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ABSTRACT

Oil-in-water (O/W) emulsions are widely utilized in pharmaceutical, food, and cosmetic
applications for the delivery of lipophilic compounds, yet their inherent thermodynamic
instability requires the use of suitable surfactants to reduce interfacial tension and enhance
structural integrity. This study investigates the formulation and stability behaviour of
virgin coconut oil (VCO)-in-water emulsions prepared with methyl-a-D-
glucopyranoside (MEG), Span 20, and Span 80 as non-ionic emulsifiers. Both single-
surfactant and mixed-surfactant systems were developed and tested across five
temperatures (30 °C, 35 °C, 40 °C, 45 °C, and 60 °C) to assess their robustness under
thermal stress. Stability evaluations were conducted using creaming index measurement,
rheological profiling, droplet size distribution via optical microscopy, FTIR
spectroscopy, and molecular dynamics (MD) simulations. Results indicated clear
performance differences between surfactant systems. The formulation containing a
30:40:15:15 ratio of oil: water: Span 20: MEG (Sample MS20-C) demonstrated the
strongest stability profile. MS20-C recorded 0% phase separation at 30 °C after 30 days,
in contrast to >20% separation observed in Span 80-based emulsions. Rheological
analysis revealed pronounced shear-thinning behavior, with MS20-C exhibiting the
highest viscosity among all samples, suggesting stronger droplet interactions and the
formation of a more structured internal network. Microscopy confirmed uniformly
distributed droplets without significant coalescence or large aggregates, reinforcing its
macroscopic stability. FTIR results showed enhanced O—H and C—O stretching vibrations
in MEG-containing systems, indicative of stronger hydrogen bonding and a well-
organized interfacial film. MD simulations further supported these findings at the
molecular level: MS20-C reached equilibrium at approximately 20 ns and maintained a
stable radius of gyration (3.0-3.2 x 10° nm), together with a moderate eccentricity value
(e = 0.308), reflecting compact molecular packing and near-spherical droplet geometry.
These characteristics collectively suggest reduced shape deformation and lower
susceptibility to instability mechanisms such as coalescence. Overall, the integrated
experimental and simulation results confirm a strong synergistic stabilization effect
between Span 20 and MEG, producing emulsions with superior thermal and structural
stability. The findings highlight the potential of this mixed-surfactant system for high-
performance, sustainable, and temperature-resilient formulations relevant to food,
cosmetic, and pharmaceutical applications.
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CHAPTER 1
INTRODUCTION

1.1 Research Background

Emulsions are important systems have a long history of usage in a variety of
sectors, including medicine, cosmetics, and food, as well as other practical applications
such as oil recovery and the development of innovative soft materials. An emulsion is a
mixture of two immiscible liquid phases, one of which is dispersed into the other. An
emulsion is primarily composed of a continuous phase, known as the external phase, in
which the droplets are distributed, and a dispersed phase, known as the internal or
discontinuous phase.

In general, a simple emulsion is made up of either water droplets embedded in a
continuous aqueous phase (water-in-oil (W/O) emulsion) or oil suspended in an aqueous
phase (oil-in-water (O/W) emulsion). Surfactants (emulsifying agents) with affinities for
both phases are used to stabilize emulsions, this lowers the energy needed to establish new
surfaces between the two phases, which is referred to as interfacial surface tension
(Bajpai, 2018). Fenton ef al. (2021) has described that surfactants or surface- active
agent, which are described as amphiphilic compounds that bind to surfaces, are required
when the two phases become more compatible with one another, resulting in wetting or
emulsification owing to surface tension decrease.

The interactions between surface-active agents and the water—oil interface are
fundamental in governing emulsion stability. Such stability is influenced by several
parameters, including the production technique, the type and concentration of
emulsifiers, temperature, and the pH of the continuous medium (Zheng et al., 2020). As
mentioned by Solans et al. (2016), the intrinsic immiscibility of the liquid—liquid system
gives rise to interfacial tension at the boundary between the two phases, rendering
emulsions thermodynamically unstable. To address this instability, emulsifying agents
with dual affinities for the aqueous and oil phases are employed. These agents reduce
the energy required to generate new interfacial areas, thereby lowering interfacial
surface tension and contributing to the stabilization of the dispersed droplets. Despite
emulsifier incorporation, emulsions remain susceptible to progressive destabilization.

Emulsion aging is driven by several physicochemical processes, including interfacial



film drainage, gravity-induced separation phenomena such as creaming and
sedimentation, as well as flocculation, coalescence, and Ostwald ripening or coarsening.
These mechanisms, comprehensively discussed by Ravera et al. (2021), collectively
determine the long-term stability and structural evolution of emulsified systems.
Non-ionic surfactants excel in emulsifying oils and surpass anionic surfactants
in removing organic soils. When combined, these surfactants form versatile cleansers
capable of lifting particulate soils and emulsifying greasy residues. Non-ionic
surfactants exhibit superior emulsification capabilities and are resistant to the challenges
posed by hard water, making them indispensable in detergent and emulsifier
formulations (Kim, 2021). While anionic surfactants are effective, they come with
drawbacks, such as the potential to cause skin irritation, particularly for individuals with
sensitive skin. In contrast, non-ionic surfactants are gentler, making them suitable for
use in personal care products (Mijaljica ef al., 2022). Anionic surfactants also raise
environmental concerns due to lower biodegradability and compatibility issues with
certain ingredients. The tendency of anionic surfactants to leave residues on surfaces
further complicates their application. Striking a balance between the advantages and
disadvantages of anionic surfactants requires meticulous formulation to ensure optimal
performance while minimizing potential adverse effects (Badmus ef al., 2021).
Methyl-a-D-glucopyranoside (MEG), a derivative of glucose, finds common use
in carbohydrate chemistry as a compound that can serve as a model for more intricate
carbohydrates. While it may not function as a typical surfactant by itself, its derivatives
or related compounds may exhibit surfactant properties. Glycosides, which originate
from natural sources like sugars, are particularly appealing for surfactant applications
due to their biocompatibility, making them suitable for inclusion in cosmetics and
pharmaceutical products. Compared to certain synthetic alternatives, glycoside
surfactants are generally milder, making them well-suited for use in personal care items.
Additionally, the renewable sourcing of many glycosides contributes to sustainability
efforts, and their tendency to biodegrade effectively further reduces environmental
impact. Some glycoside surfactants also boast excellent foaming properties, making
them ideal for formulations like foaming cleansers and shampoos. The choice of
surfactant ultimately depends on the specific application and desired product
characteristics, and glycoside surfactants offer a combination of effectiveness, mildness,
and environmental friendliness in certain scenarios, as emphasized by Stubbs et al,,

(2022).



The term "Span series" commonly denotes a category of non-ionic surfactants
recognized as Span surfactants, which are integral to the broader Span-Tween series
renowned for their emulsifying capabilities, as elucidated by Jog and Burgess in 2018.
Span surfactants are comprised of sorbitan fatty acid esters, arising from the
esterification process of sorbitan with diverse fatty acids, giving rise to distinct members
within the Span series. These surfactants typically display lipophilic properties,
showcasing a pronounced attraction to oil, positioning them as a preferred lipophilic
component in emulsification systems, as underscored by Zheng er al. (2022). A
noteworthy attribute of Span surfactants lies in their adeptness at stabilizing oil-in-water
emulsions. This is achieved through the formation of a monolayer at the interface
between oil and water, effectively mitigating interfacial tension and impeding the
coalescence of oil droplets. The applications of Span surfactants are diverse and extend
across various industries, including food, pharmaceuticals, cosmetics, and textiles,
where the establishment and preservation of stable emulsions are imperative, as
discussed in the research by Khoee & Yaghoobian (2017).

Nebogina et al., (2020) has considered that the temperature has a significant
influence on emulsion stability. Temperature influences the physical properties of oil,
water, interfacial coatings, and surfactant solubilities in the oil and water phases. These,
in turn, have an effect on the stability of the emulsion.

Because of its more functional activities, VCO has become widely employed in
the food, pharmaceutical, and cosmetic sectors in recent years. VCO has received a lot
of interest in recent years due to its medicinal potential. VCO contains biological
activities such as antioxidant, anti-inflammatory, antibacterial, and antiviral properties,
as well as potential therapeutic benefits on numerous chronic degenerative disorders
(Mohammed et al., 2021). These saturated fatty acids include a high concentration of
medium chain triglycerides (MCTs), which include caprylic acid, capric acid, and lauric
acid. These MCTs are 'unique' due to their physicochemical properties, which include
shorter chains and a lower molecular weight compared to long-chain triglycerides (LCT)
allowing them to be absorbed and hydrolyzed faster in the body, resulting in faster
oxidation and higher energy production (Nurhadi ef al., 2022). Therefore, the purpose
of this study is to determine the stability of oil-in-water emulsion using VCO as an oil

phase and mixed surfactants as stabilizers.



1.1 Problem Statement

While numerous studies have explored the use of individual surfactants for oil-
in-water emulsions, limited attention has been given to the stability challenges specific
to virgin coconut oil (VCO) emulsions. Existing formulations often rely on single
surfactants or conventional emulsifiers such as the Tween series, which may not provide
optimal performance due to their high hydrophilic-lipophilic balance (HLB) values and
steric limitations, especially when interacting with medium-chain triglycerides present
in VCO (Rukmini et al., 2012). Stabilizing virgin coconut oil (VCO)-in-water emulsions
remains a major challenge due to the high interfacial tension between the oil and aqueous
phases, as well as the structural complexity of VCO, which is rich in medium- chain
triglycerides. The selection of an appropriate surfactant system is critical to reduce
interfacial tension and form a stable interfacial film. However, the use of individual
surfactants such as methyl-a-D-glucopyranoside (MEG), Span 20 (sorbitan
monolaurate), or Span 80 (sorbitan monooleate) often results in poor droplet dispersion,
large droplet sizes, and weak interfacial film formation. These issues arise due to the
fixed HLB values and limited molecular adaptability of single-component systems,
which are insufficient to meet the dual demands of hydrophilic and lipophilic
interactions required in VCO emulsions (Ramli ez a/., 2019).

Alternative surfactants such as the Tween series (e.g., Tween 20 or Tween 80)
offer high HLB values and are commonly used in oil-in-water emulsions. However, their
long polyethylene glycol (PEG) chains introduce steric bulk, which can hinder effective
packing at the oil-water interface. Additionally, the high hydrophilicity of Tweens may
not be ideal for medium-chain triglyceride-rich oils like VCO, often leading to unstable
or loosely packed interfacial films (Mahdi et al., 2011).

Amaliyah et al. (2024) have reported that employing a mixed-surfactant system
provides a promising alternative to overcome these limitations. By combining
surfactants with different HLB values and molecular structures such as MEG with Span
20 or Span 80, it is possible to achieve synergistic effects that enhance interfacial film
strength, optimize HLB for the specific emulsion system, and improve overall droplet
stability. This strategy is particularly relevant for natural oil emulsions like VCO, where
both interfacial and bulk phase interactions must be carefully balanced to achieve long-

term stability.



Therefore, thorough research should be done on the kind of surfactant utilized
and its concentration in the emulsion system. It is essential to evaluate how temperature
affects emulsion stability. To ascertain the best conditions to stabilize the emulsion, this
research evaluates the effect of temperature and different surfactants on the stability of

oil-in-water (O/W) emulsion.

1.2 Research Objectives

The aims of this study are as follows:
a) To determine the oil-in-water emulsion with the highest stability using methyl-
a-D-glucopyranoside, Span 20 and Span 80 surfactants
b) To characterize the oil-in-water emulsion prepared using mixed surfactants at
different temperatures (30 °C, 35 °C, 40 °C, 45 °C, and 60°C) using creaming
index, rheology, droplet size and distribution and functional group measurements
¢) To determine the stability of oil-in-water emulsion prepared using mixed

surfactant via molecular simulation method (radius of gyration and eccentricity)

1.3 Scope of Research

This study focuses on the development and evaluation of virgin coconut oil
(VCO) oil-in-water (O/W) emulsions stabilized using mixed non-ionic surfactants,
specifically methyl-a-D-glucopyranoside (MEG), Span 20, and Span 80. The work is
limited to the formulation of selected emulsion systems prepared using these surfactant
combinations, without extending to other classes of surfactants or alternative oil phases.
The characterization of emulsion stability is confined to laboratory-scale analyses
conducted at controlled temperatures of 30 °C, 35 °C, 40 °C, 45 °C, and 60 °C. Stability
assessment encompasses physical and structural evaluations using creaming index
measurements, rheological analysis, droplet size and distribution profiling, and
functional group identification. The study does not cover long-term storage stability or
large-scale production behavior.

In addition to experimental work, molecular dynamics simulations are
performed on selected mixed-surfactant emulsion systems to provide molecular insight
into their structural stability. The simulation component is restricted to evaluating
structural parameters such as radius of gyration and eccentricity, and does not attempt

to model full-scale macroscopic behavior.



Overall, this study is limited to understanding how specific mixed non-ionic
surfactant systems influence the stability and structural characteristics of VCO-based

O/W emulsions under controlled laboratory conditions.

1.4 Significance of Study

This study contributes to the advancement of VCO-in-water emulsion
formulation by investigating a mixed-surfactant system consisting of MEG, Span 20,
and Span 80. VCO, which is rich in medium-chain triglycerides (MCTs), is widely
applied in food, pharmaceutical, nutraceutical, and cosmetic products, yet its
emulsification requires a well-tailored interfacial system. The combination of MEG
with Span 20 and Span 80 provides a more flexible and synergistic approach than single-
surfactant systems. MEG, although not a classical surfactant, acts as a hydrophilic co-
surfactant that enhances dispersion and hydrogen bonding in the aqueous phase. Span
20 and Span 80, both non-ionic surfactants with different HLB values, contribute
complementary lipophilic anchoring and interfacial flexibility. Adjusting their ratios
enables fine-tuning of the overall HLB to meet the emulsification needs of VCO,
resulting in improved droplet size distribution, stronger interfacial films, and enhanced
emulsion stability. This approach overcomes the inherent limitations of using a single
surfactant with fixed HLB characteristics.

Furthermore, this study contributes to the theoretical understanding of surfactant
behavior at the molecular level through molecular dynamics (MD) simulations. These
simulations provide detailed insights into the arrangement, interaction energy, and
packing behavior of surfactant molecules at the oil-water interface. Such molecular-
level understanding is crucial for bridging the gap between empirical formulation and
mechanistic design, offering a rational basis for selecting and optimizing surfactants in
complex emulsion systems.

The outcomes of this research are also of practical importance. By utilizing safe,
non-ionic, and Generally Recognized As Safe (GRAS)-status surfactants, the
formulation strategy aligns with regulatory and consumer safety standards. The
approach proposed in this study supports the development of stable, cost-effective, and
scalable emulsions, which are essential for commercial products that require consistent
performance, such as creams, beverages, or therapeutic delivery systems. Moreover,
given the increasing demand for natural and plant-based ingredients, particularly in

Southeast Asia where VCO is abundantly produced, this study contributes to the

7



valorization of local resources in high-value formulations.

In summary, this study advances both the scientific and practical aspects of
emulsion technology by introducing a novel surfactant combination, providing
molecular insight into interfacial behavior, and offering a formulation strategy that can
be adapted for industrial use. It fills an important research gap by focusing on VCO, a
natural oil with specific formulation challenges, and highlights the importance of

surfactant synergy in achieving stable, functional emulsions.



CHAPTER 2
LITERATURE REVIEW

2.1 Emulsion

An emulsion is a composition of two immiscible liquid phases, one of which is
disseminated into the other. An emulsion is mainly composed of a continuous phase,
known as the external phase, where the droplets are distributed, and a dispersed phase,
known as the internal or discontinuous phase (Akbari and Nour, 2018; Zheng et al.,
2020). Emulsions are systems of significant interest in a wide range of applied industries,
including medicines, cosmetics, and foods, as well as other practical uses such as oil
recovery and the production of novel nano-structured soft materials (Ravera et al., 2021).
There are several types of emulsions that have been used in manufacturing industries
which are oil-in-water (O/W), water-in-oil (W/O) and multiple emulsions either oil-in-
water-in-oil (O/W/QO) or water-in-oil-in-water (W/O/W).

Homogenization is the process of combining two immiscible liquids to form an
emulsion, and a homogenizer is a mechanical device commonly employed in this
process. This homogenization process is classified into two types: primary and
secondary homogenization. The former is described as the conversion of two bulk liquids
into an emulsion, whilst the latter is defined as the decrease of droplet size in an existing
emulsion (Bakry et al., 2016).

Since the emulsion is always used as a primary ingredient in a variety of food
products, its consistency must be observed. According to Wiyani ez al. (2020), when an
emulsion becomes more stable, its qualities become more difficult to alter over time. It
is becoming more difficult for industries to generate stable emulsions since emulsions
are typically unstable systems in terms of thermodynamics. This is due to the fact that
liquid/liquid immiscibility causes an interfacial tension between the two liquid phases,
making these structures thermodynamically unstable. Emulsifiers have been created to
improve emulsion stability and to help in the creation of emulsions. Emulsifiers in
emulsions operate as a surface-active molecule, rapidly adsorbing to the surface of the

droplets of the oil given during homogenization (Yani et al., 2018).



A simple emulsion is composed of either water droplets embedded inside a
continuous aqueous phase, referred to as a water-in-oil (W/O) emulsion, or oil suspended
in an aqueous phase, referred to as an oil-in-water (O/W) emulsion. The emulsion can
be diluted using the same substance that was used in the continuous phase. Mayonnaise,
a W/O emulsion, is diluted with cooking oil; milk, an O/W emulsion, is diluted with
milk. Emulsions are stabilized using surfactants (emulsifying agents) that have affinities
for both phases; this reduces the energy required to form new surfaces between the two
phases, which is referred to as the interfacial surface tension. Because of the absence of
emulsifier or surfactant, the emulsion can be unstable and breakdown easily within a

minute (Bajpai, 2018; Niu ez al., 2023).

2.1.1 Oil-In-Water (O/W) Emulsion

According to Ng ef al. (2014), oil-in-water (O/W) emulsion is a system that
composed of three parts consisting of oil phase which considered as hydrophobic fat, an
aqueous phase, and a surface-active compound interface that links the two phases as
shown in Figure 2.1. The chemical composition of an oil-in-water emulsion differs from
that of a water in oil emulsion, each is most successfully utilized in different goods. Oil-
in-water emulsions is the foundation of water-based goods, in the pharmaceutical
business, they may be found in creams such as moisturizers and topical steroid
treatments. Since they are simple to make, have high thermodynamic stability, and
promote the solubilization of lipophilic medications, oil-in-water emulsions appear to be
a good approach for improving skin penetration of lipophilic pharmaceuticals

(Hiranphinyophat ef al., 2021).
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Figure 2.1 Oil-In-Water (O/W) Emulsion

2.1.2 Water-In-Oil (W/O) Emulsion

Water-in-oil (W/O) emulsion is attributed to water droplets distributing in an
oil phase (Bakry et al., 2016) as shown in Figure 2.2. W/O emulsion can be beneficial
in some sectors such as food, pharmaceutical and cosmetic industries as this type of
emulsion can be helpful in some ways. Colucci et al. (2020) has studied this form of
emulsion, for example, can be used to encapsulate pharmaceuticals, immobilize
enzymes, and load protein therapeutics. This structure lends itself to the transfer of
hydrophilic chemicals, which can then provide various functions to the emulsified
system, such as antibacterial and antioxidant activity. The primary difficulty with
emulsion technology is that they are thermodynamically unstable systems.

According to Colucci ef al. (2020), since it has high mobility of water droplets
that triggers sedimentation, coalescence and flocculation, the W/O emulsion basically
has lower stability than its counterpart O/W emulsion. Moreover, only steric effects
can be anticipated to ensure the stability of this kind of emulsion due to the poorer

electrical conductivity in oil continuous phase.
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Figure 2.2 Water-In-Oil (W/O) Emulsion

2.2 Virgin Coconut Oil (VCO)

Virgin coconut oil (VCO) is an oil extracted from Cocos nucifera L. commonly
referred to as “the tree of life” corresponds to the Arecaceae family (palm) (Lukié ef al.,
2016; Srivastava ef al., 2018). It is one of the most essential plants, being utilized for
countless purposes globally. It is the only species of the genus Cocos that is known to
have a tall trunk that may reach a height of 30 meters, pinnate leaves that are 4-6 metres
long, and pinnae that are 60-90 cm long. Old leaves easily fall off, keeping the trunk
smooth (Limaefal., 2015). It is also known as fresh and matured coconut kernel utilized
by mechanism and natural techniques. No heating process was implicated to maintain
the nature of the oil (Mathew et al., 2011).

VCO was identified to be a colorless oil retained its nutritional value with a mild
coconut scent by not refining, bleaching, and deodorizing. The phrase "cold extraction"
refers to the process of extracting coconut oil from coconut milk without heating it
(Agarwal, 2017). The high stability of the coconut milk emulsion necessitates the
destabilization of coconut milk, which may be accomplished in three phases. The action
of gravity force separates cream in the first step, resulting in two phases, the top phase
with the creamy layer and the bottom phase with the watery layer. The second stage is
flocculation and clustering, which involves the oil phase moving as a group without
rupturing the interfacial coating that ordinarily covers it. The third step is the most crucial

in the destabilization of coconut milk, coalescence (Rohman e al., 2021).
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During this stage, the interfacial regions are ruptured and reduced, which aids in
the joining of oil globules. This approach looks to be more appealing due to the

elimination of the solvent and refining, bleaching, and deodorizing processes, which may
minimize the investment cost and energy needs, making it more ecologically friendly
than solvent extraction (Agarwal, 2017).

Chilling, freezing, and thawing break the stability of the coconut milk emulsion
in this process, and thawed cream is separated by centrifugation. To enable for better
packing of the coconut oil globules, the emulsion was centrifuged before chilling and
thawing (Raghavendra and Raghavarao, 2010). The chilling and freezing processes were
carried out at temperatures of 10 °C and -4 °C, respectively, while the thawing procedure
was carried out in a water bath at 40 °C until the coconut cream reached room temperature
(25 °C) (Prasanna et al., 2024). Furthermore, this action aids in the removal of
undissolved materials during extraction. The elimination of particles present in high
percentages in the dispersion of oil seed was critical for successful oil recovery by
centrifugation.

Some studies have stated that because of a general prejudice against saturated
fats, information about VCO has been kept hidden in medical journals. VCO has been
shown to have the potential to protect against not only heart disease but a wide variety
of chronic health problems including diabetes and cancer as well as a means to prevent

and even treat infectious diseases (Boateng et al., 2016; DebMandal and Mandal, 2011).
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2.2.1 Components in VCO

The primary triglyceride components of VCO were revealed to be
dicapricmonolaurin (14.32%), dilauricmonocaprin (18.59%), trilaurin (21.88%),
dilauricmonomyristin (17.20%), and dimyristicmonolaurin (9.62%) (Ghosh et al,,
2014). Since medium-chain triglycerides (MCT) are completely hydrolyzed by the
pancreatic enzyme lipase into glycerol, monoglycerides, and medium chain fatty acids
(MCFA)s molecules are very easily absorbed by the body (Jadhav and Annapure, 2023).
Medium chain monoglycerides (MCMs), such as monocaprylin, monolaurin,
monocaprin, and monomyristin, are compounds with a single carbon chain length
varying from 8 to 14 atoms in the acyl groups (Jack ef al., 2022). Caproic acid, caprylic
acid, capric acid, lauric acid, and myristic acid are among the MCFAs in VCO
(Gondokesumo et al., 2022; Jack ef al., 2022). Table 2.1 and Figure 2.3 show fatty acids

and their chemical structures found in coconut oil, respectively.

Table 2.1
Fatty acids found in coconut oil
Medium-chain Fatty Acid (MCFA) Molecular Formula Fatty Acids Found
(%)
a) Caprylic acid (C -8:0) CgH 140, 8%
b) Capric acid (C-10:0) C1oH 00, 7%
) Lauric acid (C-12:0) C,H,40, 49%
d) Myristic acid (C-14:0) C14H 50, 8%
e) Palmitic acid (C-16:0) Ci6H3,0, 8%
1) Stearic acid (C-18:0) CigH360, 2%
2) Oleic acid (C-18:1) CigH340, 6%
h) Linoleic acid (C-18:2) C1gH3,0; 2%
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Figure 2.3 The chemical structures of medium-chain fatty acids (MCFAs) in VCO
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MCMs and MCFAs are bioactive forms of MCTs with a wide range of
pharmacological properties that can aid in enhancing the immune system, treating
conditions like inflammatory, gastrointestinal (Parrish, 2017), and cardiovascular
diseases, and having the power to combat a wide range of bacterial, fungal, and viral
infections (Joshi, 2020; Subroto & Indiarto, 2020).

Since VCO contains rich medium-chain fatty acids (MCFAs), which are first
digested or metabolized in the body from carbohydrates and can help reduce appetite.
As a result, people consume fewer carbs and help obesity reduction by increasing
metabolism rates when ingesting in the liver (Hee ef al., 2017; Suryani et al., 2020).
That MCF As do not participate in the creation and transport of cholesterol because VCO
is rich in medium chain saturated fatty acids (lauric acid), which allow them to be
immediately absorbed from the intestine and transported straight to the liver to be
quickly utilized for energy generation (Roopashree ef al., 2021). Developing nations in
West Africa that are coping with the nutrition shift and its accompanying rise in chronic
diet-related diseases such as obesity and heart disease might benefit from coconut oil's
cardioprotective properties (Boateng ef al., 2016; DebMandal & Mandal, 2011).

VCO, also known for its polyphenolic content, has a cardioprotective impact that
can be helpful by decreasing lipid components, enhancing antioxidant enzymes, and
lowering lipid peroxide levels (Hee et al., 2017). VCO can also be utilized as an
antioxidant and has an effect on healing after an ovariectomy (Abujazia ef al., 2012).
VCO can also help to lower blood pressure (Mozaftfarian ez al., 2016; Nurul-Iman et al.,
2013). Moreover, VCO can be utilized as an external medicament for cosmetics, such
as wound medicine, and as a probiotic (Suryani ef al., 2020).

Because of its therapeutic significance, VCO has sparked a lot of attention in
recent years (Dumancas G ef al., 2016). On a daily basis, consumers are becoming more
aware of the value of organic, non-chemically produced edible oils (Mohammed e? al.,
2021). Many consumers, however, dislike the texture of VCO since it includes saturated
fatty acids that are solid at ambient temperature. A revised VCO formulation was
recently created to improve its appeal and stability, as well as to lessen the oily taste and
texture of VCO. Such a kind is formed into VCO in the form of an emulsion, which
serves both the VCO-producing industries and the VCO-consuming industries (Wiyani
etal., 2020).

16



2.2.2 Virgin coconut oil as antiviral and antimicrobial properties

VCO has been reported to have antibacterial, antiviral, antinociceptive, and anti-
inflammatory properties (Varma et al., 2019; Zakaria et al., 2011). Lauric acid, a
primary fatty acid in VCO, is responsible for its potent antiviral and antibacterial
properties (Dayrit, 2015). The lipid membrane of bacteria can be destroyed by
monolaurin, which can be produced from the lauric acid in VCO (Nitbani et al., 2022).
This feature of VCO was therefore shown to function as a natural food preservative by
destroying microorganisms. According to reports, immersing chicken meat in VCO can
increase the protein content and shelf life of the meat while lowering the moisture
content and bacterial colony count. The shelf life of chicken meat kept at room
temperature has been extended by soaking it for two hours in VCO (Srivastava ef al.,
2018).

Three primary pathways may be used to categorize the antibacterial activity of
lauric acid, monolaurin, and various ester derivatives: 1) interference with biological
functions including signal transmission and transcription, 2) destruction of gramme
positive bacteria and lipid-coated viral cell membranes through physicochemical
mechanisms, and 3) stabilization of human cell membranes. The existence of these many
pathways may be one of the factors preventing bacteria from developing a tolerance to
these substances' effects (Dayrit, 2015).

Monolaurin has been demonstrated to reduce the transcription of Toxic shock
syndrome toxin-1 (TSST-1) and anti-hemolysin (thus reducing virulence), and also
hinders induction of beta-lactamase production (thus inhibiting antibiotic resistance)
(Touaitia et al., 2025). The bacterial cell membrane's surface receives signals that
activate the transcription of virulence proteins and antibiotic-resistance genes (Beceiro
et al., 2013). Touaitia et al. (2025) have stated that gram-negative cell membranes are
thicker because they are formed of a thick coating of lipopolysaccharide, which allows
lipophilic free fatty acids (FFAs) to easily mix into them. Gram-positive cell membranes
have a thinner fat layer, but monolaurin, a non-ionic surfactant with polar and
hydrophobic sides, can damage and lyse them as well. Exoproteins are produced by

bacterial cells through membrane-associated procedures. By disrupting the cell
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membrane, monolaurin disrupts this stage (in which external metabolites activate

signal transduction receptors on the cell membrane, which in turn activate exoprotein

genes).

Another mechanism of action is to simply prevent biofilm formation from

occurring, if that is the bacteria's mode of operation, by acting as a surfactant on the

vulnerable substratum, such as a catheter/stent/prosthetic, and preventing bacteria from

laying down the initial lipid-rich biofilm (Bhatt, 2021). Table 2.2 summarizes the

antimicrobial activities of VCO.

Table 2.2
Antimicrobial activities of VCO
No. Microorganism tested  Activity References

1. Staphylococcus Lactic acid has a synergistic impact in the presence  (Tangwatcharin

aureus of lauric acid and monolaurin, which is assumed to & Khopaibool,
be owing to enhanced fatty acid absorption into the 2012)
membrane, leading in membrane disruption.

2. Staphylococcus Saponification or an enzymatic process converts fat (Silalahi &
aureus, Salmonella thypi  into fatty acids and monoglycerides. Hydrolysisby  Suryanto, 2014)
and FEscherichia coli the enzyme lipase (lipozyme) or partial hydrolysis

of VCO boost bacterial inhibition.

3. Enterococcus faecalis Restricting biofilm growth as indicated by fewer (Hesset al.,
viable biofilm-associated microorganisms and 2015)
lower biofilm biomass

4. Clostridium diffificile It is metabolized by digestive lipases, releasing  (Shilling et al.,
specific fatty acids and eventually limiting the 2013)
development of microbes in vivo.

5. Clostridium perfringens ~ N/A (Skiivanova et

al., 2005)

6.  Staphylococcus aureus, N/A (Anzaku et al.,

Streptococcus 2017)

pneumoniae, Escherichia
coli, Salmonella species
and Mycobacterium

tuberculosis.
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2.2.3 Medium-chain fatty acids in VCO reduce obesity

A research study has stated that obesity is linked to a persistent low-grade
inflammation state and is a risk factor for inflammatory and metabolic illnesses (Stréher
et al., 2020). Obesity is caused by a variety of variables, including genetics, lifestyle
choices, environmental exposures, and microbiome, but one of the most important is
still nutrition, both in terms of the quantity and type of calories ingested (Deol ez al,,
2015). Low-fat diets, physical exercise, and medication are the most regularly employed
techniques for the treatment of obesity and subsequent illnesses (Makris & Foster,
2011). Nonetheless, medication is frequently accompanied with negative side effects
(Kang & Park, 2012). In this regard, it has been looking for some dietary substances,
such as polyphenols and specific fatty acids, that have the ability to treat obesity-related
metabolic diseases by laying down the first lipid-rich biofilm (Stroher ef al., 2020).

Coconut oil appears to aid in weight loss and the improvement of metabolic
markers related to obesity (Vogel ef al., 2020). Because ofits short chain length, MCFA
is easily hydrolyzed and absorbed participating in cholesterol transport and providing a
fast source of energy (Babu ef al., 2014). MCFA enters the portal circulation after
absorption in the proximal intestine and is delivered to the liver bound to albumin
(Schopfer er al., 2025). A tiny fraction remains in the circulation and is accessible to
peripheral tissues, rather than being stored in adipocytes. After being transported across
the mitochondrial membrane by acyl-CoA synthetases, MCFA are mostly employed in
hepatic-oxidation (He ef al., 2024).

2.2.4 Antioxidant properties in VCO

Coconut oil differs from other seed oils in that it contains the skin of the coconut
kernel, known as 'coconut testa,’ which contributes significantly to the oil's phenol
content (Srivastava ef al., 2018). Because the solubility of polar phenolic compounds in
non-polar coconut oil improves at high temperatures, VCO is projected to have higher
phenolic-dependent antioxidant capabilities than copra oil (Seneviratne ef al., 2009).
Caffeic acid, p-coumaric acid, and ferulic acid are phenolic chemicals found in VCO
(Sundrasegaran & Mah, 2020), while syringic acid was not found in refined bleached

deodorized coconut oil (Seneviratne & Dissanayake, 2008) .
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The antioxidant capability of plants is directly related to their phenolic content.
VCO has been researched for its antioxidative properties, which include impacts on
many antioxidant pathways in the body. The antioxidant activity of specific compounds
and extracts of natural products (such as coconut oil) is typically measured using both
chemical and automated assays and technologies (Shahidi & Zhong, 2015), which
include examining the scavenging properties of various free radicals/reactive oxygen
species as well as chelation and reducing properties (Bhatt, 2021; Seneviratne &

Dissanayake, 2008; Som ef al., 2019).

2.3 Surfactant

Surface-active agents, commonly known as surfactants, are amphiphilic
compounds that attach to surfaces and help to reduce interfacial tension. (Fenton ef al.,
2021). Surfactants have two different areas with distinct solubilities because they have
a hydrophilic head and a lipophilic tail (Zhao et al., 2021). Cationic, anionic, and
amphoteric molecules make comprise the head group and are conveniently soluble in
water. Alkanes, fluorocarbons, aromatic molecules, and other nonpolar groups can be
found in the lipophilic area. Surfactants are divided into four categories: cationic,
anionic, amphoteric, and non-ionic based on the properties of the head group region
(Khoee & Yaghoobian, 2017).

Surfactant must be able to lower interfacial tension to near zero during emulsion
preparation to promote dispersion of all components. Non-ionic, anionic, cationic, and
zwitterionic surfactants are all possible. The nature of the surfactants influences the
stability of the emulsion. Non-ionic surfactants are stabilized by dipole and hydrogen
bond interactions, while ionic surfactants are sustained by electrical double layer
interactions. Salt content has an effect on ionic surfactants as well. As a result of their
instability and toxicity concerns, ionic surfactants are typically not preferred. Non-ionic
surfactants, on the other hand, can develop harmless medicinal dosage forms, making
them more desirable (Kale & Deore, 2016).

HLB is a dimensionless critical variable in the surfactant selection process for
the creation of niosomes. This parameter influences the size and quantity of drug

loading. Surfactants having an HLB value between 4 and 8 are vesicle-forming
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compatible. Surfactants with HLB values more than 6 can scarcely form vesicles; hence,
cholesterol must be added to produce niosomes. According to Kale & Deore (2016),
surfactants with HLB values of 3-6 are beneficial in the development of water-in-oil
emulsion, whereas surfactants with HLB values of 8-18 are useful in the preparation of
oil-in-water emulsion. Surfactants with more than 20 HLB values act as co-surfactants
to lower surfactant concentrations to an appropriate level and to create emulsions.
When the concentration of surfactant approaches or exceeds the critical micelle
concentration (CMC), they form orderly structures called micelles. When the CMC is
achieved, the surface tension does not drop any more with the addition of more
surfactant. Owing to a reduction in interfacial tension, the presence of a surfactant makes
the two phases more aligned with each other, resulting in wetting or emulsification. In
detergency uses, this concept allows for the washing of soiled clothing and crockery

(Fenton et al., 2021).

2.3.1 Non-ionic Surfactant

Non-ionic surfactant-based vesicles, also known as niosomes, have gotten a lot
of interest in the pharmaceutical industry because of their exceptional ability to
encapsulate both hydrophilic and hydrophobic drugs. It has recently been shown that
these vesicles can increase medication bioavailability and may operate as a novel
technique for delivering a variety of therapeutic agents, including as chemical
pharmaceuticals, protein therapeutics, and gene materials, with minimal toxicity and
desirable targeting effectiveness (Ge ef al., 2019). Non-ionic surfactants are typically
those that are not dissociated in aqueous solution, and their head groups are inherently
big and bulky, pointing away from the oil droplet. These polar head groups clash and
tangle with other water droplet head groups, preventing droplets from sterically colliding
(Cassiday, 2014).

Non-ionic surfactants are polymeric surfactants made up of complex molecules
with a high molecular weight. They form a bulky visco-elastic coating around droplets
to prevent encapsulated material from escaping while also maintaining steric stability,
preventing internal droplet coalescence, and thus improving stability, whereas
monomeric emulsifiers are simple molecules that align at the interface but do not have

optimal stability in double emulsions due to their proclivity to move from one step to
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the next. Non-ionic emulsifiers may be used alone or in combination with charged
emulsifiers to increase emulsion stability (Cassiday, 2014).

Alkyl esters, such as sorbitan fatty acid esters (Spans) and polyoxyethylene
sorbitan fatty acid esters (Tweens), are another class of non-ionic surfactants that have
been utilized extensively. They are thought to be harmless and non-irritating
compounds. As the acyl chain length grows, the gel transition temperature of spans rises.
At room temperature, for instance, span 20 (sorbitan monolaurate), which has a carbon
chain of 9 carbon atoms, is a liquid. With 13 carbon atoms in the carbon chain, span 40
(sorbitan monopalmitate) has a gel transition temperature of around 47 °C, whereas span
60 has a gel transition temperature of roughly 58 °C. Entrapment efficiency improves
with carbon-chain length, which is interesting. Tweens have a high hydrophilic-
lipophilic balance (HLB) because they are generated from polyoxyethylene combined
with sorbitan fatty acid esters (Spans) (Khoee & Yaghoobian, 2017).

2.3.1.1 Methyl-o-D-glucopyranoside

Methyl-o-D-glucopyranoside (MEG) is an anomeric o.-D-glucopyranoside with
a methyl group as illustrated in Figure 2.4. It is a methyl-D-glucoside and an a-D-
glucoside. Methyl-ai-D-glucopyranoside a white powder, is a well-known industrial
chemical that is frequently used to make a variety of products, such as esterified
surfactants, adhesives, coatings, cosmetics, detergents, polyether polyols, and more
recently, starting polyols for use in the production of urethane foams after prior
oxyalkylation. MEG are commonly synthesized in a batch method by the alcoholysis
reaction of a monosaccharide (e.g., glucose) or a polysaccharide (e.g., starch) with
methanol in the presence of a catalytic quantity of p-toluene sulfonic acid or sulfuric
acid. The alcoholysis process produces a combination of products, the most prominent
of which are at-MeG and 3-MeG. The methanol can be evaporated and swapped with
coolant to produce a dark solution that can be decolored using a whitening agent (e.g.,

activated carbon) (Yang ef al., 2016).

22



HOlIII-

HO OH

Figure 2.4 Methyl-a-D-glucopyranoside

2.3.1.2 Span series

Non-ionic emulsifiers titled spans (which are also referred to as sorbitan esters)
serve their purpose in emulsions, creams, and ointments. The Span surfactant series is a
class of non-ionic surfactants that are widely utilized, non-irritating, safe, and easily
accessible. Sorbitan monolaurate (Span 20), sorbitan monopalmitate (Span 40), sorbitan
monostearate (Span 60), and sorbitan monooleate (Span 80) are examples of common
sorbitan monoesters. As shown in Figure 2.5, these Span surfactants are made up of
various fatty acid chains and the same sorbitan group (Zheng ez al., 2022).

In the cases of Span 20 and Span 80, it was discovered that the added cholesterol
had an impact on the preparation type, causing it to either be a proniosomal alcoholic
solution or a liquid crystalline gel system. Because of the low transition temperatures of
Span 20 and Span 80 (16 °C and 12 °C, respectively), these substances are liquid at
ambient temperature and cannot gel with lower cholesterol concentrations. On the other
hand, because they have high transition temperatures and are solids at room temperature,
Span 40 (Tc = 42 °C) and Span 60 (Tc = 53 °C) operate as gelators by themselves and
generate white creamy gels in the presence or absence of cholesterol. For Span 20 and
Span 80, gel formation will begin at 20% and 30% (molar percent) of cholesterol,
respectively. At cholesterol concentrations below 30%, Span 80 created two phases of
proniosomal liquids because it is more hydrophobic than Span 20 (HLB = 8.6) (HLB =
43). It was discovered that the proniosomal gels were thermo-reversible. It was

predicted that the prepared systems would release flurbiprofen under regulated
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conditions over an extended length of time (Khoee & Yaghoobian, 2017).

Figure 2.5 Span surfactant series

2.4 Stability of Emulsion

According to Goodarzi & Zendehboudi (2019), owing to the inherent inclination
of a liquid/liquid mixture to reduce interfacial interactions, an emulsion is a
thermodynamically unstable method. After a period of time, however, most emulsions
display kinetic stability. The emulsion stability is largely determined by the interactions
between surface-active agents and the water/oil interfaces (Goodarzi & Zendehboudi,

2019) and influenced by the technique of production, emulsifier type and concentration,
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temperature, and medium pH (Maphosa & Jideani, 2018; L. Zheng et al., 2020). During
emulsification, emulsifying agents are adsorbed to the newly created interfacial layer,
decreasing interfacial tensions and enabling the immiscible phases to partially blend.
(Goodarzi & Zendehboudi, 2019).

As demonstrated in Figure 2.6, many processes such as flocculation,
coalescence, sedimentation, Ostwald ripening, creaming, and phase inversion are
responsible for emulsion destabilization. Flocculation is the process by which droplets
in an emulsion attract each other and produce flocs without causing the stabilizing layer
at the interface to burst. Droplet flocculation happens as a result of gravitational force,
centrifugation, Brownian forces, and when repulsive energy is smaller than van der
Waals energy. This phenomenon is undesired since it increases creaming and minimizes
clouding due to bigger particle sizes, as well as promotes coalescence due to the closer
proximity of droplets (Maphosa & Jideani, 2018; Ravera et al., 2021).

Coalescence is the merging of two droplets into a single one produced by the
thinning and rupture of the liquid coating between them and is heavily influenced by the
interfacial characteristics of the adsorbed layers (Wiyani et al., 2020). Coalescence in
emulsions can occur when moving droplets collide with each other or as a result of
flocculation (Lamba ef al., 2015). Ostwald ripening happens when capillary pressure
induces a partial breakdown of the dispersed liquid process, resulting in a mass transition
from tiny to big droplets interface. This process is impacted by the interaction of
surfactants and the rheological characteristics of the interfacial membranes, but it is
primarily motivated by the solubility of the dispersed substance and is strongly reliant
on droplet size (Ravera ef al., 2021).

Gravitational separation causes creaming (upward) and sedimentation
(downward). These occur when emulsion droplets combine to form larger droplets or
when the droplets rise to the emulsion's surface due to buoyancy. When the density of
the scattered phase is smaller than the density of the continuous phase, this is frequently
caused by gravitational force. Typically, this occurrence results in a divided emulsion
with a droplet-rich cream layer and a droplet-depleted watery layer.

Creaming is often a prelude to coalescence and is followed by phase separation;
the creaming index may be used to describe the amount of creaming in O/W emulsions.
The creaming index indicates the level of droplet aggregation; hence, the higher the
index, the more droplets have agglomerated. Creaming can be measured visually or

using optical imaging. The creaming index can be used to describe the amount of O/W
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emulsions (Maphosa & Jideani, 2018).

2.5 Freeze-thaw Stability

O/W emulsions may be susceptible to freeze-thaw during production and
storage. Freezing is often used to extend the shelf life and maintain the quality of goods
that are thawed before eating. Additionally, freezing is a process used in the production
of ice cream and other sweets that are intended to be eaten frozen. Bramante ef al. (2025)
stated regardless of the cause, freeze-thaw may cause o/w emulsions to become unstable
by altering their microstructure. Because it affects the quality of various meals (most
notably ice cream), the freeze-thaw stability of both o/w emulsions and emulsion-based
foods has been studied (Muhammad Shariful ef a/., 2018). The quality of meals based
on emulsions has been shown to be affected by the fact that o/w emulsions are often
unstable to freeze-thaw. A process of partial coalescence between oil droplets, followed
by coalescence upon thawing, is often responsible for destabilization induced by
crystallization of the dispersed phase. This might ultimately lead to emulsion breakage
and the release of the emulsified oil. The impact of cooling temperature, cooling rate,
and isothermal holding duration on the freeze-thaw stability of o/w emulsions has been
examined in a number of studies since these factors influence the emulsion's
crystallisation profile, particularly the dispersed phases (Okuro er al., 2022). Ice
expansion, which puts pressure on the oil droplets and causes coalescence, would

encourage o/w emulsion instability when the continuous phase crystallizes.

2.6 Effect of Temperature on Emulsion

Emulsions are thermodynamically unstable systems that rapidly divide into oil
and water layers. This is owing to the differing densities of the oil and aqueous phases,
as well as the unfavorable interaction between oil and water molecules. An emulsion's
stability may be described as its capacity to retain its qualities; that is, the ability of the
emulsion's phases to remain mixed together (Maphosa & Jideani, 2018).

Temperature has a considerable impact on emulsion stability. The physical

characteristics of oil, water, interfacial films, and surfactant solubilities in the oil and
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water phases are all affected by temperature. They, in turn, have an impact on the
emulsion's stability. According to Ismail ez al. (2020), temperature increases often aid
in the separation of emulsions. This is due to the lower viscosity of the continuous phase,
which causes it to coagulate even more. Temperature rise also reduces surface viscosity,
which destabilizes the surface oil coating in the water. The most important influence of
temperature on emulsion viscosity is that viscosity reduces with rising temperature. This

drop is mostly due to a decrease in oil viscosity (Nebogina ez al., 2020).

2.7 Molecular Dynamic Simulation

Computational drug discovery can help to speed up the difficult process of
creating and optimizing a novel medication candidate. Because of the rapid
development of faster architectures and improved algorithms for high-level calculations
in atime-efficient way, the effect of computational structure-based drug design (SBDD)
on drug discovery has increased in the last decade. Nowadays, classic molecular
dynamics (MD) simulations enable the application of SBDD tactics that fully account
for the structural flexibility of the total drug target model system. Indeed, the two major
drug-binding paradigms (induced-fit and conformational selection) have largely
supplanted Emil Fischer's rigid lock-and-key binding paradigm (De Vivo ez al., 2016).
According to De Vivo ef al. (2016), Classical Molecular Dynamics (CMD) is a
physical approach for investigating the interaction and motion of atoms and molecules
using Newton's physics. A force field is used to compute the total energy of a system by
estimating the forces between interacting atoms. The integration of Newton's equations
of motion then provides successive configurations of the developing system during MD
simulations, yielding trajectories that describe particle locations and velocities across
time. A range of features, including free energy, kinetics measures, and other
macroscopic variables, may be derived from these MD trajectories and compared to
experimental observables. The approach was developed in theoretical physics in the late
1950s and is currently used in chemical physics, materials science, biomolecule
modelling, and, more recently, drug development.
The reversible emulsification and demulsification processes were studied using
molecular dynamics simulations (Liu ef al., 2019). MD simulations are frequently used
in conjunction with experimental structural biology methods as as X-ray

crystallography, cryo-electron microscopy (cryo-EM), nuclear magnetic resonance
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(NMR), electron paramagnetic resonance (EPR), and Forster resonance energy transfer

(FRET) (Hollingsworth & Dror, 2018). Molecular dynamics (MD) simulation is a
powerful tool for studying physical processes at the microscale, such as molecule
adsorption and droplet coalescence. In the case of W/O emulsion, several research have
appeared in recent years to investigate the microscopic mechanisms of deformation,
breakdown, and coalescence of water droplets under external electric fields at the
molecular level using MD modelling. These studies mostly concentrated on the many
contributing parameters, such as electric field intensity, electric field type, and ion
concentration (Li ef al., 2022).

Based on a generic model of the physics driving interatomic interactions,
molecular dynamics (MD) simulations predict how each atom in a protein or other
molecular system would move over time. These simulations may capture a wide range
of critical biomolecular events, such as conformational change, ligand binding, and
protein folding, and disclose the locations of all atoms with femtosecond temporal
resolution. Crucially, such simulations may anticipate how biomolecules will react at
the atomic level to perturbations like mutation, phosphorylation, protonation, or the

addition or removal of a ligand (Hollingsworth & Dror, 2018).

2.7.1 Self-assembly in emulsion

In emulsion systems, aggregation is the production of agglomerates without
coalescence, that is, without the actual rupture of the interfacial layer and the consequent
generation of bigger droplets. Coalescence can be avoided if contact between phases is
prohibited by a sufficiently high barrier, which can be electrical or steric in nature.
Aggregation may occur in these systems if attractive droplet-droplet forces prevail at long
range. This long-distance attraction can be attributed to one or both of two separate origins.
Bar-On & Manor (2024) has studied two droplets will attract each other noticeably
(attractive energies > kT, where k= Boltzmann's constant and T= absolute temperature)
even at significant distances relative to molecular dimensions. These are the London
dispersion forces amplified by the integration of molecule-molecule interactions across the

volumes of the two droplets.

The second aspect to droplet-droplet attraction may occur if the interfacial film of

one droplet attracts the film of the other in the area between the two particles. This is most
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likely to be the case when the absorbed surfactant films on oil droplets in water expose
relatively hydrophobic and/or nonionizing functional groups toward the water phase.
"Soluble" surfactants that may expose an excess of hydrophilic groups to water when
adsorbed onto oil droplets should, in general, not influence droplet-droplet attraction and
so aggregation. On the contrary, their charges or/and hydrophilic bulk should help to the
avoidance of droplet close proximity (Bar-On & Manor, 2024). If the repulsive forces
(electrical or steric) are not as long ranged as the aforementioned attractive forces, the
droplets may be more energetically comfortable in aggregated forms.

Abdul Rahman ef al. (2010) mentioned the shape and size of the aggregate
generated will be affected, which are intricately associated and sensitive to the
composition, temperature, and solution conditions. The connection between the area of the
head-group and the length of the chain and the form of the resultant aggregation and
implies that the resultant structure from surfactant solubilization will vary in form, such as
spherical, cylindrical, or cubical micelle, lamellar, and even inverted structures. The
development of a spherical micelle, on the other hand, is most advantageous since it has
the smallest surface area and size for a given volume. Table 2.5 shows several studies that

indicates the shape of the aggregation that has presented in the emulsion system.

Table 2.3
Shape of the aggregation in emulsion system
No. Shape of the aggregation System Surfactant References
1. Cylindrical, Cubical and Micelles Span 20 (Abdul Rahman et
Lamellar al., 2010)
2. Lamellar. Hexagonal and Oil-in-water Tween 20 (Mao et al., 2014)
Orthorhombic emulsion
3. Hollow Vesicle-like Oil-in-water =~ Hexadecyltrimethylammonium  (Park ef al., 2016)
emulsion Bromide
4. Lamellar Oil-in-water Tween 80
emulsion (Moraes et al.,
5. Spherical / Prolate Nanoemulsion Benzalkonium Chloride 2018)
Ellipsoid
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The concentration of the surfactants influences the development of emulsion

droplets or micelles. If the value is greater than the critical micelle concentration (CMC),
enough surfactants are present to stabilize each nanoparticle and form micelles. If the value
is less than the CMC, macroemulsion droplets develop, each enclosing numerous
nanoparticle (Wu ef al, 2022). Because of the van der Waals contact between the
hydrophobic capping ligands on the nanoparticle surface and the hydrophobic tails of the
surfactants, the final formed structures are shielded by a layer of surfactants, allowing for
excellent dispersibility in water (Akbari & Nour, 2018).

The self-assembly of colloidal nanoparticles within emulsion droplets provides
numerous opportunities to precisely control the size, shape, crystal structure, and
component of the assembled superstructures, allowing the exploration of new collective
properties (e.g., plasmonic coupling, light absorption, and catalytic activity) and improved
performance in a variety of applications (e.g., drug delivery, multimodal bioimaging, and
therapeutic applications). These procedures often do not require extra processes for
changing building blocks and may be carried out under mild circumstances, allowing the
particle interaction to be regulated to develop new synergetic qualities while retaining the

inherent features of the nanoparticles (Wu ef al., 2022).
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CHAPTER 3
RESEARCH METHODOLOGY

3.1 Materials and Chemicals

Virgin coconut oil (VCO) was purchased from Rainforest Herbs, Malaysia.
Deionized water was produced using a laboratory deionization system. Methyl-a-D-
glucopyranoside (MEG) was obtained from Sigma-Aldrich, United States of America
(USA). Span 20 (sorbitan monolaurate) and Span 80 (sorbitan monooleate) were

purchased from Chemiz, Malaysia.

3.2 Methods

3.2.1 Emulsion Preparation

All samples were prepared at a room temperature. Emulsion was prepared with
only one surfactant with different ratios of composition by referring to the work by
Sanjeewani et al. (2013) with slight modification. VCO, deionized water and surfactant
were weighed and mixed together using a vortex mixer. Based on the composition listed
in Table 3.1, the emulsion mixture was produced involving MEG. The procedures were
repeated using two surfactants which are Span 20 and Span 80. Tables 3.2 and 3.3

illustrate the composition of emulsion mixture using those two surfactants.

Table 3.1
Emulsion formulation using different ratios of MEG

Samples VCO (g Deionized water (g) Surfactant (g) VCO : Deionized
Water : Surfactant %
(w/w)
MEG-A 2.0 6.0 2.0 20 :60 : 20
MEG-B 2.0 4.0 4.0 20:40 :40
MEG-C 30 4.0 30 30 :40 :30
MEG-D 1.0 6.0 30 10 : 60 : 30
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Table 3.2

Emulsion formulation using different ratios of Span 20

VCO : Deionized

Samples VCO (g) Deionized water (g) Surfactant (g) Water : Surfactant %
(w/w)
S20-A 20 6.0 2.0 20 : 60 : 20
S20-B 20 40 40 20 : 40 : 40
$20-C 3.0 40 3.0 30 : 40 :30
S20-D 10 6.0 3.0 10 : 60 : 30
Table 3.3

Emulsion formulation using different ratios of Span 80

Samples VCO (g Deionized water (g) Surfactant (g) VCO : Deionized
Water : Surfactant %
(w/w)
S80-A 2.0 6.0 2.0 20:60:20
S$80-B 2.0 4.0 4.0 20:40 : 40
$80-C 3.0 4.0 3.0 30:40 :30
S80-D 1.0 6.0 3.0 10 : 60 : 30

Table 3.4 shows the composition of emulsion with VCO involving mixed

surfactants consisting of MEG and Span 20. The composition was prepared with

deionized water using the mixture consists of VCO and mixed surfactants. The

composition was mixed together using vortex mixer.
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Table 3.4
Emulsion formulation using different ratios of mixed surfactant (MEG and Span 20)

Samples VCO (g Deionized water Surfactant (g) VCO : Deionized Water
® : Surfactant % (w/w)
MEG Span 20
MS20-A 20 6.0 1.0 1.0 20: 60 : 20
MS20-B 20 40 2.0 20 20 :40 :40
MS20-C 30 40 1.5 1.5 30:40 :30
MS20-D 1.0 6.0 1.5 1.5 10 : 60 : 30

*M = MEG; S20 = Span 20

Table 3.5 illustrates the preparation of emulsion formulation using MEG and

Span 80.

Table 3.5
Emulsion formulation using different ratios of mixed surfactant (MEG and Span 80)

Samples VCo (® Deionized water Surfactant (g) VCO : Deionized Water
® : Surfactant % (w/w)
MEG Span 80
MSS80-A 2.0 6.0 1.0 1.0 20:60:20
MS80-B 20 40 2.0 20 20: 40 140
MS80-C 3.0 4.0 1.5 1.5 30:40 :30
MS80-D 10 6.0 15 1.5 10 : 60 : 30

*M=MEG; S80 =Span 80
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3.2.2 Stability evaluation with different temperatures

The selected formulations were evaluated for thermal stability by subjecting the
samples to five different temperatures (30, 35, 40, 45, and 60 °C) in a water bath for 10
minutes. Observations focused on emulsion stability, droplet size, and visual
appearance. Specifically, the samples were monitored for phase separation or creaming,
droplet coalescence, changes in viscosity, and sediment formation. These observations
allowed comparison of the thermal stability of formulations containing different
surfactants and compositions, thereby identifying the most stable system under varying

temperature conditions.

3.2.3 Creaming Index

All of the emulsion samples were placed in a small vial tube with a tightly sealed
cap and were stored for 32 days at 25 °C. During the storage period, observations were
taken every four days. According to Sanjeewani & Sakeena (2013), commonly, the oil
droplets have lower density than the surrounding aqueous phase, causing the droplets to
move upwards while being stored, then lead to creaming. Creaming Index was

calculated as shown in (3.1):

Height of the droplet depleted lower layer (HD)
C ing index %= %1009 3.1
reamingindex % Height of total emulsion (HE) % G.1)

3.2.4 Freeze-thaw stability

Freeze-thaw experiments for oil-in-water (O/W) emulsions and aqueous
dispersions were conducted immediately following preparation in order to evaluate their
stability under temperature fluctuations. All samples were pre-conditioned at 20+ 1 °C
prior to the freezing stage to ensure uniform thermal conditions (Palazolo ef al., 2011).

Freezing stage: Emulsions were stored isothermally at -20 °C in a still-air
environment for 24 hours under airtight, leak-proof containers in order to allow for full

solidification.

34



Thawing stage: Samples following the freezing stage were then placed at room
temperature for full liquefaction.

Post-thaw, emulsions at room temperature underwent additional visual and
quantitative observations. Following the freeze-thaw, some emulsions showed a state of
phase separation, with an apparent development of discrete layers with a range of visual

appearances, including:

¢ Oil layer (disengaged oil phase)
¢ Cream layer (coalescence of oil droplets)

e Serum layer (clear, transparent, aqueous phase)

A visual estimation of each layer's thickness with a ruler was performed to
monitor the level of phase separation. To evaluate the stability of the emulsions against
gravitational separation (GS), the ratio of the serum height (hs) to the total sample height

(hT) was calculated and expressed as a percentage using the formula (3.2):

Height of the bottom serum layer (hs)
Total sample height (hr)

Stability of emulsion against GS = (3.2)

where:

o hs (Height of the serum layer): The measured height of the clear aqueous phase at the
bottom, indicating the extent of phase separation.
e hr (Total sample height): The initial total height of the emulsion before freeze-thaw

treatment.

The thickness of each layer was measured using a calibrated ruler with an
accuracy of 0.1 mm. The measurements were taken from the base of the vial, ensuring
consistency across all samples.

A heightened level of GS reflects a high level of gravitational separation and,
therefore, reduced emulsion stability under freeze-thaw testing. In contrast, a reduced
level of GS reflects increased emulsion stability, with little, if any, phase separation.
Both qualitative and quantitative analysis yield a thorough evaluation of emulsions'

stability in terms of freeze-thaw testing.
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3.2.5 Rheology Test

The viscosity of the emulsion mixtures was determined by using rotational
Physics MCR 300 rheometers, Paar Physica circulating bath and controlled Peltier
system. According to Gao et al. (2021), the shear rate of the emulsion mixture was

calculated using the following formula (3.3) and (3.4):

Flow velocity difference (v)
Shear rate ()= : _ — (3.3)
Height difference of 2 liquid levels (r)

Flowrate (Q)

Flow velocity difference (v)= Area (A)

(3.4)

The pressure was set up until the stable reading has reached and the time taken
was adjusted to 5 minutes on the beginning of the operation of rheometer. Next, the
‘Time-Temperature Test Constant Shear Stress’ was chosen as the type of rheomode to
determine the viscosity. In order to calibrate the spinning spindle, the software was used
to set the parameters and the position of spinning spindle was set 0.5 mm from the stage
as this is the one of the important things in parameter. The sample was placed on the
stage before the analysis while the spinning spindle was slightly lifted in order to place
the sample. The reading for the samples’ viscosity were obtained and recorded after the

spinning spindle was let to spin the mixture.

3.2.6 Droplet Size and Distribution

By using Nikon SMZ-U optical polarizing microscope (OPM) connecting with
DCLR Canon Fos 550D, the droplet size of emulsion was determined. A drop of sample
was dropped onto a glass microscope, which then was sealed with a glass cover slide.
The sample then was examined under 10x, 20x and 50x magnifications through the
objective glass. The droplet size was determined by calculating the diameter of each
droplet by using a software given after the images were captured with a camera on the

force applied to the plate and interpreted using the given software.
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3.2.7 Functional Group Measurement

Fourier transform infrared spectroscopy (FTIR) is well known as a quick, non-
destructive, and straightforward examination that does not need sample preparation or
the use of organic solvents. The FTIR spectrometer utilized is a PerkinElmer Spectrum
One FT-IR spectrometer housed in Faculty of Applied Science block A306. This
spectrometer is very useful for determining the functional group of chemicals in liquid
samples. A few drops of sample were deposited in the center of the aperture plate, and
the second aperture plate was placed on top of the first. The aperture plates were fastened
together and the FTIR spectrometer was used to investigate them. The spectrum one plus

program was used to acquire the infrared spectrum result.

3.2.8 Simulation Methodology

GROMACS v5.04 software was used to perform molecular dynamics
simulations (Abdul Rahman ef a/., 2010). In all directions, periodic boundary conditions
were used. Grid neighbor-searching was used at 5 integration step intervals with a cut-
off radius of 1.2 nm. Using the Verlet cut-off approach, all long-ranged, non-bonded
interactions were cutoff at 1.2 nm. The Particle-Mesh Ewald technique with fourth-order
interpolation was used to model long-range electrostatic interactions.

To guarantee that all conceivable interactions were considered, the van der
Waals interactions were addressed using a simple cut-off. The Velocity rescaling
thermostat was used to keep the system temperature at 300 K, with a temperature-
coupling constant of 1.0 104 ns (1.0 105 ns for pre-equilibration). While simulating in
an isothermal isobaric (NPT) ensemble, Berendsen's pressure coupling approach was

used.
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Energy Minimization

Prior to equilibration, energy minimization was carried out to eliminate steric
clashes or high-energy contacts in the initial structure. The steepest descent algorithm
was used with a maximum of 50,000 steps and a step size of 0.01 nm. The minimization
was considered complete once the maximum force on any atom fell below 1000.0
kJ/mol/nm.

To maintain the structure of selected molecules during minimization, position
restraints were applied to 880M, LQAU, and DO6T surfactant molecules via the -
DPOSRES directive.

Nonbonded interactions were computed using the Verlet cutoff scheme, with
neighbor list updates every step (nstlist = 1). Electrostatic interactions were handled
using the Particle Mesh Ewald (PME) method, with a short-range Coulomb cutoff of

1.2 nm, while van der Waals interactions were truncated at the same distance (1.2
nm). Periodic boundary conditions (PBC) were applied in all three spatial dimensions
to mimic an infinite system.

This step ensured a stable starting structure for the subsequent NVT and NPT

equilibration simulations.
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NVT Equilibration

The system was subjected to constant number of particles, volume, and
temperature (NVT) equilibration using the leap-frog integrator for a total of 100 ps
(50,000 steps with a time step of 2 fs). To stabilize the system at the desired temperature,
the V-rescale thermostat (modified Berendsen thermostat) was employed with a
reference temperature of 300 K for each group of molecules (surfactants and solvent),
namely 880M, LQAU, DO6T, and water. A coupling constant (t<sub>t</sub>) of 0.1
ps was used for all temperature groups.

Initial velocities were generated from a Maxwell-Boltzmann distribution at 300
K, with a randomly assigned seed. The system was not coupled to a barostat, as the
pressure was not regulated during the NVT phase. All bonds involving hydrogen atoms
were constrained using the LINCS algorithm, with an order of 4 and a single iteration
to improve constraint accuracy.

Electrostatic interactions were calculated using the Particle Mesh Ewald (PME)
method with a real-space cutoff of 1.2 nm, Fourier spacing of 0.16 nm, and PME
interpolation order of 4. Van der Waals (vdW) interactions were also truncated at 1.2
nm, and long-range dispersion corrections to energy and pressure were applied.

Neighbor searching was based on a Verlet cutoff scheme with grid-based
searching and a neighbor list update every 10 steps. Position restraints were applied to
the selected surfactant molecules (880M, LQAU, and DO6T) using the -DPOSRES
directive to prevent significant structural distortions during the equilibration phase. The
system was simulated under periodic boundary conditions in all directions (PBC =xyz).
Trajectory output (coordinates, velocities, energies, and logs) was saved every

500 steps (equivalent to every 1 ps) for post-equilibration analysis.
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NPT Equilibration

Following the NVT equilibration, the system was further equilibrated under
constant number of particles, pressure, and temperature (NPT) conditions to allow
density stabilization and volume relaxation. The leap-frog integrator was used over
50,000 steps (equivalent to 100 ps) with a time step of 2 fs. The simulation continued
from the previous NVT state, maintaining position restraints on selected surfactant
molecules (880M, LQAU, and DO6T) to preserve their structure during equilibration.

Temperature coupling was maintained using the V-rescale thermostat, with
coupling groups defined individually for 880M, LQAU, DO6T, and water (SOL), each
coupled to a reference temperature of 300 K with a coupling time constant of 0.1 ps.
Pressure coupling was applied using the C-rescale barostat in an isotropic mode,
allowing uniform scaling of all box vectors. The reference pressure was set at 1 bar with
a coupling time constant of 2.0 ps and compressibility of 4.5 x 107> bar™!, corresponding
to water.

Electrostatics were handled using the Particle Mesh Ewald (PME) method, with
a short-range Coulomb cutoff of 1.2 nm, PME order of 4, and Fourier spacing of 0.16
nm. Similarly, van der Waals interactions were truncated at 1.2 nm, and long-range
dispersion corrections for energy and pressure were included. Hydrogen bonds were
constrained using the LINCS algorithm with a higher iteration (2) and order (2) to
improve stability during pressure equilibration.

Neighbor searching employed the Verlet cutoff scheme with updates every 10
steps. Periodic boundary conditions were applied in all directions (PBC =xyz). Velocity
generation was turned off during NPT equilibration to maintain continuity from the NVT
phase.

Simulation outputs (coordinates, velocities, energies, and logs) were recorded

every 500 steps (1 ps intervals) for analysis.
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Production of Molecular Dynamics (MD) Simulation

After the equilibration phases, a 20 ns production molecular dynamics (MD)
simulation was performed under NPT ensemble conditions to observe the long-term
behavior and stability of the emulsion system. The leap-frog integrator was used with a
2 fs time step, totaling 10,000,000 steps. No new velocities were generated, as the
simulation was continued from the previous equilibration stage.

Temperature control was maintained using the V-rescale thermostat, with
individual coupling groups defined for 880M, LQAU, DO6T, and water (SOL), each
assigned a reference temperature of 300 K and a coupling time constant (t<sub>t</sub>)
of 0.1 ps. Pressure coupling was applied using the C-rescale barostat in isotropic mode,
with a reference pressure of 1 bar, compressibility of 4.5 x 107 bar™!, and a pressure
coupling time constant (t<sub>p</sub>) of 2.0 ps.

Electrostatic interactions were computed using the Particle Mesh Ewald (PME)
method with a real-space cutoff of 1.0 nm, PME order of 4, and a Fourier grid spacing
of 0.16 nm. Van der Waals interactions were also truncated at 1.0 nm, and long-range
dispersion corrections to energy and pressure were applied to improve accuracy. Bond
constraints involving hydrogen atoms were applied using the LINCS algorithm, with an
order of 4 and one iteration.

Neighbor searching was handled via the Verlet cutoff scheme with updates every
10 steps. Periodic boundary conditions were enforced in all three dimensions to mimic
a bulk system. Output data were optimized to reduce file size: coordinates were stored
in compressed format every 10 ps, while energies and log updates were also saved at 10
ps intervals.

This production run was critical for analyzing the structural, interfacial, and

dynamic properties of the emulsion system under study.
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CHAPTER 4
RESULTS & DISCUSSION

4.1 Stability evaluation of emulsion between single surfactant versus mixed
surfactant

4.1.1 Creaming index

Higher stability is reflected by a lower creaming index (CI), which measures the
extent of phase separation in an emulsion (Som et al., 2023). A higher CI indicates that
the oil phase has risen to the top (creaming) or fully separated from the aqueous phase,
signaling severe instability that compromises product consistency and performance. In
contrast, a low CI suggests that the dispersed oil droplets remain uniformly distributed
within the continuous phase. Such uniform dispersion prevents droplet aggregation and
upward migration, preserving the product’s texture, appearance, and functional
effectiveness throughout storage.

When methyl-a-D-glucopyranoside (MEG) was used as a single surfactant
(Figure 4.1(a)), several formulations exhibited instability as early as Day 1. Sample
MEG-C showed moderate separation with a CI of 63.16%, while MEG-D recorded the
highest CI at 84.21%, indicating poor stability. These observations suggest that MEG
alone provides limited ability to prevent droplet coalescence and creaming.

A different trend was observed with the Span 20 formulations (Figure 4.1(b)).
All samples appeared stable on Day 1 except S20-B. However, Samples S20-B, S20-C,
and S20-D displayed gradual increases in CI over the 30-day period, demonstrating
reduced stability during storage. Among this group, S20-A remained the most stable,
showing no creaming throughout the study.

For the Span 80 system (Figure 4.1(c)), Samples S80-A and S80-D demonstrated
the highest stability, with no creaming detected from Day 1 to Day 30. In comparison,
S80-B and S80-C exhibited slight creaming on Day 1 and continued to show small but
progressive increases in CI at each six-day interval. Overall, Span 80 produced the
lowest degree of phase separation among the three single-surfactant systems, indicating

superior stabilizing performance when used alone.
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These findings collectively show that MEG alone provides the weakest emulsion
stability, while Span 80 offers the strongest stabilizing effect among the single-
surfactant formulations. Span 20 performs moderately but displays variability
depending on formulation, with only one sample maintaining full stability throughout

the 30-day period.
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Among the three single-surfactant systems, the MEG-based emulsions exhibited
the lowest stability. MEG, a sugar-derived compound, does not possess the strong
surface tension—reducing capabilities characteristic of conventional surfactants such as
those in the Span series. Although its molecular structure provides some amphiphilic
properties, MEG is not optimally suited for significantly lowering interfacial tension
which is a crucial mechanism for stabilizing emulsions (Posocco et al., 2016). As noted
by Tian et al. (2022), highly effective emulsifiers adsorb firmly at the oil-water interface
and form a protective interfacial film that shields dispersed droplets, preventing their
coalescence.

MEG, however, does not sufficiently adsorb or form a robust interfacial layer
around the oil droplets. This limited surface activity makes it unable to prevent droplet
coalescence, leading smaller droplets to merge into larger ones and resulting in higher
creaming indices over time (Lu et al., 2024). In emulsions containing virgin coconut oil,
strong interfacial stabilization is essential to maintain fine droplet dispersion, but MEG
alone lacks the capacity to withstand environmental or storage-related stresses.

In contrast, the Span family of surfactants demonstrates greater stabilizing

performance due to their specific chemical properties and mechanisms of action. Span
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molecules strongly adsorb at the oil-water interface, forming a stable interfacial film
that effectively prevents droplet coalescence and enhances long-term stability (Posocco
et al., 2016). Their relatively bulky molecular structures also introduce steric hindrance,
physically spacing droplets apart and reducing the likelihood of aggregation or phase
separation (Jiao & Burgess, 2003; Zdrali et al., 2019). These characteristics explain the
significantly better performance of Span 20 and Span 80 compared to MEG when used
as single surfactants.

The MEG-Span 20 (MS20) emulsions showed good initial stability on Day 1,
as presented in Figure 4.2. Over the storage period, some fluctuations in creaming index
were observed, but several formulations maintained strong stability throughout. In
particular, MS20-C and MS20-D demonstrated the most consistent performance,
exhibiting low creaming indices and retaining good homogeneity over time. In addition,
MS20-A and MS20-B also displayed favorable stability compared with the
corresponding MEG-Span 80 (MS80) formulations (MS80-A and MS80-B) shown in
Figure 4.3.
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Figure 4.3 Creaming index for mixed surfactant using MEG and Span 80
from Day 1 to Day 30

MEG is a sugar-derived compound with strong hydrophilic characteristics,
which enhances its compatibility with surfactants used in stabilizing oil-in-water
emulsions. When MEG is combined with Span 20, the two surfactants can exhibit
synergistic effects because of their complementary interactions at the interface.
Synergism often arises from favourable head—group and tail-group interactions between
mixed surfactants (Shah et al., 2022). Surfactants with compatible head groups can form
hydrogen bonds or other attractive interactions that strengthen the interfacial film,
resulting in improved emulsion stability (Stubenrauch et al., 2017).

Span surfactants contain a hydrophobic fatty acid tail and a small, non-ionic
hydrophilic head. These molecular features allow Span molecules to adsorb effectively
at the oil-water interface (Posocco et al., 2016). The hydrophobic tail anchors into the
oil phase, while the hydrophilic head interacts with the aqueous phase. Meanwhile, the
sugar-based head group of MEG interacts strongly with water due to its high
hydrophilicity. When both are present, the combined system lowers interfacial tension
more efficiently and forms a stronger interfacial layer that surrounds oil droplets,
preventing them from coalescing. This complementary interaction enhances emulsion

homogeneity and long-term stability.
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In contrast, Span 80 shows a different behavior when mixed with MEG. Due to
its lower HLB value and stronger affinity for the oil phase, Span 80 is better suited for
water-in-oil emulsions, where oil is the continuous phase. Its more lipophilic nature
means it interacts less effectively with the highly hydrophilic MEG. This mismatch in
solubility preference weakens the formation of a cohesive interfacial film and reduces
the overall stability of the emulsion.

This difference is reflected in the creaming index profiles. As shown in Figure
4.3, the MEG-Span 80 mixtures did not achieve the same level of stability as the MEG—
Span 20 formulations. Although some MEG—Span 80 samples displayed initial stability
on Day 1, variations in creaming index became apparent over time. Certain formulations
exhibited progressively higher creaming indices, indicating limited interfacial protection
and weaker resistance to droplet coalescence. Conversely, several MEG— Span 20
formulations showed minimal creaming throughout the 30-day storage period,
confirming better performance of this combination.

These observations highlight the importance of surfactant compatibility in
mixed-surfactant systems. The MEG—Span 20 system benefits from strong hydrophilic
interactions and the formation of a more effective interfacial film, resulting in highly
stable oil-in-water emulsions. In contrast, the MEG—Span 80 system suffers from
mismatched solubility tendencies and weaker interfacial cohesion, which leads to lower
stability. Overall, the findings clearly demonstrate that Span 20 is more suitable than

Span 80 for blending with MEG in the stabilization of virgin coconut oil emulsions.

4.1.2 Freeze-Thaw Stability

The stability of emulsions is significantly influenced by the choice of surfactants,
which help in maintaining the dispersion of one liquid within another. The stability of
emulsions can be particularly challenged by environmental stresses such as freeze-thaw
cycles, which can induce phase separation and compromise product quality (Ghosh &
Rousseau, 2009; Thanasukarn et al., 2004). This study investigates the stability of
emulsions using both single and mixed surfactants, focusing on their behavior through
multiple freeze-thaw cycles. By analyzing the percentage of phase separation in various
samples, this research aims to understand the impact of surfactant properties,
hydrophilic-lipophilic balance (HLB), and molecular interactions on the long-term

stability of emulsions. The findings provide valuable insights into optimizing
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surfactant formulations for enhanced emulsion stability under challenging conditions.
The investigation of emulsion stability across freeze-thaw cycles (Figure 4.4)

shows different behaviors when using a single surfactant. This approach aligns with the

findings of Doutsi ef al. (2025)., who emphasized that surfactant type and concentration

are crucial in determining the emulsion stability under thermal stress conditions.
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Figure 4 4 Freeze-thaw analysis of single surfactant emulsions

The stability of the emulsions clearly depended on the type of surfactant used
and the specific composition of each sample. Emulsions prepared with MEG performed
poorly across most samples, with high phase separation 71.43% in MEG-A, 71.88% in
MEG-B, and 62.5% in MEG-C showing that MEG was not effective at keeping the
emulsions intact. This likely happened because MEG could not form a strong protective
layer around the oil droplets, leaving them prone to separation. On the other hand, Span
20 consistently improved stability. Phase separation dropped to 0% in S20-A, 47.37%
in S20-B, and 50% in S20-C, suggesting that Span 20 interacts much more effectively
with the emulsion components to create a durable interfacial film, as Peng et al. (2011)
also observed. Span 80 performed better than MEG but was slightly less consistent than
Span 20, showing 54.05% separation in S80-A, 34.21% in S80-B, and 30% in S80-C.

This indicates that Span 80 can stabilize emulsions, but its effectiveness depends on the
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sample composition and the way it interacts at the oil-water interface.

Across four formulations, sample D formulation stood out as the most inherently
stable. Even with MEG, phase separation was only 15.62%, and although it increased
slightly with Span 20 (36.84%) and Span 80 (47.37%), these numbers were still lower
than in other samples, showing the robustness of this formulation. This suggests that the
combination of virgin coconut oil, deionized water, and the surfactant blend in sample
D formulation creates strong and resilient interfacial films that resist destabilization,
even under challenging freeze-thaw conditions. Interestingly, in sample formulations B
and C, the stability improved over successive freeze-thaw cycles, indicating that
surfactants can “adapt” over time, gradually forming stronger interfacial layers that
enhance the overall stability. This matches the findings of Gao et al. (2021), who noted
that surfactants with intermediate HLB values tend to maintain stability better under
thermal cycling.

Overall, Span 20 proved to be the most effective surfactant, while MEG was the
least effective. Sample D formulation demonstrated the strongest inherent stability,
highlighting how both the choice of surfactant and the precise balance of oil, water, and
surfactant are critical for maintaining emulsion stability under varying temperatures.
These results show that careful formulation design is key: selecting the right surfactant
and composition can make the difference between an emulsion that separates quickly
and one that remains stable and reliable, even under environmental stresses like freeze-
thaw cycles.

The stability of emulsions prepared with mixed surfactants, especially under
freeze-thaw cycles, is influenced by several factors, including the type of surfactants,
their hydrophilic-lipophilic balance (HLB), molecular interactions, and the nature of the
oil and water phases (Aregbe et al., 2024). In this study, a combination of MEG, a sugar-
based surfactant, and Span 20 (sorbitan monolaurate) was used. Span 20, with an HLB
value of approximately 8.6, is a relatively balanced surfactant well-suited for stabilizing
oil-in-water emulsions. MEG enhances emulsification by forming strong hydrogen
bonds with water molecules, contributing to a stable interfacial film that resists phase
separation. This combination proved highly effective initially, as seen in the excellent
stability of MS20-A, MS20-C, and MS20-D, which showed no phase separation, and
the minimal separation observed in MS20-B (5.71%).

Replacing Span 20 with Span 80 (sorbitan monooleate) caused a marked change

in emulsion behavior. Span 80 has a lower HLB value (4.3) and is more lipophilic,
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which affects its ability to cover the oil droplets effectively. Its stronger hydrophobic
character results in weaker steric stabilization, leading to higher separation rates in all
samples during the second set of freeze-thaw cycles (56.76% for MS80-A, 50% for
MS80-B, 41.67% for MS80-C, and 65.71% for MS80-D). These observations are
consistent with Wang et al. (2023), who reported that surfactants with lower HLB values
are less effective at stabilizing emulsions under thermal stress.

Freeze-thaw cycles impose mechanical and thermal stress on emulsions. During
freezing, water expands and forms ice crystals, which can disrupt the surfactant film
and promote oil droplet coalescence. Upon thawing, the destabilized emulsion becomes
prone to phase separation (Ariyaprakai & Tananuwong, 2015; Donsi et al., 2011). The
ability of a surfactant to restore stability after thawing depends on how quickly it can
migrate to the oil-water interface and re-establish a cohesive film.

The contrasting results between Span 20 and Span 80 highlight the critical role
of surfactant selection. MEG shows good compatibility with both Span 20 and Span 80,
demonstrating its versatility. However, overall stability depends heavily on the co-
surfactant’s properties. Span 20°s higher HLB supports robust initial stability, while
Span 80’s lower HLB compromises long-term stability under freeze-thaw conditions.
Hong et al. (2018) also emphasized that surfactants with balanced HLB values provide
better protection against coalescence and phase separation.

Molecular interactions between surfactants, the oil phase, and water are also
pivotal. Surfactant molecules must form a cohesive, resilient film around the oil droplets
to prevent coalescence. In the case of Span 80, its longer hydrophobic chain may limit
efficient packing at the interface, leading to reduced stability.

Using various ratios of oil, deionized water, MEG, and surfactants specifically,
Span 20 and Span 80, as revealed in Figure 4.5, the stability of emulsions was examined.
For example, MS20-A exhibited excellent stability with Span 20 (0% separation), but
substituting Span 80 in the same formulation led to a substantial decrease in stability
(56.76% separation). Similarly, MS20-B showed good stability with Span 20 (5.71%
separation) but experienced 50% separation when Span 80 was used. These results
demonstrate that both surfactant selection and composition significantly influence

emulsion stability under freeze-thaw conditions.
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Figure 4.5 Freeze-thaw analysis of mixed surfactant emulsions

In MS20-C, the emulsion remained completely stable with Span 20 (0%
separation), but stability dropped significantly to 41.67% when Span 80 was used.
Similarly, MS20-D maintained excellent stability with Span 20 (0% separation), yet
exhibited the highest reduction among all samples, 65.71% separation under Span 80.
These results clearly demonstrate the critical role of surfactant hydrophilic-lipophilic
balance (HLB) in determining emulsion stability during freeze-thaw cycles, with Span
20 consistently outperforming Span 80.

The effectiveness of a surfactant depends not only on its HL.B value but also on
molecular interactions and the precise ratios of oil, water, and surfactant (Thanasukarn
et al., 2004). Span 20, with its balanced HLB, forms strong interfacial films that
effectively stabilize emulsions, whereas Span 80’s lower HLB and higher lipophilicity
reduce its ability to maintain cohesion around oil droplets. These interactions are crucial
for preventing coalescence and preserving emulsion integrity, as highlighted by Tesch
et al., who emphasized careful selection and formulation of surfactant mixtures for
optimal stability.

Analysis of both single and mixed surfactant systems across multiple freeze-
thaw cycles provides further insight. Single-surfactant emulsions showed wide
variability, with Span 20 achieving complete stability in S20-A, while Span 80 led to

higher separation rates due to its hydrophobic nature. Sample D consistently displayed
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superior stability, underscoring the importance of a well-balanced surfactant system. In
mixed systems, combining MEG with Span 20 resulted in excellent initial stability,
reflecting the synergy of balanced HLB values and strong molecular interactions.
Replacing Span 20 with Span 80, however, caused a marked decline in stability,
highlighting the challenge of maintaining emulsion integrity with more hydrophobic
surfactants under repeated freeze-thaw stress.

These findings emphasize that surfactant selection and formulation design are
critical for producing emulsions capable of sustaining effective interfacial tension,
adapting to mechanical stress, and resisting phase separation. Optimizing surfactant
mixtures and exploring novel combinations will be essential for enhancing emulsion
robustness, particularly in applications such as pharmaceuticals, cosmetics, and food

processing, where stability directly affects product performance and shelf life.

4.1.3 Rheology Test

Understanding the flow behavior and structural characteristics of emulsions,
particularly those intended for culinary, cosmetic, or medicinal applications, requires a
detailed rheological analysis. The viscosity of an emulsion reflects the extent of internal
interactions between droplets and the overall stability of the dispersed phase. In this
study, the flow properties and structural integrity of virgin coconut oil-in-water
emulsions stabilized with different surfactant systems were examined under mechanical
stress by investigating the relationship between viscosity and shear rate. Although the
measurements were conducted as part of this work, previous studies provide context for
interpreting the results (Khor et al, 2014). All formulations exhibited clear
pseudoplastic, non-Newtonian behavior, characterized by a progressive decrease in
viscosity with increasing shear rate. This shear-thinning trend was observed consistently
across all samples, whether stabilized with single or mixed surfactant systems, aligning
with general observations reported in the literature (da Silva Gulao et al., 2018), which

further supports the interpretation of the flow behavior in similar emulsions.

52



For the MEG-stabilized emulsions (Figure 4.6), MEG-A exhibited the highest
viscosity at low shear (0.28 Pa‘s at 1 s!), indicating stronger droplet association and
greater structural resistance at this surfactant concentration. MEG-B exhibited a
negative viscosity value of —0.013 Pa's at a shear rate of 1 s7!, which is attributed to
instrument baseline artefacts rather than a true physical property. Such apparent
negative viscosity behavior has been reported in the literature and is often associated
with measurement limitations and anomalous system responses rather than actual
material flow characteristics (Bormashenko & Shoval, 2025).

At slightly higher shear (3.58 s71), MEG-C displayed the highest viscosity (0.102
Pa-s), followed closely by MEG-A and MEG-D, while MEG-B remained the lowest
across the entire shear range. These observations suggest that MEG-C (60%) forms a
network that better resists structural breakdown under shear, whereas MEG-B (40%)
produces the weakest droplet interactions.

Each MEG concentration appears to create a distinct interfacial arrangement,
influencing droplet packing and network formation differently. MEG-A promotes
strong droplet interactions at low shear, MEG-C maintains higher viscosity under
increasing shear, and MEG-D exhibits weaker structural integrity despite higher
surfactant loading. These trends highlight the role of interfacial organization in

determining emulsion rheology, even in single-surfactant systems.
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Figure 4.6 Viscosity vs shear rate VCO-in-water emulsion using MEG
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Figure 4.7 shows that the Span 20—stabilized emulsions. S20-C, containing 40%
surfactant, exhibited the highest viscosity at low shear (38.3 Pa's at 1 s7!), followed by
a substantial decline to 1.19 Pa-s at 26.8 s*. This steep reduction reflects a highly shear-
sensitive network, indicating that Span 20 promotes strong droplet flocculation and
close droplet packing at rest. S20-A, S20-B, and S20-D showed lower initial viscosities
(7.21, 0.965, and 4.17 Pa-s, respectively) but retained the same shear-thinning trend.
The markedly higher viscosities of all Span 20 systems compared with MEG-stabilized
emulsions suggest that Span 20, with its higher HLB value (~8.6), forms a more
cohesive interfacial film and enables denser droplet association within an oil-in-water
environment. The stronger droplet network at low shear is consistent with increased
HLB promoting effective surface coverage, reduced coalescence, and enhanced droplet

crowding, all of which increase resistance to deformation.
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Figure 4.7 Viscosity vs shear rate VCO-in-water emulsion using Span 20
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Figure 4.8 shows that the Span 80 emulsions exhibited pronounced
pseudoplastic behavior, although with substantially lower viscosities compared with
Span 20 systems. S80-A displayed the highest low-shear viscosity (20.3 Pa's at 1 s7!),
followed by a sharp declineto 1.45 Pa-s at 26.8 s7!. S80-B, S80-C, and S80-D had lower
initial viscosities (0.0529, 3.55, and 3.46 Pas, respectively) and also decreased with
increasing shear. The low viscosities indicate a weaker internal droplet network,
consistent with the lipophilic nature of Span 80 (HLB =4.3), which limits interfacial
coverage and reduces steric repulsion. As a result, droplet—droplet interactions are
weaker, producing a looser structural arrangement and lower flow resistance. At high
shear, all emulsions converge to low viscosities (~0.03—0.8 Pa-s), reflecting network

disruption and droplet alignment under shear.
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Figure 4.8 Viscosity vs shear rate VCO-in-water emulsion using Span 80
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The comparison between Span 20 and Span 80 emulsions highlights the critical
influence of HLB on rheological behavior. Span 20 emulsions exhibited much higher
low-shear viscosities, particularly S20-C (38.3 Pa-s at 1 s!), indicating stronger droplet
flocculation and denser packing due to the higher HLB (~8.6), which promotes effective
surface coverage and cohesive interfacial films. In contrast, Span 80 emulsions formed
weaker droplet networks, as evidenced by their lower viscosities. Both surfactants
exhibited pseudoplastic (shear-thinning) behavior however, the stronger network in
Span 20 systems resulted in greater resistance to deformation at low shear. These results
demonstrate that surfactant HLB critically governs interfacial cohesion, droplet
aggregation, and the overall rheological response of oil-in-water emulsions.

Mixed-surfactant emulsions combining MEG with Span 20 (MS20) as indicated
in Figure 4.9 exhibited low-shear viscosities ranging from 0.34 Pa-s (MS20-A) to 17.7
Pa's (MS20-C) and sharply declining to 0.088—1.51 Pa‘s at 26.8 s™!. The lower initial
viscosities compared with single-surfactant Span 20 systems indicate that the
combination promotes the formation of smaller, well-stabilized droplets rather than

extensive flocculated networks.

Viscosity (Pa's)
w o

=%=MS20-A
-»-MS20-B
4 MS20-C
MS20-D
2 » L. X8 o~ P
0 [ oo ik = —— = - - - -
1 3.58 6.16 8.74 11.3 13.9 16.5 19.1 21.6 24.2 26.8

Shear Rate (s7})

Figure 4.9 Viscosity vs shear rate VCO-in-water emulsion using mixed
surfactant (MEG & Span 20)
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Mechanistically, MEG contributes hydrogen bonding and short-range polar
interactions that strengthen the interfacial layer on each droplet, enhancing droplet
stability and preventing coalescence. Span 20 provides the hydrophobic—hydrophilic
balance necessary for effective emulsification. Together, these surfactants create a
flexible, elastic interface that allows droplets to remain discrete yet closely packed
without forming large clusters. This structure reduces internal resistance to flow,
particularly at low shear, while still retaining sufficient interfacial cohesion to resist

coalescence under moderate shear.

The steep shear-thinning behavior observed across all MS20 formulations
reflects the gradual alignment and deformation of droplets under increasing shear,
breaking weak droplet—droplet interactions while maintaining the overall integrity of
the emulsion. Differences among formulations, such as the higher low-shear viscosity
of MS20-C, likely arise from variations in surfactant concentration or local packing
efficiency at the interface, which enhance temporary droplet association. Overall, the
MEG-Span 20 system demonstrates that combining a polar, hydrogen-bonding
surfactant with a conventional emulsifier can balance droplet stability and flowability,

producing a more tunable rheological profile compared with single-surfactant systems.

The MEG-Span 80 emulsions (Figure 4.10) showed low viscosities at low shear,
ranging from 0.0491 Pa-s for MS80-A to 0.19 Pa-s for MS80-B, which dropped further
at high shear. This behavior highlights their pseudoplastic nature, meaning the
emulsions flow easily under stress but still maintain droplet stability. At the droplet
level, MEG and Span 80 work together to form a flexible interfacial layer. MEG brings
hydrogen bonding and polar interactions, while Span 80 anchors at the oil-water
interface. The result is droplets that are individually well-stabilized but loosely packed,
preventing large clusters from forming. This creates a sparse network with low internal

resistance, allowing the emulsions to deform easily when sheared.
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Figure 4.10 Viscosity vs shear rate VCO-in-water emulsion using mixed
surfactant (MEG & Span 80)

Among the formulations, MS80-B stood out with slightly higher low-shear
viscosity, suggesting a bit more droplet association, whereas MS80-A and MS80-D
were the most fluid, reflecting minimal droplet interaction. Overall, the MEG—Span 80
system demonstrates how a combination of a polar surfactant and a lipophilic emulsifier
can stabilize droplets effectively while keeping the emulsion highly flowable and easy
to handle.

Overall, the mixed-surfactant systems demonstrate that combining MEG with
either Span 20 or Span 80 results in more dispersed droplet arrangements with limited
flocculation. This structure lowers low-shear viscosity while maintaining emulsion
stability through efficient interfacial coverage rather than the formation of dense droplet
networks. Consequently, these formulations offer reduced flow resistance while
retaining enough structural integrity to withstand shear deformation.

The observed shear-thinning behavior across all systems can be attributed to the
dynamic response of surfactant-coated droplets within the aqueous phase. At low shear,
the droplets are stabilized by interfacial films that enable short-range interactions,
including hydrogen bonding, van der Waals forces, and steric effects, forming a weakly

interconnected network that resists flow. As the shear rate increases, these inter-droplet
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associations gradually break, and droplets align in the direction of flow, causing a
progressive decrease in viscosity. Surfactant concentration influences this behavior by
modulating interfacial packing and interaction strength, while mixed surfactants
enhance interfacial efficiency and elasticity through the complementary balance of
hydrophilic and lipophilic functionalities (Yang and Pal, 2020).

Collectively, these results highlight the critical role of formulation composition
in tailoring emulsion rheology. The behavior observed aligns with established models
of non-Newtonian flow and corroborates literature reports on emulsion stability and
deformation dynamics. Understanding these mechanisms is particularly valuable for
applications requiring controlled flow under stress, such as pharmaceutical creams,

cosmetic emulsions, and food-related dispersions.

4.1.4 Droplet Size Distribution

The analysis of droplet size in emulsions using an optical polarizing microscope
reveals several factors influencing the variation in droplet size. The concentration and
type of surfactants are critical determinants. Surfactants reduce the interfacial tension
between the oil and water phases, facilitating the formation of smaller droplets. Higher
surfactant concentrations generally lead to smaller droplet sizes due to better
stabilization of the oil droplets in the continuous water phase (Fang et al., 2022).
Additionally, the proportion of oil to water in the emulsion significantly influences
droplet size. A higher oil content can result in larger droplets because there is more oil
to be dispersed within the same amount of water, while a higher water content tends to
produce smaller droplets due to the higher dilution of the oil phase.

Different surfactants have varying efficiencies in stabilizing emulsions. For
instance, the use of methyl-a-D-glucopyranoside (MEG), Span 20, and Span 80 in the
provided samples affects the droplet size differently due to their distinct molecular
structures and HLLB values. Because of its hydrophilic nature with an HLB value of 8.6,
which enables it to interact with the water phase and stabilize oil droplets more
effectively, Span 20 is generally more effective at producing finer dispersions in O/W
emulsions. In contrast, Span 80 which has an HLB value of 4.3 is better suited for W/O
emulsions or situations where larger droplet sizes are acceptable (Bunawan et a/., 2023).
It is possible to optimize the formulation for particular applications, such as in food

goods, medicines, or cosmetics, by having a better understanding of the HLB value and
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molecular properties of each surfactant. The method and intensity of mixing during
emulsion preparation also play a crucial role. High-shear mixing or ultrasonication
typically results in smaller droplet sizes due to the increased energy input that breaks
down the oil phase more effectively.

In the single surfactant systems, MEG, Span 20, and Span 80 were used. For
formulations using MEG, the mean droplet size decreased with increasing surfactant
concentration as shown in Table 4.1, highlighting the ability of the surfactant to
effectively reduce interfacial tension and create smaller droplets. Specifically, MEG-A
had a mean droplet size of 31.11 + 1.694 um while MEG-B showed a smaller mean
droplet size of 21.00 + 1.850 um. This trend aligns with the findings by (Astaraki, 2016),
who reported that higher surfactant concentrations generally result in smaller droplet
sizes due to enhanced reduction in interfacial tension. MEG-C exhibited a mean droplet
size 31.00 um with confidence interval + 3.438 um. The increasing oil content slightly
increased the droplet size, suggesting a balance between oil and surfactant
concentration. MEG-D showed a droplet size of 27.00 pm + 6.796 um. Figure 4.11
shows polarized optical microscopy images of emulsions prepared with MEG as the
surfactant, supporting the observed variations in droplet size. Overall, the droplet size

is influenced by both surfactant concentration and oil-to-water ratio.

Table 4.1

Droplet Size Analysis of Oil-in-Water Emulsion using MEG
Sample Mean (um)
MEG-A 31.11 £ 1.6%4
MEG-B 21.00 £ 1.850
MEG-C 31.00 + 3.438
MEG-D 27.00 £ 6.796
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Figure 4.11 Polarized optical microscopy images of emulsions using MEG as
surfactant a) MEG-A b) MEG-B ¢) MEG-C d) MEG-D

For the Span 20 formulations, droplet sizes were generally smaller than those
observed in the MEG-stabilized emulsions. S20-A had a mean droplet size of 11.00 +
0.477 um, demonstrating that Span 20, with its low HLB, is effective at producing stable
emulsions with relatively small droplets. S20-B, which contains the same amount of oil
as S20-A but a higher surfactant content, had a larger mean droplet size (23.70 = 1.014
um), suggesting that increasing the surfactant proportion can influence droplet
coalescence and growth under certain conditions. S20-C showed a mean droplet size of
10.44 + 0.678 um, indicating that the balance between oil and surfactant plays a key
role in forming smaller droplets. S20-D exhibited the smallest droplets (10.20 = 0.739
um), where a lower oil-to-water ratio and relatively high surfactant content contributed
to efficient droplet dispersion. These observations are supported by Maindarkar et al.
(2013), who reported that Span 20 stabilizes emulsions effectively, producing smaller,
more homogeneous droplets. Table 4.2 summarizes the particle size data, while Figure
4.12 presents polarized optical microscopy images, illustrating droplet morphology and

distribution across the formulations.
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Table 4.2
Droplet Size Analysis of Oil-in-Water Emulsion using Span 20

Sample Mean (um)
S20-A 11.00+0.477
S20-B 23.70+1.014
S20-C 10.44 +0.678
S20-D 10.20+0.739

Figure 4.12 Polarized optical microscopy images of emulsions using Span 20 as
surfactant €) S20-A f) S20-B g) S20-C h) S20-D

For the Span 80 formulations, droplet sizes varied more widely than in Span 20
emulsions. S80-B exhibited the largest droplets (54.80+2.257 um), reflecting that Span
80, with its relatively low HLB (=4.3), is less suitable for stabilizing oil-in-water
emulsions and reducing droplet size. Other samples also showed larger droplets
compared with Span 20, indicating weaker interfacial coverage and reduced ability to

prevent coalescence.
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These findings align with Schramm et al. (2003), who noted that surfactants with
low HLB may not always produce small droplets due to insufficient interfacial activity
in O/W systems. Similarly, Hu et al. (2015) reported that lipophilic surfactants like Span
80 tend to form larger droplets because they are less effective at reducing interfacial
tension in water-continuous emulsions. Table 4.3 summarizes the particle size analysis

for these formulations.

Table 4.3

Droplet Size Analysis of Oil-in-Water Emulsion using Span 80
Sample Mean (um)
S80-A 20.70 £ 1.121
S80-B 54.80 +2.257
S80-C 1500+ 1.216
S80-D NA

*NA: Not Available

For the Span 80 formulations, droplet sizes varied considerably. S80-A had a
mean droplet size of 20.70 £ 1.121 um, larger than emulsions stabilized with higher
HLB surfactants, indicating that the relatively low HLB of Span 80 is generally less
effective at reducing droplet sizes in oil-in-water systems. S80-C showed a moderate
reduction in droplet size (15.00 £ 1.216 um), suggesting that adjusting the oil-to-
surfactant ratio can partially compensate for the low HLB.

In S80-D, particle size distribution could not be detected, implying a highly
uniform droplet population. This formulation uses a high surfactant-to-oil ratio (30%
Span 80 relative to the oil phase), which ensures sufficient interfacial coverage and
reduces interfacial tension. As a result, small, evenly distributed droplets are formed
despite the low HLB of Span 80. Polarized optical microscopy images (Figure 4.15)
visually confirm the improved uniformity and reduced droplet size in this sample.

These observations highlight that while HLB plays a primary role in determining
droplet size and emulsion stability, surfactant concentration and oil-to-surfactant ratio
are equally critical, particularly for lipophilic surfactants like Span 80, where higher

surfactant content can produce smaller, more uniform droplets.
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Figure 4.13 Polarized optical microscopy images of emulsions using Span 80
as surfactant 1) S80-A j) S80-B k) S80-C I) S80-D

In line with previous studies, S80-D demonstrates that elevated surfactant
concentrations can produce highly stable emulsions with very small, uniform droplets.
Capdevila et al. (2010) reported that emulsions containing Span 80 at high levels
achieve significantly reduced droplet sizes, consistent with the observations in S80-D.
The relatively low oil-to-water ratio in this formulation further enhances stability,
providing an abundance of continuous phase that allows the dispersed oil droplets to be
thoroughly stabilized by the surfactant, resulting in a uniform dispersion.

According to Debraj et al. (2023), a combination of low oil-to-water ratio and
high surfactant content promotes emulsions with minimal droplet sizes and improved
stability. Similarly, Cho et al. (2008) noted that high surfactant concentrations can lead
to microemulsion formation with nanometer-scale droplets, rendering the particle size
distribution indistinguishable. During homogenization, high surfactant levels reduce
interfacial tension, facilitating the formation of smaller droplets and a narrower particle

size distribution, as also highlighted by Capdevila et al. (2010).
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The high degree of homogeneity observed in S80-D can therefore be attributed
to the optimized surfactant concentration and the effective stabilization provided by
Span 80. This is in agreement with L’Estimé et al. (2024), who emphasized the
importance of surfactant type and concentration in achieving desired emulsion
properties. These results underscore that, for lipophilic surfactants like Span 80,
surfactant concentration and oil-to-water ratio are key factors in controlling droplet size
and uniformity, even when the surfactant’s HLB is relatively low.

Synergistic effects were observed when MEG was combined with either Span
20 or Span 80 in mixed-surfactant formulations. As shown in Table 4.4, MS20-B (MEG
+ Span 20) had an average droplet size of 9.44 + 0.405 um, comparable to Span 20
alone, but the mixed system displayed improved droplet uniformity and stability. The
combination of MEG and Span 20 enhances interfacial coverage through
complementary interactions, creating a more flexible and cohesive interfacial layer that
reduces droplet coalescence.

In contrast, formulations combining MEG with Span 80 showed a more
pronounced reduction in droplet size compared with Span 80 alone, indicating that the
synergistic effect is particularly beneficial when the single surfactant is less effective at
stabilizing small droplets. These results demonstrate that mixed-surfactant systems can
optimize both droplet size and emulsion stability by leveraging the complementary

properties of polar and nonpolar surfactants.

Table 4.4
Droplet Size Analysis of Oil-in-Water Emulsion using MEG and Span 20
Sample Mean (um)
MS20-A 2030+ 1.121
MS20-B 9.44 + 0405
MS20-C NA
MS20-D 10.00 + 0.754

*NA: Not Available

The use of a combination of surfactants improves the organization of molecules
at the interface between oil and water, resulting in a more effective reduction of the
force between the two phases. This leads to the creation of smaller droplets and
increased stability of the emulsion (Onaizi, 2022). The mean droplet size in MS20-A
was 20.30 + 1.121 um. Figure 4.16 depicts polarized optical microscope pictures of

emulsions formed by the combination of surfactants MEG and Span 20.
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Figure 4.14 Optical polarizing microscopy images of emulsions using MEG and Span
20 as surfactants m) MS20-A n) MS20-B o) MS20-C p) MS20-D

Additionally, MS20-D exhibited a mean droplet size of 10.00 + 0.754 um. The
lower oil content combined with mixed surfactants effectively maintains smaller droplet
sizes, indicating a stable emulsion. This aligns with the studies that stated that
formulations with lower oil content and mixed surfactants provide a more stable and
homogenous emulsion due to the enhanced synergistic effect of the surfactants (Raya et
al., 2022). Overall, the data suggest that mixed surfactant formulations, particularly
those combining MEG with Span 20, significantly improve the emulsion properties by
reducing droplet size and increasing stability.

The inability to measure the particle size distribution for MS20-C can be
attributed to several factors, despite the molecules being visibly identifiable under
microscopy. One of the primary reasons is the high polydispersity index (PDI) of the
emulsion, indicating a broad range of droplet sizes. This diversity often results in
droplets with irregular, non-spherical shapes, which pose significant challenges for most
particle size measurement techniques (Bon ef al., 2007). Emulsions with non- spherical
droplets can be difficult to analyze accurately because standard measurement techniques
typically assume spherical geometry, leading to potential size underestimation or

overestimation depending on the droplet orientation.
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Furthermore, manual measurement under microscopy may be required for non-
spherical droplets; however, defining their boundaries precisely is challenging, which
can affect accuracy. Another contributing factor could be the agglomeration of droplets
within the emulsion, where partial coalescence results in clusters that are visually
detectable but do not represent individual particles suitable for size analysis. These
clusters form due to droplets partially merging, creating larger, irregularly shaped
aggregates that distort particle size readings. Additionally, the limitations of the
measurement instruments used may play a significant role. Particle size analyzers have
specific detection ranges, and if the droplet sizes in MS20-C fall outside these ranges
whether due to being too small, too large, or due to the sample's viscosity or dilution, it
can compromise the sensitivity and accuracy of the measurements. These factors
collectively highlight the complexities involved in obtaining precise particle size data
for emulsions with heterogeneous characteristics.

Table 4.5 shows that the average size of droplets in Sample MS80-A is 30.90 +
1.090 um. The somewhat larger droplets suggest that the lower hydrophilic-lipophilic
balance (HL.B) value of Span 80 has an impact on the size of the droplets, in comparison
to the mixture containing Span 20. Surfactants with lower HLB values typically result
in larger droplet sizes in oil-in-water emulsions. The average droplet size of MS80-B
was 10.80 + 0.739 um. The combination of MEG with Span 80 results in a notable
reduction in droplet size compared to using Span 80 alone in formulations. The mean
droplet size in MS80-C was 21.20+ 0.812 um. The benefits of mixed surfactant systems
are seen in the relatively small reduction in droplet size compared to single surfactant
systems. Figure 4.17 indicates the size of droplets in O/W emulsion images using MEG

and Span 80 surfactants.

Table 4.5
Droplet Size Analysis of Oil-in-Water Emulsion using MEG and Span 80
Sample Mean (um)
MS80-A 30.90 = 1.090
MS80-B 10.80 = 0.739
MS80-C 21.20+0.812
MS80-D 3140+ 1.562
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Figure 4.15 Optical polarizing microscopy images of emulsions using MEG and Span
80 as surfactants q) MS80-A r) MS80-B s) MS80-C t) MS80-D

The significance of surfactant concentration and selection in producing stable
emulsions is shown by the examination of droplet sizes and confidence intervals across
different formulations. Because surfactants improve stabilization by efficiently
lowering interfacial tension between the water and oil phases, increasing their
concentration often results in smaller droplet sizes (Hauzin ef al., 2024). As an example,
Span 20, which is well-known for its moderate hydrophilicity and efficient lowering of
interfacial tension, usually results in emulsions with smaller and more uniform droplets,
particularly at higher concentrations. On the other hand, Span 80 is less successful in
lowering interfacial tension in oil-in-water (O/W) systems because of its larger
molecular structure and lower hydrophilic-lipophilic balance (HLB) value. Because
Span 80 has a lesser capacity to stabilize the interface in comparison to Span 20,
increasing its concentration often results in emulsions with bigger and less uniform

droplet sizes.
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While certain formulations (MS20-A, MS20-B, MS20-C, and MS20-D) showed
no evidence of phase separation, suggesting stability, others (MS80-A, MS80-B, MS80-
C, and MS80-D) showed physical changes that indicated instability, as Table 4.6
illustrates. These variations are explained by variations in droplet size and distribution,
two important elements affecting the general characteristics of the emulsion. Because
of their higher surface area, which enables surfactants to effectively inhibit droplet
aggregation, smaller droplets contribute to improved stability during storage. On the
other hand, the phase separation seen in MS80-A, MS80-B, MS80-C, and MS80-D
indicates that the presence of bigger or more polydisperse droplets may have
jeopardized their stability. Over time, creaming or sedimentation may result from larger
droplets being more vulnerable to gravitational forces. To achieve the appropriate
droplet size distribution, the kind of surfactant and its associated HLB value must be
chosen (Ponphaiboon ef al., 2024). Higher HLB surfactants, such MEG, have strong
hydrophilic properties and are thus better at creating smaller droplets in O/W emulsions.
MEG and Span 20 together produced notably more stable emulsions with smaller
droplets, indicating a synergistic interaction between the two surfactants. Increased
emulsion stability and better droplet dispersion result from this synergistic interaction
that improves the stabilization process.

These results highlight how crucial it is to maximize the kind and makeup of
surfactants in order to get the required characteristics in emulsion systems, whether for
use in food, medicine, or cosmetics. Formulators in a variety of sectors must take into
account the capacity to manage droplet size via careful surfactant selection since it

affects the emulsion's texture and appearance and prolongs its shelf life.
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Table 4.6
Observation of virgin coconut oil-in-water emulsion phase

separation
Sample Phase separation
MS20-A /
MS20-B /
MS20-C /
MS20-D /
MS80-A X
MS80-B X
MS80-C X
MS80-D X

/ = stable or no physical changes X= not stable and physical
changes occur

4.1.5 Fourier-transform infrared spectroscopy (FTIR)

Fourier-transform infrared spectroscopy (FTIR) is a powerful analytical
technique used to characterize the molecular composition and interactions within
materials by measuring their infrared absorption spectra. In the context of studying
emulsions, FTIR provides insight into the functional groups present and can reveal how
components such as oils, surfactants, and water interact at the molecular level. For
example, in virgin coconut oil-in-water emulsions stabilized with surfactants like
methyl-a-D-glucopyranoside (MEG), FTIR can help identify specific bond interactions
and assess the stability and compatibility of the emulsion system (Som et al., 2023). By
analyzing the spectral regions associated with key functional groups, FTIR can also
detect changes in the molecular environment and potential emulsification mechanisms.
This information is crucial for understanding the chemical structure and potential
performance of emulsions in various applications.

First, the characteristic peaks of VCO provide essential baseline information.
The C—H stretching vibrations, typically found in the 2920-2850 cm™ range, indicate
the presence of alkanes from fatty acid chains within VCO. The prominent C=0
stretching band near 1740-1750 cm™! is characteristic of ester bonds found in
triglycerides, the primary component of VCO (Chiplunkar and Pratap, 2016).
Additionally, C—-O stretching vibrations around 1160-1100 cm! are associated with the
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glycerol backbone in triglycerides, further confirming the oil’s structural components
within the emulsion. The water content in the emulsion can be observed through the
broad O-H stretching band near 3400 cm™, indicative of free and hydrogen-bonded
water (Mohamed ef al., 2017). This peak is essential in assessing the emulsion's
hydration state and any potential interactions between the water phase and surfactant or
oil phase. The presence of this peak at high intensities in certain spectra, particularly for
surfactants with multiple hydroxyl groups like MEG, suggests enhanced hydrophilicity
and hydrogen bonding capability, which strengthen the emulsion’s interfacial stability.
The FTIR spectral analysis of virgin coconut oil emulsions, stabilized with single
surfactants that illustrates in Figure 4.15, Figure 4.16 and Figure 4.19, reveals

significant information about the chemical interactions contributing to emulsion

stability.
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Figure 4.16 FTIR Spectra of virgin coconut oil-in-water emulsion MEG
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The CH stretching region, spanning 2800-3000 cm™!, corresponds to the C—H
stretching vibrations of methyl (CHs) and methylene (CH:) groups, which are
characteristic of the lipid chains in coconut oil. This peak region provides insight into
the hydrocarbon content within the emulsion. Saturated surfactants, such as Span 20,
typically display broader peaks here, reflecting the dense hydrocarbon structure. In
contrast, the spectra for Span 80, which contains unsaturated chains, exhibit sharper CH
peaks, indicating its distinct molecular configuration that could influence the
emulsion’s stability through altered hydrophobic interactions with the oil phase.
Variations in the intensity or position of the C=0 peak can indicate interactions between
the surfactants and the lipid phase of the coconut oil, with potential implications for the
hydrophilic-lipophilic balance and overall emulsion stability.

For MEG, the primary surfactant used in this emulsion, specific peaks provide
insight into its integration and interactions within the emulsion. The multiple hydroxyl
(O—H) groups in the glucopyranoside molecule exhibit a broad stretching band between
3300-3500 cm™!, which may overlap with water’s O—H signal (Nandiyanto et a/., 2019).
This region is valuable for detecting any hydrogen bonding that occurs between the
surfactant and water or VCO. Another significant peak from the surfactant is the C—-O—

C stretching around 1050-1100 cm™, associated with the glycosidic linkage in the

surfactant structure. Additionally, a peak around 2900 cm™ corresponds to C—H
stretching in the methyl group attached to the glucopyranoside, indicating the presence
of the surfactant within the emulsion (Rosdi ef al., 2024).

Both Span 20 (sorbitan monolaurate) and Span 80 (sorbitan monooleate) are
non-ionic surfactants derived from sorbitol and fatty acids, and each exhibits distinct
peaks in FTIR spectroscopy due to their unique molecular structures. By understanding
these spectral features, you can identify their presence and interactions within
emulsions.

For Span 20, which is a saturated sorbitan monolaurate ester, the CH stretching
region (2800-3000 cm™) displays relatively broad peaks. These broad CH peaks reflect
the dense, saturated hydrocarbon structure of Span 20, which interacts predominantly
with the lipid chains in the coconut oil. The broadness in this region suggests that Span
20 contributes to a robust, albeit less flexible, interfacial layer around the dispersed

water droplets, which stabilizes the emulsion through enhanced hydrophobic
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interactions. Additionally, Span 20 shows a noticeable peak in the C=0 stretching
region (1650—1750 cm™), attributed to the ester functional group (Suneetha, 2018). This
carbonyl peak highlights the potential for limited interaction with the oil phase,
supporting the surfactant's role in enhancing the emulsion's hydrophobic balance.

In contrast, Span 80 (sorbitan monooleate), with its unsaturated hydrocarbon
chain, exhibits sharper peaks in the CH stretching region. This sharper profile is
associated with the unsaturated bonds in Span 80, which offer increased flexibility in
molecular orientation and may enhance compatibility with the unsaturated fatty acids in
virgin coconut oil (Fu ef al., 2015). This characteristic allows Span 80 to form a more
flexible and cohesive interfacial layer, which can further stabilize the emulsion by
increasing the strength and adaptability of the interfacial layer. The C=0 peak observed
for Span 80, similar to that of Span 20, indicates the presence of an ester group but may
show slight shifts or changes in intensity, suggesting stronger interfacial interactions
with the oil phase compared to Span 20. These interactions are essential for promoting
the hydrophilic-lipophilic balance that is critical for emulsion stability.

Emulsion stability can be monitored by observing any peak shifts or changes in
intensity, especially in the O-H, C=0, and C-O-C regions over time. Shifts in these
bands may indicate interactions between the surfactant and the oil or water phases,
which could impact the emulsion's stability. Notably, changes in the O—H stretching
region could signify new hydrogen-bonding interactions, while variations in the C=0
region might suggest triglyceride breakdown.

Further, oxidation and hydrolysis markers are critical for evaluating the
emulsion's shelf life and quality over time. New peaks or enhanced signals near 1710—
1740 cm™! could indicate oxidation, pointing to aldehydes or ketones formed as VCO
undergoes oxidation. Similarly, broadening around 1700 cm™ might signal hydrolysis,
releasing free fatty acids from triglycerides, a process that destabilizes the emulsion.

The application of FTIR in the analysis of mixed surfactants reveals crucial
insights into the interactions occurring within surfactant mixtures. By examining the
spectral characteristics of mixed surfactants alongside their individual components, this
study elucidates how these interactions influence emulsion stability. The comparative
analysis allows for a nuanced understanding of how molecular interactions change when
surfactants are combined. Specific focus on peak positions, such as the shifts in the C—
H stretching region, indicates alterations in the molecular environment surrounding the

surfactants, suggesting that the presence of one surfactant can significantly modify the
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behavior of another in a mixed system. This fundamental understanding is key in
predicting the performance of emulsions and guides the selection of surfactants for
various applications.

The comparison between different surfactant systems highlights potential
synergistic effects when using mixed surfactants. For instance, the combination of MEG
with Span 20 as shown in Figure 4.19 displays a distinctive shift in the OH region,
suggesting enhanced hydrogen bonding interactions. Similarly, the mixture of MEG
with Span 80 reveals in Figure 4.20 increased intensities in both CH and C=0 regions,
likely due to strong interactions with the lipid phase, enhancing the stability of the

emulsion through more cohesive interfacial layering.
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Figure 4.19 FTIR Spectra of virgin coconut oil-in-water emulsion using
MEG & Span 20
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Figure 4.20 FTIR Spectra of virgin coconut oil-in-water emulsion using
MEG & Span 80

The evidence for synergistic effects among mixed surfactants is particularly
compelling. The pronounced changes in peak positions and intensities observed in the
FTIR spectra of mixed surfactants especially in the hydroxyl (OH) stretch region
indicate enhanced intermolecular interactions that are not present in the individual
components. For instance, a significant increase in OH stretch intensity implies that the
combination of hydrophilic and hydrophobic surfactants fosters a more robust hydrogen
bonding network, which is crucial for emulsion stability. These findings are consistent
with existing literature that highlights the importance of hydrogen bonding in stabilizing
emulsions, reinforcing the notion that synergistic interactions can lead to enhanced
stability and performance. This study demonstrates that specific combinations of
surfactants can amplify the beneficial properties of each other, creating formulations
with improved functionality.

The analysis of FTIR spectra for the emulsions created with virgin coconut oil

in water using MEG in combination with either Span 20 (Set 1) or Span 80 (Set 2)
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reveals distinct differences in molecular interactions that significantly influence
emulsion stability. In Set 1, the hydroxyl (OH) stretching region between 3200-3600
cm™! displays a broad peak, indicative of hydrogen-bonded hydroxyl groups from MEG
and the water phase (Nandiyanto ef al., 2019) . A notable increase in peak intensity or a
shift towards lower wavenumbers suggests enhanced hydrogen bonding within the
emulsion, promoting stability. The presence of Span 20, which has a lower hydrophilic-
lipophilic balance (HLB), might contribute to moderate stabilization through these
hydrogen bonds, although its efficiency may be limited compared to more hydrophilic
surfactants. The carbonyl (C=0) stretching peak observed in the 1700-1750 cm™! region
reflects interactions from Span 20, where any shifts in this peak may indicate changes
at the oil-water interface, suggesting how effectively the surfactant reduces interfacial
tension.

In Set 2, where Span 80 is used, the same regions are analyzed, yet the FTIR
spectra may exhibit higher peak intensities and distinct shifts, particularly in the OH and
C=0 regions. The higher HLB value of Span 80 suggests a greater affinity for water,
potentially leading to a more robust network of hydrogen bonds and improved
interfacial tension reduction. This could result in smaller droplet sizes and a more stable
emulsion. The C-H stretching peaks (2800-3000 cm™) in both sets indicate
contributions from the virgin coconut oil and surfactants; however, in Set 2, these peaks
may be more pronounced, indicating a more effective packing of surfactants at the
interface, thereby enhancing stability. Furthermore, the C—O stretching region (1000—
1300 cm™) reflects the interactions of the ether or alcohol groups in MEG and the
surfactants.

Variations in intensity or shifts in these peaks between the two sets can provide
insights into how different surfactant combinations interact with the oil and water
phases, with Span 80 likely offering superior stabilization properties due to its structure
and increased hydrophilicity. Overall, the comparative analysis of the FTIR peaks
between the two emulsions emphasizes the critical role of surfactant selection in
optimizing emulsion stability, with implications for formulation strategies across
various applications in food science, pharmaceuticals, and cosmetics.

In summary, the FTIR analysis demonstrates that each surfactant and
combination contribute uniquely to emulsion stability. Mixed surfactant systems,
particularly those involving Span 80, show significant peak shifts and intensities in the

OH, CH, and C=0 regions, suggesting improved emulsion stability through complex
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interfacial interactions. This study underscores the effectiveness of both single and
combined surfactants in enhancing the hydrophilicity and molecular cohesion at the

emulsion interface, providing valuable insights for optimizing emulsion formulations.

4.2 Stability evaluation of emulsion against elevated temperatures

4.2.1 Creaming index

When subjected to varying temperatures, these emulsions exhibit changes in CI
that highlight the influence of surfactant combinations on their stability. In this case, the
two mixed surfactants, MEG paired with either Span 20 or Span 80 play a central role
in the stability across temperatures. As temperature rises, molecular motion within the
emulsion increases. This greater kinetic energy causes droplets to collide more
frequently, increasing the tendency for droplets to coalesce (Souza et al., 2015). When
droplets combine, they form larger droplets, which separate more readily due to gravity,
resulting in a higher CI. As reflected by changes in the creaming index (CI) across the
temperature range of 30 to 60 °C (Figures 4.21(a—e)). Two mixed-surfactant systems
were evaluated: MEG—Span 20 (MS20-C and MS20-D) and MEG—Span 80 (MS80-B
and MS80-C).

At 30 °C (Figure 4.21(a)), the emulsions stabilized with MEG and Span 20
showed excellent stability. Both MS20-C and MS20-D maintained a CI of zero
throughout the 30-day storage period, indicating that no creaming occurred. This
suggests that the interfacial film formed by this surfactant combination was strong
enough to prevent droplet movement and phase separation. In contrast, MS80-B and
MS80-C already showed measurable CI values from Day 1, indicating that creaming
had begun even at this relatively low temperature. Although lower temperatures
generally limit droplet collisions (Hempoonsert et al., 2010), the higher CI values
observed for the MEG—Span 80 system point to weaker interfacial protection resulting

in a slightly weaker emulsion structure.
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Figure 4.21 Creaming index O/W emulsion affected by temperatures a) 30 °C b) 35
°Cc)40°Cd)45°Ce) 60 °C

When the temperature was increased to 35 °C (Figure 4.21(b)), the same trend
continued. MS20-C and MS20-D remained completely stable, while MS80-B and
MS80-C showed a noticeable increase in CI during the early days of storage. This
increase is associated with greater molecular mobility at higher temperatures, which
raises the frequency of droplet collisions and promotes coalescence (Souza et al., 2015).
However, the CI values of the MEG—Span 80 samples stabilized after Day 6, suggesting
that most of the destabilization occurred during the initial storage period.

At 40 °C (Figure 4.21(c)), the difference in performance between the two
surfactant systems became more obvious. The CI values of MS80-B and MS80-C
increased further, reflecting reduced resistance of the interfacial film to thermal stress.
Meanwhile, MS20-C and MS20-D continued to show zero CI, demonstrating that the
MEG-Span 20 interfacial layer remained intact even under moderate heating. This
behavior highlights the importance of surfactant compatibility, as the balanced
hydrophilic-lipophilic character of Span 20 allows it to interact more effectively with

MEG at the oil-water interface.
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More pronounced destabilization was observed at 45 °C (Figure 4.21(d)). At this
temperature, MS80-C recorded the highest CI values, indicating substantial phase
separation. The increased kinetic energy at elevated temperatures weakens poorly
structured interfacial films, allowing droplets to merge more easily (Deng et al., 2023).
In contrast, the MEG—Span 20 emulsions remained unaftected, further confirming the
robustness of this surfactant combination.

At the highest temperature investigated, 60 °C (Figure 4.21(e)), all emulsions
were subjected to strong thermal agitation. Despite this, MS20-C and MS20-D still
showed no creaming throughout the storage period, demonstrating exceptional thermal
stability. On the other hand, MS80-B and MS80-C exhibited rapid creaming during the
early storage period, followed by stabilization of CI values. This suggests that high
temperature mainly accelerates early-stage destabilization in the MEG—Span 80 system
rather than causing continuous breakdown over time.

Overall, these results show that emulsion stability under temperature variation
depends not only on temperature itself but also on how well the surfactants work
together at the interface. The MEG—Span 20 system consistently provided superior
stability due to its stronger interfacial cohesion and better hydrophilic—lipophilic
balance. In contrast, the MEG—Span 80 system was more susceptible to temperature-
induced destabilization, making it less suitable for applications that require thermal

stability.

4.2.2 Freeze-Thaw Stability

Temperature significantly influences the stability of oil-in-water emulsions,
particularly during freeze-thaw cycles, which stress the emulsion by subjecting it to
repeated freezing and thawing conditions. This exposure can lead to phase separation,
coalescence, and eventual breakdown of the emulsion structure. In this context, the
choice of mixed surfactants, such as Span 20, Span 80, and MEG, reveals distinct
behaviors and mechanisms at play regarding temperature's impact on emulsion stability.
Figure 4.25 shows a freeze-thaw analysis of mixed surfactant emulsions at varying

temperatures.
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Figure 4.22 Freeze-thaw analysis of mixed surfactant emulsions affected by
temperatures

The MS20 emulsions, stabilized using a combination of MEG and Span 20,

show clear sensitivity to temperature variation, which can be attributed to the
physicochemical characteristics of the surfactant system. Although Span 20 (sorbitan
monolaurate) is commonly associated with water-in-oil emulsions, its combination with
the highly hydrophilic MEG enables effective stabilization of oil-in-water emulsions
through the formation of an interfacial surfactant layer around the dispersed oil droplets.
At 30 °C, relatively low phase separation was observed, with values of 11.43%

for MS20-C, 34.29% for MS20-D, and 51.43% for MS80-B, indicating acceptable
emulsion stability. Lower phase separation values reflect stronger resistance to droplet
coalescence and phase destabilization. As the temperature increased to 35 °C and 40 °C,
phase separation gradually increased, with MS20-C reaching 14.71% at 40 °C. This
increase highlights the effect of temperature-induced molecular motion, which weakens
interactions between surfactant molecules and oil droplets. Under these conditions, the
protective surfactant layer becomes less effective as thermal energy disrupts the balance

of forces stabilizing the interface.
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At 45 °C, a slight reduction in phase separation for MS20-C (11.11%) suggests
a temporary stabilization, possibly due to molecular rearrangement of surfactant
molecules in response to thermal stress. However, when the temperature increased
further to 60 °C, phase separation rose markedly to 28.50%, indicating significant
emulsion destabilization. At this temperature, increased kinetic energy enables oil
droplets to overcome the surfactant barrier, promoting coalescence and the formation of
larger droplets, which ultimately leads to enhanced phase separation (Yonguep et al.,
2022).

In contrast, the MS80 emulsions, which utilize Span 80 (sorbitan monooleate)
in combination with MEG, exhibit greater resistance to temperature variation. Span 80
is more hydrophobic than Span 20 and possesses a longer hydrocarbon chain, which
enhances its ability to form a stronger and more cohesive interfacial film. At 30 °C,
MS80-C displayed a higher initial phase separation (47.22%) compared to MS20-C,
indicating lower initial stability. However, as the temperature increased to 35 °C and 40
°C, phase separation decreased to 45.71% and 41.67%, respectively. This trend suggests
that the hydrophobic character of Span 80 allows the surfactant layer to reorganize and
strengthen under moderate thermal conditions.

At 45 °C, phase separation remained relatively constant (44.44%), indicating
that the emulsion retained its integrity despite increased thermal stress. Even at 60 °C,
only a slight change in phase separation was observed (44.12%), demonstrating the
ability of Span 80 to maintain interfacial stability at elevated temperatures. This
behavior is attributed to stronger hydrophobic interactions between Span 80 and the oil
phase, which form a thicker and more cohesive barrier against droplet coalescence
(Jiang et al., 2021).

Overall, both emulsion systems show that increasing temperature accelerates
phase separation and reduces stability. However, the extent of destabilization differs
significantly between the two surfactant systems. The MS20 emulsions experience more
pronounced instability at high temperatures, indicating that the interfacial film formed
by Span 20 is less capable of withstanding thermal stress. In contrast, the MS80
emulsions exhibit comparatively better stability across a wider temperature range,
particularly at elevated temperatures, due to the stronger hydrophobic interactions
provided by Span 80.

In the context of thermal and freeze—thaw stability, lower phase separation

values indicate improved resistance to temperature-induced destabilization. The
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relatively stable behavior of the MS80 emulsions highlights the importance of selecting
surfactants with suitable hydrophobic characteristics for applications involving thermal
cycling. The findings demonstrate that stronger hydrophobic interactions, as provided
by Span 80, offer a more effective barrier against droplet coalescence, whereas the
weaker interfacial structure formed by Span 20 becomes increasingly susceptible to
breakdown under thermal stress. Understanding these mechanisms is essential for the
rational design of stable emulsion formulations, particularly for applications where

exposure to high temperatures or freeze—thaw conditions is unavoidable.

4.2.3 Rheology Test

Temperature has a clear influence on the viscosity and flow behavior of emulsions,
as it affects molecular motion, droplet interactions, and the stability of the interfacial
film. In this study, the viscosity of VCO-in-water emulsions stabilized using mixed
surfactant systems was evaluated over a temperature range of 30 to 60 °C (Figures
423(a—e)). The discussion focuses on the main trends observed for emulsions
containing MEG—Span 20 (MS20-C and MS20-D) and MEG—Span 80 (MS80-B and
MS80-C).

Regardless of temperature or formulation, all emulsions exhibited a decrease in
viscosity with increasing shear rate, indicating shear-thinning behavior. This behavior
is typical of emulsions with an internal droplet structure, where applied shear causes the
droplet network to gradually break down and align in the direction of flow (Barnes,
2004). Such behavior is beneficial in practical applications, as it allows the emulsion to

remain structured at rest while becoming easier to process or spread under shear.
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Figure 4.23 Viscosity vs shear rate VCO-in-water emulsion at a) 30 °C b) 35 °C
c)40°C d)45°Ce) 60 °C

At lower temperatures (30-35 °C), emulsions stabilized with Span 20 showed
markedly higher viscosity compared with those containing Span 80. For example,
MS20-C recorded viscosities of 11.8 Pa-s at 30 °C and 18.8 Pa-s at 35 °C at a shear rate
of 1 s7!, reflecting the formation of a relatively strong internal structure. At these
temperatures, thermal energy is limited, allowing hydrogen bonding and intermolecular
interactions between MEG, Span 20, and the aqueous phase to remain effective. As a
result, the oil droplets are more strongly interconnected, leading to greater resistance to
flow (Goertz et al., 2007).

As the temperature increased to 40—-45 °C, a noticeable reduction in viscosity
was observed for the MS20 emulsions. This change suggests that the internal droplet
network became progressively weaker as thermal motion increased. Higher
temperatures disrupt hydrogen bonding and reduce the strength of the interfacial film,
allowing oil droplets to move more freely and decreasing resistance to shear. This
explains why the MS20 system shows greater sensitivity to temperature changes

compared with the MS80 system.
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In contrast, the MS80 emulsions exhibited much lower viscosity values across
all temperatures, but their response to temperature was more gradual. The longer
hydrophobic chain of Span 80 allows it to anchor more firmly at the oil-water interface,
forming a flexible yet cohesive interfacial layer that can better accommodate thermal
agitation (Jiang et al., 2021). Although this system does not generate a highly viscous
structure, it maintains more consistent rheological behavior as temperature increases.
At 60 °C, all emulsions showed their lowest viscosity values, indicating
significant weakening of intermolecular interactions and increased droplet mobility.
Under these conditions, enhanced Brownian motion and reduced interfacial resistance
cause the emulsions to behave more like low-viscosity fluids (Xian et al., 2022). Even
so, the MS80 emulsions displayed smoother viscosity profiles than the MS20
emulsions, suggesting better tolerance to elevated temperatures.

Overall, these findings show that viscosity is strongly influenced by both
temperature and surfactant composition. The MEG—Span 20 system produces emulsions
with high viscosity and a well-developed internal structure at lower temperatures but
becomes increasingly sensitive as temperature rises. In contrast, the MEG—Span 80
system forms emulsions with lower viscosity but greater resistance to temperature
variation. This highlights that high viscosity alone does not guarantee thermal stability
and emphasizes the importance of selecting surfactant systems based on both flow

behavior and stability requirements.

4.2.4 Droplet Size Distribution

The effect of temperature on droplet size distribution of oil-in-water emulsions
stabilized with mixed surfactant systems was evaluated between 30 °C and 60 °C using
a combined droplet size dataset (Table 4.7) and supported by optical microscopy images
(Figures 4.24-4.28). The discussion focuses on the significant trends observed for
emulsions stabilized with Span 20-MEG (MS20) and Span 80-MEG (MS80) systems.
Overall, temperature exerted a pronounced influence on droplet size, with the extent of
its effect strongly dependent on surfactant type. Emulsions stabilized with Span 20
showed a progressive reduction in droplet size as temperature increased, whereas Span
80-based emulsions displayed larger and less consistent droplet sizes, particularly at

elevated temperatures.
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Table 4.7

Droplet Size Analysis of Oil-in-Water Emulsion

Temperature 30°C 35°C 40 °C 45 °C 60 °C
Sample Mean (um) Mean (um) Mean (um) Mean (um) Mean (um)
MS20-C NA NA NA 7.60 +0.691 8.00+ 0477
MS20-D 12.30 + 1.069 9.40 +0.500 8.20+0.302 7.90 +0.787 7.80 £ 0.657
MS80-B 18.80 + 1.961 2122+0942 17.00+0.674 23.7+0.829 19.40 +£ 1.023
MS80-C 36.5+1.0256 1540+£1.225 1370+0.895 14.80+0.739 18.80+ 1.108

*NA: Not Available

Figure 4.24 Polarized optical microscopy images of emulsions at 30 °C in 20x
magnification a) MS20-C b) MS20-D c¢) MS80-B d) MS80-C
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Figure 4.25 Polarized optical microscopy images of emulsions at 35 °C in 20x
magnification a) MS20-C b) MS20-D c¢) MS80-B d) MS80-C

Figure 4.26 Polarized optical microscopy images of emulsions at 40 °C in 20x
magnification a) MS20-C b) MS20-D c¢) MS80-B d) MS80-C
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Figure 4.27 Polarized optical microscopy images of emulsions at 45 °C in 20x
magnification a) MS20-C b) MS20-D c¢) MS80-B d) MS80-C

Figure 4.28 Polarized optical microscopy images of emulsions at 60 °C in 20x
magnification a) MS20-C b) MS20-D c¢) MS80-B d) MS80-C



At 30 °C and 35 °C, MS20 emulsions exhibited relatively small and uniform
droplet sizes, indicating that effective emulsification had already been achieved under
mild thermal conditions. For example, the droplet size of MS20-D decreased from 12.30
um at 30 °C to 9.40 um at 35 °C, suggesting improved droplet disruption with a slight
increase in temperature. In contrast, MS80 emulsions produced noticeably larger
droplets at the same temperatures, with MS80-C reaching 36.50 um at 30 °C, which
reflects less efficient interfacial stabilization at lower temperatures. The challenges in
determining the particle size distribution for MS20-C stem from several factors, even
though the droplets are visible under the microscope. One major issue is the emulsion's
high polydispersity index (PDI), which signifies a broad range of droplet sizes. This
variation often results in irregular, non-spherical droplet shapes that are difficult to
analyze using standard particle size measurement methods, which typically assume
spherical geometry. As a result, droplet orientation can lead to inaccurate size
estimations, either underestimating or overestimating the actual dimensions (Bon et al.,
2007).

As the temperature increased to 40 °C and 45 °C, distinct differences in droplet
size behavior between the two surfactant systems became more apparent. Droplet sizes
in MS20 emulsions continued to decrease, reaching approximately 7.60-7.90 pm,
indicating that increased thermal energy promoted further droplet breakup while the
interfacial film remained sufficiently stable to limit recoalescence. Conversely, MS80
emulsions showed signs of droplet growth, with MS80-B increasing to 23.70 um at 45
°C, suggesting the onset of partial coalescence and a reduction in interfacial stability
under elevated temperature conditions.

At 60 °C, MS20-stabilized emulsions maintained relatively small droplet sizes
of approximately 8 um, demonstrating good resistance to temperature-induced droplet
growth. In contrast, MS80 emulsions remained characterized by larger droplets, with
sizes of approximately 18—19 pum, indicating a greater tendency toward coalescence at
high temperatures. These observations suggest that the interfacial film formed in the
MS80 system was less effective in restraining droplet enlargement when exposed to
increased thermal stress.

The observed droplet size trends can be related to differences in the hydrophilic—
lipophilic balance (HLB) of the surfactants. Span 20, with a higher HLB value, is more
suitable for oil-in-water emulsions and can adsorb efficiently at the oil-water interface

as temperature increases (Hauzin et al., 2024). The presence of MEG contributes to
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interfacial stabilization by reducing interfacial tension and promoting finer droplet
dispersion through synergistic interactions between surfactant molecules. Similar
temperature-dependent droplet size behavior has been reported in previous studies,
where surfactants with appropriate HLB values produced smaller droplets and improved
resistance to thermal destabilization (Wang et al., 2023).

In contrast, the lower HLB value and higher lipophilicity of Span 80 limit its
effectiveness in stabilizing oil-in-water emulsions, particularly at elevated temperatures.
Even in the presence of MEG, the Span 80 system showed a greater tendency toward
droplet growth and partial coalescence, indicating less favorable interfacial interactions
under thermal stress.

Overall, the results demonstrate that surfactant type plays a key role in governing
droplet size evolution and thermal stability in the formulated emulsions. Clear
relationships were observed between droplet size distribution, viscosity behavior, and
creaming index, indicating that emulsion stability is controlled by the combined effects
of interfacial properties and bulk rheology rather than by a single parameter.

Emulsions stabilized with the Span 20-MEG system consistently exhibited
smaller droplet sizes, higher viscosity, and lower creaming indices across the
investigated temperature range. The formation of finer droplets increased the total
interfacial area, while the higher viscosity of the continuous phase reduced droplet
mobility. These combined effects effectively slowed gravitational separation and
limited droplet coalescence during storage and thermal exposure. This behavior
suggests the formation of a compact and cohesive interfacial film, which enhanced
resistance to temperature-induced destabilization.

In contrast, emulsions stabilized with the Span 80-MEG system were
characterized by larger droplet sizes and lower viscosity, leading to increased droplet
mobility and a higher tendency for creaming. Although Span 80 showed relatively
moderate changes in viscosity with increasing temperature, its lower hydrophilic—
lipophilic balance limited its effectiveness in stabilizing oil-in-water emulsions.
Consequently, the interfacial structure formed was less capable of preventing droplet
aggregation and upward migration, particularly during the early stages of storage.

Taken together, these findings confirm that stable oil-in-water emulsions are
achieved when small droplet size and sufficient continuous-phase viscosity act
simultaneously to suppress coalescence and creaming. The observed consistency

between droplet size distribution, viscosity, and creaming index highlights the
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importance of selecting surfactant systems with appropriate interfacial activity and

synergistic interactions, especially for formulations exposed to temperature variation.

4.3 Molecular Dynamic Simulation

The molecular dynamics (MD) simulations in this study were performed on four
emulsion systems, namely MS20-C, MS20-D, MS80-B, and MS80-C, each composed
of virgin coconut oil (represented by lauric acid), deionized water, and a mixed-
surfactant system consisting of either Span 20 or Span 80 in combination with methyl-
a-D-glucopyranoside (MEG). These systems were formulated with varying oil-water—
surfactant ratios to represent different emulsification conditions and to examine how
surfactant type and composition influence emulsion structure at the molecular level.

The MS20-C formulation consisted of 30 wt% lauric acid, 40 wt% deionized water,
and a total surfactant content of 30 wt%, equally divided between Span 20 and MEG.
In contrast, MS20-D was formulated with a lower oil content (10 wt% lauric acid) and
higher water content (60 wt%), while maintaining the same surfactant ratio. This system
was designed to represent a more dilute oil-in-water emulsion.

The MS80-B system differed in surfactant type, employing Span 80 instead of Span
20, with 20 wt% lauric acid, 40 wt% water, and 40 wt% total surfactants, equally divided
between Span 80 and MEG. Lastly, MS80-C mirrored the composition of MS20-C but
substituted Span 20 with Span 80, enabling a direct comparison of the influence of
surfactant molecular structure on emulsion behavior.

The densities of each emulsion system were calculated based on experimental
measurements and are presented in Table 4.8. These values were used to estimate the
total mass of each system within a fixed simulation box volume of 1000 nm? (1 x 10
m?). The calculated densities were 2448.5 kg/m® for MS20-C, 2436.0 kg/m® for MS20-
D, 22175 kg/m* for MS80-B, and 2228.6 kg/m*® for MS80-C. The corresponding
molecular quantities of lauric acid, surfactants, and MEG used to construct each
simulation model are summarized in Table 4.8, providing a clear overview of the

molecular inputs for the MD simulations.
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Table 4.8
Summary of sample formulations: molar ratios, system densities, and molecular
quantities (V) of lauric acid (C12:0), Span 20, Span 80, and MEG.

Sample Ratio Density Ncizo Ns2o Nsso Nurc
(kg/m®

MS20-C  30:40: 30 2448.5 2208 638 1139

MS20-D  10: 60: 30 2436.0 732 635 1113

MS80-B  20:40: 40 2217.5 1333 623 1375

MS80-C  30:40: 30 2228.6 2010 470 1037

Variations in the number of molecules across the systems were intentional and
directly reflect differences in formulation composition and surfactant type. In addition,
the structural differences between Span 20 (sorbitan monolaurate) and Span 80 (sorbitan
monooleate) particularly in terms of hydrophobic chain saturation and molecular
flexibility were expected to influence interfacial packing, molecular organization, and
dynamic behavior within the emulsion systems.

These constructed molecular assemblies formed the basis for subsequent
analyses of key dynamic and structural parameters, including radius of gyration (Rg)
and visual observations of self-assembly and droplet formation throughout the 6-
nanosecond simulation period. The outcomes of these analyses are discussed in the
following sections, providing molecular-level insight into the stabilization mechanisms
of emulsions formed using mixed-surfactant systems under different compositional

conditions.

4.3.1 Radius of Gyration (Rg) Analysis

The radius of gyration (Rg) was analyzed to assess the structural compactness
and distribution of mass within each emulsion system throughout molecular dynamics
(MD) simulation. Rg provides a quantitative measure of how tightly or loosely the
molecular components are arranged in space and is thus a useful parameter for
evaluating emulsion stability at the molecular level (Niu ef al., 2023). The values of Rg

over time for all four systems (MS20-C, MS20-D, MS80-B, and MS80-C) are presented
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in Figures 4.33. In addition, the eccentricity (¢) values of the same systems were also
determined (Table 4.13) to provide complementary insight into shape anisotropy. While

Rg describes the spatial spread of the system, eccentricity reveals whether the structure

is more spherical (e near 0) or elongated (e approaching 1) (Ragusa et al., 2024).
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Figure 4.29 Radius of gyration (Rg) for four emulsion systems
Table 4.9
Eccentricity values of four different emulsion systems.
Structure Eccentricity (e)
MS20-C 0.308
MS20-D 0.282
MS80-B 0412
MS80-C 0.285

Note: The zero value indicates a perfect spherical shape.
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During the first few nanoseconds, MS20-C showed relatively high Rg values (>
4.0 x 10° nm), reflecting an initial reorganization phase where oil and surfactant
molecules underwent conformational adjustments to minimize interfacial free energy.
As the simulation progressed, the system gradually reorganized into a denser
configuration, stabilizing after ~10 ns at ~3.0-3.2 x 10° nm. This compaction is
characteristic of effective surfactant alignment at the oil-water boundary, where Span
20 and MEG jointly formed a cohesive interfacial film (Esposito ef al., 2021). The
associated eccentricity value (e = 0.308) indicates that this compact arrangement also
maintained a near-spherical geometry, resulting in both isotropy and stability (Toonen
et al., 2016). These structural features correlate strongly with experimental results for
MS20-C, which exhibited uniform droplet sizes, low creaming index, and enhanced
viscosity. The behavior is consistent with the structural nature of Span 20: its short,
saturated laurate tail reduces conformational mobility, thereby promoting denser and
more ordered molecular packing.

MS20-D, formulated with the same surfactant mixture as MS20-C but with a
reduced oil fraction (10% instead of 30%), demonstrated the lowest and most stable Rg
trajectory (~2.9-3.1 x 10° nm) with minimal fluctuations. This suggests that the lower
oil content allowed more efficient dispersion of surfactant molecules across the droplet
surfaces, minimizing steric congestion at the interface and facilitating stronger
interfacial film formation (Debraj ef al., 2023; Karjiban ef al., 2012). Its eccentricity (e
= 0.282) further highlights the spherical and isotropic nature of the aggregate. The
combination of low Rg and low eccentricity in MS20-D reflects a highly compact and
spherical molecular organization, which is consistent with its experimentally observed
superior stability and homogeneous droplet size distribution (Hou and Shen, 2024). In
this system, the synergy of Span 20’s saturated structure with favorable oil-to-water
composition optimized interfacial packing and stability.

In contrast, MS80-B, where Span 20 was replaced by Span 80, exhibited
consistently higher Rg values (~3.3-3.5 x 10° nm), indicative of looser molecular
organization. This behavior is explained by the structural properties of Span 80, which
possesses a longer, unsaturated oleate chain. The cis-double bond introduces kinks in
the hydrophobic tail, increasing molecular flexibility and steric hindrance while

reducing packing efficiency (Parreidt ef al., 2018). These structural disruptions lead to
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less compact droplet assemblies, which is further confirmed by its high eccentricity (e
= 0.412), reflecting elongated or irregular geometries. Such anisotropy increases
interfacial energy and makes droplets more prone to deformation and coalescence.
Experimentally, this is consistent with MS80-B larger droplet size distribution, higher
creaming index, and reduced viscosity. The weak internal structural organization seen
in the Rg—eccentricity analysis thus provides a molecular explanation for the poor
macroscopic stability of MS80-B (Liu ef al., 2025).

Sample MS80-C displayed the most distinct behavior, with Rg values rapidly
increasing during the first 5 ns and plateauing at the highest value of all systems (~5.5
x 10° nm). This indicates the formation of a large, expanded molecular configuration
with low compactness (Debraj ef al., 2023). Surprisingly, its eccentricity was relatively
low (e = 0.285), suggesting that despite the expanded structure, the droplet aggregates
remained nearly spherical. This paradox reveals an important structural nuance:
spherical geometry alone (low e) is not sufficient for stability if compactness (low Rg)
is absent. MS80-C, which shares the same composition as MS20-C but with Span 80
instead of Span 20, therefore demonstrates that surfactant molecular structure can
override compositional effects. While Span 20 favors compact, tightly packed
assemblies, Span 80 drives the formation of expanded but isotropic aggregates (Liu et
al., 2025). This explains why MS80-C showed moderate but inferior stability compared
to Span 20 systems, despite its spherical droplet shape.

Taken together, the combined interpretation of radius of gyration and
eccentricity provides a comprehensive picture of the molecular organization within the
emulsion systems. Emulsions exhibiting low Rg values together with low eccentricity,
such as MS20-C and MS20-D, formed compact and near-spherical aggregates that are
favorable for structural stability. In contrast, systems characterized by higher Rg values
and increased eccentricity, such as MS80-B, displayed looser and more anisotropic
molecular arrangements, which are more susceptible to deformation and coalescence.

The behavior of MS80-C highlights an important structural distinction, where a
relatively low eccentricity was observed despite the highest Rg among all systems. This
indicates that spherical geometry alone is insufficient to ensure stability if molecular
compactness is lacking. Although MS80-C formed isotropic aggregates, the expanded
internal structure suggests inefficient interfacial packing, which limits resistance to
coalescence. This observation demonstrates that both compactness and isotropy must

be achieved simultaneously to support stable emulsion structures.
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These differences can be attributed to the molecular characteristics of the
surfactants and formulation composition. Span 20, with its saturated laurate chain,
promotes tighter and more ordered interfacial packing, whereas Span 80, containing an
unsaturated oleate chain, introduces conformational flexibility that restricts compact
molecular assembly. When combined with appropriate oil-to-water ratios and MEG,
Span 20-based systems favor cohesive interfacial films that correspond well with
experimentally observed smaller droplet sizes, higher viscosity, and lower creaming
indices. Conversely, Span 80-based systems tend to form more expanded molecular
arrangements, which are associated with larger droplet sizes and reduced resistance to

long-term destabilization.

4.3.2 Self-assembly and droplet formation

Molecular dynamics (MD) simulations were conducted to visualize the self-
assembly process and droplet formation in virgin coconut oil-in-water emulsions
stabilized by mixed surfactant systems. The simulation snapshots provide qualitative
insight into droplet morphology, interfacial arrangement, and surfactant packing at the
oil-water interface, all of which play a critical role in determining emulsion stability.
Visual analysis 1is particularly useful in explaining the molecular origin of
experimentally observed stability trends, as it reveals how surfactant molecules organize
and interact under different compositional conditions. These observations complement
the quantitative analyses of radius of gyration (Rg) and eccentricity discussed earlier,
which describe the compactness and shape anisotropy of the molecular assemblies
(Ragusa et al., 2024).

For MS20-C, the simulation snapshots showed the formation of relatively
uniform droplets with clearly defined and continuous interfacial boundaries (Figure
4.30a). Span 20 and MEG molecules were homogeneously distributed around the oil
phase, forming a coherent interfacial layer that effectively encapsulated the lauric acid
molecules. This uniform coverage indicates strong adsorption of the mixed surfactant
system at the oil-water interface, facilitating efficient reduction of interfacial tension
and limiting droplet coalescence during the simulation. In addition, the stable potential

energy profile suggests that the system rapidly reached an energetically favorable
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configuration with minimal large-scale molecular rearrangement (Esposito et al., 2021).
These visual features are in good agreement with the compact Rg values (~3.0-3.2 x
10° nm) and low eccentricity (e = 0.308), confirming the formation of dense and near-
spherical molecular assemblies (Toonen et al., 2016). The saturated laurate chain of
Span 20 further promotes ordered packing and reduced conformational flexibility,

contributing to the formation of a cohesive and mechanically stable interfacial film.

Figure 4.30 Self-assembly and droplet formation for a) MS20-C b) MS20-B
¢) MS80-B d) MS20-D emulsions
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In the case of MS20-D, the droplets appeared generally compact but exhibited
localized aggregation and minor shape irregularities. These features suggest the
occurrence of transient interfacial rearrangements rather than extensive droplet
coalescence. The reduced oil fraction in this formulation alters the oil-to-surfactant
ratio, resulting in a larger relative availability of surfactant molecules at the interface.
While this promotes effective droplet coverage, it may also lead to localized surfactant
crowding and momentary structural heterogeneity. Despite these visual irregularities,
the Rg values remained low and stable (~2.9-3.1 x 10° nm), and the eccentricity value
was minimal (e = 0.282), indicating that the overall molecular assembly retained a
compact and isotropic structure. This molecular behavior aligns with experimental
observations of narrow droplet size distribution and good resistance to creaming,
suggesting that MS20-D maintained sufficient interfacial integrity even under diluted
oil conditions (Hou and Shen, 2024).

In contrast, MS80-B exhibited noticeably larger droplets with irregular shapes
and poorly defined interfacial boundaries (Figure 4.30c). The surfactant layer appeared
discontinuous, reflecting weaker adsorption and less efficient packing of Span 80 and
MEG molecules at the oil-water interface. The unsaturated oleate chain of Span 80
contains a cis-double bond that introduces kinks into the hydrophobic tail, increasing
molecular flexibility while simultaneously reducing packing efficiency (Parreidt et al.,
2018). This structural feature limits the formation of a compact interfacial film and
promotes looser molecular organization. Consequently, MS80-B showed higher Rg
values (~3.3-3.5 x 10° nm) and elevated eccentricity (e = 0.412), indicating expanded
and anisotropic assemblies. Such anisotropy increases interfacial energy and enhances
susceptibility to droplet deformation and coalescence, which is consistent with the
experimentally observed lower viscosity and higher creaming tendency (Liu et al.,
2025).

Meanwhile, MS80-C displayed visually homogeneous and well-separated
droplets with predominantly spherical geometry (Figure 4.30d). The smooth interfacial
boundaries suggest that surfactant molecules were able to uniformly surround the oil
phase, resulting in droplets with minimal shape distortion. This observation is supported
by the stable potential energy profile and pronounced peaks in the radial distribution
function, indicating an ordered interfacial arrangement (Debraj et al., 2023). However,

despite the spherical droplet appearance, MS80-C exhibited the highest Rg value (~5.5
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x 10° nm), while maintaining a low eccentricity (e =0.285). This combination indicates
that although the droplets were isotropic, the internal molecular structure was relatively
expanded and loosely packed. This behavior highlights an important distinction between
droplet shape and molecular compactness, demonstrating that spherical geometry alone
does not guarantee structural stability. The flexible unsaturated chain of Span 80 allows
isotropic arrangement but restricts dense packing, leading to expanded molecular
assemblies (Liu et al., 2025).

Overall, the integrated interpretation of MD visualization, radius of gyration, and
eccentricity analyses demonstrates that effective emulsion stabilization requires both
isotropic droplet geometry and compact molecular packing at the oil-water interface.
Systems that form dense and cohesive interfacial films exhibit enhanced resistance to
droplet deformation, coalescence, and gravitational separation, whereas expanded or
anisotropic molecular assemblies are more prone to destabilization. These findings
further reinforce that surfactant molecular structure and formulation composition jointly
govern self-assembly behavior and stability in virgin coconut oil- in-water emulsions.
The insights gained from MD simulations provide a molecular- level explanation for the
experimentally observed trends in droplet size distribution, viscosity, and creaming

behavior.
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CHAPTER 5
CONCLUSION & RECOMMENDATIONS

5.1 Conclusion

Assessing the stability and characterizing an oil-in-water emulsion utilizing a
combination of the MEG and Span surfactant series were the main goals of this study.
In addition to the experimental effort, the research sought to give a better understanding
of the molecular interactions influencing emulsion stability by using molecular
dynamics (MD) simulations. The characterization verified the impact of surfactant
concentration and ratio on important stability parameters, and the experimental findings
effectively illustrated the creation of a stable oil-in-water emulsion system utilizing
virgin coconut oil. Significant variations in the stabilizing properties of MEG, Span 20,
and Span 80, either separately or in different combinations, were found when the 20
samples were compared. While emulsions stabilized with Span 20 and MEG alone also
performed less than optimally, those stabilized with a single surfactant, such as Span 80
with its low HLB value, displayed inconsistent stability and a propensity for phase
separation. The combined surfactant systems, on the other hand, showed a definite
synergistic impact that resulted in a much greater degree of stability.

Five distinct analytical techniques (creaming index, freeze-thaw, rheology,
optical polarizing microscopy and FTIR) were utilized to investigate and confirm the
most stable formulation. Among all samples, MS20-C, formulated with 30 wt% oil, 40
wt% water, and a total surfactant content of 30 wt% consisting of an equal ratio of Span
20 (15 wt%) and MEG (15 wt%), even across a range of temperatures (30 °C to 60 °C).
According to the findings of the creaming index, MS20-C showed very little phase
separation over the observation period, indicating that it was quite resistant to gravity.
The freeze-thaw cycle test offered a thorough evaluation of the emulsion's resistance to
temperature stress, MS20-C further demonstrated its exceptional stability by retaining
its integrity and physical appearance after many cycles. The viscosity and viscoelastic
characteristics of the emulsions were finally quantified by rheological analysis as
MS20-C showed more structured, non-Newtonian behaviour, which was directly
connected to its increased stability against external pressures. Additionally, compared

to other formulations, MS20-C generated the smallest and most monodisperse droplets,
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according to droplet size analysis, a crucial sign of kinetic stability. In contrast to the
bigger or irregularly shaped droplets detected in less stable samples (MS80-B and
MS80-C), polarized light microscopy visually confirmed these quantitative findings by
revealing a homogenous emulsion with consistently sized, non-coalesced droplets. The
FTIR spectra confirmed the absence of new peaks, demonstrating that no chemical
degradation or by-product formation occurred during emulsification. Characteristic
absorption bands of the virgin coconut oil (C=0O stretching at ~1743 cm™! and C-H
stretching at ~2922 and 2853 cm™) were retained, while slight shifts and intensity
changes in the O—H stretching region (~3300-3400 cm™!) and C-O stretching (~1050—
1150 cm™) indicated hydrogen bonding and interfacial interactions between the oil,
water, and surfactant molecules.

The GROMACS software was used to perform molecular dynamics (MD)
simulations on four chosen emulsion formulations (MS20-C, MS20-D, MS80-B, and
MS80-C) in order to confirm and expand on the experimental results. The importance
of surfactant interactions at the oil-water interface was shown by the simulations at the
atomistic level. Radius of gyration (Rg) analysis indicated that MS20-C achieved the
most compact and stable configuration, stabilizing at ~3.0—3.2x10% nm after the initial
equilibration phase, whereas MS80-B, and MS80-C (MEG and Span 80) displayed
greater fluctuations, suggesting less stable molecular packing. Eccentricity analysis
further revealed that MS20-C maintained a near-spherical droplet morphology, while
the other samples showed higher eccentricity values, reflecting elongated or irregular

shapes prone to instability.
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5.2 Recommendations

For future work, it is recommended to investigate the influence of pH, ionic
strength, and the incorporation of co-surfactants or polymers to enhance emulsion
stability under a wider range of environmental conditions. Extending MD simulations
to longer timescales and incorporating coarse-grained models could provide deeper
insights into long-term stability and molecular self-assembly dynamics. Additionally,
integrating eccentricity as a complementary parameter alongside radius of gyration in
future simulations would allow for a more comprehensive evaluation of droplet
geometry and structural compactness, particularly in response to formulation changes
and processing conditions. Such combined structural metrics could be valuable in
predicting performance during scale-up and in tailoring formulations for specific

pharmaceutical, cosmetic, or food applications.
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APPENDIX A

METHODOLOGY FLOW CHART

Samples VCO(g) Deionised water Surfactant (g)  VCO : Deionised Samples  VCO(5)  Deionised water Surfactant (g) VCO : Deianised
(® Water : " ® Water : Surfactant %
Surfactant % 4 MsthylaD- ;’“ ::’ )
(wiw) (Blend Formulations Based on Tables 3.1 - 3.5) g e
A 20 60 70 20:60:20
" T T m T Surfactants: methyl-a-D-glucopyranoside, Span : i: l: ’Z N:0:10
» 30 70 30 3040 30 20, Span 80 - - i
30 40 15 15 30:40 :30
D 10 6.0 30 10:60:30 1.0 6.0 15 15 10:60:30
? [ @ GROMACS (GROningen MAchine for Chemical
.) Simulations)
Main software used for running all molecular mics
CREAMING INDEX P
Applied to study energy minimization, NVT/NPT
Measure stability & v ;daf;:::ﬁ::;"ms ics)
Visualized simulation outputs and molecular trajectories
Used for creatil and
The best set of blend formulation was tested in oo, s S S
FREEZE-THAW stability with different temperatures. Used for building and optimizing the initial molecular
Mecsuic-stability RHEGNIETER Therefore, a sample was heated in the water R R
Measure rheology bath for ten minutes with four different . .
temperatures of 30 °C, 35 °C, 40 °C and 60°C. radius of gyration from simulation output fles
OPTICAL POLARISING ETIR
MICROSCOPE 2 s MOLECULAR SIMULATION
Measure interaction
Measure droplet size or functional group METHOD
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APPENDIX B

GANTT CHART

Semester 1

Activities/Months 1(2|3/4|5|6|7|8

Preparation Of Thesis Proposal

Presentation Of Thesis Proposal

Samples Preparation

Characterization Analysis

Molecular Dynamic Simulation

Analysis Of Result And Discussion

Thesis Writing

Thesis Presentation

Thesis Editing & Correction

Thesis Submission
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APPENDIX C

Set 1 (Methyl-a-D-glucopyranoside)
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Set 1 (Methyl-a-D-glucopyranoside + Span 20)
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Set 2 ( Methyl-a-D-glucopyranoside + Span 80)

Day

6

SAMPLE J2

SAMPLE K2

12

18

— o

T

SAMPLE K
SET 2

24

30

| SAMPLEK |
SET 2

136




SAMPLE L2

SAMPLE M2

k. o

SAMPLE L
SET 2

SAMPLE L
i SET 2

=

| SAMPLE M
SET2

137




APPENDIX D

Set 1 (Methyl-a-D-glucopyranoside)
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Set 2 (Span

20)

SAMPLE A2

SAMPLE B2

SAMPLE C2

SAMPLE D2

Before

After

Before

After

P

SAMPLE
SET2

w—
(—

Before

SAMPLE C
SET2

e

After

Before

139




Set 3 (Span 80)
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Set 1 (Methyl-a-D-glucopyranoside + Span 20)
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Set 2 (Methyl-a-D-glucopyranoside + Span 80)
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APPENDIX E
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Rheoplus
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SHEAR STRESS VS SHEAR RATE
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Mean, X

Standard deviation, s

Confidence Interval, CI
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Sample Al

1) Mean, X

30+30+28+33+28+32+32+34+33
9

=31.11

2) Standard deviation, s

\/(30 -31.11)2+ (30 -31.11)>+ (28 —31.11)>+ (33 -31.11)2 + (28 —-31.11)?+ (32 -31.11)2 + (32 -31.11)? + (34— 31.11)? + (33 — 31.11)2

8

= 2.205
3) Confidence Interval, CI

(2.306)(2.205)
NE)

= 1.695

31.11 +
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Sample B1

1) Mean, X

22+18+19+21+22+21+24
7

=21.00

2) Standard deviation, s

J22-212+ (18- 21)2 + (19 —21)? + (21 - 21)% + (22 — 21)? + (21 — 21) + (24 — 21)?

7—-1

= 2.000
3) Confidence Interval, CI

(2.447)(2)
V7

21.00 + =1.850
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Sample C1

1) Mean, X

32+26+39+32+27+37+28+29+29
9

=31.00

2) Standard deviation, s

J(B32-31)2+ (26 —31)2 + (39— 31)? + (32— 31)? + (27 —31)2 + (37 — 31)* + (28 — 31)* + (29 — 31)* + (29 — 31)?

9-1

=4.472
3) Confidence Interval, CI

(2.306)(4.472)

31.00 +
V9

= 3.438
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Sample D1

1) Mean, X

294+404+26+31+20+18+25
= = 27.00

2) Standard deviation, s

J(29—27)2+ (40 —27)% + (26 — 27)* + (31 — 27)* + (20 — 27)* + (18 — 27)* + (25 — 27)?

7—-1

=7.348
3) Confidence Interval, CI

(2.447)(7.348)

27.00 +
V7

=6.796
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Sample A2

1) Mean, X

12+11+10+11+12+11+11+10+11+10
10

=11.00

2) Standard deviation, s

JA2-1D2+ (11 -11)2 + (10 - 11)2 + (11 - 11)? + 12 - 11?4+ (11 - 11)2 + (11 - 11)? + (10 — 11)? + 11 - 11)* + (11 — 11)?

10-1

=0.667
3) Confidence Interval, CI

2.262)(0.667
11.00 i( X ) =0.477

V10
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Sample B2

1) Mean, X

23+24+22+234+24+23+27+25+23+23
10

=23.70

2) Standard deviation, s

J/(23-23.7)% + (24 -23.7) + (22— 23.7)* + (23 — 23.7)2 + (24— 23.7) + (23 — 23.7)% + (27 — 23.7)? + (25 — 23.7)% + (23 — 23.7)% + (23 — 23.7)?

10-1

=1.418
3) Confidence Interval, CI

2.262)(1.418
23.70 i( X ) =1.014

V10
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Sample C2

1) Mean, X

10+11+10+10+10+12+11+9+11
9

= 10.44

2) Standard deviation, s

J/(10-10.44)2 + (11 - 10.44)? + (10 — 10.44) + (10 — 10.44) + (10 — 10.44)* + (12 — 10.44)* + (11— 10.44)* + (9 — 10.44)? + (11— 10.44)?

9-1

=0.882
3) Confidence Interval, CI

(2.306)(0.882)
NE)

10.44 + =0.678
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Sample D2

1) Mean, X

10+12+9+9+11+10+11+10+11+9
10

=10.20

2) Standard deviation, s

/(10-10.2)2+ (12 ~10.2)? + (9 — 10.2)? + (9 — 10.2)* + (11 — 10.2)? + (10 — 10.2)? + (11— 10.2)* + (10 — 10.2)? + (11 — 10.2)? + (9 — 10.2)?
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=1.033
3) Confidence Interval, CI

2.262)(1.033
10.20i( it ) =0.739
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Sample A3

1) Mean, X

22+19+18+19+22+21+23+21+21+21
10

= 20.70

2) Standard deviation, s

J/(22-20.7)%+ (19 - 20.7)% + (18 — 20.7)% + (19 — 20.7)? + (22 — 20.7)% + (21— 20.7)% + (23 — 20.7)? + (21 — 20.7)? + (21 — 20.7)* + (21 — 20.7)?

10-1

=1.567
3) Confidence Interval, CI

2.262)(1.567
20.70 i( X ) =1.121
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Sample B3

1) Mean, X

58+52+54+51+50+57+55+55+60+56
10

= 54.80

2) Standard deviation, s

/(68— 54.8)% + (52 — 54.8)* + (54 — 54.8)% + (51 — 54.8)? + (50 — 54.8)? + (57 — 54.8)* + (55 — 54.8) + (55 — 54.8)* + (60 — 54.8)* + (56 — 54.8)?

10-1

=3.155
3) Confidence Interval, CI

4 (2:262)(3.155)

54.8 A = 2.257
V10
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Sample C3

1) Mean, X

14+14+14+17+14+13+18+15+14+17
10

=15.00

2) Standard deviation, s

JA4-15)+ (14— 15)2 + (14— 15)2 + (17— 15)* + (14~ 15)*+ (13 — 15)2 + (18 — 15)? + (15— 15)? + (14 — 15)* + (17 — 15)*

10-1

=1.700
3) Confidence Interval, CI

(2.262)(1.7)

15.00 +
V10

=1.216
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Sample J1

1) Mean, X

19+20+20+19+23+20+18+22+20+22
10

= 20.30

2) Standard deviation, s

J/(19-20.3)2 + (20 — 20.3)? + (20 — 20.3)% + (19 — 20.3)? + (23 — 20.3)? + (20 — 20.3)* + (18 — 20.3) + (22 — 20.3)? + (20 — 20.3)* + (22 — 20.3)?

10-1

=1.567
3) Confidence Interval, CI

2.262)(1.567
20.30 i( X ) =1.121

V10
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Sample K1

1) Mean, X

9+9+10+10+9+9+9+10+10 9.44
9 - u

2) Standard deviation, s

JO—9.497+ (9-9.44)% + (10— 9.44)? + (10 — 9.44)? + (9 — 9.44)* + (9 — 9.44)* + (9 — 9.44)? + (10 — 9.44)* + (10 — 9.44)?

9-1

=0.527
3) Confidence Interval, CI

, (2.306)(0.527)
B NE)

9.44 = 0.405
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Sample M1

1) Mean, X

9+10+9+11+10+10+9+11+9+12
10

=10.00

2) Standard deviation, s

J(@—10)2+ (10 — 10)? + (9 — 10)* + (11~ 10) + (10 — 10)2 + (10 — 10)? + (9 — 10)? + (11— 10)* + (9 — 10)? + (12 — 10)?

10-1

=1.054
3) Confidence Interval, CI

(2.262)(1.054)
V10

10.00 + = 0.754
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Sample J2

1) Mean, X

30+33+33+33+30+30+30+29+31+33
10

=30.90

2) Standard deviation, s

/(30—-30.9)% + (33 — 30.9)% + (33 — 30.9)% + (33 — 30.9)? + (30 — 30.9)? + (30 — 30.9)* + (30 — 30.9) + (29 — 30.9)* + (31 — 30.9)* + (33 — 30.9)?

10-1

=1.524
3) Confidence Interval, CI

2.262)(1.524
30.90 i( X ) =1.090

V10
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Sample K2

1) Mean, X

10+10+13+11+11+11+10+10+10+12
10

=10.80

2) Standard deviation, s

/(10-10.8)+ (10 —10.8)* + (13 — 10.8)* + (11 — 10.8)? + (11— 10.8)* + (11— 10.8)* + (10 — 10.8) + (10 — 10.8)? + (10 — 10.8)* + (12 — 10.8)?

10-1

=1.033
3) Confidence Interval, CI

2.262)(1.033
10.80 i( X ) =0.739

V10
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Sample L2

1) Mean, X

21+20+20+22+21+23+23+20+21+21
10

=21.20

2) Standard deviation, s

J21-21.2)2+ (20 — 21.2)% + (20 — 21.2)% + (22 — 21.2)? + (21 — 21.2)% + (23 — 21.2)% + (23 — 21.2) + (20 — 21.2)? + (21 - 21.2)% + (21 - 21.2)?

10-1

=1.135
3) Confidence Interval, CI

2.262)(1.135
21.20 i( X ) =0.812

V10
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Sample M2

4) Mean, X

30+31+28+35+28+31+33+33+31+31
10

=31.10

S) Standard deviation, s

JB30-31.1)2+ (31-31. 12+ (28-31.1) + (35 -31.1)2 + (28-31.1)2 + (31 -31.1)2 + (33 - 31. 1)+ (33 - 31. 1) + (31 - 31.1)2 + (31 — 31.1)?

10-1

=2.183
6) Confidence Interval, CI

2.262)(2,183
31.10 i( X ) =1.562

V10
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APPENDIX G
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g)
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i)

Sample A3
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j) Sample B3
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k) Sample C3

115
110
105 ‘

100

500

1000

1500

2000

cm-1

2500

3000

3500

4000

182




)

Sample D3

% T

120

110

100

80

70

60
500

1000

1500

2000

3000

4000

183




m) Sample J1
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q) Sample J2
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r) Sample K2
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APPENDIX H

Temperature (30 °C)

Day

SAMPLE L1

12

———————————
SAMPLE L
L SET 1 (30 °C)

f

_—
SAMPLE L
SET | (30 °C)
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SAMPLE M1 Lo o
SAMPLE M
SET 1 (30°C)
SAMPLE K2

e,
. SAMPLEM
SET 1 (30 °C)

SAMPLE

| SAMPLE M
SET 1 (30 °C)

SAMPLEK |
SET 2 (30°C)

T

| SAMPLE M
WSET | (30 °C)

b e
SAMPLE M
| SET 1 (30 °C)

SAMPLEK |
SET 2 (30 °C)
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SAMPLE L2

SAMPLE L
SET2(30°C) |

N

SAMPLE L
ET 2 (30 °C)

S,
»SET 2 (30 °C)

AMPLE L
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Temperature (35 °C)

Day

SAMPLE L1

SAMPLE M1

SET 1 (35 °C)

| SAMPLE M

LSET 1 (35 °C

12

SAMPLE L
SET 1 (35°C)

~ SAMPLE M

SET 1 (35°C

24

SN

Sl 10 Yo
SAMPLE [
SET | (35 °C),

| SAMPLEM |
SET 1 (35 °C)

SAMPLE L
'L SET 1 (35°C) &

| SAMPLEM ||

SET 1 (35 °C)
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SAMPLE K2

SAMPLE L2

SAMPLEK |
SET2 (35 °C)

SAMPLE L
SET2(35°C

SAMPLE L
LSET2 35 °C)

-

SAMPLEL [§
SET2 (35 °C

SAMPLEK |
LSET2 (35°C)_
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Temperature (40 °C)

Day

SAMPLE L1

SAMPLE M1

SAMPLE M
SET 1 (40 °C)

i

SAMPLEL [

i SET 1 (40 °C) |

12

<&

]
!

| SAMPLEM |
W'

24

AMPL I
L SET 1 (40 °C)_ M

i

{

|| SAMPLE M
LsET 1 a0°0)

SAMPLE M
SET | (40°C)
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SAMPLE K2

SAMPLE L2

NI

B v
SAMPLEK
SET 2 (40 °C)

SAMPLE L

LSET 2 (40 °C),

N

SAMPLE L
SET 2 (40 °C)

| ——
SAMPLE K
L SET 2 (40 °C)

:\V':

SAMPLE L
SET 2 40 °C
) o - ,‘

\"
AMPLE K
B SET 2 (40°C)

o

SAMPLE L
SET 2 (40 °C)
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Temperature (45 °C)

Day 1

E A

SAMPLE L1 SET 1 (45°C)
-

| Q

SAMPLE M1 Py

SET 1 (45 °C)

ST
SAMPLE L
SET | (45 °C)

¥ SAMPLEM

|ET1 45 °C)

12

SAMPLE M
LSET | (45 °C)

S

SAMPLE L
ET 1 (45°C)

il SAMPLE M
SET | (45 °C)

G

[ SAMPLEL
SET | (45 °C)
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SAMPLE K2

SAMPLE L2

'SAMPLE K
SET 2 (45 °C)
| C

AN A

SAMPLE L
LSET 2 (45 °C)

3 S
NS

SAMPLE K
SET 2 (45 °C

A

SAMPLE K

SET 2 45 °C) ‘

e

SAMPLE K
SET 2 (45 °C)
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Temperature (60 °C)

Day

SAMPLE L1

- S
SAMPLE L
SET 1 (60°C) |

SAMPLE M1

| SAMPLE M
SET 1 (60 °C)

12
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24

o
1
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SET 1 !60'(:)

&3

|
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SET 1 (60 °C)

30

ey
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SET 1 (60 °C)
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SAMPLE K2

SAMPLE L2

SAMPLE L
ILSET 2 (60 °C) B

SAMPLE K
SET 2 (60 °C)

e

SAMPLE L
SET 2 (60 °C).Y

s
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SET 2 (60 °C)

i

e
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SET 2 (60 °C)
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APPENDIX I

Temperature (30 °C)

SAMPLE L1

SAMPLE M1

SAMPLE K2

SAMPLE L2

Before

After

Before

e

SAMPLE M |
El 30 °C)

After

Before

After

Before

After
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Temperature (35 °C)

SAMPLE L1

SAMPLE M1

SAMPLE K2

SAMPLE L2

Before

After

SAMPLE L
SET 1 (35°C)

Before After

e,
SAMPLEM
SET | (35 °C)

Before

After

SAMPLE K
SET2 (35°C)

BN

Before

After

~OR———

—

SAMPLE L
SET 2 (35 °C)
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Temperature (40 °C)

SAMPLE L1 SAMPLE M1 SAMPLE K2 SAMPLE L2

Before After Before After Before After Before After

f‘ag‘

SAMPLE K ,
$ET 2 (40 °C) - SAMPLE L
. B SET 2 (40 °C)
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Temperature (45 °C)

SAMPLE K2 SAMPLE L2

SAMPLE L1 SAMPLE M1

Before

After

Before

After

SAMPLEL
SET 1 (45 °Cj

Before

o\

SAMPLE M
SET | (45 °C)
‘ #

After

Before

After

SAMPLE K
SET 2 (45 °C

SAMPLEL |
[ SET 2 (45 °C)

==
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Temperature (60 °C)

SAMPLE L1

SAMPLE M1

SAMPLE K2

SAMPLE L2

Before After

SAMPLE L
SET 1 (60 °C)

Before After

Before After

?=dq

SAMPLE K
SET 2 (60 °C)

e

e —

T

Before After

- b =
SAMPLEL
SET 2 (60 °C)
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APPENDIX J

Rheaplus

Sample | Set 1 (30C) 1, Sample L Seat 1 (30C)

31/712024, PR25. [d=1 mm]

-+

Visoosity

A — Anton Paar

0 T T T A
0 5 10 15 20 25 30 35 40 45 1Is 50
Shear Rate >

Sample L1 (30 °C)
Rheoplus
7
Pa-s

6

Sample M Set 1 (30C) 1, Sample M Set 1 (30C)
31/7/12024, PP25; [d=1 mm]
- 1 Viscosity

0 5 10 15 20 25 30 35 40
—

Shear Rate ™!

srtcn Paar Gttt

Sample M1 (30 °C)

208

45 1/s 50
f‘\’) Anton Paar



SHEAR STRESS VS SHEAR RATE

osL

06 |

0.4

16+
141
124

14

SAMPLE L SET 2(30C) 1, SAMPLE L SET 2(30C)

26/7/2024, CC17; d=1 mm
-

= Shear Stress

02

10

15

20 25 30 35 40

Shear Rate 'y »

arton Paar Gttt

Sample K2 (30 °C)

SHEAR STRESS VS SHEAR RATE

45 1/s S0
’\,) Anton Paar

SAMPLE L SET 2(30C) 3, SAMPLE L SET 2(30C)
26/7/2024, CC17; d=1 mm

—&— - Shear Stress

10

20 25 30 35 40

Shear Rate y

srtcn Paar Gttt

Sample L2 (30 °C)
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45 1/s 50
f\ﬁ Anton Paar



Rheoplus

16
14+

b

10 £

5 10 15 20 25 30 35 40 45 1is 50

Shear Rate

srtcn Paar Gttt

Sample L1 (35 °C)

Rheoplus

Pa-s
74

45 1/s 50

Shear Rate

arton Paar Gttt

Sample M1 (35 °C)

210

Sample L Set 1 (35C) 1, Sample L Set 1 (35C)

31/7/2024, PP25; [d=1 mm]

Bl

1 Viscosity

~

—r» Anton Paar

Sample M Set 1 (35C) 1, Sample M Set 1 (35C)

31/7/2024, PP25; [d=1 mm]

i
i Viscosity

’,\ﬁ Anton Paar



SHEAR STRESS VS SHEAR RATE

2.2

Pa—+

1.8+

161+

14+
T 124+ SAMPLE K SET 2 (35C) 1, SAMPLE K SET 2 (35C)

) 26/7/2024, CC17; d=1 mm
T 1+ —8— 1 ShearStress

08—+

06—+

0.4+

0.2+

T e T
0 5 10 15 20 25 30 35 40 45 1/s 50 ~
Shear Rate y >
o
Sample K2 (35 °C)
SHEAR STRESS VS SHEAR RATE
8
Pa
74
64
54
SAMPLE L SET 2 (35C) 1, SAMPLE L SET 2 (35C)
4+ 26/7/2024, CC17; d=1 mm
—8— 1 Shear Stress

34
2L
14
T S T R

0 5 10 15 20 25 30 35 40 45 1/s 50

Shear Rate »

Arton Pear GrbH

Sample L2 (35 °C)
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Rheoplus

22 ~

Pa-s -

Sample L Set 1 (40C) 1, Sample L Set 1 (40C)
31/7/2024, PP25; [d=1 mm]

B
n Viscosity

0 5 10 15 20 25 30 35 40 45 1/s 50

Al—) Anton Paar
Shear Rate

frton Paar Gttt

Sample L1 (40 °C)

Rheoplus

Pa-s +

44

3 -
Sample M Set 1 (40C) 1, Sample M Set 1 (40C)

254+ 31/7/2024, PP25; [d=1 mm]

-
2L i Viscosity

0 5 10 15 20 25 30 35 40 45 1Is 50 N

. —r» Anton Paar
Shear Rate

srtcn Paar Gttt

Sample M1 (40 °C)
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22

SHEAR STRESS VS SHEAR RATE

1.8 1

16 1

06

Pa

0.4

02

10

Shear Rate y

30 35 40

arton Paar Gttt

Sample K2 (40 °C)

SHEAR STRESS VS SHEAR RATE

Pa |

254

15

Shear Rate y

30 35 40

srtcn Paar Gttt

Sample L2 (40 °C)

213

SAMPLE K SET 2 (40C) 1, SAMPLE K SET 2 (40C)

26/7/2024, CC17; d=1 mm

—&— - Shear Stress

/\7 Anton Paar

SAMPLE L SET 2(40C) 1, SAMPLE L SET 2 (40C)

26/7/2024, CC17; d=1 mm

—8— - Shear Stress

~

-— Anton Paar



Rheoplus

20

Pa-s +

Sample L Set 1 (45C) 1, Sample L Set 1 (45C)

31/7/2024, PP25; [d=1 mm]

-
n  Viscosity

Shear Rate

arton Paar Gttt

Sample L1 (45 °C)

Rheoplus

45 1/s 50
l'\_) Anton Paar

Sample M Set 1 (45C) 1, Sample L Set 1 (45C
31/7/2024, PP25; [d=1 mm]
- n Viscosity

0 5 10 15 20 25 30 35 40

v
Shear Rate

frtcn Par Gttt

Sample M1 (45 °C)
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45 1/s 50
f\,) Anton Paar



SHEAR STRESS VS SHEAR RATE

Pa |

2.5

05 [

SAMPLE K SET 2(45C) 1, SAMPLE K SET 2 (45C)
26/7/2024, CC17; d=1 mm

—8— - Shear Stress

10

20 25 30 35 40 45 1/s 50

AA—, Anton Paar
[ |

Shear Rate y

srtcn Paar Gttt

Sample K2 (45 °C)

SHEAR STRESS VS SHEAR RATE

SAMPLE L SET 2(45C) 1, SAMPLE L SET 2 (45C)
26/7/2024, CC17; d=1 mm

—8— - Shear Stress

15

20 25 30 35 40 45 1is 50 "

. -— Anton Paar
Shear Rate ¢ ’ \

frtcn Paar Gttt

Sample L2 (45 °C)
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Rheoplus

20

Pa-s

Sample L Set 1 (60C) 1, Sample L Set 1 (60C)

31/7/2024, PP25; [d=1 mm]

-
n  Viscosity

0 5 10 15 20 25 30 35 40 45 1/s 50 n
—‘—) Anton Paar

Shear Rate

arton Paar Gttt

Sample L1 (60 °C)

Rheoplus

8+
7+
6 -
Sample M Set 1(60C) 1, Sample M Set 1 (60C)

54 31/7/12024, PP25; [d=1 mm]

i3 -
4 i Viscosity

T T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 1/s 50 N
= Anton Paar

Shear Rate

frton Paar Gttt

Sample M1 (60 “C)
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SHEAR STRESS VS SHEAR RATE

Pa |

2.5+

05 [

SAMPLE K SET 2(60C) 1, SAMPLE K SET 2 (60C)
26/7/2024, CC17; d=1 mm

—&— - Shear Stress

10

20 25 30 35 40 45 1/s 50 ~n

. ~— Anton Paar
Shear Rate ¢ ’

frton Paar Gttt

Sample K2 (60 “C)

SHEAR STRESS VS SHEAR RATE

Pa [
354

SAMPLE L SET 2(60C) 1, SAMPLE L SET 2 (60C)
26/7/2024, CC17; d=1 mm

—&— - Shear Stress

15

20 25 30 35 40 45 1is 50 "

. —~— Anton Paar
Shear Rate ¢ ’ \

artcn Paar Gttt

Sample L2 (60 °C)
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APPENDIX K

Sample M1 (30 °C)

1) Mean, X

13+14+9+12+12+11+12+14+13+13
10

=12.30

2) Standard deviation, s

J13-12.3)+ (14 -12.3) + (9 -12.3)* + (12 -12.3)* + (12 - 12.3) + (11 - 12.3)* + (12— 12.3)* + (14 - 12.3) + (13 — 12.3)> + (13 — 12.3)?

10-1

=1.494
3) Confidence Interval, CI

2.262)(1.494
12.30 i( X ) =1.069

V10

218



Sample K2 (30 °C)

1) Mean, X

16+16+15+20+22+21+20+22+16+20
10

= 18.80

2) Standard deviation, s

/(16—18.8)+ (16 — 18.8)* + (15— 18.8)* + (20 — 18.8)? + (22 — 18.8)* + (21— 18.8)* + (20 — 18.8) + (22 — 18.8)* + (16 — 18.8)* + (20 — 18.8)’

10-1

=2.741
3) Confidence Interval, CI

2.262)(2.741
18.80 i( X ) =1.961

V10

219



Sample L2 (30 °C)

1) Mean, X

38+35+37+35+36+38+35+35+38+38 26.50
10 e

2) Standard deviation, s

/(38-36.5)+ (35 - 36.5)* + (37 — 36.5)* + (35 — 36.5)? + (36 — 36.5)* + (38 — 36.5)* + (35 — 36.5)2 + (35 — 36.5)* + (38 — 36.5)* + (38 — 36.5)"

10-1

=1.434
3) Confidence Interval, CI

2.262)(1.434
36.50 i( X ) =1.026

V10
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Sample M1 (35 °C)

1) Mean, X

11+10+9+10+9+9+9+9+9+9 940
10 T

2) Standard deviation, s

JA1-9.472+(10-9.42+(9-9.9+(10-9.4*+ (9-9.42+ (9 - 9.4+ (9- 9.4+ (9-9. 42+ (9-9.)* + (9 - 9.4)

10-1

=0.699
3) Confidence Interval, CI

4 (2:262)(0.699)

9.40 A = 0.500
V10
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Sample K2 (35 °C)

1) Mean, X

20+21+21+23+20+20+23+20+23+21
10

=21.20

2) Standard deviation, s

J(20-21.2)2+ (21 - 21.2)% + (21 - 21.2)% + (23 — 21.2)2 + (20 — 21.2)% + (20 — 21.2)% + (23 — 21.2) + (20 — 21.2)? + (23 — 21.2)% + (21 - 21.2)?

10-1

=1.317
3) Confidence Interval, CI

4 (2:262)(1.317)

21.2 A = 0.942
V10
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Sample L2 (35 °C)

1) Mean, X

15+17+15+15+14+13+14+15+18+18
10

=15.50

2) Standard deviation, s

JA5-15.4)2+ (17 -15.4)> + (15-15.4)* + (15 - 15.4)? + (14 — 15.4)* + (13 - 15.4)* + (14 — 15.4)2 + (15 - 15.4)* + (18— 15.4)* + (18 - 15.4)’

10-1

=1.713
3) Confidence Interval, CI

2.262)(1.713
15.50 i( X ) =1.22

V10
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Sample M1 (40 °C)

1) Mean, X

8+8+8+8+8+8+9+9+8+8 620
10 o

2) Standard deviation, s

JB8=82)2+(8-82)"+(8-82)+(8-82)"+(8-82)2+8-82)2+(9-82)2+(9-82)*+(8—8.2)*+ (8 —8.2)"

10-1

=0.422
3) Confidence Interval, CI

4 (2:262)(0.422)

8.20 A = 0.302
V10
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Sample K2 (40 °C)

1) Mean, X

17+18+15+17+18+17+17+18+16+17
10

=17.00

2) Standard deviation, s

JA7-172+ (A8 -17)2 + (15— 172 + (17 - 17)* + 18 -17)*+ (17— 17)2 + (17— 17)* + (18 - 17)> + (16 — 17)* + (17 — 17)*

10-1

=0.943
3) Confidence Interval, CI

(2.262)(1.7)

V10
225
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Sample L2 (40 °C)

1) Mean, X

12+15+15+16+13+13+13+14+13+13
10

=13.70

2) Standard deviation, s

JA2-13.7)2+ (15-13.7)> + (15-13.7)* + (16 - 13.7) + (13 - 13.7)* + (13 -13.7)* + (13 - 13.7)2 + (14 - 13.7)* + (13 - 13.7)* + (13 - 13.7)?

10-1

=1.252
3) Confidence Interval, CI

(2.262)(1.252)
V10

13.70 + = 0.895
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Sample L1 (45 °C)

1) Mean, X

8+9+8+9+8+7+7+6+7+7 7 60
10 o

2) Standard deviation, s

JB=7.62+(9-7.6)+(8-7.6)>+(9-7.6)2+ (8-7.6)*+(7-7.6)*+ (7~ 7.6)2+ (6—7.6)* + (7~ 7.6)* + (7 — 7.6)?

10-1

=0.966
3) Confidence Interval, CI

4 (2:262)(0.966)

7.60 A = 0.691
V10
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Sample M1 (45 °C)

1) Mean, X

8+9+9+4+74+9+6+7+8+9+7 760
10 o

2) Standard deviation, s

JB=79+(9-7.9+(9-7.9+(7~7.92+(9-7.9%+(6-7.92+(7-7.92+(8-7.9)*+(9-7.9)? + (7~ 7.9)?

10-1

=1.101
3) Confidence Interval, CI

4 (2:262)(1.101)

7.90 A = 0.787
V10
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Sample K2 (45 °C)

1) Mean, X

23+23+23+25+23+25+23+25+22+25
10

=23.70

2) Standard deviation, s

J/(23-23.7)%+ (23 - 23.7)* + (23 — 23.7)* + (25 — 23.7)2 + (23 — 23.7)* + (25— 23.7)* + (23 = 23.7)2 + (25 - 23.7)* + (22 — 23.7)* + (25 — 23.7)?

10-1

=1.160
3) Confidence Interval, CI

2.262)(1.160
23.70 i( X ) = 0.829

V10

229



Sample L2 (45 °C)

1) Mean, X

14+14+13+16+14+15+15+15+16+16 1480
10 T

2) Standard deviation, s

J/(14-14.8)+ (14 - 14.8)* + (13 — 14.8)* + (16 — 14.8)? + (14 — 14.8)* + (15— 14.8)* + (15 — 14.8)? + (15 - 14.8)* + (16 — 14.8)> + (16 — 14.8)’

10-1

=1.033
3) Confidence Interval, CI

2.262)(1.033
14.80 i( X ) =0.739

V10
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Sample L1 (60 °C)

1) Mean, X

8+8+9+8+7+9+7+8+8+8 800
10 o

2) Standard deviation, s

JB=8)+(8-8)2+(9-8)2+(8-8)2+(7-8)2+(9-8)2+(7-8)2 + (8-8)2 + (8—8)? + (8~ 8)?

10-1

=0.667
3) Confidence Interval, CI

4 (2:262)(0.667)

8.00 A = 0.477
V10
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Sample M1 (60 °C)

1) Mean, X

8+9+7+9+7+7+7+9+8+7 280
10 o

2) Standard deviation, s

JB=7.8)2+(9-7.8)2+(7-7.8)>+(9-7.8)>+ (7- 7.8+ (7-7.8)* + (7— 7.8 + (9 —7.8)* + (8~ 7.8)* + (7 — 7.8)"
10-1

=0.919
3) Confidence Interval, CI

7.80

2.262)(0.919
T ( X ) = 0.657

V10
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Sample K2 (60 °C)

1) Mean, X

19+21+20+19+17+20+21+21+18+18
10

=19.40

2) Standard deviation, s

JA9-19.42+ 21-19.4%+ (20~ 19.4)* + (19 - 19.42 + (17 - 19.4)* + (20— 19.4)* + (21 = 19.4 + 21 -19.4)* + (18 - 19.4)* + (18 - 19.4)’

10-1

=1.430
3) Confidence Interval, CI

2.262)(1.430
19.40 i( X ) =1.023

V10
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Sample L2 (60 °C)

1) Mean, X

17+18+20+21+20+18+17+20+17+20
10

= 18.80

2) Standard deviation, s

/(17-18.8)*+ (18 - 18.8)* + (20 — 18.8)> + (21 — 18.8)? + (20 — 18.8)* + (18 - 18.8)> + (17 — 18.8) + (20 — 18.8)* + (17 — 18.8)* + (20 — 18.8)’

10-1

=1.549
3) Confidence Interval, CI

2.262)(1.549
18.80 i( X ) =1.108

V10
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