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ABSTRACT: Red palm oil (RPO) contains antioxidants due to its carotenoid and vitamin E content. However, the
lipophilicity and instability of these two compounds may reduce RPO's bioavailability and efficacy of RPO. This study
aimed to develop RPO submicroemulsions and evaluate the effects of magnetic stirrer (M) and homogeniser (H) on
their characteristics and physical stability. A submicroemulsion was developed using the D-phase emulsification
method. Formulas with globule sizes less than 200 nm, polydispersity index (PDI) less than 0.4, and zeta potential less
than -30 mV were tested for stability at room temperature for 3 months and analysed for Ostwald ripening rates. The
homogenizer method produced smaller globule sizes and lower PDI (p<0.05). Ten formulations from both the magnetic
stirrer and homogeniser methods met the initial globule requirements. After 3 months, F4H and FOH showed the best
physical stability with globule sizes of 181.23£0.96 and 175.23+1.88 nm, PDI of 0.077+0.034 and 0.035+£0.023, and zeta
potential of -33.80+0.56 and -30.57£0.15 mV (p>0.05). However, FOH had a lower Ostwald ripening rate than F4H,
namely 2.54x105 and 6.04x105 nm3/month, respectively. In conclusion, the homogeniser produced more stable RPO
submicroemulsions than the magnetic stirrer.
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. INTRODUCTION

Red palm oil (RPO), extracted from the fruit of the oil palm tree (Elaeis guineensis L.), is a natural source
of diverse phytonutrients with health benefits. Consequently, RPO holds significant potential as a raw material
for nutraceutical, cosmetic, and pharmaceutical applications in the future. Numerous studies have established
that red palm oil contains fatty acids (primarily palmitic and oleic acids), carotenoids, vitamin E, phytosterols,
squalene, and coenzyme Q10 [1-3]. The principal components, carotenoids (notably beta carotene) and vitamin
E (in the forms of tocopherol and tocotrienol), are recognized for their potent antioxidant properties [4-6].
These antioxidant properties position RPO as a promising material for the prevention of chronic diseases,
including cardiovascular disease, cancer, diabetes, and neurodegenerative disorders, as well as for anti-aging
effects and enhanced immune function [7,8]. However, the high lipophilicity of carotenoids and vitamin E
presents challenges in the development of RPO products. Highly lipophilic compounds exhibit low water
solubility in the gastrointestinal tract and skin, resulting in poor absorption and low bioavailability [9].
Additionally, lipophilic compounds are more prone to degradation via hydrolysis and oxidation when
exposed to oxygen, light, and heat [10]. Therefore, innovative delivery systems are required to protect and
improve the absorption of these bioactive compounds.

Submicroemulsions are colloidal dispersion systems consisting of drugs, lipids or oils, surfactants, and
hydrophilic cosolvents, and have been demonstrated to be effective delivery systems for lipophilic compounds
such as RPO [11]. These systems typically exhibit globule sizes of 100-500 nm [11]. Submicroemulsions have
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been extensively studied and have been shown to enhance the kinetic stability and solubility of active
compounds and facilitate drug delivery to deeper tissues, making them suitable for oral, topical, and
parenteral administration [12]. The small globule size of submicroemulsions increases the surface area, thereby
accelerating the dissolution rate and absorption of active compounds in the digestive tract [12]. Furthermore,
submicroemulsions can protect active compounds from enzymatic degradation and extreme pH, thereby
improving their chemical stability during delivery [12]. Previous studies on drug-loaded submicroemulsions
have demonstrated their potency as delivery vehicles. For instance, the transdermal delivery of kaempferol
was markedly enhanced when formulated as a submicroemulsion compared to a standard isopropyl myristate
control. Specifically, the cumulative amount permeated over 12 h (Q12h) reached 236.1+21.2 pg/cm? a
substantial increase from the 4.2+1.8 pg/cm? observed in the control group. Furthermore, these systems
significantly shorten the lag time and increase skin deposition [13]. These findings suggest that
submicroemulsions can optimize the therapeutic potential of bioactive compounds in RPO.

Submicroemulsions can be prepared using high- or low-energy methods. In high-energy methods,
powerful mechanical devices, such as high-pressure homogenizers or ultrasonicators, are used to perform
shear and cavitation to reduce the Laplace pressure and break oils into submicron globules [14]. In contrast,
low-energy methods do not require such complex devices, significantly reducing production costs and
facilitating industrial scale-up in developing countries such as Indonesia [15]. In this study, we used the low-
energy D-phase emulsification method. In this method, a D-phase is generated, where some surfactants self-
assemble to form a quasi-two-dimensional array (at the oil-water interface of the emulsifying system) to
improve the emulsification process. When water is added to the D-phase, the system changes from an oil-in-
dispersed (O/D) phase to a submicroemulsion gel. Water and surfactants are known to decrease interfacial
tension and increase interfacial flexibility, leading to the formation of submicroemulsions with stable globule
sizes (100-200 nm) [16].

The successful formation of stable submicroemulsion globules via the D-phase method is further
influenced by the magnitude of the external mechanical energy applied during the transition process. In
laboratory and industrial settings, magnetic stirrers and homogenizers are the primary stirring devices
employed, although their energy profiles differ considerably. It is important to classify these methods based
on the agitation speed and shear intensity. Low-energy agitation, such as conventional magnetic stirring,
typically operates at lower speeds (< 3,000 RPM) and focuses on bulk-phase mixing without significant globule
fractures. Conversely, high-energy rotor-stator systems operate at significantly higher speeds (typically >3,000
RPM) to generate the localized high-shear intensity required for effective globule breakage [17]. The level of
applied shear force directly dictates the submicroemulsion quality, including the globule size, polydispersity
index (PDI), and long-term stability. A critical challenge in these nanoscale systems is Ostwald ripening, a
destabilization mechanism in which smaller globules dissolve and merge with larger ones owing to differences
in the solubility pressure [18]. Although these fundamental mechanisms are well documented, comprehensive
studies comparing the deterministic effects of low-speed magnetic stirring with those of high-speed
homogenization on the physical stability and kinetic characteristics of RPO submicroemulsions produced
using the D-phase method are limited. However, no systematic study has specifically evaluated the
comparative effects of magnetic stirring and high-shear homogenization on the physicochemical
characteristics and Ostwald ripening behavior of RPO-based submicroemulsions prepared via the D-phase
emulsification method.

Based on the background and problems mentioned above, this study aims to compare the effects of two
stirring methods, namely the Magnetic Stirrer and homogenizer, during the emulsification process with the
D-phase emulsification method in the manufacture of red palm oil submicroemulsions on globule
characteristics (globule size, PDI, and zeta potential), long-term stability, and resistance to the Ostwald
ripening phenomenon.
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. MATERIALS AND METHODS
Materials

The materials used in this study were red palm oil (Harvist®), Sucrose Habo Monoester P90
(Compassfood, Singapore), glycerin (Bratachem, Indonesia), and Demineralized Water (Bratachem,
Indonesia).

Experimental design
A comparative experimental design was used with the following variables:

1. Independent Variable: The Stirring was applied during the critical D-phase transition stage using two
distinct mechanisms:

e Method M (Magnetic Stirrer): This process was performed using a magnetic stirrer at 1,000 RPM for 30
min with a cylindrical magnetic bar (8 mm x 40 mm) in the transition regime, with a Reynolds number
below 3,500.

e Method H (High-Shear Homogenization): This process was performed using a rotor-stator
homogenizer at 1,000 RPM for 15 min in transition to a low turbulent Regime with Reynolds number
above 3,500.

2. Dependent Variables: Globule size, polydispersity index (PDI), zeta potential, and physical stability

3. Controlled Variable: Composition of the submicroemulsion formula, including RPO, sucrose monoester
P90, and glycerin.

Red palm oil submicroemulsion preparation

A red palm oil submicroemulsion was prepared using the D-phase emulsification method [19]. The red
palm oil submicroemulsions were prepared in several formulas with red palm oil concentrations ranging from
45-60%, sucrose monoester concentrations ranging from 10-20%, and glycerin concentrations of 30-45%, as
shown in Table 1. There were 11 formulas for each stirring method, namely, magnetic stirrer (M) and
homogenizer (H).

Table 1. Red palm oil submicroemulsion formula:

Concentration (%)

Formula
Red palm oil Sucrose habo monoester P90 Glycerin
1 52.5 10 375
2 47.5 20 325
3 45 10 45
4 50 15 35
5 60 10 30
6 47.5 125 40
7 50 20 30
8 55 15 30
9 45 17.5 375
10 45 25 30
11 52.5 17.5 30

The preparation of red palm oil submicroemulsions involves two main steps: the formation of a
submicron-phase gel and the generation of submicroemulsions. Smix was prepared by mixing sucrose habo
monoester P90 and glycerin at 80 °C for 5 min until a viscous white mixture was formed. Then, red palm oil
preheated at 80 °C for 5 min was added to the Smix and stirred for 5 min. Red palm oil was added dropwise
to Smix under continuous stirring using either a magnetic stirrer or homogenizer until a submicron-phase gel
was formed. The gel was then dispersed in demineralized water at room temperature and stirred for 1 min to
produce a submicroemulsion.
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Red palm oil submicroemulsion characterization

Organoleptic

The organoleptic properties of the red palm oil submicroemulsion were assessed based on its shape, color,
and odor.

Globule size, polydispersity index (PDI), and zeta potential

The globule size, polydispersity index (PDI), and zeta potential were measured by Dynamic Light
Scattering (DLS) using a Particle Size Analyzer. Measurements were performed at 25 °C and a 173° detection
angle. The samples were diluted 1:100 with demineralized water. Disposable cuvettes were used for globule
size and PDI measurements, and dip-cell cuvettes were used for zeta potential measurements. Each
measurement was performed in triplicate [20,21].

Stability assessment of red palm oil submicroemulsion

The stability test was performed at 30+2 °C. The organoleptic properties, globule size, polydispersity
index (PDI), and zeta potential were evaluated at 0, 1, 2, and 3 months.

Determination of ostwald ripening rate

Ostwald ripening was assessed by measuring the globule size of the red palm oil submicroemulsion
stored at 30+2 °C for three months. The Ostwald ripening rate was calculated using the Lifshitz-Slyozov-
Wagner equation as follows [22]:

T3 =103 = Wb i [Equation 1]

Where

7.% = the cubic radius of the oil globules in the submicron emulsion stored for time
75> = the cubic radius of the oil globules in the submicron emulsion at day 0

w = ostwald ripening rate (nm3/months)

t = time (months)

. RESULTS
Red palm oil submicroemulsion characterization

The red palm oil submicroemulsions prepared using a magnetic stirrer or homogenizer exhibited
organoleptic properties, as shown in Figure 1 and Table 2. As shown in Table 2, the organoleptic evaluation
on day 0 showed that all 11 RPO submicroemulsion formulations, regardless of the stirring method (magnetic
stirrer or homogenizer), maintained a liquid physical state and were visually homogeneous, with no observed
phase separation. The intensity of color (scores 1-3) and odor (scores 2-4) generally correlated with the RPO
concentration in each formula. In terms of appearance, although most formulations achieved a transparent
state, some formulas processed with the high-speed homogenizer (particularly Formulas 3, 4, 5, and 8)
showed an opaque appearance compared to the formulas processed with the magnetic stirrer. This variation
suggests that the higher mechanical energy input from the homogenizer in this specific process may have
triggered a different globule dispersion pattern and interfacial arrangement.
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Figure 1. Organoleptic of red palm oil submicroemulsion from (A) magnetic stirrer, (B) homogeniser
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Table 2. Descriptive organoleptic properties of red palm oil submicroemulsions.
Formula Stirring Color Odor intensity Shape Appearance Stability
method intensity
1 Magnetic stirrer 1 3 Liquid Translucent =~ Homogeneous
Homogeniser 2 3 Liquid Translucent = Homogeneous
2 Magnetic stirrer 1 2 Liquid Translucent =~ Homogeneous
Homogeniser 1 2 Liquid Translucent = Homogeneous
3 Magnetic stirrer 2 2 Liquid Translucent =~ Homogeneous
Homogeniser 3 2 Liquid Opaque Homogeneous
4 Magnetic stirrer 3 3 Liquid Opaque Homogeneous
Homogeniser 3 3 Liquid Opaque Homogeneous
5 Magnetic stirrer 2 4 Liquid Translucent = Homogeneous
Homogeniser 3 4 Liquid Opaque Homogeneous
6 Magnetic stirrer 2 2 Liquid Translucent =~ Homogeneous
Homogeniser 2 2 Liquid Translucent ~ Homogeneous
7 Magnetic stirrer 1 3 Liquid Translucent =~ Homogeneous
Homogeniser 2 3 Liquid Translucent ~ Homogeneous
8 Magnetic stirrer 2 3 Liquid Translucent = Homogeneous
Homogeniser 3 3 Liquid Opaque Homogeneous
9 Magnetic stirrer 1 2 Liquid Translucent = Homogeneous
Homogeniser 2 2 Liquid Translucent =~ Homogeneous
10 Magnetic stirrer 1 2 Liquid Translucent = Homogeneous
Homogeniser 1 2 Liquid Translucent =~ Homogeneous
11 Magnetic stirrer 2 3 Liquid Translucent =~ Homogeneous
Homogeniser 2 3 Liquid Translucent = Homogeneous

Color Intensity (1: Pale Yellow (Light), 2: Yellow, 3: Deep Yellow, 4: Orange-Yellow, 5: Deep Orange (Dark)) and Odor Intensity (1: No
Odor (Neutral), 2: Very Slight RPO Odor, 3: Moderate RPO Odor, 4: Distinctive RPO Odor, 5: Strong/Pungent RPO Odor)

Table 3 summarizes the characteristics of the red palm oil submicroemulsions. Samples prepared with a
magnetic stirrer exhibited globule sizes from 183.50 to 436.53 nm, polydispersity index (PDI) values between
0.134 and 0.398, and zeta potentials ranging from -30.03 to -45.63 mV. In comparison, samples prepared with
a homogenizer showed globule sizes from 146.27 to 264.57 nm, PDI values between 0.046 and 0.168, and zeta
potentials ranging from -33.53 to -46.27 mV. Table 4 presents the results of the statistical analysis.

Table 3. Characteristics of red palm oil submicroemulsions.

Magnetic stirrer (M) Homogeniser (H)
Formula Globul Size PDI Zeta potential ~ Globul size PDI Zeta potential
(nm) (mV) (nm) (mV)
1 257.8742.57  0.255+0.006 -45.63+0.72 222.03+2.17 0.142+0.006 -46.27+0.86
2 299.20£3.63  0.250+0.031 -34.13+0.12 162.27+1.50 0.143+0.001 -33.53+0.76
3 436.53+5.50  0.398+0.027 -30.03+0.65 192.20+0.87 0.116+0.012 -38.2740.12
4 311.60+4.17  0.276+0.002 -36.70+3.05 160.43+1.40 0.098+0.015 -36.7310.25
5 282.30£5.93  0.204+0.023 -37.83+0.25 264.57+1.27 0.168+0.032 -40.90+1.81
6 301.70£5.20  0.252+0.002 -34.13+1.10 186.20+3.64 0.073+0.011 -35.47+0.85
7 213.43+1.10  0.164+0.012 -39.00+0.85 190.13+1.81 0.073+0.015 -36.30+0.69
8 303.83£3.76  0.304+0.041 -38.97+1.96 146.27+1.36 0.046+0.013 -34.07+0.55
9 183.50£0.62  0.134+0.017 -37.70+0.82 154.20+1.65 0.064+0.015 -36.33+0.47
10 375.83+4.93  0.239+0.018 -43.97+0.78 165.90+3.64 0.070+0.009 -35.70+0.50
11 312.10£3.76  0.284+0.017 -41.67+0.60 165.03£3.61 0.078+0.010 -36.13+0.65
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Table 4. Results of two-way analysis of variance for the effects of formula, preparation method, and interaction on
globule characteristics.

Effect Dependent variables p-value Partial eta squared
Formula Globul Size 0.000 0.994
PDI 0.000 0.870
Zeta Potential 0.000 0.934
Preparation Method Globul Size 0.000 0.998
PDI 0.000 0.964
Zeta Potential 0.001 0.237
Formula * Preparation Method Globul Size 0.000 0.995
PDI 0.000 0.867
Zeta Potential 0.000 0.852

Two-way ANOVA revealed significant main effects of the Formula and Preparation Method, as well as
significant interactions between these factors (p<0.05) for all globule parameters. The preparation Method
had the greatest impact on globule size (Partial Eta Squared = 0.998), followed by the formula x method
interaction (0.995) and the formula factor (0.994). A Partial Eta Squared value near 1.0 indicates that these
factors account for most of the variation in globule size. For the polydispersity index (PDI), the Preparation
Method was the most influential (Partial Eta Squared = 0.964), while the formula had the largest effect on the
zeta potential (Partial Eta Squared = 0.934). These results show that both the formula composition and energy
input method are key determinants of globule characteristics.

Stability of red palm oil submicroemulsion

The red palm oil submicroemulsion formula with a globule size of less than 200 nm, PDI of less than 0.3,
and zeta potential greater than -30 mV was used for stability testing. Table 5 presents the results of the stability
test conducted at room temperature over a three-month period.

Table 5. Stability result.

Formula Month Globul size (nm) PDI Zeta potential (mV)

M 0 183.50+0.62 0.134+0.017 -37.70£0.82
1 240.23+1.32 0.208+0.059 -37.63+0.64
2 249.00£2.55 0.220£0.022 -33.43+0.59
3 296.4716.24 0.243+0.007 -29.93+0.58

2H 0 160.50+0.01 0.139+0.004 -33.5340.76
1 163.63+1.20 0.034+0.018 -32.43+1.07
2 172.40+1.04 0.027+0.018 -31.6040.35
3 191.90+0.75 0.177+0.001 -26.4040.26

3H 0 189.90+3.34 0.071£0.028 -38.2740.12
1 196.43+3.69 0.090+0.046 -35.9740.35
2 203.23£1.02 0.126+0.019 -24.23+0.32
3 ND ND ND

4H 0 160.37+1.40 0.079+0.018 -36.7310.25
1 169.53+1.86 0.043+0.023 -34.5740.49
2 175.73+1.14 0.041+0.028 -34.2040.10
3 181.23+0.96 0.077+0.034 -33.8040.56

6H 0 188.23+0.15 0.049+0.033 -35.4740.85
1 197.07+2.15 0.067+0.021 -30.8741.10
2 ND ND ND
3 ND ND ND

7H 0 190.13+1.81 0.073+0.015 -36.30£0.69
1 190.33+1.30 0.078+0.018 -33.87+0.47
2 197.87+0.47 0.062+0.017 -26.53+0.85
3 239.53+3.40 0.198+0.026 -24.6310.15

8H 0 145.67+1.19 0.055+0.014 -34.0740.55
1 166.97+2.35 0.124+0.042 -33.2040.10
2 171.87+1.19 0.073+0.027 -31.07£2.30
3 201.10+2.82 0.224+0.020 -30.87+0.25

9H 0 166.27+1.78 0.037+0.027 -36.33+0.47
1 171.50+1.78 0.051+0.012 -34.53+0.25
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Formula Month Globul size (nm) PDI Zeta potential (mV)
2 173.63£0.60 0.063+0.028 -34.03+0.64
3 175.23+1.88 0.035+0.023 -30.57£0.15
10H 0 167.70+0.56 0.050+0.031 -35.70£0.50
1 166.87+1.33 0.067+0.012 -31.93+1.01
2 169.93+1.96 0.055+0.049 -26.27+0.25
3 173.1740.95 0.071+0.019 -25.50£0.40
11H 0 162.90+1.60 0.053+0.027 -36.13+0.65
1 188.17+2.14 0.147+0.023 -32.10+0.44
2 235.87+27.42 0.198+0.028 -31.77£0.25
3 240.23+3.71 0.192+0.025 -28.47+0.25

ND = Not Determined

As summarized in Table 5, the stability test conducted at room temperature over a three-month period
demonstrated that two formulations (4H and 9H) maintained their integrity and remained within the required
specifications throughout the three months, as shown in Figure 2.

ydispersity Index

Po

maH w9 aH mo il m

Note:
Different letters (a. b, ¢, d) above bars for the same formulation indicate significant differences over time based on Post:hoc Tukey's test (p<0.05).
Asterisks (] Indicate signficant differences between 2H and 9H formulations at the Same time Point based on Independent t-test (p<0.05).

Figure 2. Stability of globule size, PDI, and zeta potential from 4H to 9H.
Ostwald ripening rate of stable formula

The 4H and 9H that were able to maintain the globule characteristic requirements for 3 months of storage
were then subjected to the Ostwald ripening rate test. The results of this analysis are shown in Figure 3.
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Figure 3. Ostwald ripening rate of 4H and 9H.

. DISCUSSION

The homogenizer method was significantly more effective than the magnetic stirrer in producing smaller
globule sizes and lower PDI values across most formulations, as shown in Table 3. This disparity in efficiency
is fundamentally rooted in the intensity of the mechanical energy and the resulting fluid dynamics. The high-
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speed homogenizer generates intense localized shear forces through rapid rotor-stator rotation. This
mechanical action creates a high Reynolds Number (Re), often exceeding the threshold for turbulent flow. In
this turbulent regime, the system experiences high shear stress and micro-mixing intensity, which are essential
for overcoming the Laplace pressure and breaking down the viscous D-phase gel into nanometer-sized
globules [23], [24].

In contrast, the magnetic stirrer creates a shear force by rotating a magnetic bar, primarily inducing bulk
flow with a significantly lower shear intensity. Although this process produces some turbulence, the energy
density is insufficient to achieve the same degree of globule fracture as that of the homogenizer. Consequently,
the magnetic stirrer resulted in larger and less uniform globules [25][26]. Among the formulations tested, FOM
emerged as the most successful candidate in the magnetic stirrer group, whereas FOH was identified as the
optimal formula overall owing to its superior kinetic stability.

In terms of zeta potential, the magnetic stirrer demonstrated a higher zeta potential than the homogenizer,
as shown in Table 3. These contrasting results suggest that the stirring environment influences the differences
in surfactant adsorption kinetics on the globule surface. Under the slower and less turbulent shear conditions
provided by the magnetic stirrer, surfactant and co-surfactant molecules have more time and a stable
environment to migrate and adsorb in a more orderly and dense manner on the surface of the newly formed
RPO globules. This organized adsorption leads to the formation of a thicker and more ionized electrical
double layer, thereby increasing the absolute zeta potential [27,28]. In contrast, the high shear energy and
intense turbulence generated by the homogenizer may cause partial desorption or disrupt the orientation of
the surfactant layer on the globule surface during formation, resulting in a lower zeta potential [29,30].

The red palm oil submicroemulsion formula with a globule size of less than 200 nm, PDI of less than 0.3,
and zeta potential greater than -30 mV was used for stability testing. Various studies have shown that drug
particles below 200 nm can increase the solubility and bioavailability of drugs that are difficult to dissolve in
water, such as red palm oil [31]. Research conducted by Chono [32] showed that liposomes measuring
approximately 200 nm had higher drug delivery efficacy and anti-atherosclerotic effects than those measuring
70 or 500 nm. Jiang et al. [33] also demonstrated that small microparticles (100-200 nm) had higher drug
content and retention in tumor tissue than larger microparticles (400-500 nm). In transdermal delivery,
particles measuring 200 nm penetrate the stratum corneum into the upper dermis [34]. In this study, a size of
200 nm was set as the size limit that needs to be achieved.

Ten formulations underwent stability testing: one was prepared using a magnetic stirrer and nine using
a homogenizer, as shown in Table 5. Formulations F1H and F5H were excluded from further analysis because
of their large globule sizes. These findings show that stirring alone does not achieve small globule size. The
formation of submicroemulsions requires sufficient mechanical energy and an optimal Smix/oil ratio.
Without the right composition, the interfacial tension may not reach the level needed for the high shear energy
of the homogenizer to reduce the globule size. F1H and F5H had a Smix:Oil ratio of 1:9. Excessive Smix can
lead to micelle or aggregate formation, neutralize the surface charge, reduce electrostatic repulsion, and
increase globule size and polydispersity index (PDI) while decreasing zeta potential [35].

Based on the results in Table 5, most formulations did not maintain the expected globule characteristics
after the third month. Certain formulations, including F3H and F6H, exhibited phase separation, precluding
further globule measurements. These findings indicate that the stability of submicroemulsion formulations is
highly dependent on their composition. Only two formulations, F4H and F9H, maintained the desired globule
characteristics, with globule sizes of 181.23+0.96 nm and 175.23+1.88 nm, polydispersity index (PDI) values of
0.077+0.034 and 0.035+0.023, and zeta potentials of -33.80£0.56 mV and -30.57+0.15 mV, respectively, at the
third month. F4H and F9H had Smix: Oil ratios of 5.67:1 and 4.71:1, respectively. Although F8H and F11H
shared similar Smix: Oil ratios with F4H and F9H, the primary difference was the glycerin concentration: F4H
and F9H contained more than 35% glycerin, whereas F8H and F11H contained 30%. Increased glycerin
concentration enhances the stability of oil-in-water emulsions. Glycerin accumulates at the oil-water interface,
resulting in a decrease in interfacial tension [36].

The superior kinetic stability of FOH compared to that of F4H is further explained by the synergistic effect
of their specific component concentrations and is confirmed by statistical analysis, as shown in Figure 2.
Statistical evaluation using one-way ANOVA followed by Tukey's post-hoc test revealed significant
differences in globule size and zeta potential over the three-month storage period for both formulations
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(indicated by different letters a, b, ¢, d above the bars, p<0.05). For F4H, a progressive and significant increase
in globule size was observed from Month 0 to Month 3 (marked as a-d). In contrast, although FOH also showed
an initial increase, it reached a more stable globule after the second month. Furthermore, independent t-tests
(indicated by an asterisk *) confirmed that FOH maintained a significantly smaller globule size than F4H at
Months 0, 2, and 3 (p<0.05).

F9H contained a lower oil volume (45%) than F4H (50%), which inherently reduced the probability of
globule collisions and limited the reservoir of oil available for molecular transport during the ripening
process. Furthermore, FOH uses a higher concentration of Sucrose Habomonoester P90 (17.5%) than F4H
(15%), resulting in denser and more organized surfactant packing at the interface. This dense layer provides
a superior steric barrier that prevents the globules from merging. The higher glycerin content in FOH (37.5%)
compared to that in F4H (35%) acted as a critical kinetic stabilizer by increasing the viscosity of the continuous
phase. According to the LSW theory, this higher viscosity significantly reduces the diffusion coefficient of
RPO molecules, thereby inhibiting the Ostwald ripening rate more effectively in the FOH system. The PDI
results also showed that FOH initially had a significantly lower and more uniform distribution than F4H
(p<0.05 at Month 0), which is crucial for preventing early destabilization.

To confirm this mechanism, F4H and FOH were further analyzed to determine their specific Ostwald
ripening rates. The results, as illustrated in Figure 3, show that F4H followed the ripening rate equation y =
603,981x + 4,188,180 (R? = 0.993), whereas FOH followed y = 254,398x + 4,682,454 (R = 0.928). Based on these
results, F9H exhibited a significantly lower Ostwald ripening rate than F4H. This enhanced stability in FOH
is fundamentally due to the higher glycerin concentration, which facilitates the formation of a thicker oil-
water interfacial layer. This thicker layer acts as a more robust mechanical and steric barrier, effectively
inhibiting the diffusion of oil molecules out of smaller globules and preventing their incorporation into larger
globules [37].

. CONCLUSION

The homogenizer-based stirring method outperformed the magnetic stirrer in producing red palm oil
submicroemulsions with desirable globule characteristics: globule size below 200 nm, PDI below 0.3, and zeta
potential less than -30 mV. Although the absolute zeta potential values were lower than those obtained using
the magnetic stirrer, the three-month physical stability test showed that the final stability depended on both
the stirring method and formulation composition. Formulas F4H and F9H retained their globule
characteristics over three months. Ostwald ripening rate analysis identified FOH as the most stable formula,
due to its optimal Smix:Oil ratio of 4.71:1 and high glycerin concentration of 37.5%.
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