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ARTICLE INFO ABSTRACT

Keywords: In recent years, there has been a surge of interest in oleogels as a promising low-saturated and trans fat free
Beeswax alternative to traditional solid fats. However, to date, oleogels made from different edible oils using different
Olef’ge_l . gelator molecules have minimum commercial application due to the lack of mimicking the properties of con-
gii:ngizanang; ventional solid fats. This study aimed to optimize the formulation of oleogels with properties close to commercial
Sesame ol margarines based on binary mixtures of sesame oil and rice bran oil using beeswax and stearic acid as oleoge-

lators. An Extreme Vertices Design with four components: sesame oil, rice bran oil, beeswax, and stearic acid, and
32 runs was developed using Minitab 21.1. Multi-response optimization was performed based on rheological
parameters, and oil binding capacity as responses. All responses for optimization had R? values > 96%. The oil
binding capacity of the optimized oleogel was 99.99%. Optimized oleogel was further characterized for rheo-
logical, thermal, microstructural, and molecular properties and compared with commercial margarines. Results
show that the properties of the optimized formula had closer values to those of commercial margarines, however
with less structural recovery ability. Optimized oleogel exhibited higher oxidative stability than the margarine,
however, lower than the oils. Beeswax and stearic acid exhibited synergistic effects on the oleogel properties at
the ratio of 3:1. Results indicate that the optimized oleogel has the potential to be used in margarine manufacture
with further developments to improve the gel strength and oxidative stability of the oleogel.

Stearic acid

Due to the strong association of increased risk of cardiovascular diseases
and other non-communicable diseases with the consumption of satu-
rated fatty acids and trans fatty acids, the World Health Organization
(WHO) has recommended that the intake of saturated fats and trans fats

1. Introduction

Solid fat such as margarine is used as an ingredient in a variety of
foods such as baked goods, confectioneries, and meat products to pro-

vide unique texture and flavor. Traditionally, margarines are manufac-
tured using hardstock fats produced through an oil structuring approach
called partial hydrogenation. Making solid fats through partial hydro-
genation primarily on using high-melting crystalline triacylglycerols to
form a crystal network. Since these triacylglycerols are rich in saturated
fatty acids and trans fatty acids produced as by-products during partial
hydrogenation, the resulting structured oil is unhealthy (Patel, 2015a).
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should be less than 10% and 1% of total energy intake, respectively
(WHO, 2018). As a result, scientists have explored ways to develop
healthy solid fat alternatives. In this context, oleogelation has gained
increased attention as the most promising oil structuring technique to
manufacture solid-like lipids called oleogels that mimic the properties of
traditional solid fats from highly unsaturated oils and without trans fatty
acids. Oleogelation is the process of developing continuous gels in which
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liquid oil is immobilized inside a three-dimensional network formed by
gelator/s (oleogelator/structurant) (Wijarnprecha et al., 2019). Since
oleogelation is a physical approach, it does not change the chemical
nature of oils and does not produce any trans fatty acids.

Waxes are the most widely studied oleogelators owing to their gel-
ling ability at low concentrations (Doan et al., 2015). Among different
types of natural waxes, beeswax can form viscoelastic gels more easily
(Han et al., 2022; Oh et al., 2017). The major disadvantage of the use of
wax as an oleogelator is the waxy mouth feel provided by wax. There-
fore, combining wax with another oleogelator could contribute to
reducing the amount of wax needed to make gel. Furthermore, many
researchers have reported the synergistic effect among oleogelators
when used together at specific proportions and concentrations (Sintang
et al.,, 2017; Yang et al., 2020). In this study, stearic acid has been
selected based on preliminary experiments to be used with beeswax.
Stearic acid is also reported to possess gelling characteristics as well as
beneficial health effects (Hunter et al., 2010; Sagiri et al., 2015). This
study focused on developing an oleogel from two functional edible oils;
sesame oil and rice bran oil, that contain high amount of poly-
unsaturated fatty acids and Dbioactive compounds with
anti-inflammatory and antioxidant properties, which contribute to
reduce the risk of cardiovascular diseases (Jayaraj et al., 2020; Liang
et al., 2014; Punia et al., 2021). Even though different types of oils have
been used to develop oleogels, sesame oil and rice bran oil got only a
little attention from researchers.

The structure and properties of oleogels are affected by various
factors including the structure and composition of oil and oleogelator,
amount of oleogelator, processing parameters, and the interactions
among different factors (Co & Marangoni, 2012; Patel, 2017; Thakur
et al., 2022). Therefore, it is crucial to find suitable combinations of oil
and oleogelators and processing conditions in order to develop oleogel
with desired properties. This study primarily considered the optimum
mixture of oils and oleogelators and the oleogels are produced under the
processing conditions which are determined by the preliminary
experiments.

The interactions between the oleogelator/s, and the oil/s have a
major influence on oleogel properties (Barroso et al., 2020). The phys-
icochemical properties of the oils such as degree of unsaturation, chain
length, viscosity, and polarity are also related to the formation of gel
network structure (Han et al., 2022). For example, the polarity of oil and
the presence of functional moieties with hydrogen bonding sites and
long alkyl chains in the oleogelator molecule influence the interactions
between oil and oleogelator resulting in modifications in the gel struc-
ture (Patel, 2018). There is a large body of evidence on the literature
regarding the use of various oleogelator and oil combinations to develop
oleogels. Nevertheless, the attempts to modulate the properties of
oleogels by changing the oil composition and other properties via
blending of different oils are much limited. A few studies have been
reported on using oil blends for making oleogels (Sagiri et al., 2015),
however, they did not consider systematically evaluating different
combinations of oils. The present study is designed to select the opti-
mum mixture of selected oleogelators and oils to develop oleogel with
properties close to commercial margarines.

Optimization is essential in food engineering to develop a product
with desired characteristics (Palla et al., 2017). Mixture design is a type
of Response Surface Methodology (RSM) used in the optimization of
components in a mixture and process parameters. The advantage of this
method compared to the full factorial designs is that this optimization
technique provides a large volume of information from a relatively small
number of experiments. A few recent studies have focused on optimizing
different oleogel systems using RSM and the optimized oleogels have
been compared with commercial margarines and shortenings (Alizadeh
et al., 2020; Ghan et al., 2022; Naeli et al., 2022; Palla et al., 2017;
Thakur et al., 2022). To the best of the author’s knowledge, no studies
have been carried out for the optimization of oleogel or the development
of oleogel based on sesame oil, rice bran oil, beeswax, and stearic acid.
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This study aimed at developing oleogel intended to be used in
margarine manufacture. Margarine is an oil-in-water emulsion con-
taining not less than 80% fat. The structure and properties of margarine
is primarily influenced by the fat portion and the properties of the gel
network (Abdolmaleki et al., 2022). Therefore, it is important to develop
oleogels that bear properties similar to margarines. Therefore, this study
used commercial margarines as the reference. This study hypothesized
that synergistic interaction between beeswax and stearic acid and
changing oil composition and properties by blending sesame oil and rice
bran oil could enhance and result in the properties of oleogel close to the
commercial margarines. Therefore, the optimum combination of sesame
oil, rice bran oil, beeswax, and stearic acid that can produce the oleogel
with maximum oil binding capacity and mechanical properties close to
the commercial margarines was determined by a mathematical optimi-
zation technique, Mixture Design using Minitab 21.1. Optimization was
performed using rheological properties as well as oil binding capacity as
the responses to optimize the mixture of oils and oleogelators. Opti-
mized oleogel was further characterized by the physical, mechanical,
microstructural, molecular, and thermal properties and compared with
the commercial margarines.

2. Materials and methods
2.1. Materials

Oil samples such as sesame oil (Changs, Thailand), and rice bran oil
(Alfa one, USA) were purchased from a local grocery store in Brisbane,
Australia. Fatty acid compositions of the oils were analyzed by GC
(Shimadzhu, Japan). Sesame oil contained 0.24 + 0.03% of C14:0, 9.8
+ 0.03% of C16:0, 37.29 + 0.83% of C18:1, and 52.66 + 1.21% of
C18:2. Rice bran oil contained 22.54 + 0.40% of C16:0, 43.41 4 0.19%
of C18:1 and 33.46 + 0.85% of C18:2. Beeswax (refined) (melting point
as determined by differential scanning calorimetry was 62.2 + 0.56 °C)
and stearic acid (melting point as determined by differential scanning
calorimetry was 56.30 £+ 0.14 °C, and the fatty acid composition as
determined by GC was C12:0 — <1%, C14:0 — <2%, C16:0 — 43%, and
C18:0 — 54%), chemicals, reagents, and standards were purchased from
Sigma Aldrich, Australia. Four different brands of commercial marga-
rines were purchased from local grocery store in Brisbane, Australia.

2.2. Design of experiment

In order to determine the optimum mixture composition of the
oleogel, Extreme Vertices Design with 32 runs was created using Minitab
21.1 (Minitab, LLC, USA) with the design degree of 3 (Table 1). The
mixture components used were the amount of two oleogelators and two
oils. The design was created to keep the mixture total of 1. All runs were
performed in triplicates. The upper and lower values of the components
used in the design of experiments were determined during the pre-
liminary experiments. Gel formation of oleogelators was evaluated at
5%, 10%, and 15% (w/w). Minimum oleogelator concentrations were
5% (w/w) for beeswax and 10% for stearic acid as single oleogelator
based on the tilt test (formation of self-standing gels upon inversion of
tubes). The lower and upper values of beeswax and stearic acid were
chosen as 0-0.15 and 0-0.10, respectively (for the mixture total of 1),
because it was decided to evaluate the effect of single oleogelator and
the mixtures of oleogelators to determine any potential synergistic in-
teractions among the oleogelators. Since the minimum oleogelator
concentration of beeswax was lower than that of stearic acid, the
maximum amount of beeswax was kept higher than that of stearic acid
to reduce the total amount of oleogelators in the final optimized
formulation. The amount of oleogelator ranged from 5 to 25% of the
total mixture on weight basis. Since both sesame oil and rice bran oil
were able to form gels with the selected oleogelators and considering
their nutritional significance, the upper and lower values of both oils
were kept the same. Since both oils have good nutritional and
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Table 1
Design of experiments and responses for oleogels prepared from rice bran oil and sesame oil using beeswax and stearic acid.
Run Mixture composition Responses
Order SO(g) RBO(z) BW(g SA(  OBC (%) Gel point G at LVR (Pa) Flow © (Pa) Flow y Flow G’ (Pa)
0
1 0.5000 0.2500 0.1500 0.1000 98.56 + 63.51 + 0.41 6.18E+05 + 1,212.50 + 71.42 4.03 + 0.54 2.16E+04 +
1.41 2.25E+04 1.34E4+03
2 0.3000 0.5000 0.1500 0.0500 99.51 + 64.32 + 0.69 2.68E+05 + 657.20 + 66.19 14.16 + 2.96E+03 +
0.60 6.72E+02 0.30 6.36E+01
3 0.4250 0.4250 0.1500 0.0000 97.42 + 67.27 +£1.03 1.14E+405 + 337.35 + 30.48 32.27 £ 2.16E+03 +
1.14 8.53E+03 0.75 1.46E402
4 0.4125 0.4125 0.0750 0.1000 88.41 + 58.60 + 0.96 1.07E+05 + 172.10 + 94.89 31.04 + 5.06E+02 £+
4.63 2.51E+04 3.95 7.85E+00
5 0.2500 0.5000 0.1500 0.1000 98.73 £ 63.15 + 0.52 4.06E+05 + 735.75 + 120.99 25.71 £ 1.13E+04 £+
1.77 3.09E+04 1.59 1.98E+02
6 0.5000 0.3250 0.0750 0.1000 88.90 + 57.50 + 1.44 8.71E+04 £+ 164.05 + 48.01 34.13 + 4.05E+02 +
3.21 7.77E+03 8.17 7.21E4+00
7 0.3393 0.4643 0.1179 0.0786 98.61 + 0.5 62.08 £ 0.12 2.29E+05 + 499.25 + 25.95 20.91 + 2.33E+03 +
2.70E+04 2.73 1.53E+02
8 0.5000 0.5000 0.0000 0.0000 - - - - - -
9 0.4500 0.4500 0.0000 0.1000 95.37 + 51.48 + 2.22 1.94E+04 + 31.38 £ 1.41 39.76 + 5.49E+401 +
0.26 5.55E+03 2.13 1.53E4+00
10 0.4643 0.3393 0.1179 0.0786 98.88 + 61.82 + 0.41 3.15E+05 £+ 920.75 £+ 6.01 21.53 + 3.07E+03 £+
0.50 3.24E+04 4.08 1.38E+402
11 0.5000 0.3000 0.1500 0.0500 98.61 + 64.03 £+ 0.35 3.19E+05 + 992.15 +13.93 9.12 £ 1.72 4.58E+03 +
0.74 4.00E+04 5.04E+02
12 0.4667 0.4667 0.0000 0.0667 54.31 + 48.03 + 2.52 2.20E+04 + 32.04 £ 1.65 39.74 + 5.73E401 +
4.30 2.47E+03 2.38 6.31E400
13 0.4643 0.4643 0.0429 0.0286 40.15 + 54.82 + 3.16 2.93E+02 £+ 0.76 +£ 0.11 1.28 +£0.13 4.21E+01 + 2.83E-02
3.50 8.11E+00
14 0.5000 0.3750 0.0750 0.0500 93.87 + 58.03 +£1.79 6.02E+04 + 19.18 + 5.32 8.43 + 3.67 1.45E+02 +
2.87 2.75E+04 7.04E+00
15 0.4500 0.4500 0.1000 0.0000 97.12 + 63.78 + 0.33 7.47E+04 + 63.81 +£17.61 13.69 + 3.61E+02 £
0.07 9.11E4+03 3.22 2.19E+00
16 0.5000 0.4250 0.0750 0.0000 88.03 + 60.11 £ 1.26 1.94E+04 + 9.44 +1.01 3.15 £ 0.56 2.74E4+02 +
0.36 4.33E+03 1.91E+01
17 0.5000 0.3500 0.1500 0.0000 99.41 + 66.16 + 1.06 3.75E+05 + 1,038.65 + 28.42 + 3.77E+03 £
0.76 2.51E+04 178.69 3.03 1.87E4+02
18 0.4143 0.4643 0.0429 0.0786 59.24 + 54.21 + 3.09 3.78E+04 + 36.52 + 8.41 12.14 + 3.14E+02 £+
3.41 9.95E+03 2.92 1.14E+01
19 0.4643 0.4143 0.0429 0.0786 63.31 + 56.02 + 1.42 4.21E+04 + 39.35+1.63 11.91 + 2.72E+02 +
4.32 6.59E+03 1.97 2.07E+01
20 0.4286 0.4286 0.0857 0.0571 97.54 + 59.28 + 1.08 1.05E+05 + 118.80 £ 5.66 23.74 £ 3.98E+02 £+
0.96 3.53E+03 4.57 4.17E+00
21 0.4643 0.3893 0.1179 0.0286 98.73 + 62.95 + 0.41 2.13E+05 + 515.65 + 17.47 26.92 + 1.36E+03 +
0.50 9.60E+03 2.21 1.56E+01
22 0.3893 0.4643 0.1179 0.0286 98.92 + 63.80 + 0.93 1.63E4+05 + 244.95 + 25.67 21.08 + 1.16E+03 £+
1.22 2.21E+04 4.91 7.14E+01
23 0.4000 0.5000 0.0000 0.1000 92.83 + 51.97 +1.71 2.13E+04 + 34.72 £ 4.99 46.07 £ 5.54E+01 £+
1.98 6.35E+02 8.21 1.70E+01
24 0.5000 0.4000 0.0000 0.1000 93.72 + 47.70 £+ 3.33 1.87E4+04 + 27.55 £ 7.69 36.39 + 7.57E+01 +
2.72 1.56E+03 4.60 7.48E+00
25 0.3750 0.3750 0.1500 0.1000 99.07 + 62.46 + 1.17 4.35E+05 £+ 1,604.00 + 12.73 19.27 + 5.89E+03 +
1.22 3.33E+04 0.98 2.50E+02
26 0.5000 0.4500 0.0000 0.0500 13.01 + 37.47 £ 2.27 1.74E4+02 + 1.53 +1.61 3.59 £0.13 8.55E+00 +
0.63 3.34E+01 1.50E+00
27 0.4000 0.4000 0.1500 0.0500 98.93 + 63.32 £ 1.87 2.77E+405 + 770.10 + 37.05 27.61 + 1.99E+03 £+
0.84 2.24E+04 2.31 1.18E+402
28 0.4250 0.5000 0.0750 0.0000 90.45 + 57.68 + 1.20 2.07E+04 + 19.18 + 3.65 4.85 + 0.92 2.76E+02 +
3.82 1.96E+03 6.51E+00
29 0.4500 0.5000 0.0000 0.0500 17.84 + 39.88 + 0.56 2.71E402 + 0.80 £+ 0.22 10.91 + 5.12E+00 + 8.44E-01
1.63 2.78E+01 1.30
30 0.3500 0.5000 0.1500 0.0000 99.70 + 66.02 + 2.28 3.22E+05 + 697.10 + 110.87 26.85 + 3.37E+03 £
0.43 2.23E+04 6.12 9.55E+01
31 0.3250 0.5000 0.0750 0.1000 87.95 + 57.57 £ 0.53 6.21E+04 + 78.97 £ 11.41 22.07 + 2.67E4+02 +
3.59 1.48E+03 1.75 1.66E+01
32 0.3750 0.5000 0.0750 0.0500 92.18 + 56.76 + 0.77 6.77E+04 + 85.71 £ 8.17 26.77 £ 2.43E402 +
3.43 1.62E+03 1.20 1.82E+01
Commercial margarine 1 70.13 + 56.29 +£0.80  4.93E+04 + 255.10 £ 37.10 14.90 + 1.21E+03 +
0.45 2.01E+03 1.03 1.25E4+02
Commercial margarine 2 79.65 + 55.77 + 0.94 7.16E+04 + 302.33 + 33.29 12.44 + 1.74E+03 £+
0.03 5.94E+03 2.06 1.96E+02
Commercial margarine 3 78.65 + 57.83 £ 0.83 7.26E+04 + 338.05 + 16.33 12.74 £ 1.89E+03 £+
0.26 8.27E4+03 0.22 1.23E4-02
Commercial margarine 4 78.38 + 61.02 £+ 0.73 7.86E+04 + 372.50 + 37.48 11.73 + 2.26E+03 +
0.69 8.80E+03 0.08 2.08E+02

BW: beeswax, LVR: linear viscoelastic range, OBC: oil binding capacity, RBO: rice bran oil, SA: stearic acid, SO: sesame oil.
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therapeutic values, it is decided to use both oils in the final formulation.
Therefore, the lower values of the oils were not chosen to be 0 to create
the design of experiments.

2.3. Analysis of the design of experiments and multi-response
optimization

The responses used for the optimization were oil binding capacity
and rheological properties such as storage modulus (G’) at Linear
Viscoelastic Range (LVR), flow tau (1), flow gamma (y), flow G’ and gel
point. The same parameters of 4 different brands of commercial solid fat
samples (margarines) were also determined. Optimization was per-
formed by setting the value for oil binding capacity as the maximum
(100%) and the values for rheological parameters close to the com-
mercial margarines. The robustness of the design was analyzed using
regression for mixtures. The statistical significance of the quadratic
model factors and the robustness of the models were determined using
Analysis of Variance (ANOVA) with p values < 0.05 considered signif-
icant. Regression equations for the responses were created by backward
elimination of terms. The correlation between different responses was
analyzed using Pearson correlation method. The optimization was per-
formed based on the highest value of oil binding capacity (100%) and
the target values of other responses to produce oleogel samples with
rheological properties closer to commercial margarines. The optimum
formulation selected from the design was analyzed further for rheolog-
ical, thermal, and molecular properties and microstructure.

2.4. Preparation of oleogels

Oleogels were prepared by direct dispersion of oleogelators in the oil.
Oil and oleogelators were weighed into the tubes as per the experimental
design shown in Table 1. The contents in the tubes were heated at 85 °C
under constant stirring (200 rpm) for 30 min using an orbital shaking
water bath (Stuart SBS40, China). The liquid mixtures were then cooled
and stored at 20 °C for 48 h before analysis. All measurements were
performed at 20 °C. Preliminary experiments were carried out to find
out the effective process parameters. Two different heating tempera-
tures (65 and 85 °C) and shaking speeds (100 rpm and 200 rpm) were
evaluated by determining the hardness of the oleogel using a texture
analyzer (IMADA FRTS 100 N, Japan) (data not provided). The heating
temperature of 85 °C and shaking speed of 200 rpm were found to
produce the gel with high hardness values. Therefore, these conditions
were used to make oleogels for optimization studies.

2.5. Analysis of oleogel

2.5.1. Oil binding capacity

The oil binding capacity of the oleogels was determined as explained
by Guo et al. (2020) with slight modifications. The sample was heated to
melt completely, and 1 mL of the hot liquid mixture was transferred into
a previously weighed (W1) 2 mL centrifuge tube. The liquid sample in
the tube was allowed to set under the same conditions of oleogelation
and incubated at 20 + 1 °C for 48 h. The tube with gel was weighed
again (W2) and centrifuged at 13000 rpm for 15 min at 20 °C in a
centrifuge (Ependorf, MiniSpin, Germany). Then, the tubes were
inverted for 1 h to drain the liquid oil, and the tubes after draining were
weighed (W3). Oil binding capacity was calculated using the following
equation.

w2 — W3

“Wiwi x 100 (€D)]

Oil binding capacity (%) =1
2.5.2. Rheology
The rheological properties of the oleogels were analyzed using a

Rheometer (Anton Paar MCR302 Rheometer, Austria) with the TruSt-
rain™ option, analysis software: RheoCompass™ version 1.30.999. and
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a Peltier temperature control unit using sand-blasted parallel plate ge-
ometry (diameter of 50 mm, PP50-S). A normal force of 0.1 N was
applied to make sure that the plate has a good grip on the sample. All
experiments were carried out at 20 °C after 48 h of storage.

2.5.2.1. Amplitude sweep and frequency sweep. Amplitude sweep and
frequency sweep tests were performed according to the method
explained by Aguilar-Zarate et al. (2019) with some modifications. An
amplitude sweep was performed with strain values ranging from 0.01 to
100% with a frequency of 1 Hz to find out the LVR. The LVR was
observed from the amplitude sweeps as a plateau for the G’ and G”. The
following parameters were determined from amplitude sweep: LVR
limit, G’ at LVR, loss factor, flow t, flow y, and flow G'. Frequency
sweeps (0.01-100 Hz) were then performed at a strain value within LVR.
These experiments were conducted at an initial fixed gap of 0.5 mm.

2.5.2.2. Temperature ramp test. The dynamic temperature ramp test was
carried out from 20 to 70 °C at the rate of 2 °C min™! at a frequency of 1
Hz and a strain value within LVR. These experiments were conducted at
an initial fixed gap of 1.0 mm. The gel point/crossover temperature was
determined as the crossover point of G’ and G” (G’ = G").

2.5.2.3. Thixotropy. To evaluate the structural recovery ability (thix-
otropy), oleogels were subjected to a 3ITT, Rot-Rot-Rot (3 interval)
thixotropy test. Samples were subjected to alternative cycles of low and
high shear rates (0.1 s~ for the first 10 min (interval 1) followed by 10
s~! for 5 min (interval 2) and 0.1 s~ ! for the last 10 min (interval 3))
(Patel & Dewettinck, 2015). The structure recovery was calculated by
considering the viscosity value at the end of interval 1 as 100% and
comparing it with the peak viscosity value in interval 3 (Tavernier et al.,
2018). These experiments were conducted at an initial fixed gap of 0.5
mm.

2.5.3. Thermal analysis

Thermal parameters such as the onset of crystallization, onset of
melting, peak melting and peak crystallization, and enthalpies of
melting and crystallization of neat oleogelators and oleogels were
determined using Differential Scanning Calorimetry (DSC) (DSC 204 F1
Phoenix, Netzsch, Germany) as explained by Doan et al. (2017) with
some modifications. The oleogel samples were subjected to heating and
cooling cycles under a nitrogen atmosphere. The thermal program
consisted of heating at 85 °C for 10 min to remove all the crystalline
history before cooling to 0 °C at the rate of 2 °C/min, keeping isother-
mally at O °C for 20 min, and reheating to 85 °C at the rate of 5 °C/min.
Melted samples (10 + 1 mg) were placed in sealed aluminium crucibles.
An empty crucible was used as the reference. The data were analyzed
using Netzsch Proteus® software.

2.5.4. Oxidation behavior

Thermogravimetric analysis (TGA) curves were obtained for dy-
namic (non-isothermal) heating experiment using Simultaneous Ther-
mal Analyzer (Jupiter STA 449 F3, Netzsch, Germany). For the dynamic
heating experiments, samples (5 + 0.4 mg) were added into 80 pL
platinum pans without lids and heated from 30 to 700 °C at a heating
rate of 20 °C per min under air (20% oxygen and 80% nitrogen) at a flow
rate of 50 mL min . Oxidation induction time and oxidation induction
temperature were determined as the intercept point by tangent method
(extrapolated onset) using Netzsch Proteus® software.

2.5.5. Fourier transform infrared (FTIR) spectroscopy

The FTIR spectra of the samples were obtained within the range of
4000 and 400 cm™! using a Fourier transform infrared spectrometer
(Nicolet iS50 FT-IR, Thermo Scientific, USA) with a resolution of 4 em L.
A total of 64 scans were collected at room temperature and the peaks
were analyzed to identify the interactions between beeswax and stearic
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acid.

2.5.6. Polarized light microscopy

Microstructure of the oleogels was observed using Nikon Eclipse
LV100OND (Nikon Instruments Inc., USA) polarized light microscopy
provided with a digital camera (Nikon DS-Fi2). A drop of the melted
oleogel was placed on a preheated glass slide and a cover slip was put on
and stored for 48 h at 20 °C before imaging. Images were acquired at
20 °C at a magnification of 200 x and images were processed with Nikon
NIS Elements software.

2.6. Statistical analysis

Statistical analyses were performed using the Minitab 21.1 software
package (Minitab, LLC, USA). Values are expressed as mean + standard
deviation. One-way ANOVA and Duncan’s test were employed to mea-
sure the statistical significance. The significance level used was 95% (p
< 0.05).

3. Results and discussion

The best oleogelator for a particular oil type to make oleogel with
desired properties cannot be easily predicted because the structure of an
oleogel is a result of complex interactions between the characteristics of
the oleogelator and oil (Fayaz et al., 2020). Therefore, it is necessary to
find suitable oleogelator/s for the particular oil type/s. Preliminary
studies were carried out to select suitable oleogelators. For this purpose,
experiments were carried out using beeswax, stearic acid, and lauric
acid as the oleogelators at the concentrations of 5, 10, and 15% (w/w),
and based on the visual observation of tilt test, beeswax, and stearic acid
were selected to make oleogels from rice bran oil and sesame oil and
their combinations. Lauric acid did not form gel either alone or in
combination with the other two oleogelators. Based on the visual
observation by the tilt test, 5% (w/w) of beeswax and 10% (w/w) of
stearic acid formed self-standing gels in sesame oil. Martins et al. (2016)
and Li et al. (2022) also reported that beeswax was able to form
self-sustaining gels at a concentration of 4% and above. Patel et al.
(2015) reported the critical gelling concentration of beeswax for the
gelation of high oleic sunflower oil as 1% (w/w) which was determined
by rheological characterization (frequency sweep). Sagiri et al. (2015)
reported that the critical oleogelator concentrations determined by the
tilt test for stearic acid to make oleogel using sesame oil and soybean oil
were 16% (w/w) and 19% (w/w), respectively. The differences in the
minimum or critical gelling concentrations for the same oleogelator
reported in the literature could be due to the technique used.

Further, exploration of synergistic effects among oleogelators for
particular oil types could enhance the properties of the oleogels. Since,
making oleogels using all possible combinations of oleogelators and oils
to find the best combinations is practically impossible or time
consuming, in this study, it has been decided to evaluate the selected
oleogelators alone as well as in combinations systematically using a
statistical approach to select the best performing oleogelators or oleo-
gelator mixtures and their concentration for the selected oil mixture.

This study considered oil binding capacity and rheological properties
as responses for optimization. Oil binding capacity is the amount of oil
entrapped in the network structure after providing centrifugal force
(Floter et al., 2021). It gives information on the ability of the 3D gel
network to entrap the oil (Thakur et al., 2022). Since oleogels are pre-
pared to contain a high proportion of oil (>90%), oleogels should have
high oil binding capacity to avoid oil leakage.

Oleogel is a viscoelastic material, that is, it exhibits both viscous and
elastic characteristics. From a rheological point of view, oleogels are
characterized by elastic portion, G/, which demonstrates a distinct
plateau and by a loss modulus (viscous portion), G, lesser than the G’ in
the plateau region (Okuro et al., 2021). Determination of G’ and G” with
regard to frequency, stress/strain time, and temperature are important
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for the characterization of oleogel. Amplitude sweep, frequency sweep,
and temperature ramp experiments are the most common rheological
tests performed to characterize oleogels. Amplitude sweep and fre-
quency sweep experiments give details about the microstructural
strength of the oleogels (Tavernier et al., 2018). Amplitude rheograms
can be viewed into two regions: LVR, where G’ and G’ remain constant
with increasing strain and the deformation of the structure is reversible
and non-linear visco-elastic region, where G’ and G”’ start to decline with
an increasing strain. With further increase in the strain, G’ and G”
crossover occurs, and the point is called the crossover point/flow point
(Naeli et al., 2022). A temperature ramp test was carried out to deter-
mine the gel point temperature and an amplitude sweep test to find G’ at
LVR, flow 1, flow y, and G’ at flow point (flow G'). Measuring these
rheological properties can provide valuable information on the proper-
ties of oleogels to select the oleogel formulation with desirable proper-
ties. Therefore, this study has chosen oil binding capacity and
rheological properties as the responses for the optimization of oleogel
mixture to produce an oleogel with properties close to that of com-
mercial solid fats. The G’ values of all oleogels prepared according to the
design were greater than their corresponding G” within the LVR, con-
firming that all samples exhibited solid-like behavior.

3.1. Analysis of experimental design

The properties (responses) of oleogels prepared according to the
mixture design are shown in Table 1 and a summary of ANOVA for the
regression analysis of the design is shown in Table 2. Regression analysis
was performed to evaluate the significant effects (p < 0.05) of linear,
cubic, and quadratic terms. The coefficient of determinations such as R?,
R%(adj) (a measure of the amount of variation around the mean
explained by the model), and Rz(pred) (a measure of the amount of
variation in new data explained by the model) are used to explain how
well the model fits the data (Palla et al., 2017). ANOVA tables showed
that all responses were significantly affected by the oils and oleogelators
with R? higher than 96% indicating the robustness of the model for the
optimization. Previous studies also reported that the R? value above
90% is adequate for optimization of oleogelation (Palla et al., 2017;
Thakur et al., 2022). Ghan et al. (2022) reported p values of above 89%
for the responses for the optimization of mixture for soy lecithin and
glyceryl monostearate based oleogel using Extreme Vertices Design.
Further, in this study, R2(adj) and Rz(pred) were also higher than 93%
for all responses indicating the robust fit of the models to the responses
except for R%(pred) for flow y, which was 87.09%. However, the dif-
ference between Rz(pred) and Rz(adj) less than 20% is acceptable to
explain the model (Palla et al., 2017). Therefore, the data for the flow y
were also well-fitted to the model. The Lack of Fit is another important
measure that explains whether the model accurately fits the data. If the p
value is significant (p < 0.05), the model does not fit the data. In this
study, all responses except for flow y showed significant p values (p >
0.05). Therefore, it can be concluded that the data fit the models very
well for the optimization study except for the flow y.

3.1.1. Model fitting

The model fitting was performed by the backward elimination of
terms, a kind of stepwise regression that removes the terms that are not
significant (with p values higher than 0.05). Table 3 illustrates the
ANOVA for the fitted models for the responses used in optimization of
the design. Both linear as well as interaction terms were included in
model fitting. Both oils had significant linear effect on the oil binding
capacity, gel point, G’ at LVR and flow t, whereas the oleogelators
beeswax and stearic acid did not exhibit significant linear effect on the
responses. The interaction effects of oils and oleogelators on all re-
sponses were significant (p < 0.05). Regression equations have been
developed for each response by Fit Regression Model and they are dis-
cussed below to describe the relationship between the response and the
terms in the model. Coefficient of determinations such as R2, Rz(adj),
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Table 2

Regression coefficients and probabilities for the responses.
Source Gel point OBC G’ at LVR Flow © Flow y Flow G’
Regression <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Linear 0.001 <0.0001 0.086 0.010 <0.0001 <0.0001
Quadratic <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Full Cubic <0.0001 <0.0001 0.002 0.001 <0.0001 <0.0001
Special Quartic <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Full Quarticl <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Lack-of-Fit 0.487 0.598 0.073 0.135 0.007 0.054
R? (%) 99.44 98.60 99.43 99.31 96.98 99.82
R2(adj) (%) 98.86 97.16 98.84 98.60 93.87 99.63
Rz(pred) (%) 97.59 94.02 97.56 97.04 87.09 99.23

OBC: oil binding capacity.

and R%(pred) are used to explain how well the models for each response
fits the data.

Pearson correlation analysis was performed to understand the rela-
tionship between different responses. According to the correlation
analysis, flow 7 and flow v, flow y and G’ at LVR, and flow y and flow G’
combinations showed negative nonsignificant (p > 0.05) correlations,
whereas all other combinations of the responses had positive significant
(p < 0.02) correlations, except for the combination of gel point and flow
v (p = 0.83).

3.1.1.1. Oil binding capacity. As presented in Table 1, the oil binding
capacities of the majority of the oleogel formulations (26 samples out of
32 samples) were not significantly different among them with the values
ranging from 87.95 to 99.70%. The lowest values for oil binding ca-
pacity (13.01-17.84%, w/w) were shown by the oleogels prepared only
using stearic acid at the concentration of 5% (w/w) (runs 26 and 29).
The samples of the runs 12 and 13, which were prepared using 7.14%
and 7.69% of oleogelator, also had very low oil binding capacity (54.3%
and 40.15%, respectively). Similar values for the oil binding capacity
have been reported by other researchers as well. Thakur et al. (2022)
reported the oil biding capacity of the oleogels developed from soybean
oil using carnauba wax (5-15%) for the optimization study as
68.76-99.73%. Oil binding capacity ranging from 16 to 98.7% was re-
ported for the optimization of oleogel based on binary and ternary
mixtures of sodium caseinate (0-4%), xanthan gum (0-1%) and guar
gum (0-1%) (Abdolmaleki et al., 2020).

Regression analysis of the model showed that oil binding capacity
was significantly influenced by the interactions among the oils and
oleogelators. This is evident from the highly significant p values for the
interaction effects among oils, and oleogelators and between the oils and
oleogelators as shown in Table 1. The best model created by backward
elimination of terms describing the relationship between oil binding
capacity and the factors is given in equation (2) (R? = 93.86%). The
Rz(adj) and Rz(pred) were in good agreement (92.94% and 91.96%,
respectively). In this model, all the terms are highly significant (p <
0.0001) except for SO x RBO (p = 0.043) and SO x RBO x SA (p =
0.034) which had significant p value and SO x RBO x BW (p = 0.097)
which had non-significant effect. Similarly, R? values of above 90% were
reported for the model created for oil binding capacity by Palla et al.
(2017) for the optimization of processing parameters to develop oleogels
from high oleic sunflower oil and Myverol and Thakur et al. (2022) for
the optimization of processing conditions and oleogelator
concentration.

Oil binding capacity = —1882 + 1775 SO + 1733 RBO +619 SO x RBO

+3097 SO x BW+ 2991 SO x SA + 3373 RBO x BW+ 3613 RBO x SA +
15695 BW x SA - 2383 SO x RBO x BW- 3368 SO x RBO x SA - 16250
SO x BW x SA - 20474 RBO x BW x SA 2)

3.1.1.2. Gel point. Temperature ramp experiments were performed to

examine the effect of temperature on the gelling characteristics of the
oleogel and to determine the crossover temperature/gel point/gel-sol
transition temperature (G” = G’). The gel point of the samples ranged
from 37.47 + 2.27 °C to 66.16 + 1.06 °C. Samples with a high pro-
portion of beeswax as oleogelator showed high gel points, whereas
samples with less proportion of beeswax or stearic acid as the only
oleogelator exhibited lower gel point values. As determined by the DSC,
the melting point of the beeswax was 62.2 & 0.56 °C and the stearic acid
was 56.30 £ 0.14 °C. Therefore, it could be interpreted that the type and
amount of oleogelators determined the gel point of the samples. Ac-
cording to the correlation analysis, gel point showed a strong positive
correlation with G’ at LVR and oil binding capacity (p < 0.0001). The
best model created by backward elimination of terms describing the
relationship between the gel point and the factors is given in equation
(3) (R? = 93.86%). The R*(adj) and R%(pred) were 92.94% and 91.96%
respectively, which were in accordance with each other.

Gel point = —1882 4 1775 SO + 1733 RBO +619 SO x RBO +3097 SO x
BW+ 2991 SO x SA + 3373 RBO x BW+ 3613 RBO x SA + 15695 BW x
SA - 2383 SO x RBO x BW-3368 SO x RBO x SA - 16250 SO x BW x SA
- 20474 RBO x BW x SA 3

All the terms are highly significant (p < 0.0001) in this model except
for SO x RBO (p = 0.043) and SO x RBO x SA (p = 0.034) and SO x
RBO x BW (p = 0.097).

3.1.1.3. G’ at LVR. The LVR in an amplitude sweep rheogram indicates
the range of G’ in which the experiment can be performed without any
damage to the structure of the sample. The values of G’ in the LVR can
give information on the viscoelastic character (structural strength) of
the sample. As shown in Table 1, the G’ at LVR ranged from 1.74E+02 +
3.34E+01 to 6.18E+05 + 2.25E+04. The samples of runs 13, 26, and 29
had very low G’ values which were prepared with a total oleogelator
concentration of 5.26-7.69% (w/w). These values are in agreement with
the oil binding capacities of the same samples as they had very low oil
binding capacities because G’ at LVR determines the structural strength
of the oleogel. This relationship can be further confirmed by the strong
positive correlation (p < 0.0001) between these two parameters as
shown by the results of correlation analysis. Moreover, G’ at LVR showed
strong positive correlation with other responses such as gel point, flow t,
and flow G’ (p < 0.0001). Therefore, G’ at LVR should be considered as
an important quality parameter of the oleogels.

The best model created by backward elimination of terms describing
the relationship between G’ at LVR and the factors is given in equation
(4) (R? = 94.72%). The Rz(adj)and Rz(pred) were in good agreement
(93.45% and 91.14% respectively).

G'atLVR = —9.112E+7 + 8.027E+7 SO + 8.044E+7 RBO +4.243 E+7 SO
x RBO +2.154E+8 SO x BW+ 1.902E+8 SO x SA + 2.132E+4-8 RBO x
BW+ 1.905E4-8 RBO x SA + 1.138E+9 BW x SA —4.424E+4-8 SO x RBO
x BW-3.392E4-8 SO x RBO x SA -2.108E+8 SO x BW x SA -2.148E+9
RBO x BW x SA + 3.775E+9 SO x RBO x BW x SA “4)
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Table 3

ANOVA for the fitted models for the responses used in optimization design.
Source DF  AdjSS Adj MS F- P-Value

Value
0Oil binding capacity
Regression 12 4459.65 371.637 101.93 <0.0001
SO 1 114.89 114.893 31.51 <0.0001
RBO 1 109.58 109.582 30.06 <0.0001
SO x RBO 1 15.39 15.394 4.22 0.043
SO x BW 1 60.56 60.561 16.61 <0.0001
SO x SA 1 63.31 63.312 17.37 <0.0001
RBO x BW 1 71.84 71.844 19.71 <0.0001
RBO x SA 1 92.42 92.425 25.35 <0.0001
BW x SA 1 91.33 91.331 25.05 <0.000
SO x RBO x BW 1 10.29 10.291 2.82 0.097
SO x RBO x SA 1 16.91 16.914 4.64 0.034
SO x BW x SA 1 69.21 69.208 18.98 <0.0001
RBO x BW x SA 1 109.86 109.861 30.13 <0.0001
Error 80 291.68 3.646
Total 92 4751.32
Gel point
Regression 12 4459.65 371.637 101.93 <0.0001
SO 1 114.89 114.893 31.51 <0.0001
RBO 1 109.58 109.582 30.06 <0.0001
SO x RBO 1 15.39 15.394 4.22 0.043
SO x BW 1 60.56 60.561 16.61 <0.0001
SO x SA 1 63.31 63.312 17.37 <0.0001
RBO x BW 1 71.84 71.844 19.71 <0.0001
RBO x SA 1 92.42 92.425 25.35 <0.0001
BW x SA 1 91.33 91.331 25.05 <0.0001
SO x RBO x BW 1 10.29 10.291 2.82 0.097
SO x RBO x SA 1 16.91 16.914 4.64 0.034
SO x BW x SA 1 69.21 69.208 18.98 <0.0001
RBO x BW x SA 1 109.86 109.861 30.13 <0.0001
Error 80 291.68 3.646
Total 92 4751.32
G’ at LVR
Regression 13 1.5898E+12 1.2229E+11 74.52 <0.0001
SO 1 2.3618E+10 2.3618E+10 14.39 <0.0001
RBO 1 2.3727E+10 2.3727E+10 14.46 <0.0001
SO x RBO 1 1.0293E+10 1.0293E+10 6.27 0.015
SO x BW 1 2.1194E+10 2.1194E+10 12.91 0.001
SO x SA 1 1.5469E+10 1.5469E+10 9.43 0.003
RBO x BW 1 2.0749E+10 2.0749E+10 12.64 0.001
RBO x SA 1 1.5506E+10 1.5506E+10 9.45 0.003
BW x SA 1 3.4405E+10 3.4405E+10 20.96 <0.0001
SO x RBO x BW 1 1.9861E+10 1.9861E+10 12.1 0.001
SO x RBO x SA 1 9816457081 9816457081 5.98 0.018
SO x BW x SA 1 2.6819E+10 2.6819E+10 16.34 <0.0001
RBO x BW x SA 1 2.7807E+10 2.7807E+10 16.94 <0.0001
SO x RBO x BW x 1 1.8595E+10 1.8595E+10 11.33 0.001
SA
Error 54 8.8624E+10 1641180467
Total 67 1.6785E+12
Flow t©
Regression 12 11582767 965231 132.55 <0.0001
SO 1 87038 87038 11.95 0.001
RBO 1 92886 92886 12.76 0.001
SO x BW 1 237156 237156 32.57 <0.0001
SO x SA 1 105046 105046 14.43 <0.0001
RBO x BW 1 170768 170768 23.45 <0.0001
RBO x SA 1 76139 76139 10.46 0.002
BW x SA 1 438416 438416 60.21 <0.0001
SO x RBO x BW 1 434967 434967 59.73 <0.0001
SO x RBO x SA 1 38431 38431 5.28 0.026
SO x BW x SA 1 501976 501976 68.93 <0.0001
RBO x BW x SA 1 469940 469940 64.53 <0.0001
SO x RBO x BW x 1 446962 446962 61.38 <0.0001
SA

Error 53 385945 7282
Total 65 11968712
Flow y
Regression 4 7806.3 1951.58 37.08 <0.0001
SO x RBO x BW 1 4401.9 4401.91 83.63 <0.0001
SO x RBO x SA 1 7037.8 7037.77 133.7 <0.0001
RBO x BW x SA 1 372.6 372.57 7.08 0.010
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Table 3 (continued)

Source DF  AdjSS Adj MS F- P-Value
Value

SO x RBO x BW x 1 2612.3 2612.31 49.63 <0.0001
SA

Error 67  3526.7 52.64

Total 71 11333

Flow G’

Regression 9 1082204694 120244966 127.84 <0.0001

BW 1 16032127 16032127 17.04 <0.0001

SO x BW 1 15875162 15875162 16.88 <0.0001

SO x SA 1 20482700 20482700 21.78 <0.0001

RBO x BW 1 18761236 18761236 19.95 <0.0001

RBO x SA 1 14758910 14758910 15.69 <0.0001

SO x RBO x SA 1 18545808 18545808 19.72 <0.0001

SO x BW x SA 1 91658563 91658563 97.45 <0.0001

RBO x BW x SA 1 54371015 54371015 57.8 <0.0001

SO x RBO x BW x 1 84583222 84583222 89.92 <0.0001
SA

Error 55 51733140 940603

Total 64 1133937834

BW: beeswax, LVR: linear viscoelastic range, OBC: oil binding capacity, RBO:
rice bran oil, SA: stearic acid, SO: sesame oil.

All the terms are highly significant (P < 0.0001) in this model except
for SO x BW (p = 0.001), RBO x BW (p = 0.001), SO x RBO x BW (p =
0.001), SO x RBO x BW x SA (p = 0.001), RBO x SA (p = 0.003), SO x
RBO x SA (p = 0.018) and SO x RBO (p = 0.015).

3.1.1.4. Flow 7 (flow stress), flow y (flow strain) and flow G'. This study
also determined the flow t (shear stress at flow point), flow y (shear
strain at flow point), and G’ at flow point from the amplitude sweep
rheogram. At the flow point where G’ = G”, the gel structure of the
material is deformed, and transformed into liquid state (viscous
behaviour dominates the elastic behaviour). Samples with higher flow y
will have a high structural stability against deformation with increasing
strain. As already discussed, flow t and flow y (p = 0.74), flow y and flow
G’ (p = 0.14) showed weak negative correlations, whereas flow t and
flow G’ had a strong positive correlation (p < 0.0001). Moreover, these
flow point parameters had significant correlations with other responses,
however the correlation were weak. The weak correlations of flow
properties with other responses can be understood from the results
presented in Table 1. Flow t, flow y, and G’ at the flow point of the
samples ranged from 0.76 + 0.11 to 1,604 £ 12.73 Pa, 1.28 + 0.13 to
46.07 + 8.21 and 5.12 + 0.84 to 2.16 x 107+1.34 x 10° Pa,
respectively.

The best model created by backward elimination of terms explaining
the association between flow t and the factors is presented in equation
5) (R2 = 96.78%). All the terms are highly significant (p < 0.0001)
except for SO (p = 0.001), RBO (p = 0.001), RBO x SA (p = 0.002), and
SO x RBO x SA (p = 0.026). The Rz(adj) and R2(pred) were in good
agreement (96.05% and 94.87% respectively).

Flow t = —6.763E+4 + 6.646E+4 SO + 6.839E+4 RBO +1.965E+5 SO x
BW+ 1.211E+5 SO x SA + 1.687E+5 RBO x BW+ 1.044E+5 RBO x SA
+ 2.260E+6 BW x SA —4.633E+5 SO x RBO x BW- 1.576E+5 SO x

RBO x SA —4.539E+6 SO x BW x SA - 4.408E+5 RBO x BW x SA +
8.592E+6 SO x RBO x BW x SA 5)

The best model created by backward elimination of terms to describe
the association between flow y and the factors is provided in equation
(6) (R% = 68.88%). All the terms are highly significant (p < 0.0001)
except for RBO x BW x SA (p = 0.010). The Rz(adj)and Rz(pred) were
67.02% and 65.33%, respectively.

Flow y = —32.01 + 2287 SO x RBO x BW+ 3650 SO x RBO x SA + 4040
RBO x BW x SA - 34425 SO x RBO x BW x SA (6)

The best model created by backward elimination of terms illustrating
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the association between flow G’ and the factors is given in equation (7)
(R? = 95.44%). All the terms are highly significant (p < 0.0001) in this
model with the Rz(adj)and Rz(pred) values with good agreement
(94.69% and 92.39% respectively).

Flow G’ = —6.941E+3-4.383E+5 BW+ 5.636E+5 SO x BW- 8.699E+5

SO x SA + 6.107E+5 RBO x BW-7.353E+5 RBO x SA + 3.965E+46 SO
x RBO x SA + 1.575E+7 SO x BW x SA + 1.213E4+7 RBO x BW x SA -
6.603E+7 SO x RBO x BW x SA (@]

Coefficient of determinations for all models explained above have
the values above 90% (except for flow y) which indicates the adequacy
of the model, and it can be concluded that the data obtained from this
study is reliable for the optimization of the developed oleogel. ANOVA
tables showed that all responses were significantly affected by the oils
and oleogelators with R? higher than 96% indicating the robustness of
the model for the optimization.

3.1.1.5. Contour plots. Contour plots were created from the developed
regression models (equations (2) to 7)) using Minitab 21.1. Regression
model fitting is used to develop equations for each response to model the
relationship between the response and all independent variables that
have significant influence on the response, whereas contour plots are
used to understand the influence of interaction effects among two
different components (independent variables) on a response variable
(Ghan et al., 2022). These plots are mainly used to develop visualiza-
tions (geometrical representation) of the relationship between the
interaction effects of two components and the response. Fig. 1 shows the
contour plots of different properties (responses) of oleogels against the
combinations of oils and combinations of oleogelators. Crosshairs are
randomly added in the figures in the desired range (similar to the
commercial samples) of parameters. Crosshairs in the figures show the
values of either oils or oleogelators as their amount in 1 g of the total
mixture. Fig. 1 (A) and (B) show the relationship between the oil binding
capacity and the oils and oleogelators, respectively. The oil binding
capacity seems to be high (>90%) with different combinations of sesame
oil and rice bran oil with sesame oil higher than 0.36 and rice bran oil
higher than 0.41. That is, a higher proportion of rice bran oil than ses-
ame oil in the mixture resulted in higher oil binding capacity.

From Fig. 1 (B), it is obvious that beeswax alone (at an amount
higher than 0.12) was able to form a gel with an oil binding capacity
higher than 95%, however, stearic acid was able to form gels with an oil
binding capacity of above 95% at the amount higher than 0.01 when
used together with beeswax higher than 0.08. Beeswax alone at the
amount less than 0.10 and a combination of beeswax and stearic acid at
the amount of 0.06 and 0.10 resulted in an oil binding capacity of less
than 80%.

As indicated already in equation (3), the effect of the oils on the gel
point was not highly significant, which is further evident by Fig. 1 (C).
Crosshairs in Fig. 1 (C) and (D) show the range of oil combinations and
oleogelator combinations that can yield a gel point between 50 and
55 °C, which is closer to the gel point of commercial margarine. The gel
point of the oleogels increased with increasing the concentration of both
oleogelators. This is in accordance with the results reported by Thakur
et al. (2022) who demonstrated that the melting point of carnauba wax
based oleogel was increased with increasing concentration of the
carnauba wax.

Fig. 1 (E) and (F) show that the desired G’ at LVR can be achieved
over a narrow range of combinations of oil and oleogelators. G’ at LVR is
the most important property of the oleogel because it determines the
strength of the oleogels. It indicates that optimization of the formulation
using an optimization technique is necessary to find out the suitable
mixture to obtain oleogel with desired properties.

Fig. 1 (G) and (H) show the effect of oils and oleogelators on flow t.
Stearic acid with zero or very less amount of beeswax resulted in less
values for the flow 1, whereas beeswax alone (between 0.08 and 0.12)
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and beeswax with less amount of stearic acid resulted in desirable values
similar to commercial samples. Beeswax higher than 0.12 resulted in
very high (>400) values. Flow y and flow G’ were mainly influenced by
oleogelators (Fig. 1 (J) and (L)). Desired values for the flow y and flow G’
were obtained in narrow ranges of oleogelator concentrations.

3.2. Multi-response optimization

In order to determine the formula that can provide properties more
similar to those of commercial samples, optimization was performed by
setting the target values for the rheological properties and the maximum
value (100%) for the oil binding capacity. The analysis of 4 different
brands of commercial samples showed different values for the rheo-
logical properties. Therefore, the target value and the maximum and
minimum values were adjusted to be closer to 4 samples. The optimi-
zation resulted in the following combination of mixtures: sesame oil =
0.40 g, rice bran oil = 0.48 g, beeswax = 0.09 g, and stearic acid = 0.03 g
(sesame oil and rice bran oil at the ratio of 4:5 and beeswax and stearic
acid at the ratio of 3:1 with a total oleogelator concentration of
11.74%.).

Optimized oleogel was prepared in triplicates and analyzed to assure
the validity of the model. The experimental results for the parameters
were similar to the predicted values. Two controls were prepared to
have either one of the oleogelator while maintaining the same total
amount of oleogelator in order to find out if there is a synergistic effect
of using a combination of beeswax and stearic acid as the oleogelators
(control 1: sesame oil = 0.405 g, rice bran oil = 0.478 g, beeswax =
0.117 g and control 2: sesame oil = 0.405 g, rice bran oil = 0.478 g, and
stearic acid = 0.117 g).

3.3. Characterization of optimized oleogel

The optimized oleogel and controls were analyzed for the oil binding
capacity, rheological properties, thermal properties, microstructure, and
molecular properties and compared with the properties of commercial
margarine samples. Table 4 shows the oil binding capacity and rheo-
logical characteristics of the optimized oleogels and controls.

3.3.1. Oil binding capacity

The oil binding capacities of the optimized oleogel and both controls
were very high as shown in Table 4. However, the oil binding capacities
of the commercial samples were much less (70-79%) compared to the
oleogels. Ghan et al. (2022) also reported higher oil binding capacity
(83.83%) of optimized oleogel developed using soy lecithin and glyceryl
monostearate than the commercial spread. The reason for the lower oil
binding capacity of the commercial samples could be the presence of
water and other ingredients with the fat. More than 99% oil binding
capacity of the oleogel samples shows that the strength of the gel
network is enough to prevent oil leakage. The oil binding capacity of the
oleogels reported in this study was in line with other researchers. Ogiitcii
et al. (2015) and Zbikowska et al. (2022) also reported the oil binding
capacity of more than 99% for the oleogels developed using beeswax at
concentrations ranging from 2 to 10%.

3.3.2. Rheological properties

Optimized oleogel, controls, and reference samples were subjected to
amplitude sweep, frequency sweep, temperature ramp, and thixotropy
experiments using an oscillatory Rheometer (Anton Paar MCR302), and
the data were analyzed using RheoCompass™ software. Amplitude
sweep experiments were conducted to determine the LVR of the oleo-
gels, followed by further characterization of oleogels using temperature
ramp, frequency sweep, and thixotropy experiments. Temperature ramp
experiments were performed to determine the behavior of oleogels with
increasing temperature. A frequency sweep is used to investigate the
long-term and short-term behavior of the sample at low and high fre-
quencies, respectively. Three Interval Thixotropy Test (3 ITT) is a
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Fig. 1. Contour plots explaining the relationship between (A) oil binding capacity and rice bran oil and sesame oil, (B) oil binding capacity and stearic acid and
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Table 4
A comparison of oil binding capacity and rheological properties of optimized
oleogel and controls.

Parameter Optimized Control 1 Control 2 Reference
oleogel
OBC (%) 99.99 +0.00°  99.99 + 98.43 + 70.13-79.65°
0.00° 0.09 °
Gel point (°C)  62.63 +0.50°  66.62 + 51.81 + 56.29-61.02°
0.58? 0.86°
LVR limit 0.056 + 0.048 + 0.034 + 0.022-0.034"
0.002% 0.002° 0.003¢
G atLVR (Pa) 108,000 + 129,000 + 6,070 + 4,9300-7,8600"
1,550° 3,530% 95.5¢
Loss factor 0.14+0.003°  0.15 + 0.20 + 0.14 + 0.006"
0.004° 0.004°
Flow 1 (Pa) 217.15 + 260 + 8.77%  38.29 + 255.10-372.5°
26.81° 2.87¢
Flow y (%) 1217 £1.93°  21.02 + 46.88 + 11.73-14.90°
1.19° 2.892
Flow G’ (Pa) 1,180.67 + 875.8 + 57.85 + 1,210-2,260°
70.23% 20.65" 3.68°
Structure 35.50 £2.96°  30.57 + 8.73 + 53.33 + 1.57%
recovery (%) 1.41¢ 0.75¢

OBC: 0Oil binding capacity.

Different superscript letters (a-d) in the same row show the significant difference

(p < 0.05).
 Values for the references are provided as a range of values of four com-
mercial samples.

rheological test carried out by subjecting the sample to alternating
constant shear rates (0.1, 10, and 0.1 s~ 1) in three intervals (10, 5, and
10 min) and measuring the viscosity. Rheological parameters deter-
mined for the samples are shown in Table 4. Temperature ramp rheo-
grams are presented in Fig. 2 and amplitude and frequency sweep
rheograms are presented in Figs. 3 and 4., respectively. Fig. 5 shows the
thixotropic rheograms of the samples.

An understanding of the thermal behavior of oleogels is important.
Temperature ramp rheograms shown in Fig. 2 illustrate the changes in G/
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Fig. 3. Amplitude sweeps of optimized oleogel, controls, and reference sample.
Closed series markers refer to the G’ and open series markers refer to the G”.

and G” during heating from 30 °C at the rate of 2 °C/min under constant
strain and frequency. G’ and G’ of all samples decreased with the
increasing temperature which indicates gradual breakdown of the gel
network, which is associated with a decline in elastic properties and a
rise in viscous properties of the oleogel. With increasing temperature, at
one point, complete loss of gelled state and crossover of G’ and G occur,
where G = G'. When the gel is transformed completely into liquid state,
the sample exhibits viscous behaviour. The pattern of the behavior of the
reference sample and the oleogels is different, however, the gel point of
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Fig. 2. Temperature ramps of properties of optimized oleogel, controls and reference sample.
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the optimized oleogel and control 1 were not significantly different from
the reference samples. The reference sample exhibited a sudden drop in
both G’ and G”’ with very closer values between 42 °C and 46 °C, that is,
softening started at this point, however, there was no clear crossover
point in this region. A clear crossover point was observed after 60 °C,
which indicates the complete melting of the sample. The gel points of
optimized oleogel and control 1 were not significantly different from
that of the commercial sample, however control 2 had a significantly
lowest gel point among all samples. The behavior of the gels with
increasing temperature provides useful information about the spread-
ability of gels. Oleogels intended to prepare margarine should be
spreadable at low temperature as it is stored in a refrigerator. However,
at the same time, it should retain the structure without flowing at an
elevated temperature, and to provide a good mouthfeel, it should have a
soft solid structure at body temperature. According to Fig. 2., it is clear
that the optimized oleogel and the reference would remain solid up to
about 60 °C, however, the reference sample will start to melt at around
42 °C. The high melting point of optimized oleogel offers an advantage
over the commercial sample that optimized oleogel would remain solid
in the summer season with high temperatures without requiring
refrigeration. The high gel point of oleogels has been considered as an
advantage of oleogels by other researchers as well (Scharfe & Floter,
2020; Yilmaz & Demirci, 2021; Yilmaz et al., 2020).

Amplitude sweep experiment can be used to determine the strength
of the gel using G’ at LVR, loss factor, and LVR limit. At the LVR, all
samples had higher G’ than G” indicating the gel structure, which is in
accordance with other studies (Naeli et al., 2022; Patel et al., 2015;
Thakur et al., 2022). According to the data presented in Table 4, opti-
mized oleogel exhibited a significantly longer LVR limit and higher G’ at
LVR than references and controls indicating a stronger gel network than
the reference. A similar observation has been reported by Naeli et al.
(2022). Compared to the reference, the optimized oleogel exhibited a
less flow stress (flow t) and G’ but a similar flow strain (flow y). Thakur
et al. (2022) also reported a similar value for the strain at flow point
(12.01 + 0.2%), however, a higher stress value (361.4 + 0.6 Pa) for the
optimized oleogel based on carnauba wax (8%) and soybean oil than the
value for the optimized oleogel reported in the present study.

The plateau value of G’ in the LVR tells the rigidity of the sample and
a longer LVR is evidence for the highest resistance against structure
degradation. An ideal solid fat should have a G’ ranging from 1 x 10° to
5 x 10° Pa and yield stress between 200 and 1000 Pa which covers the
range ‘soft’ to ‘hard’ (Patel et al., 2020). Optimized oleogel had the G’
within this range towards the ‘soft’ gel category. Control 1 had the
highest G’ whereas control 2 had the lowest even though all three
oleogels were produced with the same amount of oleogelators. There-
fore, it can be speculated that beeswax contributes to more elastic nature
than stearic acid. This could be due to the superior gelling ability of the
beeswax primarily attributed to the low polarity, long chain length, and
high melting point of the components of the wax (Doan et al., 2015).

The loss factor (G”/G’) is the ratio of energy dissipated in the ma-
terial during vibrations to the maximum potential energy stored in the
material (Zielonka & Dobkowski, 1998). A higher crossover point im-
plies a stronger and more stable gel network (Doan et al., 2015; Tav-
ernier et al., 2018). The optimized oleogel had significantly higher G’ at
the LVR than the commercial samples, however with similar loss factor
values and crossover strain and slightly less G’ at the flow point. The loss
factor of optimized oleogel and control 1 were not significantly different
from that of the commercial sample, whereas control 2 had a signifi-
cantly higher loss factor indicating that control 2 had more viscous
nature than other samples. The reference, optimized oleogel, and control
1 showed a sharp decrease in G’ and G” at strain values higher than 1%.
However, the sudden drop in G’ and G” was less pronounced in the
reference sample. Similar behavior (higher LVR, but a sudden drop in G’
and G” compared to commercial shortenings) of the oleogel made from
ethylcellulose/hydroxypropyl methylcellulose has also been reported
(Naeli et al., 2022). These results indicate that, despite similar loss factor
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and flow strain and higher LVR of optimized oleogel than the reference
indicating the strong gel network, the optimized oleogel is more prone to
structural deformation than the reference sample. On the other hand, a
sudden drop in G’ at high strain values denotes a good spreadability
(Joyner, 2019) of the oleogel and this can be considered advantageous
because this is a desirable property of margarines and spreads. There-
fore, it can be concluded that optimized oleogel has better spreadability
than the reference sample. When comparing the properties of optimized
oleogel and the reference, overall, optimized oleogel exhibited similar or
better properties as the reference sample in terms of strength of the gel
network based on loss factor, LVR limit, G’ at LVR and spreadability and
oleogel flow at similar strain value, however, at slightly less G’.
Frequency sweep experiments are performed to study the time-
dependent behavior of the gel in a non-destructive deformation range.
For this purpose, the samples were subjected to a constant stress within
LVR, and varying frequencies (0.01-100 Hz). Fig. 4 shows the frequency
sweeps of the optimized oleogel, controls, and commercial margarine.
All samples had higher G’ than G” during the frequency sweep experi-
ment indicating their elastic (solid-like) behavior. Based on the pattern
of the G’ with time and increasing frequency, the samples can be cate-
gorized into a strong gel (frequency independence) and weak gel (fre-
quency dependent) (Tavernier et al., 2018). Strong gels will have
constant G/, whereas weak gels will have increasing G’ with increasing
frequency. From Fig. 4., it is clear that the optimized oleogel and control
1 showed frequency-independent behavior until 10 Hz, and there was a
slight increase in the G’ afterward compared to the reference sample.
The reference sample also showed a slight increase in the G/, however,
the increase is less than the optimized oleogel and the control 1. The
frequency dependency of the beeswax oleogel based margarines
compared to the commercial margarine prepared using partially hy-
drogenated palm olein has also been reported by Abdolmaleki et al.
(2022). The reason behind the observation in the present study and the
observation by Abdolmaleki et al. (2022) clearly indicate that partially
hydrogenated vegetable oils are less frequency dependent than beeswax
based oleogels and therefore margarines prepared using beeswax based
oleogels. Naeli et al. (2022) also reported an increase in G’ and G” of the
ethyl cellulose and hydroxypropyl methyl cellulose biopolymers based
oleogels with increasing frequency. Control 2 showed an unstable
pattern of G’ indicating that the elasticity of the gel network is more
dependent on frequency than other samples. Gomez-Estaca et al. (2019)

1.E+06
ey
N TITTTITITTITIITI AL LA A S,
AAAAAAAAAAAAAAAAA@@G@QGQUEHEQH
N 99989959399909888%8 |
T LE+04 YYYYY
< AAAAAAAAAAAAAAAAALLDLAA
(U]
5 ’o.°o°000.0000000000803888399“
16403 $00000065045 000000000090
o
1.E+02
1.E+01
0.1 1 10 100
Frequency (Hz)
@ Optimized oleogel ¢ Optimized oleogel M Control 1 O Control 1

® Control 2 O Control 2 A Reference A reference

Fig. 4. Frequency sweeps of optimized oleogel, controls and reference sample.
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also reported a similar behavior of beeswax based oleogel.

Thixotropy was used to examine the structure recovery ability of the
oleogel samples after the application of shear. Evaluation of thixotropic
behavior of oleogels is important if the oleogel is intended to be used in
processing that involves mixing, whipping, and other mechanical
breakdown operations. After the treatment, recovery of the gel network
provides the functionalities of the solid fats (Yilmaz et al., 2021). Even
though optimized oleogel had higher LVR limit, and higher G’ at LVR
than the references and the loss factor similar to the references, the
structural recovery ability of the optimized oleogel was significantly less
than the references. It indicates that even though the gel network is
strong enough to hold the oil (as indicated by high oil binding capacity
in section 3.3.1), the ability of the gel structure to withstand and recover
the shear force is low. Despite beeswax based oleogels are rigid, the
reason for the high sensitivity of beeswax based oleogel is that more
deformation energy can be stored and at the same time more energy can
be lost during shear (Gomez-Estaca et al., 2019). Patel et al. (2015) also
reported that the gel networks formed by the natural waxes have high
shear sensitivity and low thixotropic recovery.

Synergistic effects of oleogelators on oleogel properties indicates that
the characteristics of a an oloegel prepared using a combination of
oleogelators are superior to their corresponding oleogel prepared using
single oleogelator. Based on the rheological properties of optimized
oleogel and controls, it can be concluded that beeswax and stearic acid
had synergistic effects at the ratio of 3:1 on the rheological properties of
oleogel. As shown in Table 4, the structural recovery, and LVR limit of
optimized oleogel (35.50 + 2.96%, and 0.056 + 0.002, respectively)
were significantly higher (p < 0.05) than both control 1 (30.57 + 1.41%,
and 0.048 + 0.002, respectively) and control 2 (8.73 + 0.75%, and
0.034 + 0.003, respectively). These results indicates that the oleogel
made using the combination of oleogelators had superior structural
characteristics compared to the oleogels made using single oleogelator
at the same concentration. Many other authors also have reported the
synergistic interactions among oleogelators based on the structural
strength of the oleogels made from mixture of different oleogelators (Bin
Sintang et al., 2017; Lopez-Martinez et al., 2015; Okuro et al., 2018;
Tavernier et al., 2017; Winkler-Moser et al., 2019). The present study
has reported the synergistic combination of beeswax and stearic acid for
the first time because there are no previous studies reported on using the
combination of beeswax and stearic acid. Therefore, the objective of this
study has been fulfilled. This finding could be useful to develop oleogel
with further improvements in the property to make it suitable for
commercial applications.
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3.3.3. Thermal properties

The thermal behavior of neat beeswazx, stearic acid, and oleogels was
determined by Netzsch DSC. The onset melting, peak melting, onset
crystallization, peak crystallization, and enthalpy of melting and crys-
tallization were evaluated using Netzsch Proteus® software. Fig. 6
shows the heating profile for the oleogel, oleogelators, and reference,
and Table 5 shows the thermal properties of analyzed samples. The neat
oleogelators and the oleogel samples exhibited distinct thermograms.
The neat stearic acid had a melting and crystallization profile within a
narrow range of temperatures (54-60 °C and 50-53 °C, respectively).
The neat beeswax exhibited broad melting and crystallization profiles
(47-65 °C, crystallization 39 to 51, °C respectively). Broad melting and
crystallization profiles of waxes are attributed to the multiple chemical
components including hydrocarbons, fatty acids, fatty alcohols, and wax
esters (Patel, 2015b). Ogijtcii et al. (2015) also reported similar values
for the melting temperatures of the beeswax. Contrary to the present
study, Yi et al. (2017) have reported a lower value for the peak melting
point of beeswax (42.25 + 0.22 °C) than reported in the present study.
This difference could be due to the variations in the composition of wax
from various suppliers. Melting and crystallization temperatures of
stearic acid reported in this study agree with the results reported by
Sagiri et al. (2015) for the neat stearic acid.

Optimized oleogel, control 1 and control 2 also exhibited broad
melting profiles (34-53 °C, 46-55 °C, and 29-45 °C, respectively).
However, the optimized oleogel and control 1 exhibited very broader
exothermic peaks probably due to the heterogeneous chemical compo-
sition of the beeswax. Similar thermal behaviors have also been reported
by Martins et al. (2016). Abdolmaleki et al. (2022) have reported that
oleogel based on 10% of beeswax had a broad melting range of
48-63 °C. Peak melting and crystallization temperatures for the oleogel
made using 16% of stearic acid from sesame oil (44.5 °C and 35.9 °C,
respectively) reported by Sagiri et al. (2015) were slightly higher than
the values reported in the present study for the control 2, which was
prepared using stearic acid as the only oleogelator. This could be due to
the higher concentration of stearic acid than the concentration used in
the present study for control 2. Crystallization was observed in a narrow
range of temperatures for all three samples (46-48 °C for the optimized
oleogel, 47-49 °C for control 1, and 31-34 °C for control 2). Yi et al.
(2017) also reported a narrow range of crystallization temperatures and
broad range of temperature for melting of beeswax and carnauba wax
based oleogels. The reference (market samples showed multiple sharp
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Fig. 6. DSC thermograms of melting for neat oleogelators, optimized oleogel,
reference, and controls.
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Table 5

Food Hydrocolloids 142 (2023) 108839

Onset melting (Tom), peak melting (Tpm), onset crystallization (T,.), peak crystallization (Tp) and enthalpy of melting (AHy,), and crystallization (AH,) of optimized

oleogel, controls and references, and neat beeswax and stearic acid.

Sample Tom °C) Tpm (°C) Toe (°C) Tpe (°C) AHp, (J/8) AH. (J/8)
Optimized oleogel 34.70 + 0.71¢ 50.33 + 0.55° 48.00 + 0.53¢ 47.40 + 0.52° 7.00 + 0.39¢ —3.68 + 0.55°
Control 1 46.30 + 0.14° 51.60 + 0.57¢ 49.50 + 0.35° 48.65 + 0.21¢ 8.63 + 1.661 —4.27 + 0.52°
Control 2 30.10 + 2.46° 40.80 + 1.41¢ 37.85 + 0.21¢ 34.20 + 1.95¢ 20.22 + 2.59¢ ~17.37 + 2.51°
Beeswax 48.87 +1.32° 62.20 + 0.56° 61.23 + 0.15° 60.13 + 0.60° 162.75 + 4.31° ~136.70 + 11.41°
Stearic acid 54.30 + 0.14° 56.30 + 0.14° 53.30 + 0.28° 52.85 =+ 0.07° 173.65 + 5.16% —174.95 + 0.49°
Reference 51.70-57.1° 51.9-61.8" 16.1-16.7° 15.40-16.20° 31.33-110.1° ~1.80 to —2.63°

Tom: Onset melting, Tpy,: peak melting, Toc: onset crystallization, Tp.: peak crystallization, AHp,: enthalpy of melting, AH.: enthalpy of crystallization.
Different superscript letters (a-e) in the same column show the significant difference (p < 0.05).
# Values for the references are provided as a range of values of four commercial samples.

exothermic peaks in the temperature range of 52-62 °C and a less
crystallization temperature (14-17 °C) compared to all other samples.

The oleogels exhibited lower onset and peak melting and crystalli-
zation temperatures and enthalpies than the neat oleogelators. The
reason behind the lower onset and peak temperatures of oleogel than the
neat oleogelators could be the dilution effect of oleogelator constituents
in the oil (Barroso et al., 2020; Doan et al., 2017) and the interaction
between the moieties in the oleogelators and the oil. Doan et al. (2017)
have explained that the presence of fatty acid fractions in plant waxes
could interfere with the crystallization of the wax esters. Similarly, it
could be explained that there may be interactions between the minor
components and the fatty acids in the oils with the moieties present in
the oleogelators and these interactions could influence the melting and
crystallization. Even though the neat stearic acid exhibited a narrow
range of temperatures for melting and crystallization, the oleogel made
with stearic acid as the only oleogelator (control 2) showed an extended
range of temperatures for melting. This could be due to the reason that
the process of gel-to-sol transition is a continuous process and not an
immediate process (Sagiri et al., 2015). Another notable difference
among the thermograms of oleogelators is that the heating curves of
optimized oleogel and control 1 showed a shoulder before the highest
peak which is absent in control 2. The presence of shoulders in opti-
mized oleogel and control 1 could be attributed to the multiple chemical
components in the beeswax.

Ogiitcii et al. (2015) have reported the peak melting temperature of
neat beeswax and oleogel made using 3% of beeswax from cod liver oil
as 63.15 °C and 45.42 °C, respectively. This peak melting temperature of
the neat beeswax agrees with the value reported in the present study
(Table 5). The onset of melting and crystallization and enthalpy of
melting and crystallization of optimized oleogels also agree with the
values reported by Martins et al. (2016) for the beeswax oleogels made
from medium-chain triacylglycerols and long-chain triacylglycerols.
Melting temperatures increase with increasing concentrations of the
oleogelators (Suriaini et al., 2023; Thakur et al., 2022). This is in
agreement with the higher melting temperature of the optimized oleogel
(which is prepared using 9% of beeswax and 3% of stearic acid) reported
in this study than the temperature reported by Ogiitcii et al. (2015).
Patel (2015b) has reported lower values for the onset of crystallization
and peak crystallization temperatures (42.69 + 0.35 °C and 40.98 +
0.75 °C, respectively), for the beeswax based oleogel in high oleic sun-
flower oil than the values reported in the present study. This could be
ascribed to the variations in the composition, viscosity, and polarity of
the oils. Yang et al. (2018) reported different temperatures of crystalli-
zation and enthalpies for the oleogels made from different oils such as
extra virgin olive oil, corn oil, sunflower oil and flaxseed oil using the
same mixture of B-sitosterol and stearic acid at the same concentration.

3.3.4. Oxidation behavior

Oxidation induction time is the time interval between the initiation
of oxygen or airflow and the onset of the oxidation reaction. The
oxidation induction temperature is the temperature of the onset of the
oxidation reaction. Oxidation induction time and oxidation induction
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temperature of the oleogels, oils, and reference samples were deter-
mined by heating the samples from 30 to 700 °C at a constant heating
rate (non-isothermal) of 20 °C per min, in a simultaneous thermal
analyzer. The higher the oxidation induction time and temperature, the
higher the stability of the sample against oxidation. The induction time
and temperature were identified by the Netzsch Proteus software from
the mass loss of the sample.

The sesame oil had the highest stability against oxidation (15.3 min,
340.2 °C) followed by rice bran oil (15 min, 333.0 °C). All oleogel
samples had significantly lower oxidation stabilities (optimized oleogel:
14.7 min, 328.0 °C; control 1: 14.6 min, 324.7 °C and control 2: 14.6
min, 323.9 °C), however, higher than the reference sample (14 min,
312.4 °C). Ogiitcii et al. (2015) also reported that the oxidative stability
of the oleogel based on waxes without any added antioxidants is not
good enough for commercial applications. Therefore, it is strongly
suggested to improve the oxidative stability of the oleogels by adding
antioxidants.

3.3.5. Microstructure

Crystal arrangement and crystal morphology of the oleogels were
studied using polarized light microscopy to understand the effect of
oleogelators and the combination of oleogelators on oleogel properties.
Polarized light microscopy images of optimized formulation, controls,
and reference samples are shown in Fig. 7. The oleogel prepared using
only beeswax (control 1) contained needle-like crystals. Needle-like
crystals have been reported by many researchers for the oleogels pre-
pared using beeswax (Li et al., 2022; Patel, 2015b; Scharfe et al., 2022;
Suriaini et al., 2023; Winkler-Moser et al., 2019; Zbikowska et al., 2022).
The needle shape appearance could be the 2D perspective of platelet
crystals as confirmed through scanning electron microscopy by Blake
and Marangoni (2015b). The optimized oleogels contained needle-like
crystals similar to that appeared in control 1 with bright areas of ag-
glomerates of size varying from 100 to 300 pm. Similar observations
were reported for the oleogels made using combinations of oleogelators
in other studies (Suriaini et al., 2023; Winkler-Moser et al., 2019).
Similarly, Scharfe et al. (2022) also reported similar large spherulitic
crystal arrangements among a finely distributed mesh of small crystals
in the oleogel made using rice bran wax, and the authors could not
clearly interpret it. The reference sample also had large agglomerates of
spherulite crystals of varying sizes distributed randomly. The appear-
ance of agglomerates/aggregates in the optimized oleogels shows the
similarity between the optimized oleogel and the reference.

The oleogel prepared using only stearic acid (control 2) contained
fiber-like crystals in aggregates with continuous branching. This is in
agreement with the appearance of stearic acid crystals in oleogels by
other researchers (Gaudino et al., 2019; Sagiri et al., 2015; Wei et al.,
2021). Generally, low molecular weight oleogelators form fibrous gel
structures via self-assembly of molecules by non-covalent interactions.
Thin self-assembled fibers orient into fibrillar bundles (Sagiri et al.,
2015). Fibrillar bundles/aggregates can be clearly seen in the stearic
acid oleogel in Fig. 7 (C).

Compared to the sizes of the crystals in both controls, the optimized
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Fig. 7. Polarized microscopy images of optimized oleogel (A), control 1 (B), control 2 (C) and reference (D). Images were acquired at magnification 200 x at 20 °C.

Scale bar: 600 pm.

oleogel prepared using both beeswax and stearic acid showed denser
and smaller crystals which indicate the interaction among both oleo-
gelators and the hardening of the network. A similar observation was
reported by Li et al. (2022) when monoglyceride and wax are used in
combinations in high oleic sunflower oil oleogel. Less prominent fibrous
crystals in the optimized oleogel could be due to the less proportion of
stearic acid to beeswax and the visualization of the fibrous crystals may
be hindered by the birefringence of beeswax crystals. The size of crystals
in optimized oleogel and control 1 are much smaller than the size of
crystals in control 2 despite the fact that all oleogels were prepared using
the same concentration of oleogelators. Wei et al. (2021) also reported
the similar observation for the beeswax and stearic acid based oleogels
prepared using same concentration of oleogelators. Small and dense
crystals are associated with high oil binding capacity (Blake & Mar-
angoni, 2015a). Therefore, differences in the size and arrangement of
the beeswax and stearic acid crystals could be the reason for the dif-
ferences on the oil binding capacities of optimized oleogel and controls.

Needle-like crystals are beneficial in gel formation because they are
considered to connect the interfaces of the network and thus increase the
oil holding capacity of the oleogel (Dassanayake et al., 2012; Li et al.,
2022; Suriaini et al., 2023). Similarly, in the present study, optimized
oleogel and control 1, which contained needle-like crystals, exhibited
higher oil binding capacities and better rheological properties than
control 2.

3.3.6. Molecular properties

The molecular interactions between oleogelators and the oils were
explored using FTIR spectroscopy. Fig. 8 shows the FTIR spectra of the
oils, oleogelators, oleogels, and reference samples. In the functional
group region of the spectra, three prominent peaks in the regions of
1695-1742 cm ! (carbonyl group), 2846 - 2853 cm ™! (asymmetric CH,
stretching), and 2919-2922 cm ! (symmetric CHj stretching) and two
less prominent peaks in the regions of 2942-2953 em™? (alkyl C-H
stretching) and 3004-3006 cm ! (alkenyl C-H stretching) were identi-
fied. There were no peaks identified in the regions of 3400-3550 cm
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Fig. 8. FTIR spectra of oils, neat oleogelators, oleogels and reference.
indicating that there is no hydrogen bonding involved in any of the
samples including the commercial sample. Similarly, no absorbance in
the region corresponding to hydrogen bonds was not reported in the
FTIR spectra of beeswax oleogels made from different oil phases (Fayaz
et al., 2017; Gomez-Estaca et al., 2019; Martins et al., 2016; Yilmaz &
Ogiitcii, 2014). In contrary, peaks corresponding to the O-H stretching
have been reported in the literature for the oleogels prepared using
monoglycerides (Li et al., 2022; Lupi et al., 2016, 2017).

The CH, stretching peaks appeared at 2920.711 cm ™" and 2852.731
cm™! for the sesame oil and 2922.157 em ™! and 2851.767 cm ™ for the
rice bran oil, whereas the same peaks appeared at lower wave numbers
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such as 2915.89 cm ™! and 2847.91 cm ! for the beeswax and 2913.479
cm™! and 2846.946 cm™! for the stearic acid. The corresponding CHa
stretching peaks appeared at 2921.193 and 2851.285 for the optimized
oleogel, 2919.747 and 2850.803 for the control 1 and 2920.711 and
2850.803 for control 2. Li et al. (2022) explained the similar slight shifts
in the peaks that are characteristic of the CH, stretching vibration is due
to the change in the fluidity of the alkyl chain due to van der Waals
forces.

The peaks assigned for the C-H stretching of alkene (C—=C) appeared
between 3004.118 cm™! and 3006.047 cm ™! in the oils, oleogels, and
commercial samples and did not appear for both beeswax and stearic
acid. Optimized oleogels as well as controls showed similar peaks as the
commercial sample with only a slight difference in the wavenumbers of
the peaks except in the fingerprint region (400 em ! and 1500 cm™Y)
which is unique to the particular compound indicating similar molecular
interactions.

Despite slight shifts in the peaks, there were no new peaks or
disappearance of peaks occurred in the oleogels indicating clearly that
the gel network is formed only via physical interactions, especially, van
der Waals forces. These observations agree with the results reported by
numerous other researchers. Li et al. (2022) and Gomez-Estaca et al.
(2019) have concluded that the formation of a gel network in beeswax
based oleogel is primarily via van der Waals interactions. Martins et al.
(2016) also reported that there were no peak formation or peak disap-
pearance, or peak shifts observed for the oleogels made from different
oil phases using beeswax. From these findings and interpretations, it can
be speculated that van der Waals forces govern the gel network forma-
tion in beeswax and stearic acid based oleogels.

4. Conclusion

This study focused on optimization of the development of oleogel
from sesame oil and rice bran oil using beeswax and stearic acid as
oleogelators. Multi-response optimization of the mixture was success-
fully performed by Extreme Vertices Design. The data fitted the model
with insignificant lack of fit values and high coefficient values for all the
responses except for flow y. Beeswax and stearic acid exhibited syner-
gistic effects at the ratio of 3:1. The properties of optimized oleogel were
determined and compared with those of commercial margarine samples.
Optimized oleogel had a very high oil binding capacity (99.99%) indi-
cating a very strong gel network. When comparing the properties of
optimized oleogel and commercial margarines, optimized oleogel
exhibited similar or better properties as the reference sample in terms of
strength of the gel network based on loss factor, LVR limit, G’ at LVR and
spreadability, and oleogel flow at similar strain value, however, with
slightly less G’. Overall, optimized oleogels had the similar rheological
properties except for the structure recovery ability. The DSC analysis
showed that the optimized oleogel had a melting point of 50.33 +
0.55 °C. FTIR analysis of the oleogels showed that the network structure
has been formed by the physical entanglements and without any
chemical alteration to the oils. Compared to the commercial margarine,
optimized oleogel had higher stability against oxidation, however less
than the oils. In conclusion, the mechanical and thermal properties of
the optimized oleogel indicate that the oleogel possesses many charac-
teristics suitable for making margarines. Further studies will be oriented
to enhance the structural recovery ability and oxidative stability of the
optimized oleogel via modifying processing conditions and incorpora-
tion of natural antioxidants.
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