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ARTICLE INFO ABSTRACT

Keywords: This study explores the impact of oil type, surfactant concentration, and production temperature on oleofoam

Oleofoam properties. Oleofoams were prepared using different concentrations (5, 8, and 10 % w/w) of monoglyceride (MG)

Rheological properties in olive, soybean, and sunflower oils at temperatures of 25 °C and 5 °C. The results indicate that higher surfactant

}ST;ItJ;:Zi " concentrations and lower production temperatures enhance the stability, foamability, melting behavior, and

Monoglyceride hardness of the oleofoams, while minimizing oil drainage. Microscopic analysis reveals that lower production
temperatures result in smaller bubble sizes in all oil blends which reduces oil loss and increases the hardness of
the oleofoam. Also, oleofoams derived from different oils exhibit solid-like behavior. Among the oils studied, the
oleofoam prepared with sunflower oil, at a concentration of 10 % MG and a production temperature of 5 °C,
demonstrates superior properties. These findings provide valuable insights into optimizing oleofoam properties
by controlling the oil type, surfactant concentration, and production temperature.

Introduction Oleofoam an exciting area of research and development in the food

Oleofoam is a soft material composed of a three-dimensional
network of oil droplets and wax crystals, with air bubbles dispersed
throughout the system, which is prepared by combining vegetable oils
with a foaming agent, such as a surfactant or an emulsifier, followed by
whipping or agitating the mixture to create a foam-like texture (Da Silva,
2022) . Oleofoams have several unique properties that make them useful
in lots of applications, including low cost, zero calories, being free of
synthetic surfactants, and the lightweight nature of the air bubbles, in
addition to hypoallergenic properties (Fameau et al., 2015). Oleofoams
also cause a significant decrease in microbial spoilage, thereby reducing
the need for preservatives (Metilli et al., 2022) and extending the
product shelf-life without substantial degradation or deterioration (Qiu
et al., 2022). In food applications, oleofoams are explored as a way to
create new types of foams and aerated foods such as cake, confectionary
and sauce (Mohanan et al., 2023; Saremnejad et al., 2020; Chisholm
et al., 2019; Gunes et al., 2018). Oleofoams are promising novel mate-
rials with many potential applications, and ongoing research has
explored their properties and possible uses. Generally, oleofoam is a
vital component of many food products and can be used to develop a
wide range of textures and flavors. Versatility and adaptability make
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industry.

According to the literature, forming and controlling air bubbles in
large quantities is difficult owing to their tendency to move and combine
with other substances. Despite these challenges, significant efforts have
been made to overcome them (Murray, 2019). However, many factors
influence the structure of the resulting oleofoam, some of which are
related to the cooling rate (Andriotis et al., 2022; Liu & Binks et al.,
2021), shear rate (Mishra et al., 2019), and crystal properties (Heymans
etal., 2018; Truong et al., 2019), the length and type of the hydrophobic
chain (Callau et al., 2020; Zhao et al., 2020), the concentration and the
type of the foaming agent (Du et al., 2021; Grossi et al.,2023; Qiu et al.,
2022), solubility boundary (Pugh, 2016), The whipping ability of
oleogels and the whipping time (Gu et al., 2023) are crucial for forming
oleofoams. These factors affect the formation and the ability of the
oleogel to retain air, resulting in a stable foam.

Several studies have examined the influence of structural agents and
their combinations on the physical, microstructural, stability, and
rheological properties of oleofoam (Fameau and Saint-Jalmes, 2020;
Heymans et al., 2017). However, limited research has been conducted
on the impact of oil type on the properties of oleofoam, despite the
significant role of oil in structure formation. Liu et al. (2021)
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investigated the stability and microstructure of oleofoams produced
from refined peanut oil and extra virgin olive oil under specific tem-
perature conditions. Their findings revealed that triglyceride crystals
with a high melting point contained a higher proportion of saturated
fatty acids compared to the original oil. Subsequently, Liu and Binks
(2022) explored the foaming behavior of mixtures comprising 10 %
Span 80 and various oils, including rapeseed oil, sesame oil, extra virgin
olive oil, refined peanut oil, corn oil, high oleic sunflower oil, and soy-
bean oil. They observed distinct foaming behaviors among different oils,
but the reasons for these variations were not elucidated. Additionally,
Goli et al. (2023) investigated the effects of coconut oil, rapeseed oil,
sunflower oil, flaxseed oil, and a mixture of glycerol monostearate and
beeswax (GMS-BW; 1:1) as an oleogelator on oleofoam properties. Their
results indicated that flaxseed oil oleofoam outperformed other oils,
exhibiting higher melting and crystallization enthalpy.

However, it is still not well understood the effect of gelator con-
centration, the nature of the oil, and production temperature on oleo-
foam properties. The hypothesis of this study is that manipulating the oil
type, surfactant concentration, and production temperature will have a
significant impact on the stability and functional characteristics of
oleofoam. Specifically, we predict that specific combinations of oil type,
surfactant concentration, and production temperature can lead to im-
provements in the stability, foamability, melting behavior, and hardness
of the oleofoam. By carefully controlling these factors, we anticipate
achieving a more favorable microstructure and rheological properties in
the oleofoam, ultimately enhancing its overall quality.

Materials and methods
Materials

The surfactant Distilled monoglyceride, a mixture of about 95 % MG,
1 % free glycerol, and 1.5 % free fatty acids with a melting point of
65 °C, was purchased from Palsgaard, Denmark. Sunflower oil (relative
density 0.918 and viscosity 58 cP at 20 °C), olive oil (relative density
0.909 and viscosity 62 cP at 20 °C), and soybean oil (relative density
0.915 and viscosity 54 cP at 20 °C) purchased from a local market in
Iran.

Oleofoam preparation

The oleofoam samples were prepared based on a previously pub-
lished method with some modifications (Saremnejad et al., 2020).
Specific amounts of the oil were heated and mixed with the MG (5, 8,
and 10 w/w) at 80 °C. Then, the mixtures were cooled in a refrigerator at
5 °C for 24 h, afterward, the samples were allowed to equilibrate to room
temperature (25 °C), except the ones prepared in a cold-water bath at
5 °C. The capability of foam formation can be regulated by adjusting the
surfactant concentration at a constant temperature or producing foams
with a constant surfactant concentration at different temperatures.
Therefore, in this study, the effects of the oil type (olive, soybean, and
sunflower), temperature (25 and 5 °C), and MG level (5, 8, and 10 % w/
w) were investigated on the oleofoam properties. The foams were pre-
pared by whipping the oil and the surfactant at the highest speed of a 5-
speed mixer (Gosonic, model GHM-818, 250 W, China). An external
thermometer monitored individual samples’ temperature during the
aeration process. Whipping was done intermittently for 60 min, per-
formed as 5 min of whipping followed by 5 min of rest (total whipping
time of 30 min). The resulting oleofoams were used for further analyses
conducted in triplicate.

Oleofoam characterization
Overrun and foamability

Overrun was measured by determining the amount of air incorpo-
rated in the oleofoam. At 5-min intervals of whipping, three 10-ml
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plastic cups were used to compare the foam volume with the unwhip-
ped mixtures. The overrun was calculated using Eq. (1) (Binks & Mar-
inopoulos, 2017), and the measure of foamability in oleofoams was
determined by Eq. (2) (Saremnejad et al., 2020)

Overrun(%) = ((Vunwhipped - thipped) / thipped) x 100 (€]

Foamability = (The volume of foam/The initial volume of liquid) x 100
(2)

Oleofoam stability

10 ml of the oleofoam was transferred to a 50 ml centrifugal tube to
evaluate its long-term stability at 25 °C throughout three months,. The
stability was computed using Eq. (3) (sheng et al., 2018).

StabllltY(%) = (V(_faam after a particular Iime) /V( Initial volume of foam) ) x 100 (3)

Optical microscopy and bubble size distribution

A sample was removed from the center of the foam and sealed by
being gently pressed between two cover slides. Light microscopy
(Olympus BX41, Japan) was used to observe the sample at ambient
temperature. The micrographs were captured using a digital camera
(Canon EOS 1000D). The dimensions of about 500 bubbles from at least
three images were quantified using ImageJ 1.50f for Windows.

Differential scanning calorimetry (DSC)

A DSC device (PerkinElmer, USA) was used to investigate the ther-
mal properties of the oleofoams. Approximately 5 mg of the sample was
weighed in a 5-ml aluminum pan and sealed with a press machine.
Calibration was performed using an empty aluminum pan as the refer-
ence. The DSC measurements of the oleofoams were conducted using a
heating cycle between 0 and 100 °C at a constant rate of 5 °C/min in
absolute value.

Texture analysis

The texture of the oleofoam samples using a TA.XT plus texture
analyzer (stable micro-systems, England) equipped with an acrylic cy-
lindrical probe with a diameter of 25 mm and a height of 35 mm was
assessed. After refrigerating the samples for 24 h, the plastic cups (with a
volume of 35.0 ml and a diameter of 3.5 cm) were tested at 25 °C. The
puncture tests were conducted at the probe speed of 1 mm/s, pene-
trating the sample to a depth of 20 mm. The trigger force was set at 0.01
N. The hardness was defined as the maximum force (N) recorded by the
probe (Heymans et al., 2013).

Rheological properties

The rheological properties of the oleofoams were measured at 25 °C
using the Physica MCR 301 rheometer (Anton-Paar, GmbH, Graz,
Austria) with a serrated parallel-plate geometry, 40 mm in diameter
(gap 1000 pm). To determine the viscoelastic properties of the oleo-
foams, dynamic rheological properties were calculated, which can be
divided into two separate parts as follows: 1- Strain sweep test per-
formed at a constant frequency of 1 Hz and in the strain range of 0.1-10
%. This test was conducted on all the samples to determine the linear
viscoelastic region. 2- Frequency sweep test in which the frequency
varied between 0.1 and 100 Hz at a constant strain of 0.01 %. G’, G*, loss
tangent (tan §), and complex viscosity (n*) were quantified.

Statistical analysis

The collected data were analyzed statistically and expressed as mean
+ standard deviation (SD). The analysis of variance (ANOVA) was per-
formed using the statistical software Minitab v17.0 (Minitab, Inc., State
College, PA) to determine the significant differences in the mean values;
Duncan’s test was utilized at a significance level of P < 0.05. All figures
were drawn using origin pro 2022 (v.9.9.0.225).
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Results and discussion
Overrun and foamability

As shown in Fig. 1 (A, B), the foamability and overrun of all the
samples significantly increased with a rise in the MG level from 5 to 10
%, which could be attributed to the adsorption of the surfactant at the
oil-air interface. The formation of firmer network structures and
increased thickness of the crystal adsorption layer at the interface can be
attributed to a higher number of tiny crystals present in the system, as
reported by Jakubczyk and Niranjan (2006) and (Matsuo (2022), These
changes may enhance the foaming ability of the system by improving the
retention of air bubbles within the continuous phase. MG reaches the
solubility phase boundary at high concentrations in oil, and the insol-
uble MG increases the foam stability. This finding was confirmed pre-
viously reported by (Saremnejad et al., 2020; Binks et al., 2011).

The foamability and overrun of the samples were significantly
influenced by the temperature increase from 5 to 25 °C. It was observed
that the foamability of all samples reached its maximum at 5 °C and
decreased at 25 °C. The presence of an adequate amount of solid fat
content in the system was found to be crucial for successful foaming.
This is supported by previous research conducted by Himawan et al.
(2006), which suggests that a higher degree of supercooling can enhance
the nucleation and growth kinetics of triglycerides. These findings un-
derscore the importance of crystal formation in achieving optimal
foaming ability. Additionally, Liu and Binks, (2021) investigated the
production of oleofoam from olive and peanut oils and observed that the
highest foamability was obtained at the lowest temperature. However, it
slightly lowered as the temperature was elevated. Mishra et al. (2020)
have reported that the rise in an overrun of whole samples at lower
temperatures (5 °C) can be explained by the formation of « crystals,
which transform to f crystals during the aeration process.

However, the effect of the oil type on the foam volume was less
pronounced than that of the MG concentration and production tem-
perature as seen in Fig. 1 (A, B). The results demonstrated that the olive
oleofoams had the highest foam volume; due to the fact that olive oil has
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Fig. 1. Overrun of oleofoam samples produced at 25 °C and 5 °C (A) and
foamability of oleofoam samples produced at 25 °C and 5 °C (B).
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a higher percentage of saturated fatty acid crystals (18.89 %) compared
to soybean (16.56 %) oils and sunflower (13.45 %), which contain low-
melting point triglycerides. This higher saturation, in combination with
(MG), enhances its ability to stabilize air bubbles by co-crystallizing
with MAG during blending. As a result, olive oil exhibits superior
foaming properties compared to other oils. This result agrees with Liu
and Banks (2021 and 2022), who also reported that sesame oil showed
higher foamability than other oils due to high saturated fatty acid con-
tent (Liu and Banks, 2022). It could be suggested that high MG levels and
low temperatures have a synergetic effect on the foam volume.

The effect of whipping time on the foamability of the samples is
depicted in (Fig. 2). During beating for 60 min (5 min of whipping fol-
lowed by 5 min of rest; i.e., total whipping time of 30 min), the foam
volume of the entire samples considerably increased in the first 5 min
and approximately remained constant after that. The initial increase in
foamability observed within the first 5 min of whipping can be attrib-
uted to the high adsorption of MG crystals at the O-A interface, allowing
for the incorporation of more air. However, the foam volume remains
constant due to the limited availability of emulsifiers. Samples with low
MG concentration, such as SFO 5 % and SO 5 %, exhibit a soft foam
structure prone to collapse, resulting in decreased foam volume during
whipping. This collapse is due to the combined effects of increasing
temperature and mechanical stress from the mixer. Similar results have
been reported for the whipping of sunflower oleofoams prepared with
different concentrations of mono and diglyceride (Saremnejad et al.,
2020) and high-oleic acid sunflower oleofoams prepared with myristic
acid at different concentrations (Liu and Binks, 2021).

Foam stability

The stabilities of the olive, soybean, and sunflower oleofoams after
three months of storage are denoted in (Fig. 3 A, B). Oil drainage and air
expulsion are the reasons behind foam instability, both observed in this
research. The results indicated that all the factors significantly impacted
the foam stability, as increased MG content and decreased production
temperature raised the foam stability. The oil type had a noticeable ef-
fect on the response. The oleofoam of the sunflower oil had higher sta-
bility than the other oils. In the olive oil samples, only oil drainage was
the reason for instability, and this phenomenon is caused by an increase
in coalescence due to a low quantity of crystals in the continuous phase,
resulting in a decrease in viscosity. However, it was resolved with a rise
in the MG level due to a sufficient number of crystals in the bulk phase or
a reduction in the production temperature, which increases the solid fat
content. In the soybean oleofoams, instability was caused by the collapse
of the air bubbles and oil drainage at 25 °C; however, only the air
bubbles collapse was observed at 5 °C. This difference can originate from
the difference in the fatty acid composition of the oils because research
has proved that oleofoam stability increases as the content of saturated
fatty acids is elevated (Liu et al., 2022). The results also indicated that
the highest stability (100 %) of the sunflower oleofoam containing 5, 8
and 10 % of the MG was obtained at 5 °C. Among all the sunflower
oleofoams, a slight collapse of the air bubbles was only observed in the
ones prepared at 25 °C with the lowest level of the MG, which was not
observed in the ones prepared at 5 °C. Oil drainage was observed in all
the olive oleofoams. The lowest stability (46.5 %) belonged to the soy-
bean oleofoams containing 5 % of the MG and prepared at 25 °C, in
which both the instability phenomena (bubble collapse and oil drainage)
were observed. Bubble collapse occurred in the whole soybean samples,
except the one prepared with 10 % MG at 5 °C, which proved that suf-
ficient crystals in the oil/air (A/O) surface prevented bubble air
collapse. Qiu et al. (2021) assessed the production of soybean oleofoam
with medium-long chain diacylglycerol (MLCD) and f-sitosterol (St).
They observed the air bubbles collapse during storage, conforming to
the results of the present study. They also found that the foam stability
rose as the MLCD concentration was increased to 20 % (w/w), which
diminished the oil phase separation. This was ascribed to the larger
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Fig. 2. Relationship between whipping time and foam volume of 5, 8, and 10 wt% MG-oil mixtures up to 1 h at different temperatures at 25 °C and 5 °C, (A)

sunflower oil, (B) Olive oil and (C) soybean oil.

amount of MLCD crystals, which prevented the coalescence and collapse
of the air bubbles. At the same time, using high concentrations of MLCD
did not result in oleofoams with sufficient stability, as the oil drainage
began immediately after production and continued for 96 h. This was
since the formation of an elastic oleogel was a precursor to the inhibition
of the oil drainage and the reduction in the rate of the air bubbles coa-
lescence (Heymans et al., 2017; Hunter et al., 2008; Qiu et al., 2021).
The MG concentration also had a significant effect on the foam sta-
bility. The higher the MG percentage, the more stable the foam, as the
surfactant molecules cover the oil-air interface and restrain the foam
collapse (Mishima et al., 2016; Saremnejad et al., 2020). Additionally,
by increasing the concentration of surfactant, the average size of crystals
decreases, leading to a corresponding increase in the stability of oleo-
foams. MG adsorbs at the A/O interface at low concentrations, but its
presence is insufficient to prevent bubble dissolution within the system.
Similarly, the foam produced at 25 °C using sunflower oil and 2 wt%
MDG- was slightly stable, whereas it was stable during long-term storage
when the surfactant level was 10 % (Saremnejad et al., 2020). Fameau &
Saint-Jalmes (2017) also confirmed the high stability of the oleofoam at
myristic acid concentrations above 8 %. Temperature also affected the

foam stability significantly.

Production temperature was also a compelling factor in the stability
of the oleofoams, as the samples produced at 5 °C were more stable than
those prepared at 25 °C because lower temperature increases the num-
ber of crystals in the oil phase, giving rise to the foam stability
(Arnaudova et al., 2022); Additionally, low temperatures enhance the
formation of small bubbles, the size and the homogeneity of the initial
bubble size distribution are essential for the stability of oleofoam. Small
bubbles can be perfectly surfaced with a dense layer to protect them
from coalescence and Oswald ripening (Callau et al., 2020). This finding
is consistent with Callau et al.’s study, which showed that fast cooling
can decrease the size of bubbles and increase their stability against oil
loss. Also, Binks et al. (2016) discovered that the formation of stable
foams was restricted to lower temperatures (22 °C and 30 °C) when
utilizing crystal dispersions. Conversely, no foam formation was
achievable at elevated temperatures (35 °C and 40 °C) when employing
molecular solutions. Another reason could be the nucleation rate of the a
crystals under rapid cooling, then during whipping, the heating may
cause the transformation of the crystalline state, and the p nucleation
starts following the melting of a (Mishima et al., 2016). As a result,
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applying sunflower oil at high concentrations and low temperatures
could improve the stability of the foam.

Optical microscopy and bubble size distribution

In an emulsifier-rich system, bubble size distribution can be associ-
ated with the size and shape of crystals and determine the bubbles’
stability and microscopic images are significant as they provide a
detailed view of the structure and properties of oleofoam. Previous
studies have shown that the process of foam production highly in-
fluences this characteristic (Heymans et al., 2017). In (Fig. 4a, b), it can
be observed that the stabilized oleofoams exhibited interfacial crystal-
lization; all bubbles are surrounded with dark layers indicated by the
close packing of crystal layers around the air bubbles, which is evidence
of the presence of crystals adsorbed at the A/O surface that hinders
shape relaxation. the size of the bubbles varied as a function of MG
concentration; at high concentrations of MG (Fig. 5). The bubbles shrank
in all prepared samples as the MG concentration was elevated from 5 %
to 10 %. Smaller bubbles predominated at the highest percentage of the
MG (10 %), and the largest ones were observed at 5 % MG. These results
agreed with those previously declared by (Du et al., 2020, ¢ Saremnejad
et al., 2020¢ Grossi « et al., 2023). The A/O interface is covered with a
few crystals at low MG concentrations, which cannot stabilize the bub-
bles properly. On the other hand, at high levels of MG, the sample is

filled with more tightly arranged bubbles. The complete bubble struc-
ture can be formed when enough crystals are adsorbed at the interface.
In other words, they can be regarded as Pickering stabilization-based
oleofoams in which crystals act as specific solid particles (Du et al.,
2020). The higher the surfactant concentration, the smaller the bubbles
and the more stable the foam (Saremnejad et al., 2020) since smaller
bubble is less deformable than lager air bubbles (according to the Lap-
lace pressure theory), that is why it decreases of drainage (Du et al.,
2021).

As shown in (Fig. 4a, b), the air bubbles in the oleofoams produced at
5 °C were more spherical and the structure was more condensed than
those made at 25 °C due to a sufficient and rigid crystal layer around the
bubbles and higher solid fat content at low temperatures, which hin-
dered shape relaxation. The production temperature influenced the
bubble size distribution, as the small bubbles formed in the olive and
sunflower oleofoams at 5 °C accounted for more than 80 %. In contrast,
their percentage was in the range of 60-70 % at 25 °C. This can be
attributed to the rise in the oils’ viscosity at low temperatures, leading to
the formation of small air bubbles (Wildmoser et al., 2004).

Furthermore, the results showed that the sunflower and olive oils did
not affect the bubble size distribution considerably because they had
similar behaviors at both production temperatures and all the MG levels.
On the other hand, the number of small bubbles was smaller in the
soybean oleofoams and equal to about 50 % at 5 °C and 60 % at 25 °C,



F.H. Alhasan et al.

&\l l'll"oo'

H

Food Chemistry: X 21 (2024) 101033

Fig. 4a. Micrographs of oleofoams contained sunflower oil with 5 % MG (A), sunflower oil with 8 % MG (D), sunflower oil with 10 % MG (G), Olive oil with 5 % MG
(B), Olive oil with 8 % MG (E), Olive oil with 10 % MG (H) and soybean oil with 5 % MG (C), soybean oil with 8 % MG (F), soybean oil with 10 % MG (I) oleofoams

prepared at 25 °C (scale bar = 60 um).

which can be ascribed to the chemical composition of soybean oil.
Melting resistance

The peak melting temperature (Tm) of an oleofoam indicates its
melting resistance and ability to retain its structure at various temper-
atures. It can be observed in (Fig. 6) that Tm significantly increased as
the MG concentration was raised, which was more pronounced in the
sunflower oleofoams. As the MG level was increased from 5 to 10 %, the
Tm of the sunflower samples prepared at 5 °C rose from 61 to 66 °C and
from 62.8 to 65.6 °C in the case of those produced at 25 °C significantly.
This confirmed that the rise in the MG concentration led to forming of a
stronger crystal network with more heat resistance. The oleofoams
collapsed when the temperature was increased because the MG crystals
were melted at the oil-air interface, and the effect of the air stabilization
was lost. The dependence of oleogels’ melting resistance on the con-
centration of oleo gelators has already been reported. Previous studies
on the thermal analysis of oleogels prepared with MAG (Pérez-Mon-
terroza et al.,2016) and oleofoams manufactured from soybean oil at
different concentrations of MG (Du et al., 2020) have shed light on this
relationship.

The oil type significantly influenced the melting points of the sam-
ples (P < 0.05). The Tm of the olive oleofoams was the lowest of all,
which ranged from 59.1 to 63.6 °C for those prepared at 25 °C and from
57.8 to 61.3 °C for those produced at 5 °C. The highest Tm was 63.6 °C,
belonging to the sample containing 10 % MG and prepared at 5 °C. The
literature has shown that fatty acids and esters’ melting and crystalli-
zation behavior tightly depends on structural properties such as chain
length, the position and conformation of double and triple bonds and
functional groups (Knothe and Dunn, 2009). In general, unsaturated

fatty acids have lower melting points than the corresponding saturated
ones with the same chain length (Kostik et al., 2013). The lower Tm of
the olive oleofoams could be because olive oil has more content of
monounsaturated fatty acids (66.88) % than the soybean and sunflower
ones. Additionally, olive oil contains more saturated fatty acids than
sunflower and soybean oil, further contributing to its lower melting
point. Similarly, Fasina et al., 2008 reported that the amount of the
monounsaturated or polyunsaturated is highly correlated with the onset
melting temperature, peak melting temperature, and melting enthalpy
for the 12 vegetable oil samples.

The results also demonstrated that the production temperature
significantly affected the Tm (P < 0.05). The processing time and tem-
perature strongly impact the final properties of the oil-crystal mixture,
particularly in the case of MGs (Andriotis et al., 2022). All the oleofoam
samples prepared at 5 °C had higher melting points than those designed
at 25 °C, probably owing to forming a firmer network at 5 °C, leading to
the rise in the melting point. The low production temperature (5 °C)
resulted in the transformation of sub-a crystals to the more stable § ones,
which melt at higher temperatures (Chen and Terentjev, 2009). Also, it
was reported that fast cooling promotes the growth of smaller crystals in
high numbers in the A-o interface (Callau et al.,2020). (Andriotis et al.,
(2022) reported similar results for oleogels produced with medium-
chain triglyceride (MCT), 20 % glycerol monostearate (GMS), and 5 %
glycerol monoolein (GMO) and stored at 4 °C for 24 h. Similarly, (Wei
et al., 2021) examined the effects of cooling temperature and crystal
morphology on the oleogel-structured emulsion to enhance the oxida-
tive stability of perilla oil and found that the emulsion containing stearic
acid prepared at 4 °C had a higher melting point (56.04 °C) than that
prepared at 20 °C (52.56 °C).
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Fig. 4b. Micrographs of oleofoams contained sunflower oil with 5 % MG (A), sunflower oil with 8 % MG (D), sunflower oil with 10 % MG (G), Olive oil with 5 % MG
(B), Olive oil with 8 % MG (E), Olive oil with 10 % MG (H) and soybean oil with 5 % MG (C), soybean oil with 8 % MG (F), soybean oil with 10 % MG (I) oleofoams

prepared at 5 °C (scale bar = 60 pm).

Texture analysis

The texture of the sample was analyzed after 24 h of refrigerated
storage. The results showed that the production temperature did not
significantly affect the foams’ hardness (Fig. 7). At the same time, the oil
type and the MG concentration significantly affected this response. The
variations in texture characteristics may have resulted from the different
types of fatty acids found in oils used as the dispersing medium and the
high level of crystal formation and interaction of crystals in the
continuous phase (Heymans et al., 2013). The highest hardness was
associated with the sunflower oleofoams, but no significant differences
existed between the olive and soybean samples. Therefore, it sounds that
the large amount of air in the olive oil oleofoams did not cause a rise in
viscosity and hardness, which is consistent with that reported by
(Heymans et al., 2018), who evaluated the hardness of the oleofoam of
sunflower oil and MG, as they realized that there was a strong negative
correlation between overrun and hardness. Moreover, the hardness of
the samples was raised as the MG level was increased, which can be
owing to the formation of more tightly arranged bubbles, more
concentrated bubble size distribution(a high quantity of small air bub-
bles), and stronger surface tension in the oleofoams at higher MG con-
centrations. Du et al.,, 2021 produced oleofoams with different
percentages of MG and declared that a rise in the MG level remarkably
elevated the hardness and surface tension of the system containing oil
and air, which was more resistant to external stress.

Rheological properties

Dynamic rheological tests (strain sweep and frequency sweep) were
conducted to investigate the mechanical properties of the oleofoam
samples. It is depicted in (Fig. 8a) that all the samples had a solid-like
behavior with G* > G* below the crossover strain except sample soy-
bean oil with 5 % MG at 25C where LVR was observed at low strain, G’ >
G,” indicating the formation of an elastic structure. In other words, the
samples with larger G’ values were more stable, leading to a greater
ability to withstand external stress. The soybean oil sample with 5 % MG
at 25C has a weak gel behavior, illustrating its lower stability. Addi-
tionally, it was observed that G’ and G* were elevated as the MG con-
centration rose, revealing the effectiveness of the MG level in the
rheological properties of the oleofoams, as the higher MG contents could
enhance the rigidity of the network to stabilize more air bubbles at the
oil-air interface and accelerate the formation of the oleofoam network
structure, thus improving the rheological properties of the foam system
(Zhang et al., 2023). A regular decrease in the crossover point of storage
modulus (G’) and loss modulus (G”) was observed with increasing
monoglyceride (MG) concentrations, indicating that oleofoams with
higher concentrations of MG exhibit greater resistance to external stress,
this result in agreement with (Du et al., 2020). Low-temperature pro-
duction increased the G* and G* values but did not affect the elastic
structure significantly. Observations indicate that oleofoam produced
using sunflower oil displays the highest storage and loss modulus within
the linear viscoelastic region. This phenomenon may be attributed to the
presence of a rigidly-structured adsorbed MG layer surrounding the
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Fig. 5. The relative frequency distribution of bubble sizes at various MG levels (5, 8 and 10 wt%) and temperatures (5 °C and 25C°) determined in soybean oil (A),

Olive oil (b) and sunflower oil (C).

dispersed bubbles, which is likely a result of the fat’s crystalline prop-

erties of the oil.

Loss tangent (tand) is defined as the ratio between G’ and G*. It is a
measure for evaluating the viscoelastic behavior of an oleofoam

(Mandala et al., 2004). The tand < 1 of the oleofoams revealed their
elastic behavior and capability of forming weak gels. As the strain per-
centage was increased, G’ and G” declined, and the crossover point
appeared in the curve, signifying the foam-liquid transition and the
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Fig. 6. Peak melting temperatures of oleofoam samples (Tm) for oleofoams
with different MG concentrations, production temperatures and vegetable oils.

breakdown of the interactions present in the solid-like structure of the
oleofoams (Lei et al., 2020).

The results of the frequency sweep test performed at a constant strain
and 25 °C are illustrated in (Fig. 8b). For all the samples, G’ was bigger
than G* within the applied frequency range and exhibited solid-like
behavior. The values of both storage modulus (G’) and loss modulus
(G”) were found to increase with an increase in monoglyceride (MG)
concentration, which is consistent with the higher levels of crystalline
MG present in the oleofoams. At low temperatures (5 °C), the oleofoams
exhibited increased G’ and G* values, which can be attributed to suitable
structuring surfactant crystals and higher levels of solid fat content. This,
in turn, promotes the efficient adhesion of small crystalline particles to
the air-oil (A-O) interface and increases the hardness of the oleofoam.
Lei et al. (2019) revealed that cooling increased the hardness of the fully
hydrogenated palm oil — Diacylglycerol (FHPO-DAG) oleofoam. Be-
tween studied oils (olive, soybean, and sunflower), sunflower oil had the
higher G’ values it is probably due to its TAG composition; it was indi-
cated that control of oil temperature could induce crystallization of
triglyceride molecules with high melting points, resulting in the for-
mation of a concentrated layer of adsorbed crystals at the interfaces of
bubbles. While triglyceride molecules with low melting points remain
liquid and fortify the gel network in the continuous oil phase (Fameau
et al., 2021). At low frequencies (<0.1 Hz), a crossover point was
observed for the olive and sunflower oleofoams produced at 25 °C and
the soybean prepared at 5 °C. At this point, the rheological behavior is
transitioned from elastic to viscous, and it might be due to the internal
structure of the solid lipid placket crystals having the ability to release
stress and promote relaxation, as reported by Fameau et al. (2015),
Heymans et al. (2018) and Shrestha et al. (2010) have observed that the
foam structure may undergo rearrangement during testing. Therefore, it
can be mentioned that all the oleofoam samples were able to form a
weak gel, which was intensified with the increase in the MG concen-
tration. The G’ and G” obtained from the frequency sweep and strain
sweep tests were in complete agreement. The tand < 1 and the depen-
dence of the moduli on the frequency showed the ability of the oleo-
foams to form a weak gel. It was also realized that the G’ and G* of the
sunflower oleofoams containing 10 % MG produced at 5 °C were higher
than those of the corresponding soybean and olive samples. This indi-
cated the stronger network of the sunflower oleofoams compared with
the others. These results were in line with those of the texture analysis.

Food Chemistry: X 21 (2024) 101033

Conclusions

The results of this study showed that the concentration of the sur-
factant, oil type, and production temperature had significant impacts on
all the characteristics of the oleofoams. The samples prepared at the
highest MG concentration and low production temperature had smaller
air bubbles and higher stability than the others, and all the oleofoams
had gel-like and viscoelastic properties. It was also found that the type of
oil significantly affected the quality indices of the oleofoams. The extent
of these changes and their effects on the oleofoam properties depended
on the fatty acid composition of the oils. It was realized that sunflower
oil, the highest MG concentration and the low production temperature,
had desirable properties for use as a fat substitute in food products.
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