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A B S T R A C T

The study aimed to design oleofoams based on carnauba wax (CW) and glyceryl monostearate (GMS), investi
gating the effect of their ratio (10:0, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8; 0:10) on the resulting oleofoam properties. 
Dynamic rheological analyses were performed to explore the mechanical properties of both oleogels and oleo
foams. Oleofoams were also characterized for texture, color and physical stability Both oleogels and oleofoams 
exhibited a solid-like behaviour confirming the formation of a fat crystal network during the cooling and 
whipping process. Oleogels with lower G′ values generated the most stable oleofoams. CW-based oleogel did not 
whip, while GMS-based oleofoam did not show desirable properties. A CW: GMS ratio of 3:7, 4:6, or 5:5 is 
required to obtain self-standing oleogels with high oil binding capacity, whippable in 25–40 min reaching an 
overrun of 50%. The resulting oleofoams are stable and characterized by high network strength, crucial for food 
applications.

1. Introduction

The oleogelation is a common method of plasticizing an oil using 
molecules that self-assemble into a 3D network forming viscoelastic and 
thermoreversible structures called oleogels (Sabet et al., 2023). Oleogels 
have been extensively studied as substitutes for solid fats and success
fully applied in many health food products (Santos et al., 2023; Zhao 
et al., 2020; Borriello et al., 2022a).

Among oleogelators, monoglycerides (MAGs) are the most studied 
ones, due to both safety and efficient structuring ability (Valoppi et al., 
2017; Ferro et al., 2019; Li et al., 2021). However, the use of 
bio-oleogelators, such as natural waxes, represents a suitable alternative 
in terms of costs and efficiency.

In recent years, novel fat-based aeration systems called “oleofoams” 
have gained attention for their enhanced role in reducing solid fat 
content in aerated food products, such as sponge cakes, mousse and 
aerated sauces (Fameau and Saint-Jalmes, 2020; Saremnejad et al., 
2020).

Oleofoam is a non-aqueous foam, so its formulation requires less or 
no preservatives, aligning with the food industry trend toward “clean 
label” product development (Hu and Meng, 2023). Indeed, oleofoam 
development is more challenging than hydrated foams due to the limited 

surface activity of several edible emulsifiers at the oil–air interface.
Oleofoams are generally obtained through mechanical whipping of 

an oleogel, because depressurization is also used but it determines un
stable foams (Gunes et al., 2017). Oleogel aeration can only be achieved 
within a certain range of crystalline concentration; at low content, there 
are not enough fat crystals to stabilize the foam, while too many crystals 
form a very hard oleogel that is difficult to aerate. During mechanical 
whipping, part of the crystals of the oleogel is adsorbed on the air bubble 
surface, meanwhile, the excess crystals remain in the continuous phase 
forming a network that reduces the possibility of oil drainage and bubble 
dissolution so stable foams are obtained (Hu and Meng, 2023).

Oleofoams can be prepared with several types of compounds, used 
alone or in combinations; MAGs are also used as oleofoam stabilizers 
(Gunes et al., 2017; Heymans et al., 2018; Du et al., 2021; Grossi et al., 
2023; Hussein Alhasan, Mazaheri Tehrani and Varidi, 2024; Saha et al., 
2020; Tirgarian et al., 2023; Tirgarian and Farmani, 2023) at a con
centration of ≈10% (w/w). Among different MAGs, Glyceryl mono
stearate (GMS) is the most used one. To improve physical and thermal 
stability of GMS-based oleofoams, some authors suggested to increase 
GMS concentration up to 20% (Tirgarian et al., 2023), but a graininess 
sensation was reported, or combine it with other agents (Saha et al., 
2020; Truong et al., 2019; Hossein Goli et al., 2023; Tirgarian and 
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Farmani, 2023). The combination or partial substitution of GMS with a 
wax could improve the interfacial elasticity and the strength of the 
continuous oleogel phase providing high stability to the resulting oleo
foam. Saha et al. (2020) used paraffin and synthetic waxes in sunflower 
oil to develop oleofoams. They reported that the wax layer covering the 
bubble surface reduced the surface tension and imparted an interfacial 
elasticity exercising a stabilizing effect, but this was not able to arrest the 
bubble dissolution. The bulk elasticity of the oleogel surrounding the 
bubbles appeared to mostly contribute to the stability of the system.

As reported by Truong et al. (2019), the combination of GMS with 
phytosterol determined oleofoams with lower elasticity and foam sta
bility than that containing GMS alone, because a better crystalline 
network with small crystals was formed in the oleogel. A double network 
oleogelation system, made of glycerol monostearate and a soy-protein 
isolate-polysaccharides conjugate, was also recently proposed by Tir
garian and Farmani (2023), but the resulting oleofoams were not ther
moreversible. Hossein Goli et al., 2023 showed that the 
co-crystallization of MAG and beeswax (BW) determined stable oleo
foams, by using a mixture of BW: GMS (1:1 w/w), at 12.5%. They also 
highlighted the importance of future studies on establishing the link 
between the rheological properties of the oleogel and that of associated 
oleofoam to design novel oleofoam for different food applications.

The current study aimed to design novel and stable oleofoams by 
whipping oleogels made with sunflower oil and two different oleoge
lators, GMS, and carnauba wax (CW), varying their ratio. GMS can gel a 
vegetable oil through the creation of inverse lamellar phase stabilized by 
hydrogen bonds, meanwhile wax forms a tridimensional network in 
which crystals and their aggregates block the liquid oil through van der 
Waals interactions (Malvano et al., 2024). CW is a natural wax already 
used to prepare oleogels, at a concentration varying from 4 to 10% 
(Ögütcüa and Yılmaz, 2014; Tanislav et al., 2022; Borriello et al., 2022a; 
Bastürk et al., 2023). GMS: CW combination was recently explored, in 
different ratios and concentrations, to gel canola oil, obtaining oleogels 
with improved properties than those of GMS oleogel (Pakseresht et al., 
2023), but no information was reported on whipping ability of those 
combinations. To find the appropriate CW: GMS ratio for whippable 
oleogels, first nine oleogels were prepared by changing the ratios of CW 
and GMS from 10:0 to 0:10, at a fixed oleogelator concentration of 10%, 
and were characterized in terms of rheological, and colorimetric prop
erties as well as oil binding capacity. Then, whipping ability of oleogels 
was assessed by collecting overrun and colorimetric measurements 
during whipping process. Finally, rheological behavior, textural analysis 
and physical stability of oleofoams were also investigated.

2. Materials and methods

2.1. Materials

Sunflower oil (SO) was purchased from MePa alimentari srl (Poz
zuoli, Italy). Micronized carnauba wax (CW, melting point of 80–85 ◦C) 
was donated by a local candy company. Glyceryl monostearate (GMS, 
pH 9.5, melting point of 56–62 ◦C, purity degree 97%) was purchased 
from Flower Tales srl (Milan, Italy).

2.2. Oleogel preparation

CW and GMS were used to gel SO at a fixed concentration (10%). A 
total of 9 oleogels were prepared by changing the CW: GMS ratios (10:0, 
8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8; 0:10). The mixture oil/oleogelator was 
stirred at 200 rpm using a magnetic stirrer for 5 min at 80 ◦C, until a 
clear solution was obtained. The samples were then cooled to 8 ◦C for 12 
h and kept for 1 h at 25 ◦C before the whipping. Two productions for 
each oleogel were carried out. For each production, at least three rep
lications of all the analyses were performed.

2.3. Oil binding capacity

Oil binding capacity (OBC), the percentage of liquid oil trapped in
side the gel structure after applying a given centrifugal force, was 
determined as reported in Borriello et al. (2021) with some modifica
tions. Oleogel-forming solution (10 ml) was placed into tared tubes and 
stored at ambient temperature overnight for full gelation. The tubes 
were weighed and centrifuged at 10,000 rpm for 15 min using a 
centrifuge (HERMLE Z 326 K). The excess oil was drained, and the tubes 
were weighed again. OBC was calculated as in the following equation: 

OBC (%)= x
[

1 −
(m1 − m2)

m1

]

× 100 (1) 

where m1 and m2 are the mass of the initial and final samples (after 
centrifugation), respectively. Five replicates were performed for each 
sample.

2.4. Foaming process and overrun measurement

Oleofoams were obtained by whipping at 25 ◦C 100 g of oleogel in a 
glass bowl (15 cm diameter) with a hand-held electric mixer at speed 
position 3 (i.e., 300 rpm) equipped with two whisks. Oleogels were 
whipped for different times (from 5 to 60 min) to collect overrun mea
surements, while for all the other analyses, each oleogel was whipped 
until the maximum overrun. Two productions for each oleofoam were 
carried out. For each production, at least three replications of all the 
analyses were performed. All samples were stored in an incubator at 
25 ◦C for 1 h for subsequent analysis unless specified otherwise.

The overrun (θ) was calculated to investigate the whipping ability, as 
reported by Brun et al. (2015), according to the following equation: 

θ=
Vair

Vair + Voil
(2) 

where Vair + Voil corresponds to the volume of the foam, and Voil is the 
volume of the oil after keeping the foam at 80 ◦C. The measurements 
were conducted in triplicate at 25 ◦C.

2.5. Rheology

Rheological measurements were carried out with a Modular 
Advanced Rheometer System (HAAKE MARS, ThermoScientific, Wal
tham, USA), equipped with parallel plate geometry (d = 30 mm, 2.0 mm 
gap). Strain sweep (σ from 0.01 to 100 %, ω = 1 Hz) and frequency 
sweep (ω from 0.1 to 100 Hz, σ within the LVR) tests were performed on 
both oleogels and oleofoams. The flow and thixotropic behaviors were 
also investigated for the oleofoam samples with desired whipping and 
rheological properties (3:7, 4:6, 5:5, 6:4, 7:3 and 8:2). The viscosity 
curves were measured as a function of the increasing shear rate (1–100 
s− 1) and also determined at alternating low and high shear rates, (shear 
rate of 0.1 s− 1 for 500 s, at 10 s− 1 for 300 s, at 0.1 s− 1 for 500 s). The 
measurements were conducted in triplicate at 25 ◦C.

2.6. Texture analysis

A TMS-Pro (Food Technology Corporation) texturometer equipped 
with a 50 N load cell was used to measure the firmness (maximum force 
during penetration) of the foams. The oleofoams were poured into 
plastic containers (5 cm diameter, 3 cm height) and equilibrated at 
25 ◦C. A PMMA (Plexiglass) cylindrical probe (diameter 2.5 cm) was 
used to perform a penetration test. The cylinder penetrated the sample at 
a crosshead speed of 120 mm/min up to a depth of 10 mm, corre
sponding to about 50 % of the initial height of the sample. Finally, five 
independent tests were performed for each sample.
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2.7. Color

A colorimeter (Minolta Chroma Meter, CR 300, Japan) was used to 
determine the color of both oleogels and oleofoams. The Hunter pa
rameters L* (from 0 = black to 100 = white), a* (-a* = greenness to + a* 
= redness), and b* (-b* = blueness to + b* = yellowness) were measured 
and averaged from three randomly positions for each sample. The total 
color difference (Δ E) was calculated according to the following 
equation: 

ΔE=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ΔL2 + Δa2 + Δb2

√
(3) 

where Δ L, Δ a*, Δ b* are the differentials between oleogels and the 
sunflower oil and between oleofoam and respective oleogel color 
parameters.

2.8. Turbiscan stability

A Turbiscan Tower stability analyser (Formulaction, France) was 
used to evaluate the physical stability of oleofoam during storage time. 
Specific cylindrical glass tubes for sample coring were used to obtain the 
same height (≈45 mm) for all samples and not to damage the foam 
structure. Oleofoam were scanned for 2 months at 25 ◦C. Stability of 
samples was expressed in terms of Turbiscan Stability Index (TSI), which 
is defined as follows: 

TSI=

∑
i
∑

h
|scani (h) − scani− 1 (h)|

Nh
(4) 

where scani(h) is the light intensity of the scan acquired at the i-th time 
instant and at a height of h, and Nh is the number of height positions in 
the selected scanning zone of the tube (Wang et al., 2018; Cavella et al., 
2020). The data were analysed by using the software package TowerSoft 
Ver 1.2 (Formulaction, France). Three replicates were performed for 
each sample.

2.9. Data analysis

The stress at the limit of linearity (τ0), as the stress where G′ value 
decreased by more than 10% of the values recorded in the LVR, and yield 
stress (τ*), as the stress where the storage and loss moduli are equal (G′ 
= G″), were determined from strain sweep curves (Dinkgreve et al., 
2016). Data were reported as the difference between τ0 and τ* (Δτ).

The frequency curves were fitted according to the rheological Power 
Law model which is represented in the following equation: 

Gʹ = a(ω)
b (5) 

where G′ is the storage modulus (Pa), ω is the frequency (Hz), and a 
(Pa⋅sb) and b (− ) are parameters used to describe rheological behaviour. 
Modelling of the thixotropic behaviour of oleofoam was performed 
applied a first-order stress decay models with a non-zero stress value as 
in the following equation: 

τ − τeq =
(
τi − τeq

)
e− kt (6) 

where τi, τeq and k are the initial shear stress value, the equilibrium 
stress value and the breakdown rate constant, respectively.

Univariate analysis of variance (ANOVA) and multiple comparisons 
of means (Duncan’s test, p ≤ 0.05) were performed to evaluate whether 
differences among the samples, due to the different CW:GMS ratio, were 
statistically significant (p ≤ 0.05) by using SPSS for Windows version 
17.0 (SPSS Inc., Chicago, IL, USA).

3. Results and discussion

3.1. Oleogel characterization

All the samples showed a solid-like behaviour as the elastic moduli 
(G′) were larger than the viscous ones (G″) within the LVR (Fig. 1a and 
b), then both moduli gradually decreased up to a point where external 
stress overcame the non-covalent forces of the three-dimensional 
network of oleogels which assumed a liquid-like behaviour. At low 
strain percentages, single component-based oleogels presented the 
lowest (GMS) and the highest (CW) G′ values, respectively. Ögütcüa and 
Yılmaz (2014) found that CW-based oleogels were firmer than those 
made with GMS, by means of texture analysis results. The CW: 
GMS-based oleogels 2:8, 3:7, 4:6 and 5:5 showed lower G′ values 
(≈70000 Pa) than the oleogels 8:2 (≈120000 Pa), 7:3 (≈175000 Pa), 
and 6:4 (≈228000 Pa) (Fig. 1a–b). G′ and G″ moduli in LVR, and the 
difference between the stress at the limit of linearity and the yield stress 
(Δτ) are reported in Table 1. Oleogels 0:10, 2:8 and 3:7 showed low Δτ 
values, which correspond to a short distance between τ0 and τ*, sug
gesting the presence of equal magnitude intermolecular forces which 
breakdown simultaneously at low strain values. Intermediate (10:0, 4:6, 
5:5, and 8:2 CW: GMS-based oleogels) and high (6:4, 7:3 CW: 
GMS-based oleogels) Δτ values observed, on the other hand, indicated 
that the breaking of the forces occurred at various times, confirming the 
presence of different magnitudes bonds and a more connected structure 
able to withstand under greater deformations. All the oleogels behaved 
as solid-like materials since only a slight frequency dependence of G′ 
moduli was observed (Fig. 1c–d). The parameters “a” and “b” estimated 
by fitting frequency curves with the power law model (eq. 5) are re
ported in Table 1. The lowest values of the parameter “b” were observed 
for 3:7 and 4:6 oleogels, which were 0.03 and 0.07, respectively, 
revealing their stronger structures. Meanwhile, for the other oleogels, no 
significant differences were observed, showing “b” values close to 0.1, 
according to values observed by Borriello et al. (2022a) for oleogels 
made up of sunflower oil and CW. The oleogels containing a higher 
amount of CW and a small amount of GMS (6:4, 7:3 and 8:2) showed 
high values of the parameter “a”, which reached the maximum value for 
the sample 6:4 (386619 Pa⋅sb). Similarly, “a” values, close to 183000 
Pa⋅sb, were observed for mono-component oleogels 0:10 and 10:0. Me
chanical spectra and the fitting parameters, which assumed gel-like 
values, suggested that all the oleogels had a strong network. Our re
sults are comparable with those observed in our previous work, in which 
CW based oleogels showed storage modulus values (from frequency 
sweep) ranging from 105 to 106 Pa (Borriello et al., 2022b). The com
bination of CW and GMS determined oleogels with a self-standing 
structure and a good tolerance to deformation rate. Moreover, our re
sults are in accordance with those reported by Pakseresht and co-authors 
(2023); they showed that small and even-distributed crystals were 
formed in canola oleogels in which CW: GMS ratio was in favor of CW, 
but at inverted ratios, CW inclusion reduced the structuring effect of 
GMS, determined less interconnected oleogels.

The oleogel CW: GMS 0:10 and 10:0 showed the lowest and the 
highest oil binding capacity, 75.29% and 97.77%, respectively 
(Table 1). These results indicated that GMS alone or combined with 
small wax concentrations (2:8; 3:7; 4:6), gave a limited oil binding ca
pacity to oleogel, and the addition of CW was required to obtain 
excellent OBC. Furthermore, the 5:5, 6:4 and 7:3 ratio oleogels behaved 
like 10:0 oleogels, indicating a synergistic effect for specific CW: GMS 
ratios. Those results are in line with those of Pakseresht et al. (2023).

Comparable results were also found by Öǧütcü et al. (2015), as fish 
oil oleogel produced with MG showed lower OBC than those of sun
flower wax. Li et al. (2021) reported that poor OBC of GMS oleogels 
depended on the presence of spherical crystals with a low capacity to 
bind oil, as well as reported also by Da Pieve et al. (2010).

The color of oleogels may impact their food-related application. 
Some investigators reported that not only oil but also the oleogelator 

A. Borriello et al.                                                                                                                                                                                                                               Journal of Food Engineering 387 (2025) 112330 

3 



type may affect the optical properties of oleogels (Malvano et al., 2024; 
Borriello et al., 2022b). In our work, oleogels with higher content of 
GMS showed a creamy-white color, whereas CW seemed to have a 
greater impact on the yellowness and greenness. Therefore, all samples 
are potentially suitable for food application. Moreover, the color dif
ferences between the sunflower oil and the oleogels (ΔE) were visible to 
the naked eye (Table 1). The oleogels appeared more opaque than 
sunflower oil, mainly due to the change in structure induced by the 
sol/gel transition. The lightness generally decreased with the oleogela
tion, because the crystalline network had a lower refractive index than 
that of the oil. Less refraction of light through more compact structures 
resulted in a lighter color (Moghtadaei et al., 2018).

3.2. Whipping ability

The overrun (%) as a function of whipping time (min) was deter
mined to investigate the foamability of oleogels at different CW: GMS 
ratios (Fig. 2). The best whipping performance was observed for sample 
3:7, which had an overrun of 50% after 25 min of whipping. The samples 
0:10, 2:8, 4:6 and 5:5 also showed high overrun (50%) after 40, 35, 35 
and 30 min of whipping, respectively. An overrun value of 40% was 
reached after 40 and 25 min for 6:4 and 7:3, respectively. An oleofoam 
which retains 40–50 % air (oleogel-based), could be used in low-calorie 
lipid-based products, such as aerated fillings (Tirgarian and Farmani, 
2023), or an aerated reduced-fat sauce (Saremnejad et al., 2020). The 
8:2 sample performed differently, as the overrun reached a maximum 
value of 26% after only 15 min, seemed to remain constant for future 

Fig. 1. Mechanical properties of oleogels. Strain sweep (a and b) and frequency sweep (c and d) curves of oleogels with different CW: GMS ratios.

Table 1 
Oleogels physical characterization. Elastic (G′) and viscous (G″) moduli in LVR, and the difference (Δτ) between stress at the limit of linearity and the yield stress 
determined by strain sweep test; the parameters “a” and “b” estimated by fitting frequency curves with the power law model (G′ = aωb); oil binding capacity (OBC %); 
color parameters (ΔE calculated with respect to the colorimetric parameters of sunflower oil) of oleogels with different CW: GMS ratios.

G’ (Pa) G″ (Pa) Δτ (Pa) a (Pa⋅sb) b (− ) R2 OBC (%) ΔE

0:10 95150 ± 1808bc 10608 ± 1241c 87.74 ± 9.83c 183001 ± 7131c 0.09 ± 0.00a 0.95 75.29 ± 0.28c 18.98 ± 0.52c

2:8 71426 ± 1462c 9962 ± 2684c 97.95 ± 7.70c 166982 ± 24396cd 0.09 ± 0.00a 0.92 87.32 ± 0.50b 21.85 ± 0.57bc

3:7 61237 ± 2378c 6997 ± 1966c 94.91 ± 9.66c 87251 ± 976e 0.03 ± 0.00c 0.96 90.79 ± 0.29ab 18.60 ± 0.85c

4:6 64004 ± 1911c 8887 ± 2016c 154.25 ± 23.12b 130052 ± 19804d 0.07 ± 0.00b 0.96 92.32 ± 2.07ab 26.78 ± 0.48b

5:5 68828 ± 1121c 11661 ± 1522c 192.36 ± 16.11b 169741 ± 1637cd 0.10 ± 0.00a 0.93 96.22 ± 1.19a 22.56 ± 1.14bc

6:4 220740 ± 2448a 35863 ± 3390a 301.2 ± 25.32a 386619 ± 101086a 0.09 ± 0.00a 0.93 96.30 ± 0.58a 24.32 ± 0.36b

7:3 175623 ± 5480ab 28891 ± 1055ab 304.10 ± 19.24a 283011 ± 7972b 0.10 ± 0.00a 0.96 96.81 ± 0.15a 22.52 ± 0.26bc

8:2 128944 ± 5442b 18977 ± 352b 203.13 ± 16.21ab 229643 ± 57257b 0.09 ± 0.00a 0.91 95.07 ± 2.02a 22.31 ± 0.24bc

10:0 206161 ± 1039ab 28657 ± 1034ab 131.91 ± 19.86b 183068 ± 7179c 0.09 ± 0.00a 0.96 97.77 ± 1.36a 30.53 ± 0.82a

For each column, different letters correspond to significantly different values (p ≤ 0.05) from Duncan’s test.
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whipping times, and suddenly decreased after 60 min. The overrun 
values ≈ 50% are in accordance with those reported by Gunes et al. 
(2017) and Truong et al. (2019) for oleofoams made by whipping 
MAG-based oleogels. Those low overrun values depend on the mecha
nism of foaming, which relies on pre-formed crystals stabilizing the air 
bubbles in the oily continuous phase. Due to packing constraints at 
higher volume fractions, air bubbles tend to coalesce and get out, so the 
amount of air incorporated is usually lower than that of an aqueous 

system. However, whipping ability is affected by oleogel type, in terms 
of MAG and oil used, thus, even higher overrun values (≈200%) could 
be obtained by mechanical whipping of an oleogel (Grossi et al., 2023).

Our results showed that all the oleogels containing MAG were 
whippable even if they differed for maximum overrun and whipping 
time to reach it. The 10:0 sample, which did not whip, was then elimi
nated from further analyses and discussions. These results were quite 
expected considering the air-oil interface stabilization effect of MAG 

Fig. 2. Whipping ability. Overrun as a function of whipping time of oleofoams with different CW: GMS ratios.

Fig. 3. Mechanical properties of oleofoams. Strain sweep (a and b) and frequency sweep (c and d) curves of oleofoam with different CW: GMS ratios.
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crystals (Mohanan et al., 2022), due to their Pickering effect on air 
bubbles at the interface, and the difficulty of whipping wax-based 
oleogels (Mohanan et al., 2020). However, oleogels made by using a 
combination of MAG and wax presented desirable properties, affecting 
the properties of the resulting oleofoams.

Results highlighted that whipping parameters were influenced by G’ 
modulus, the Δτ and the OBC of the oleogels. It is known from the 
literature that oleogels with G′ in the range 103–108 Pa allowed air 
incorporation, making the foaming possible (Gunes et al., 2017), and 
oleofoam aeration can be achieved only in a specific range of crystalline 
concentrations, as well as rheological properties (Metilli et al., 2022). 
Our oleogels were all in the range reported by Gunes et al. (2017), with 
differences in G′ and Δτ depending on CW: GMS ratio that affected 
whipping abilities.

Whipping abilities of the oleogel are also related to its OBC, with a 
positive correlation between oleogel OBC and oleofoam overrun. Our 
results showed that the addition of specific amount of wax (samples 4:6 
and 5:5) generated an increase in the OBC values of the oleogels 
(Table 1) and the overrun of the oleofoams (Fig. 2). A further increase in 
wax concentration did not influence the OBC, but the system became too 
viscous to be able to include air. Our results agreed with those reported 
by Callau et al. (2020) for oleofoams prepared with stearic acid and 
stearyl alcohol in sunflower oil.

3.3. Oleofoam characterization

3.3.1. Oleofoam rheological properties
The rheological properties of the oleofoams are reported in Fig. 3. In 

Table 2 G’, G″ moduli in LVR, Δτ, “a” and “b”, ΔE and the firmness of 
oleofoams are listed. The strain sweep curves displayed a typical gel-like 
profile for all the oleofoams, with the storage modulus being higher than 
the loss ones until they crossed over when a certain percentage of 
deformation was reached. Both the air-oil interface crystalline layers 
(interfacial contribution) and the oleogel three-dimensional network in 
the lamellae (mass stabilization) contributed to the viscoelastic behavior 
of the oleofoams (Heymans et al., 2018). Nevertheless, many differences 
in terms of network strength (G′ in LVR) were found between the sam
ples. The samples 5:5 and 4:6 showed the highest G′ value (≈10000 Pa), 
followed by 3:7 and 2:8 (=8371 and 6998 Pa, respectively), meanwhile 
for the other samples no significant differences were observed in terms 
of elastic modulus in the LVR.

Oleofoams made from oleogel with 0:10 ratio showed the lowest 
value of Δτ (≈1 Pa) suggesting that GMS alone, although was able to 
generate well-structured oleogels (Fig. 1a and c), was not suitable to 
produce strong and stable oleofoams. The initial oleogel (0:10) was not 
stable to oil loss, as shown by the lowest OBC (Table 1) and released free 
liquid oil during the whipping process resulting in a weak foam that 
required lower shear stress to flow. Δτ values increased with increasing 
wax concentration up to maximum values close to 60 Pa for oleofoams 
4:6 and 5:5, while they decreased with further additions of wax. 

Oleofoams containing considerable amounts of wax also showed 
extremely low Δτ values (8:2, 7:3, and 6:4) suggesting that in these 
samples all bonds break with equal force. These results agreed with 
those related to the oleogels oil binding capacity and whipping ability. 
Specific CW: GMS ratios are required to obtain oleogels with OBCs that 
facilitate air inclusion and obtain oleofoams with higher intermolecular 
forces. Regarding the time-dependent deformation phenomena, the 
solid-like behaviour of oleofoam dominated over different observation 
times since the elastic modulus was always higher than the viscous ones 
(Fig. 3c and d). The elastic moduli slightly depended on the frequency 
and the power-law model well-fitted their curves (R2 > 0.93). Obvi
ously, the parameters “a” and “b” estimated for oleofoams (Table 2) 
were lower than those estimated for oleogels (Table 1). A large vari
ability between samples was found in terms of parameter “a”, which 
ranged from 3500 to 24000 Pa⋅sb. The oleofoam 5:5, 7:3 and 8:2 showed 
the lowest “b” values (=0.13 ± 0.02), following by 2:8, 3:7, 6:4 and 4:6 
(≈0.17). The highest “b” value (=0.21) was observed for oleofoam 0:10 
showing the greatest frequency dependence and confirming the weak 
nature of this system.

These results suggested that stronger oleogels (par.3.1), showing 
high G′ values in LVR, gave oleofoams with low network strength, and 
the reverse was also true. Indeed, a certain amount of crystals is needed 
to make oleofoam. If the network is weak, unstable foam can form and if 
the network is too firm, the system is not able to produce foam. More
over, the greater the strength of the oleofoam network, the greater the 
shear stress required to flow, and our results agreed with the findings of 
Heymans et al. (2018). They observed the highest foamability in oleo
gels that exhibited lower G′ moduli in which crystallization was still 
ongoing. On the other hand, Gunes et al. (2017) reported a lower air 
incorporation in oleogel with a lower elastic modulus.

The greatest differences in terms of color between the oleofoam and 
respective oleogel (ΔE) were observed for the sample 4:6 (ΔE = 38.74). 
No relationship was found between the values of ΔE and the overrun. 
However, the lightness of the oleofoams (L*) rapidly increased within 
10 min of whipping, after which it increased more slowly up to the 
maximum overrun value, and then decreased slightly. Observed differ
ences in L* values during whipping time between samples reflect the 
ability of the oleogel to trap a different amount of air (Fig. S1- supple
mentary materials). Higher lightness values during whipping were 
observed for the 5:5 sample, followed by 3:7, 4:6 and 6:4, for which 
there were no differences, while the 8:2 sample showed the lowest L* 
values.

All the oleofoams were self-standing and the greatest firmness values 
were obtained for samples 4:6 and 5:5 (2.38 and 2.42 N, respectively), 
followed by 3:7, 6:4 and 2:8 (≈1.9 ± 0.1), 0:10 and 7:3 (=1.78 and 
1.31N), and the lowest value (=0.76 N) for the sample 8:2. The oleogels 
which included higher amounts of air in shorter times gave foams with 
higher firmness values. Furthermore, Callau et al. (2020) highlighted 
that firmer oleofoams could be obtained by whipping oleogels con
taining mixed crystals, supporting the presence of synergy between CW 

Table 2 
Oleofoam physical characterization. Elastic (G′) and viscous (G″) moduli in LVR, and the difference (Δτ) between stress the stress at the limit of linearity (τ0) and the 
yield stress (τ*) determined by strain sweep test; the parameters “a” and “b” estimated by fitting frequency curves with the power law model (G′ = aωb); color pa
rameters (ΔE calculated with respect to the colorimetric parameters of respective oleogel) and firmness (N) of oleofoam with different CW:GMS ratios.

G’ (Pa) G″ (Pa) Δτ (Pa) a (Pa⋅sb) b (− ) R2 ΔE Firmness (N)

0:10 1149 ± 86c 561 ± 14c 1.11 ± 0.68d 7262 ± 1952c 0.21 ± 0.02a 0.94 32.22 ± 0.60c 1.78 ± 0.01b

2:8 6998 ± 46b 1778 ± 148b 43.92 ± 2.84b 24081 ± 1110a 0.16 ± 0.00ab 0.95 35.03 ± 0.25b 1.86 ± 0.01b

3:7 8371 ± 54b 1659 ± 126b 48.48 ± 0.45b 12831 ± 691b 0.17 ± 0.00ab 0.93 31.03 ± 0.56d 1.93 ± 0.19b

4:6 9955 ± 49a 2215 ± 55a 64.83 ± 4.34a 16889 ± 528ab 0.18 ± 0.00ab 0.97 38.74 ± 0.17a 2.38 ± 0.26a

5:5 10403 ± 62a 1947 ± 15a 62.01 ± 0.79a 12386 ± 2208b 0.11 ± 0.01c 0.98 35.90 ± 0.76b 2.42 ± 0.08a

6:4 1701 ± 11c 460 ± 11c 20.33 ± 0.31c 9698 ± 2829bc 0.16 ± 0.03ab 0.96 35.94 ± 0.06b 1.91 ± 0.01b

7:3 3426 ± 14c 944 ± 17c 7.52 ± 0.12d 9022 ± 137bc 0.13 ± 0.01b 0.97 35.85 ± 0.18b 1.31 ± 0.04c

8:2 2386 ± 15c 570 ± 33c 7.00 ± 1.21d 3598 ± 245d 0.15 ± 0.01b 0.98 30.49 ± 0.58d 0.76 ± 0.01d

10:0 – – – – – – – –

For each column, different letters correspond to significantly different values (p ≤ 0.05) from Duncan’s test.
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and GMS in overrun and firmness increasing.
The flow (Fig. 4a) and thixotropic (Fig. 4b) behaviors were studied 

for multi-component samples that showed high overrun and short 
whipping times (3:7, 4:6, 5:5, 6:4, 7:3); sample 8:2 was also added as a 
negative example. The oleofoams behaved as shear-thinning fluids, at 
the lowest shear rate (1 s− 1) the differences among the curves were the 
greatest, meanwhile the viscosities slightly differed at the highest shear 
rate (100 s− 1). 3:7 and 8:2 samples showed the highest and lowest vis
cosity value (86.21 and 32.80 Pa s) respectively, while samples 4:6, 5:5, 
6:4 and 7:3 showed similar viscosity curves.

Thixotropy represents an important rheological property to be taken 
into consideration for the potential application of oleofoams in food 
processing. At constant low and high shear rates all the oleofoams 
showed a time-dependant behavior as the viscosity slowly decreased 
with increasing time (Fig. 4b). The sudden increase of shear rate from 
0.1 s− 1 to 10 s− 1 induced a significant decrease of the viscosity dis
playing the shear-thinning behavior. When the shear rate rapidly 
decreased at 0.1 s− 1 the oleofoam viscosity instantly grew up showing a 
structure recovery, from 20% to 67% with increasing CW content.

The first-order stress decay model with a non-zero steady state stress 
value well fitted shear stress–time data (R2 > 0.97) and the results of 
modelling are shown in Table 3. For all the samples τi increased with 
increasing the shear rate from 0.1 to 10 s− 1 and then decreased returning 
to 0.1 s− 1. The parameter τeq seemed to follow a similar trend except for 
the sample 3:7 which showed an increase of τeq value going from low to 
high shear rates.

The parameter k, a measure of thixotropic breakdown rate, increased 
with increasing shear rate and it still increased when the shear rate 
decreased to 0.1 s− 1 suggesting that the breakdown rate of oleofoams 
under a shear field accelerated at high shear rates. At a low shear rate, 
the greatest difference due to the composition was observed in terms of 
τeq that decreased with increasing CW concentration. At a high shear 
rate, the same behavior was observed for τi, τeq and k, which decreased 
as CW increased from 190.69 Pa to 54.37 Pa, from 82.75 Pa to 33.96 Pa 
and from 0.026 to 0.006 s− 1, respectively.

The recovery rate (%), calculated considering τeq ((τeq 0.1*s− 1/τeq 
0.1s− 1)x100), was affected by CW: GMS ratio ranging from 20 to 74%, 
for 3:7 and 7:3, respectively (Fig. S2 of supplementary files).

3.3.2. Oleofoam stability
In Fig. 5 Turbiscan stability index (TSI) at the meniscus as a function 

of storage time for the samples 3:7, 4:6, 5:5, 6:4, 7:3 and 8:2 was re
ported. Samples 6:4 and 7:3 showed an increasing trend within 63 days, 

reaching TSI values close to 43.9 and 38.2, respectively, resulting in the 
less stable ones. Samples 5:5 and 4:6 showed a similar trend that rapidly 
increased in the first week, then the growth rate slowed down until 
assuming an almost constant trend. The most stable sample was 3:7 
which reached the lowest TSI values as early as 40 days of storage. The 
8:2 sample has anomalous behavior, as well as whipping ability, as it 
reached a TSI value like that of the 5:5 sample (=28) after 48 days but 
showed an increasing linear trend which suggested instability of the 
sample for future storage times. The most stable foams were those 
showing both high G′ values in the LVR and the best whipping perfor
mance. In samples that showed higher strength (i.e. higher G′ LVR) the 

Fig. 4. Flow and thixotropic behaviour. Viscosity as a function of shear rate (a) and shearing time, γ̇ = 0.1 and 10 s− 1, (b) of oleofoams with different CW: 
GMS ratios.

Table 3 
The parameters estimated by fitting shear stress–time data with a first-order 
stress decay model with a non-zero equilibrium stress value (eq. 5).

ɣ 
(s− 1)

τi (Pa) τeq (Pa) k (s− 1) R2

3:7 0.1 176.527 ±
30.358b

124.125 ±
4.260a

0.006 ±
0.003c

0.992

10 190.698 ±
6.077b

82.756 ± 2.151b 0.026 ±
0.004b

0.974

0.1* 48.680 ± 2.076c 24.996 ± 0.338c 0.022 ±
0.005bc

0.974

4:6 0.1 57.783 ± 9.947b 52.855 ± 7.199b 0.009 ± 0.00c 0.986
10 148.694 ±

4.621a
72.677 ± 2.283a 0.027 ± 0.00a 0.982

0.1* 28.842 ± 1.769c 19.190 ± 1.590c 0.017 ± 0.00b 0.990
5:5 0.1 51.401 ± 4.060b 35.198 ± 2.289b 0.010 ± 0.00c 0.978

10 123.991 ±
4.125a

67.005 ± 1.322a 0.015 ± 0.00b 0.971

0.1* 39.339 ± 1.557c 17.387 ± 0.377c 0.026 ± 0.00a 0.989
6:4 0.1 68.182 ± 3.775c 49.439 ± 1.963b 0.010 ± 0.00c 0.984

10 129.613 ±
4.272b

72.858 ± 1.552a 0.013 ± 0.00b 0.985

0.1* 67.745 ± 4.705c 29.996 ± 1.883c 0.017 ± 0.00a 0.985
7:3 0.1 52.185 ± 6.410c 32.352 ± 5.677b 0.005 ± 0.00ac 0.987

10 106.822 ±
5.695b

66.678 ± 2.831a 0.013 ± 0.00b 0.975

0.1* 45.797 ± 6.540c 24.175 ± 1.472c 0.026 ± 0.00a 0.972
8:2 0.1 23.5456 ± 2.441c 10.8234 ±

0.853b
0.003 ± 0.00c 0.996

10 54.3744 ±
2.098b

33.9698 ±
0.826a

0.006 ± 0.00b 0.996

0.1* 19.5564 ± 0.399c 7.0531 ± 1.083c 0.014 ± 0.00a 0.994

For each sample, in each column, different letters correspond to significantly 
different values (p ≤ 0.05) from Duncan’s test.
01* = share rate applied after 10 s− 1 for 300 s.
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crystals generated a firmer network in the continuous phase which 
affected the stability of oleofoams.

4. Conclusions

Oleofoams are very promising for the food industry, and it is of in
terest the impact of formulation on oleofoam properties. Our results 
showed that a self-standing oleogel could be obtained by using only GMS 
or CW as oleogelator for sunflower oil, but CW-based oleogel did not 
whip, while GMS-based oleofoam did not show desirable properties. The 
combination of CW and GMS determined oleogels that could be whipped 
in 25–40 min reaching an overrun of 50%. Stronger oleogels gave 
oleofoams with low network strength, and the reverse was also true. 
Oleogels that showed lower G′ values entrapped more air due to their 
lower viscosity and generated the most stable oleofoams which showed 
both high G′ values in the LVR and the best whipping performance, with 
a CW: GMS ratio of 3:7, 4:6, or 5:5. These results may provide useful and 
practical information for the applications of CW: GMS based oleogels 
and relative oleofoams in food formulation. By choosing the right CW: 
GMS ratio it is possible to obtain tailored functionalities for specific food 
applications.

This study has also some limitations, further detailed investigation 
was required to better understand the relationship between the micro
structure of the oleogels, in terms of type and dimensions of crystals, and 
the resulting structure of the oleofoams, in terms of distribution, shape 
and dimensions of air bubbles.
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