temperature rise. The emulsion
was then stirred for an additional 45 min to develop a
coarse emulsion. Following this, the system was rapidly
cooled by immersion in an ice bath (4 £ 2 °C), resulting
in the formation of stable nanoemulsions. The final
emulsion displayed an oil-in-water composition, with no
phase separation observed.

Characterizations

Particle size, polydispersity index (PDI), and zeta
potential measurement

The particle size, polydispersity index (PDI), and
{-potential of the nanoemulsion were measured using
dynamic light scattering (DLS) with a Zetasizer Nano
ZS 90 Nanoparticle Size Analyzer (Malvern
Instruments, Worcestershire, UK) [32].
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Transmission electron microscopy (TEM)
measurement

The surface morphology of the nanoemulsion
droplets was analyzed using Transmission Electron
Microscopy (TEM) with a JEOL JEM-1400 Plus
microscope (Akishima, Tokyo, Japan). Briefly, 50 uL of
the sample was adsorbed onto 200-mesh formvar-coated
copper sample holders for 1 min. The droplets were then
negatively stained with 50 pL of 1.5 % (w/v)
phosphotungstic acid for 10 min at room temperature.
After removing the excess stain, the sample holders
were examined using TEM, which was operated at 67
kV with a 20 um aperture [30].

Turbidity measurement

The turbidity of the nanoemulsions was assessed
by measuring their absorbance at 660 nm using a UV-
Vis spectrophotometer without prior dilution. Distilled
water served as the blank control. The turbidity was
calculated using the following equation [33]:

T =2.303A/L

where T = turbidity of nanoemulsions (cm™), A =
absorbance value at 660 nm and L = path length of the
cuvette (cm).

Nanoemulsion stability

The prepared nanoemulsions were stored at room
temperature (25 £ 2 °C), in the refrigerator (4 + 2 °C)
for 30 days, a further analysis was performed to assess
alterations in droplet size and PDI values, following the
procedure described earlier.

Antioxidant capacity

The antioxidant capacity of the nanoemulsions
was used to measure the scavenging of free radicals of
DPPH as described by Nie et al. [35], with some
modifications. In brief, 0.15 mL of the nanoemulsion
sample was mixed with 2.85 mL of 0.1 mM DPPH
solution. The mixture was vortexed thoroughly and
incubated in the dark at room temperature for 30 min.
The absorbance of the samples was then measured at
517 nm using a UV-Vis spectrophotometer (Cary 60
UV-Vis, Agilent Technologies, USA).

A calibration curve was prepared using ascorbic
acid (AA) as the standard. Specifically, 0.15 mL of AA
solutions at concentrations of 50, 100, 150, 200, 400,
and 600 M were mixed with 2.85 mL of DPPH
solution. The mixtures were vortexed, incubated in the
dark at room temperature for 30 min, and their
absorbance values were measured under the same
conditions.

The antioxidant capacity of the nanoemulsions
was expressed as micrograms of ascorbic acid
equivalent per gram of bioactive compound (ug AA/Q).

Statistical analysis

The experimental procedures were repeated 3
times and the results were expressed as mean + standard
deviation (SD). Statistical analysis was carried out using
one-way ANOVA and 2-way ANOVA followed by
Tukey's test, utilizing the SPSS Statistics 26.0 software.
A significance level of p < 0.05 was used to determine
the notable differences between samples.

Before performing ANOVA, assumptions
regarding normality and homogeneity of variance were
tested to ensure the validity of the statistical tests. The
normality of the data was assessed using the Shapiro-
Wilk test, and homogeneity of variances was evaluated
using Levene’s test. If any of these assumptions were
not met, appropriate data transformations were applied,
or non-parametric methods were considered. All
statistical analyses were performed at a significance
level of p < 0.05.

Results and discussion

Identification of the components of lavender
essential oil

The analysis of lavender essential oil reveals a
diverse range of chemical constituents, where Table 1
details the chemical composition, and Figure 1
represents the corresponding gas chromatography
spectrum of lavender essential oil. The major
composition is dominated by linalyl acetate (38.47 %)
and linalool (23.67 %), which collectively account for
over 60 % of the total content. These compounds are
well-documented for their significant roles in imparting
the characteristic aroma and biological activities of
lavender essential oil, including antimicrobial, anti-
inflammatory, and anxiolytic effects [2,3]. Additionally,
secondary components such as D-limonene (8.74 %)
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and eucalyptol (7.62 %) provide antioxidant benefits
and support respiratory health [34]. Notable
contributions are also made by B-pinene (6.21 %) and a-
pinene (4.87 %), which exhibit antimicrobial and anti-
inflammatory properties, further enhancing the
therapeutic value of the oil [35]. Several minor

Table 1 Chemical composition of lavender essential oil.

components, including nerol (0.96 %), camphor (0.65
%), and pB-citronellol (0.79 %), contribute to the
complexity of the oil. These constituents, while present
in lower concentrations, may have synergistic effects
with the major compounds, enhancing the overall
biological activity of the essential oil [36]

No. Retention time Constituent Content (%)
1 7.633 a-Pinene 4.87
2 8.355 Camphene 0.08
3 9.752 B-Pinene 6.21
4 10.097 1-Octen-3-ol 0.09
5 10.583 B-Myrcene 2.00
6 12.470 0-Cymene 0.23
7 12.769 D-Limonene 8.74
8 12.875 Eucalyptol 7.62
9 13.367 cis-Ocimene 0.18
10 14.005 trans-Ocimene 0.26

11 14.593 y-Terpinene 0.10
12 17.560 Linalool 23.67
13 19.796 1,2-Dihydrolinalool 0.24
14 20.099 Camphor 0.65
15 21.598 Borneol 0.34
16 22.098 4-Terpineol 0.30
17 22.857 a-Terpineol 0.09
18 24.300 Nerol 0.96
19 24.476 B-Citronellol 0.79
20 24.604 Isopulegol acetate 0.22
21 25.459 Linalyl acetate 38.47
22 26.456 B-Terpinyl acetate 0.21
23 26.585 vy -Terpinyl acetate 0.18
24 26.714 N/A 0.22
25 28.780 a-Terpineol acetate 2.08
26 28.840 N/A 0.54
27 29.222 Nerylacetate 0.15
28 29.840 Geranyl acetate 0.27
29 31.017 trans-Caryophyllene 0.18
30 32.061 trans-pB-Famesene 0.08

N/A: Not assesssed
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Figure 1 Gas chromatography spectrum of lavender essential oil.

Nanoemulsion characterizations

The characterization of nanoemulsions prepared
via PIT and sonication methods provides critical
insights into the impact of fabrication techniques on
their physicochemical properties. Parameters such as
particle size, polydispersity index (PDI), zeta potential,
and turbidity reveal the fundamental differences
between these 2 preparation methods and their
implications  for  nanoemulsion  stability  and
functionality (Table 2).

The nanoemulsions prepared using the sonication
and PIT method demonstrated comparable particle
sizes, with the sonication method yielding a particle size
of 47.23 £ 0.252 nm and a polydispersity index (PDI) of
0.466 + 0.004, while the PIT method resulted in particles
measuring 47.53 + 0.306 nm with a PDI of 0.408 + 0.005
(Table 2). Although the size difference is minimal, the
marginally smaller droplets in the sonicated samples
suggest that the mechanical forces generated during
sonication effectively disrupt and reduce droplet size.
The nano-scale droplet sizes observed in both methods
are beneficial for stability, as they minimize
gravitational separation, such as creaming or
sedimentation, and promote homogeneity within the
system. The PDI value serves as a measure of the
particle size distribution within the emulsion particles,
indicating the uniformity of droplet size. A PDI value
lower than or equal to 0.30 suggests a high level of
uniformity and a narrower size distribution among the
particles [37,38]. As indicated in Table 2,

nanoemulsions prepared using PIT showed a PDI of
0.408 + 0.005, while those produced by sonication
exhibited a slightly higher PDI of 0.466 + 0.004. Both
values are below the acceptable threshold of 0.5 for
monodispersity, indicating relatively homogeneous
droplet distributions. However, the higher PDI in
sonicated samples suggests a broader size distribution,
potentially arising from the mechanical fragmentation
process inherent in sonication. By contrast, the PIT
method, which relies on thermal energy for phase
inversion, promotes the spontaneous formation of nano-
scale droplets with more uniform sizes. Despite these
differences, both methods achieved PDIs indicative of
stable  nanoemulsions,  suitable for  practical
applications.

Additionally, Figure 2 represents the size
distributions by intensity of the prepared nanoemulsions
by sonication and PIT methods. When the sonication
method was applied, the system exhibited 2 distinct
particle size ranges, suggesting the presence of droplets
with varying sizes. This could be attributed to the high-
energy ultrasonic waves causing uneven fragmentation
of droplets, leading to a broader size distribution. In
contrast, the nanoemulsion prepared using the PIT
method demonstrated a significantly narrower particle
size distribution, characterized by a single, uniform
peak. This indicates a more homogeneous droplet size
distribution, likely due to the controlled phase inversion
process. The PIT method facilitates the formation of
droplets with uniform sizes by creating a structured
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interfacial layer at the inversion temperature, ensuring greater stability and consistency in the emulsion system.

Table 2 Characterization of nanoemulsion preparation. The data presented are the mean + standard deviation (n = 3).

Particle size PDI Zeta potential Turbidity
(nm) (mV) (OD at 660 nm)
PIT 47.53 £ 0.306 0.408 + 0.005 -14.60 + 0.436 0.016 + 0.004
Sonication 47.23 £0.252 0.466 = 0.004 -12.30 +£ 0.306 0.014 + 0.002
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Figure 2 Particle size distributions by intensity of nanoemulsions were obtained by applying sonication and PIT methods.
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Figure 3 The zeta potential value of the nanoemulsion prepared via sonication and PIT methods.

Measurement of the zeta potential value offers for the evaluation of the stability of the colloidal
valuable insights into the electrical charge carried by suspension stability [39]. In our study, it can be observed
nanoemulsion droplets, which serves as a key important in nanoemulsions produced by the sonication method (-
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12.30 £ 0.306 mV), while the opposite trend was
observed for those synthesized using the PIT method (—
14.60 + 0.436 mV). Typically, nanoemulsions with zeta
potential values below the absolute 30 mV tend to
exhibit poor stability, manifesting in tendencies for
agglomeration and coalescence [39]. In contrast,
nanoemulsions that exceed the 30-mV threshold are
considered stable, primarily due to electrostatic
repulsion forces [40]. Thus, our findings suggest that
despite the negative value of the zeta potential, EO-
based nanoemulsions are considered less stable in both
methods.

In addition, the turbidity of nanoemulsions
prepared using the sonication and PIT methods was
assessed through absorbance measurements. The results
indicated that the nanoemulsion produced by the PIT
method exhibited an absorbance value of 0.016 + 0.004,
while the sonication method produced a slightly lower
absorbance of 0.014 £ 0.002. These findings suggest that
the nanoemulsion synthesized through the PIT method
tends to have slightly higher turbidity than the one
prepared by using sonication. The differences in
turbidity may be attributed to variations in droplet size
distribution, interfacial tension, or degree of adsorption
of the emulsifier between the two preparation methods.

The TEM analysis of nanoemulsions prepared by
both the phase inversion temperature (PIT) method and
the sonication method revealed well-defined spherical
droplets with particle sizes measuring approximately 45
nm and 40 nm, respectively, as shown in Figure 4. The
uniformity of the spherical droplet morphology
observed in the TEM images aligns closely with the
particle size data obtained from dynamic light scattering
(DLS), confirming the consistency and reliability of the
droplet size measurements across both methods.
Notably, while both methods successfully produced
nanoemulsions with similar droplet sizes and
morphology, the intensity and uniformity of the droplets
appeared more pronounced in the nanoemulsions
prepared via the PIT method compared to those prepared
by sonication. This difference may be attributed to the
extended mixing and rapid cooling process in the PIT
method, which could facilitate a more stable
emulsification process and the formation of droplets
with higher uniformity. Conversely, the sonication
method, while effective in reducing particle size rapidly,
may result in slightly less intense droplet formation due
to variations in the ultrasonic energy distribution during
the emulsification process.

Effects of storage conditions and storage times
on nanoemulsion stability

The influence of storage duration and temperature
on the stability of the nanoemulsions was investigated

and characterization was evaluated according to particle
size, PDI, and turbidity measurements.

Particle size is a fundamental parameter
influencing  the  physicochemical stability of
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nanoemulsions, as changes in size can indicate
destabilization processes such as coalescence or
Ostwald ripening. The results presented in Figure 5(a)
reveal that initial particle size distributions were
comparable across both storage conditions, suggesting
that the preparation methods (sonication and PIT)
effectively produced uniform nanoemulsions at day 0.
Following the 30-day observation period, a statistically
significant difference (p < 0.05) was observed in
nanoemulsions across varying storage durations and
temperatures between the two methods, sonication, and
PIT methods. In samples stored at room temperature,
particle size exhibited a noticeable increase from day 10
to day 20, followed by a slight decrease by day 30. This
transient increase in size could be attributed to
coalescence, where droplets merge due to thermal
motion, followed by potential phase separation or
precipitation as larger droplets sediment. In contrast,
nanoemulsions stored under refrigeration showed
minimal changes in particle size over the storage period,
indicating that lower temperatures effectively slowed
down destabilizing processes.

As shown in Figure 5(b), PDI values were initially
identical in both storage environments at day O,
reflecting consistent starting conditions across samples.
However, as storage progressed, room temperature
samples displayed a gradual increase in PDI, with a
statistically significant difference (p < 0.05) observed by
day 30 compared to refrigerated samples. This increase
in PDI at room temperature indicates a trend towards
greater size heterogeneity, likely driven by
destabilization phenomena such as flocculation,
coalescence, and droplet aggregation. Elevated
temperatures at room conditions enhance molecular
motion, which may accelerate emulsifier desorption or

structural rearrangements at the oil-water interface,
resulting in a loss of droplet stability. Additionally,
environmental factors such as light exposure and
temperature  fluctuations can exacerbate these
destabilization mechanisms. In contrast, refrigerated
samples demonstrated relatively stable PDI values over
the storage period, with only minor fluctuations. The
cooler temperature likely slowed destabilization
processes, preserving the uniformity of droplet size
distribution.

Turbidity also serves as a visual and quantitative
indicator of nanoemulsion stability, as increased
turbidity often signifies structural changes such as
droplet aggregation, phase separation, or precipitation.
As shown in Figure 5(c), turbidity levels were
consistent across all samples at day 0, reflecting high
initial clarity and structural uniformity. Over the 30-day
storage period, distinct trends emerged between the two
storage conditions (p < 0.05). Samples stored at room
temperature exhibited a progressive increase in
turbidity, particularly from day 10 onwards, suggesting
a decline in optical clarity due to the destabilization of
the nanoemulsion system. This trend aligns with the
observed increase in particle size and PDI under the
same conditions, reinforcing the hypothesis that
destabilization processes, such as aggregation and phase
separation, are more pronounced at elevated
temperatures. In contrast, refrigerated samples
displayed relatively minor changes in turbidity,
indicating better preservation of optical clarity and
structural integrity. The cooler environment likely
suppressed  destabilization  mechanisms, thereby
maintaining the transparency and quality of the
nanoemulsions over time.
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Figure 5 The (a) particle size, (b) PDI, and (c) turbidity of the nanoemulsion stored at room temperature and in the
refrigerator for 30 days. Values are means + standard deviation. The error bars represent the standard deviation. The same
lowercase letters are significantly different (p < 0.05) by Tukey's test for storage times. The same uppercase letters are
significantly different (p < 0.05) in Tukey’s test for storage conditions.
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Antioxidant capacity

Figure 6 reports a comparative analysis of the
antioxidant capacity of coarse emulsion and
nanoemulsions prepared using the Sonication and PIT
methods. The results reveal a significant difference in
the antioxidant capacities among these formulations (p
< 0.05). Over the 30-day period, nanoemulsions
prepared by the PIT method exhibited the highest
retention of antioxidant capacity, followed by the
Sonication method, with the coarse emulsion
significantly underperforming.

On Day 0, the PIT method produced
nanoemulsions with the highest antioxidant capacity
(1089.90 ug AA/g), surpassing the Sonication method
(1011.25 pg AA/g) and far exceeding the coarse
emulsion (99.32 ug AA/g). The superior performance of
the PIT method can be attributed to its ability to create
highly uniform and smaller droplet sizes due to precise
temperature control during emulsification. Smaller
droplets provide a greater interfacial surface area,
allowing for efficient encapsulation and protection of
antioxidants from degradation, as supported by prior
studies demonstrating the effectiveness of droplet size
uniformity in enhancing oxidative stability [41]. In
contrast, the coarse emulsion’s larger droplets exhibited
minimal encapsulation efficiency, exposing a greater
proportion of antioxidants to oxidative degradation and
environmental stress.

During storage, the antioxidant capacity of all
emulsions declined; however, the rate and extent of
degradation varied significantly across the formulations.
After 30 days, the PIT nanoemulsion retained 68.7 % of
its initial antioxidant capacity (749.24 pg AA/g),
compared to 61.2 % retention for the Sonication
nanoemulsion (618.55 pg AA/g). The PIT method’s
ability to stabilize antioxidants over time is likely due to
the thermodynamic stability and smaller droplet size
distribution achieved during preparation, as reported by
Sharif et al. [42]. This enhanced stability minimizes the
diffusion of oxidative agents such as oxygen into the
emulsion droplets, thus slowing the degradation process.

Meanwhile, the coarse emulsion retained only
249 % of its initial antioxidant capacity (24.77 ug
AAI/Q) after 30 days. This substantial loss underscores
the limitations of conventional emulsification
techniques, where larger droplet sizes and uneven
distribution leave antioxidants more exposed to
environmental factors such as light and oxygen.
Previous studies have similarly shown that emulsions
with larger droplet sizes are prone to coalescence and
oxidation, leading to rapid degradation of bioactive
compounds [41].

Although both nanoemulsification techniques
significantly outperformed the coarse emulsion, the PIT
method consistently exhibited superior antioxidant
retention. The Sonication method, while effective in
producing smaller droplets through acoustic cavitation,
may inadvertently generate localized heat and free
radicals during emulsification, potentially
compromising antioxidant stability. This aligns with
findings by Leong et al. [43], which noted that
mechanical forces in ultrasonic emulsification can lead
to partial degradation of sensitive bioactive. In contrast,
the PIT method avoids these issues by leveraging
temperature-induced phase inversion to achieve a finer
and more stable droplet size distribution. The superior
antioxidant retention observed in the PIT method can be
attributed to several key factors, including the formation
of a protective interfacial layer around the droplets.
During phase inversion, the composition of surfactants
and oils in the system undergoes a transition that
enhances the stability of the nanoemulsion. This phase
inversion creates a more compact and stable interfacial
structure that effectively shields the bioactive
compounds, such as antioxidants, from degradation. The
transition from a water-in-oil to an oil-in-water system,
which occurs at the phase inversion point, results in
droplets with smaller sizes and a more uniform
distribution. These smaller droplets increase the surface
area for antioxidant encapsulation, thereby enhancing
their retention [44,45]
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Figure 6 Antioxidant capacity of nanoemulsions prepared by sonication and PIT methods compared to coarse emulsions
over 30 days. Values are means + standard deviation. The error bars represent the standard deviation.

Coarse emulsion: LEO enriched with Tween 80 and Ethanol.

Sonication method: nanoemulsion of 10 % LEO, 16% Tween 80, 20 % Ethanol and water prepared by sonication method.
PIT method: nanoemulsion of 10 % LEO, 16 % Tween 80, 20 % Ethanol and water prepared by PIT method.

AA: ascorbic acid.

Techno-economic analysis and scalability
challenges

The techno-economic analysis of nanoemulsion
production highlights several key factors influencing
overall costs, including raw material prices, energy
consumption, and processing equipment costs [46].
Among the various production techniques, sonication is
one of the most used methods. However, scalability
challenges related to energy requirements and the cost
of specialized equipment need to be addressed to make
this method viable for large-scale applications.

Table 3 reports a summary of the estimated costs
for both sonication and PIT methods. The sonication

method, though widely used, exhibits higher costs due
to its energy-intensive nature and the specialized
equipment required. Interestingly, the total production
cost for sonication is approximately 29.00 USD/kg,
nearly 2.5 times higher than the 12.00 USD/kg required
for the PIT method. Furthermore, the initial equipment
cost for the sonication method ranges from 1,500 to
3,000 USD, significantly exceeding the PIT method,
which typically requires an investment of 500 to 1,000
USD. These cost differences can be primarily attributed
to the higher energy consumption and equipment
expenses associated with sonication [47,48]

Table 3 Summary of production costs for nanoemulsion preparation methods.

Process Step

Sonication method (USD/kg)

PIT method (USD/kg)

Energy consumption 8.50
Raw materials 8.00
Labor costs 6.00
Maintenance costs 6.50
Total 29.00

4.50

8.00

6.00

3.50
12.00

Scalability challenges are also significant,
especially for the sonication method, which is limited by
the high energy demand and the cost of specialized

equipment. These challenges need to be addressed to
make the sonication method viable for large-scale
applications [48]. The PIT method, in contrast, offers
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better scalability, relying on temperature variations
rather than mechanical input. However, it still requires
precise control over heating and cooling cycles, which
can lead to additional costs when scaled up [49].
According to Fernanda Brito de Carvalho-Guimardes
and co-workers, producing stable emulsions on an
industrial scale requires overcoming technical
challenges related to process efficiency and energy
consumption [50]. Furthermore, Safaya et al. [16]
emphasized the importance of overcoming scalability
issues when transitioning from lab-scale to industrial
production, particularly in maintaining emulsion
stability and controlling costs.

Conclusions

In this study, we have demonstrated that both the
phase inversion temperature (PIT) and sonication
methods are effective in producing stable and bioactive
lavender essential oil (LEO) nanoemulsions with droplet
sizes of < 50 nm. These nanoemulsions exhibit
enhanced stability and antioxidant capacity, making
them suitable for wvarious applications in the
pharmaceutical, cosmetic, and food industries. Among
the 2 methods, the PIT method produced nanoemulsions
with a more uniform droplet size distribution (lower
PDI) and superior electrostatic stability, as indicated by
more negative zeta potential values. These features
contribute to the PIT method’s enhanced long-term
stability compared to the sonication approach. In terms
of antioxidant capacity, both methods successfully
preserved the bioactivity of LEO. However, the PIT-
prepared nanoemulsions demonstrated slightly higher
antioxidant retention over 30 days, making them
particularly beneficial for applications requiring
sustained bioactivity.

Furthermore, the sonication method also produced
effective emulsions, but it is more energy-intensive and
less scalable, which could limit its suitability for large-
scale production. In contrast, the PIT method offers
greater scalability and cost-effectiveness, making it a
promising solution for industrial applications, as
demonstrated by the techno-economic analysis. These
advantages position the PIT method as a more
sustainable option for large-scale emulsion production.
Future research should focus on further optimizing the
PIT process to enhance nanoemulsion stability,
uniformity, and bioactivity, as well as addressing

challenges related to scalability and cost-effectiveness.
Combining PIT with advanced techniques, such as
microfluidization or high-pressure homogenization,
could further improve nanoemulsion performance.
Expanding the use of PIT to other bioactive compounds
presents exciting opportunities for developing efficient
and sustainable emulsion technologies across diverse
industries, particularly those requiring large-scale
production.
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