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Abbreviations

AFM Atomic force microscopy

cryo-SEM  Cryogenic-scanning electron microscopy
DDGs Distiller’s dried grains with solubles
FDA Food and Drug Administration

GRAS Generally recognized as safe

PUFA Polyunsaturated fatty acids

SEM Scanning electron microscopy

6.1 Introduction

Wax-based oleogels (wax oleogel) are one of the most common types of oleogel that
have been studied. In a search of the Scopus® database for the keyword “oleogel”
within article titles, abstracts, and keywords in December 2022, the keyword “wax”
co-occurred with the highest number of research articles (217 articles) followed by
“monoglyceride” (71 articles) and “ethylcellulose” (49 articles). Waxes are hydro-
phobic mixtures composed of long carbon-chain containing components with melt-
ing points above room temperature, and they can be derived from crude petroleum
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oil, or are produced naturally from plants and animals. Waxes are often made up of
mixtures of components, the most common of which are long-chain hydrocarbons,
wax esters (ester of a fatty alcohol and a fatty acid), free fatty alcohols, free fatty
acids, resins, and various other components [1-3]. In addition, within each wax
component, there may be a diversity of carbon chain lengths, and the wax esters may
include di-esters, tri-esters, as well as hydroxy fatty acid moieties [1, 4]. Most
oleogel studies have focused on natural waxes derived from plants and animals,
and the results of these studies are summarized in this chapter. So far, the most
commonly studied waxes have been beeswax, candelilla wax, carnauba wax, rice
bran wax, and sunflower wax. Beeswax, candelilla wax, and carnauba wax are
diverse mixtures of hydrocarbons, wax esters, fatty acids, and alcohols and other
wax components, while the commercially available pure forms of rice bran wax and
sunflower wax are mainly (>90% w/w) composed of wax esters with small percent-
ages of other components such as free fatty acids [3, 5, 6].

Wax oleogels are usually prepared using the direct method [7, 8]. In this case,
waxes are melted completely in an oil, and upon cooling, the waxes crystallize,
forming a porous network that traps liquid oil, seemingly through a combination of
adhesive and capillary forces, depending on the nature of the oil and the wax types
[5, 9]. While most studies have focused on the directly prepared oleogels, a recent
study also evaluated rice bran wax oleogels as part of bigel systems, prepared by
emulsifying the molten wax oleogel mixtures with a hydrogel to form hydrogel-in-
oleogel, oleogel-in-hydrogel, or bicontinuous emulsions [10]. In addition, wax
oleogels have been studied in a variety of food products where they are directly
substituted for a conventional fat, or are used as the base hard stock to form
margarines [11, 12]. Some of the promising results as well as the pitfalls or further
work needed for the application of wax oleogels into food products are also
summarized in this chapter.

6.2 Advantages of Waxes as Oleogelators

Based on many studies, it can be concluded that natural waxes have many advan-
tages over other oleogelators studied. Natural waxes are inexpensive and nontoxic,
and many of them are already listed as generally recognized as safe (GRAS) by the
Food and Drug Administration (FDA) for some applications. They can form strong
gels at relatively low concentrations, have high physical and oxidative stability, and
have high potential for practical application in foods [13—15]. Total cholesterol level
in rats fed on 0.5-1.0% sunflower wax in their diets was lower than that in rats fed
control diets [16], and antilipogenic and antiadipogenic effects were observed with
beeswax and carnauba wax in an in vitro study [17] indicating that wax oleogels may
have additional health benefits beyond the general health benefits of oleogels by
replacing saturated fats with unsaturated fatty acids [18] and controlled release of oil
[19-21].
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Gelation ability of waxes and physical properties of wax oleogels have been
reported to be excellent. For example, sunflower wax formed a gel in soybean,
almond, canola, corn, grapeseed, safflower, and sunflower oils at concentrations as
low as 0.3% (w/w) [22]. Oleogels of virgin olive oil with 7 and 10% carnauba wax
had greater firmness than those with monoglyceride [13]. Oleogels formed with rice
bran wax in extra virgin olive oil had higher firmness than those with monoglycer-
ides and ethylcellulose, but lower firmness than an oleogel prepared with a mixture
of y-oryzanol and f-sitosterol [23]. Similarly, oleogels prepared with beeswax,
sunflower wax, or rice bran wax in sunflower oil had higher G’ and G” moduli
than those prepared with monoglyceride, octadecanol, or stearic acid, but they were
not as high as those of oleogels made with a y-oryzanol and p-sitosterol mixture [24].

Wax oleogels may also have less of an effect on sensory properties and higher
physical and oxidative stability than other oleogels. A sensory acceptability test
showed that burgers made with beeswax oleogels had no significant effect on any of
the sensory parameters evaluated while those made with ethyl cellulose oleogels had
negative effects [25]. Ogiitcii et al. [14] reported that sunflower wax-fish oil oleogels
had higher oxidation stability than monoglyceride oleogels during storage at 4 and
20 °C. Another study found that carnauba wax oleogels had higher physical and
oxidative stability than monoglyceride oleogels during storage at 4 and 20 °C [13].

6.3 Limitations of Wax Oleogels

In general, the melting point of wax oleogels is higher than conventional solid fats,
which may result in an undesirable waxy mouthcoating when consumed [2, 11,
26]. The melting point of wax oleogels decreases with decreasing amount of wax
[11], but the low level of wax will result in decreased firmness. Efforts have been
made to lower the melting point of wax oleogels. Among the possible solutions to
the problem, binary mixture systems having eutectic properties seemed to be very
promising, which will be discussed in Sect. 6.4.2.

Since the strength of wax oleogels is basically attributed to the dense network of
thin platelet wax crystals in oil [27, 28], and this network can be easily destroyed by
shearing and other mechanical forces, wax oleogels have strong shear sensitivity and
weak thixotropic recovery [29]. This property may limit the application of wax
oleogels for some food products, and efforts are being made to overcome this
limitation. For example, improvements in the elasticity and mechanical recovery
after shear of candelilla wax oleogels were observed by adding tripalmitin [30],
saturated fat [31], monoglycerides [32], and mixtures of ethylcellulose and
monoglycerides [33].
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6.4 Properties of Wax Oleogels
6.4.1 Needle Versus Platelet Crystals

Earlier studies typically used polarized light microscopy to investigate the morphol-
ogy of wax crystals in wax oleogels and reported that waxes formed needle-shaped
crystals. However, when needle-shaped crystals were scrutinized with
phase-contrast microscopy, scanning electron microscope (SEM), and atomic force
microscopy (AFM), it was found that needle-shaped objects under polarized light
microscope were actually the edges of platelet-shaped crystals [28]. Figure 6.1a
shows a microphotograph of sunflower wax oleogel taken by polarized light micro-
scope, which is very similar to photographs in the previous studies that claimed
needle-shaped crystals. However, when the same spot of the sample was observed
under a phase-contrast microscope, these needle-shaped objects were found to be the
edges of platelet crystals (Fig. 6.1b). SEM and AFM further confirmed platelet
crystals in sunflower wax oleogels. Hwang et al. [28] also reported that these platelet
crystals formed a dense network, with increased network density observed with
higher concentrations of sunflower wax or with faster cooling rates, resulting in
higher firmness.

Blake and Marangoni [34] also demonstrated that rice bran wax, sunflower wax,
and candelilla wax formed platelet-shaped crystals in peanut oil by cryogenic-SEM
(cryo-SEM). Later studies with cryo-SEM further proved that sunflower, rice bran,
berry, and candelilla waxes formed platelet-shaped crystals in oleogels [5, 27,
35]. Fig. 6.2 shows cryo-SEM pictures of de-oiled oleogels formed by sunflower,
candelilla, and berry waxes. The major components in waxes, wax esters, also
formed platelet-shaped crystals [36]. Therefore, polarized light microscopy is not
as useful for studying the morphology of wax crystals in wax oleogels, and phase-
contrast microscopy and cryo-SEM are recommended.

T 1
0.0 390 um’ 00 390 um

Fig. 6.1 Microphotographs taken by (a) polarized light microscope and (b) phase-contrast micro-
scope at the same spot of the oleogel sample made with 5% sunflower wax in soybean oil.
(Reproduced from [28] with permission from Elsevier)
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Fig. 6.2 Cryo-SEM of rice bran oil oleogels with (a) sunflower wax, (b) candelilla wax, and (c)
berry wax. (Reproduced from [5] with permission from Elsevier)

6.4.2 Effect of Wax Type

As expected, since different waxes have different compositions [5], their gelation
abilities are significantly different. For example, Hwang et al. [2] reported that
sunflower wax, candelilla wax, rice bran wax, beeswax, Japan wax, and shellac
wax had significantly different minimum gelation concentrations (or critical con-
centration) ranging from 0.5 to 5% (w/w) in soybean oil. Shi et al. [37] found that
beeswax, candelilla wax, and carnauba wax had minimum gelation concentrations of
3, 2, and 4%, respectively, in camellia seed oil.

The minimum gelation concentration of wax is also largely dependent on the
origin of wax as well as the detailed composition of individual wax components. For
example, rice bran wax samples obtained from three different suppliers had 0.5,
1, and 5% minimum gelation concentrations in soybean oil [2]. This was likely due
to differences in the composition and/or purity of waxes. Doan et al. [5] summarized
the literature values from composition analyses of seven different waxes, which were
shown to differ widely across different studies. For example, four separate studies
reported the content of wax esters in carnauba wax to be 75-85 [38], 34.3 [39],
84-85 [40], and 59-62% [3]. The wax ester content in sunflower wax was reported
to be 66% by Kanya et al. [41] while another study reported 96-97% wax esters
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Fig. 6.3 Melting temperature of wax esters with different symmetries and total carbon number
(CN). ACN = CNEgy0n — CNga, where CNg,0op is the carbon number of the fatty alcohol (FaOH)
and CNg, is that of the fatty acid (FA). (x): determined by [42]. (0): determined by other studies.
(Reproduced from [42] under open access agreement)

[3]. The detailed composition of natural waxes may depend on growing environ-
ments, separation processes, and purification methods.

Wax esters are the major components in many natural waxes. Waxes with a high
content of wax esters can produce strong but brittle oleogels [3]. The chain length
and structure of wax esters also significantly affected the gelation ability and the
properties of oleogels. In a study with wax esters with narrow chain length distri-
butions, it was found that the minimum gelation concentration was lower with
longer-chain wax esters [2]. However, in other studies with pure wax esters, lower
G’ and G” moduli were observed with oleogels with longer wax esters [42, 43]. Lon-
ger wax esters had higher melting points than shorter wax esters, and their oleogels
also had the same trend [2, 42]. Symmetric wax esters (wax esters with the same
chain lengths of fatty acid and fatty alcohol moieties) had higher melting points than
asymmetric wax esters [42]. Fig. 6.3 shows the melting point of wax esters with
different chain lengths and symmetries. Therefore, properties of wax oleogels are
affected not only by the amounts of wax esters, but also by their length and structure.
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Comparisons between waxes: Although as mentioned above, the gelation ability of
waxes and properties of wax oleogels can vary with the origin of wax samples,
several comparative studies give information on general characteristics of a few
waxes on oleogelation. Hwang et al. [11] compared gelation properties of sun-
flower, rice bran, and candelilla waxes and found that oleogels and margarines
made with sunflower wax had higher firmness than those made with rice bran and
candelilla waxes. Oil-binding capacities of sunflower wax-hazelnut oil oleogels
were higher than carnauba wax oleogels [44]. Oleogel with 1% sunflower wax in
peanut oil had the highest oil-binding capacity, followed by candelilla wax and
rice bran wax oleogels [9]. Sunflower wax and beeswax at 5% (w/w) were able to
form gels in medium-chain triacylglycerols while rapeseed wax did not make a
gel at the concentration [45]. Canola oil oleogel with candelilla wax had the
highest hardness, followed by carnauba and beeswax oleogels at 10% wax
concentration while beeswax oleogel had the highest adhesiveness and cohesive-
ness [46]. Oleogels formed with 2.5-10% (w/w) candelilla wax in microbial oil or
sunflower oil had higher oil-binding capacity than the corresponding carnauba
wax oleogels [47]. In another comparative study, oleogel with 10% beeswax in
sunflower oil had the highest storage (G’) and loss (G'’) moduli followed by
sunflower wax oleogel and then rice bran wax oleogel [24]. Oleogel with 10%
monoglyceride was not as firm as wax oleogels in this study. In general, sun-
flower wax had greater gelation ability and provided stronger oleogels than other
waxes.

New waxes studied: Some new waxes have recently been studied in efforts to
develop oleogels with better properties and to utilize waxes obtained as
by-products. Gelation abilities of tea, rapeseed, orange peel, rose, and berry
waxes were evaluated in sunflower oil, and their minimum gelation concentra-
tions were determined to be 7.0, 25.0, 15.0, 8.0, and 5.0%, respectively [48]. Min-
imum gelation concentrations of sorghum waxes from sorghum bran, sorghum
distiller’s dried grains with solubles (DDGs), and sorghum kernels were mea-
sured to be 6, 6, and 4% in fish oil, respectively [49]. The highest oil-binding
capacity was observed with sorghum DDG wax oleogels followed by those with
sorghum bran wax and sorghum kernel wax. Propolis wax was also evaluated as
oleogelators in canola, sesame, sunflower, and flaxseed oils, and it was found that
this wax could form a gel in these oils at 2% concentration [50]. Another study
[51] compared propolis wax-pomegranate seed oil oleogels with the
corresponding beeswax oleogels and found that propolis wax oleogels had
lower firmness and G’ and G” moduli compared to beeswax oleogels, which
was attributed to the larger propolis wax crystals with a less organized network.
Cetyl wax esters produced by the enzymatic reaction of cetyl alcohol with
carotenoid-rich microbial oil or soybean fatty acid distillate, a by-product during
soybean oil production, were evaluated as oleogelators in soybean oil or extra
virgin olive oil [52, 53]. These wax esters at 20% could form an oleogel while
7 and 10% wax esters could not form an oleogel. Gelation ability of animal waxes
including whale spermaceti wax, lanolin wax, shellac wax, and beeswax was
compared in sunflower oil, and their minimum gelation concentrations were
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Fig. 6.4 Melting profiles of (a) oleogels and (b) margarines with 5% mixture of candelilla wax
(CLW) and beeswax (BW) in soybean oil and (c) their firmness. BW0, BW25, BW50, BW75, and
BW100 stand for the ratios of 0:100, 25:75, 50:50, 75:25, and 100:0 BW:CLW. (Reproduced from
[56] with permission from Wiley)

determined to be 2, 20, 2, and 1%, respectively [54]. The order of the firmness of
oleogels with 5% wax was whale spermaceti wax ~ beeswax > shellac wax.

Binary systems: Due to the potential problem of wax oleogels’ melting points that are
higher than those of conventional solid fats, efforts have been made to lower their
melting points by use of binary systems of waxes. Jana and Martini [55] reported
the eutectic behavior of the mixture of beeswax with sunflower wax or rice bran
wax. Winkler-Moser et al. [26] also conducted studies on binary wax mixtures
and observed that oleogels made with the mixture of beeswax and candelilla wax
had not only lower melting points, but also higher firmnesses than those made
with either wax alone. Margarines prepared from these oleogels also showed
eutectic melting properties and increased firmness than those with each wax
(Fig. 6.4) [56]. In addition, oleogels made with mixtures of candelilla wax and
glyceryl monostearate in grapeseed oil or canola oil had lower melting points and
higher firmness than those with candelilla wax or glyceryl monostearate alone
[57, 58].
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Fig. 6.5 Phase-contrast micrographs of grapeseed oil oleogels with (a) candelilla wax, (b) 75:25
mixture of candelilla wax and glyceryl monostearate, and (c) glyceryl monostearate. The dimension
of each picture is 410 pm x 275 pm. (Reproduced from [57] with permission from Wiley)

The major components in candelilla wax are hydrocarbons (72.9%) while those in
beeswax are wax esters (58.0%) [3]. The eutectic properties of oleogels with the
binary wax system of candelilla wax and beeswax were thought to be attributed to
the interaction between hydrocarbons and wax esters [26]. This explanation was
supported by another study conducted with the fractions separated from beeswax
[4]. Eutectic behaviors were observed when the fraction containing 94.8% hydro-
carbons was mixed with the other fraction rich in wax esters, free fatty acids, or fatty
alcohols. The increased gel strength by mixtures of beeswax and candelilla wax was
also thought to due to a synergistic interaction between hydrocarbons and wax esters
at an optimum ratio, which resulted in smaller crystals and a denser network
[26]. Firmness of oleogels made with these beeswax and candelilla wax combina-
tions were recently shown to be enhanced greatly by the addition of 0.5% sunflower
wax, without impacting the solid fat content at temperatures near body temperature
[6]. Choi et al. [57] explained the higher firmness of grapeseed oil oleogel with the
mixture (75:25) of candelilla wax and glyceryl monostearate than that with each
component by the formation of smaller crystals and a denser crystal network
(Fig. 6.5).

Although the melting point was not lowered, mixtures of rice bran wax and berry
wax at the ratios of 3:7 and 2:8 and those of sunflower wax and berry wax at the
ratios of 9:1 to 5:5 provided the firmer oleogels in rice bran oil than each wax alone
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[35]. While the major components in rice bran and sunflower waxes are wax esters,
berry wax is primarily composed of fatty acids [3]. It was hypothesized that rice bran
wax or sunflower wax crystallized first, and then berry wax formed solid bridges
between the already present wax crystals to increase the hardness. Several studies
have also demonstrated synergistic firmness of rice bran wax and sunflower wax
mixtures in oleogels [59, 60].

6.4.3 Effect of Oils

Beeswax had minimum gelation concentrations of 3, 3, 3, and 4% in camellia oil,
soybean oil, sunflower oil, and flaxseed oil, respectively [61]. In another study, the
minimum gelation concentration of rice bran wax in eight different vegetable oils
ranged from 8% to 10 % (w/v) [62]. Hwang et al. [22] reported that the minimum
gelation concentration of sunflower wax in 13 different vegetable oils varied from
0.3% to 1% (w/w). Firmness of 5% sunflower wax oleogels with these oils was also
significantly different ranging from 3.81 (flaxseed oil oleogel) to 7.72 N (soybean oil
oleogel). Margarines prepared with these oleogels also had significantly different
firmness ranging from 2.62 N with flaxseed oil oleogel to 6.67 N with sesame oil
oleogel. Pang et al. [61] reported that oleogels with 6% beeswax in four different oils
had the firmness order of soybean oil > flaxseed oil > sunflower oil > camellia oil.
These studies did not find any specific correlations between the firmness of oleogels
or margarines and fatty acids composition.

Some recent studies reported that waxes had greater gelation ability in oils with a
higher degree of unsaturation, and their oleogels had higher gel strength. In a study
conducted with oleogels of beeswax in different oils including camellia, sunflower,
corn, and linseed oils, it was found that beeswax could form a gel at 1% (w/w) in
linseed oil while it formed a gel at 1.2, 1.3 and 1.4% in corn, sunflower, and camellia
oils, respectively [63]. It was postulated that an oil with a higher degree of
unsaturation accelerated the crystallization rate, and formed denser and more stable
networks of wax crystals, and produced oleogels with stronger van der Waals forces.
In another study with oleogels made with sunflower wax or rice bran wax in
sunflower, mustard, soybean, sesame, groundnut, rice bran, palm, and coconut
oils, it was found that, in general, oils with higher polyunsaturated fatty acids
(PUFASs) or higher unsaturation had lower minimum gelation concentrations, and
their oleogels had higher oil-binding capacity [62]. Studies with other oleogels than
wax oleogels have reported similar results. For example, 10% (w/w) ethylcellulose
oleogels were firmer with oils rich in highly unsaturated fatty acids, which was
explained by a greater degree of conformation freedom with oils with higher
unsaturation that resulted in tight packing of molecules [64]. In contrast, the opposite
trend was observed in a study with 6% carnauba wax oleogels prepared with
hempseed, almond, rice, sesame, grapeseed, and pumpkin seed oils [65]. In this
study, oils with higher saturated fatty acid contents provided oleogels with higher
strength and yield stress. Therefore, it is obvious that oil affects the oleogel
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properties, but more studies are needed for better understanding of the effects of oil
composition.

The fatty acid chain length of oil also significantly affects oleogel properties. In a
study with beeswax oleogels prepared with medium-chain triglycerides and long-
chain triglycerides, it was found that long-chain triglyceride oleogels had higher G’
and G” values, which was thought to be due to lower mobility of the gelator and the
formation of a strengthened network of gels by longer chains [66]. Another study
with beeswax oleogels made with hempseed, almond, rice, sesame, grapeseed, and
pumpkin seed oils found that, in general, oils with more long-chain saturated fatty
acids had a more interconnected structure providing higher complex viscosity [65].

6.4.4 Effect of Polar Compounds in Oil

Very weak negative correlations (R2 = 0.34, 0.20, and 0.16 for 3, 5, and 7%
sunflower wax, respectively) between the firmness of margarine and the amount of
polar compounds in oil were observed in a study with margarine samples prepared
with sunflower wax oleogels of 13 different vegetable oils [22]. However, a later
study reported that the firmness of sunflower wax oleogels increased when polar
compounds were removed from high stearic soybean oils indicating that polar
compounds in these oils negatively affected the firmness of oleogels [67]. Sunflower
wax, rice bran wax, candelilla wax, and beeswax formed highly ordered wax crystal
structures and had lower wax solubility in oils when polar compounds were removed
from sunflower oil and canola oil, but they also had higher minimum gelation
concentration and their oleogels had lower resistance to deformation [68].

6.4.5 Effect of Cooling Rate

Sunflower wax-soybean oil oleogels had about three- to sixfold higher firmness
when the cooling rate increased from 1 to 4 °C/min, which was thought to be due to
the larger number of smaller crystals that formed a denser crystal network during
faster cooling [2]. Blake and Marangoni [9] also reported that rapid cooling
increased oil-binding capacity and decreased crystal length in wax-peanut oil
oleogels. Many other studies reported that the faster cooling rate during the forma-
tion of oleogels increased the gel strength. Therefore, firmness and other physical
properties of oleogels can be tailored by the cooling rate during the production of
oleogels and oleogel-containing food products.
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6.4.6 Sensory Properties

Many studies on sensory properties of wax oleogels or food products containing wax
oleogel reported that they were acceptable or had high potential to be accepted with
some modifications. For example, a study with oleogels made with 5% beeswax or
sunflower wax in hazelnut oil or olive oil found that their sensory attributes includ-
ing appearance, odor, and flavor were scored about 3.0 where the score of 2.5 was
the neutral point, but they were lower than those of commercial breakfast margarine
and butter. Hazelnut oleogels had higher spreadability scores than the commercial
breakfast margarine [69]. When cooked burgers prepared with beeswax oleogel were
compared to control burger made with animal fat, no significant effects on any of the
sensory parameters including texture, color, flavor, and overall acceptability were
observed by replacing animal fat with oleogel [25].

Virgin olive oil oleogels with 1% (w/w) sunflower wax and 1% (w/w) thyme or
cumin spice had high acceptability scores by consumers [70]. Consumer preference
scores of the odor and flavor of fish oil oleogels were enhanced by adding strawberry
or lemon flavor [71]. Spermaceti wax-virgin olive oil oleogels flavored with turmeric
or red pepper had very high appearance scores, and their aroma and flavor were also
liked by consumers [72]. Therefore, adding a flavor in oleogels helps increase their
acceptability by consumers. More sensory properties of food products containing
wax oleogels will be discussed in the next section.

6.5 Properties of Food Products Containing Wax Oleogels

While earlier studies focused on the basic understanding on the properties of
oleogels, many recent studies have been conducted on the application of wax
oleogels in actual food products. The success in achieving the desired physical and
sensory properties seems to have encouraged scientists to pursue the practical
applications of wax oleogels.

Table 6.1 summarizes the most recent studies of food products prepared with wax
oleogels and their properties compared to those with conventional fats.

In some studies, cookie samples with wax oleogels had similar spread factor,
hardness, fracturability, appearance, flavor, smell, and acceptability to those with
commercial margarine or shortening [73—75]. Frolova et al. [76] also reported that
cookies made with oleogels of beeswax, fractions of beeswax, or candelilla wax in
sunflower oil had high scores on taste, texture, surface condition, shape, and fracture
view although no direct comparisons with conventional cookies were made. How-
ever, other studies found that cookie samples had somewhat different textual and
sensory properties compared to control cookies. Cookies with wax oleogels had
higher breaking force than those with commercial shortening [77, 78], and some
properties, including snapping force, surface cracks, color, smell, and apparency,
were somewhat different from the control [79-82]. Cake samples prepared with wax
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Table 6.1 Recent studies of the application of wax oleogels in food products
Properties compared to the
Food Wax (%, wiw) Qil control with commercial fat | Reference
Cookie Sunflower wax, rice | Olive, soybean, Similar spread factor, hard- [73]
bran wax, candelilla | and flaxseed oils | ness, and fracturability
wax, beeswax (8%)
Sunflower wax, Hazelnut oil Equal (or slightly higher) [74]
beeswax (5%) scores on appearance, tex-
ture, flavor, smell, and
acceptability
Rice bran wax, Corn oil Cookies with oleogels of 5% | [75]
candelilla wax, rice bran wax, 7 and 9%
beeswax, carnauba beeswax, 5% candelilla wax,
wax (3, 5, 7, 9%) and 5, 7 and 9% carnauba
wax had similar hardness
Beeswax and its Sunflower oil No comparisons were made: | [76]
fractions (6%) high scores on taste, texture,
surface condition, shape, and
fracture view
Candelilla wax Canola oil Cookies with partial replace- | [77]
3, 6%) ment (30 and 60%) had
higher breaking force and
lower spread ratio
Carnauba wax, Sunflower oil Slightly higher breaking [78]
candelilla wax (2.5, force and higher spread ratio
5%)
Candelilla wax, car- | Insect oil Candelilla wax and beeswax: | [79]
nauba wax, bees- higher spread factor and
wax (10%) lower snapping force.
Carnauba wax: similar
spread factor and snapping
force
Candelilla wax Canola oil G’ and G” of dough were [80]
3, 6%) lower; Cookies had similar
shape, but lower snapping
force
Rice bran wax, Corn oil Rice bran wax: lower scores | [81]
beeswax (6%) in surface cracks and color;
similar scores in appearance,
flavor, crispiness, mouthfeel,
and overall acceptability.
Beeswax: lower scores in
surface cracks, color crispi-
ness, mouthfeel, and overall
acceptability; similar in
appearance and flavor
Sunflower wax Rapeseed oil Lower height, higher com- [82]

(10%)

pactness, similar hardness
and browning, and slightly
different in smell and
appearance

(continued)
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Food

Wax (%, wiw)

Oil

Properties compared to the
control with commercial fat

Reference

Cake

Sunflower wax, rice
bran wax, beeswax
(5%)

Canola oil

Higher cohesiveness, similar
resilience, and lower hard-
ness, adhesiveness, springi-
ness, gumminess, and
chewiness

[84]

Candelilla wax (5%)

Canola oil

Higher chewiness, resilience,
adhesiveness, and cohesive-
ness and lower hardness as
25, 50, 75, and 100% butter
was replaced with oleogel

[83]

Carnauba wax (5%)

Cotton seed oil,
high oleic sun-
flower oil, and
their mixtures

Four out of five samples had
higher or similar overall
acceptability in sensory
evaluation

[86]

Rice bran wax,
beeswax, candelilla
wax (10%)

Sunflower oil

Higher hardness and
chewiness and lower specific
volume and cohesiveness

[85]

Muffin

Candelilla wax
(10%)

Sunflower oil

Lower specific volume and
cohesiveness, higher hard-
ness and chewiness, and
similar porosity and
springiness

[87]

Candelilla wax
(10%)

Grapeseed oil

25% replacement: similar
fragmentation index, number
of closed pored, total poros-
ity, and relaxation time and
slightly lower firmness.
50-100% replacement:
lower fragmentation index
and total porosity and higher
number of closed pores,
firmness, and relaxation time

[83]

Bread

Rice bran wax
(10%)

Expeller-pressed
high oleic soy-
bean oil

Similar fermentation height,
loaf volume, and crumb
firmness and lower specific
volume

(89]

Candelilla wax

(10%)

Rice bran oil

75% replacement: similar
specific volume, hardness,
adhesiveness, springiness,
cohesiveness, and chewiness

[90]

Meat
products

Rice bran wax (2%)

Rice bran oil

(Compared to Thai sweet
sausage with 20% pork back
fat) 50% and 75% replace-
ment: similar hardness and
higher oiliness, overall
acceptance, and appearance
scores

[92]

(continued)
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Food

Wax (%, wiw)

Oil

Properties compared to the
control with commercial fat

Reference

Beeswax (10%)

Mixture of olive,
linseed, and fish
oils

(Compared to pork burgers
with 6% pork backfat) Simi-
lar flavor, texture, and overall
acceptability scores

[93]

Beeswax (10%)

Mixture of olive,
linseed, and fish
oils

(Compared to pates 15%
pork backfat) Similar color,
taste, texture, and overall
acceptability scores

[25]

Rice bran wax
2.5%)

Soybean oil

(Compared to Frankfurter-
type sausages with 22% pork
backfat) Similar aroma and
off-flavor, lower flavor, and
higher firmness and
chewiness scores

[94]

Beeswax (10%)

Sesame oil

(Compared to beef burger
with 16% fat) Higher flavor
and overall acceptance and
similar texture and color
scores

[95]

Sunflower wax,
beeswax (10%)

Flaxseed oil

(Compared to sucuk with
tallow fat) Sunflower wax:
lower appearance, aroma,
flavor, and hardness, higher
chewiness and juiciness, and
similar fattiness scores.
Beeswax: lower appearance,
hardness, aroma, and flavor
and higher chewiness, fatti-
ness, and juiciness scores

[96]

Cheese

Rice bran wax, sun-
flower wax (5, 10%)

Soybean oil

(Compared to commercial
cheese with 40% solid milk
fat) Similar hardness, storage
modulus and meltability

[97]

Rice bran wax
(10%)

Soybean oil

(Compared to commercial
cream cheese) Similar hard-
ness, spreadability, mouth-
feel, and sweetness and
higher flavor and bitterness
scores

[98]

Carnauba wax (3, 6,
9%)

Canola oil

(Compared to imitation
cheese with palm oil) Higher
firmness and elasticity and
lower mobility of oil and
meltability

[99]

(continued)
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Table 6.1 (continued)

Properties compared to the

Food Wax (%, wiw) Oil control with commercial fat | Reference
Ice Carnauba wax (6%) | Soybean oil 50% replacement: similar [100]
cream flavor, texture, appearance,

and overall consumer scores
and slower melting rate.
100% replacement: lower
flavor and overall scores and
slower melting rate

oleogels were somewhat different from the control samples prepared with commer-
cial shortening in cohesiveness, resilience, adhesiveness, hardness, chewiness, and
specific volume [83—85] while some samples had higher overall acceptability than
the control samples [86]. The feasibility of wax oleogels in muffin and bread samples
was also evaluated [87-90]. In general, physical properties of muffin and bread
samples made with wax oleogels were slightly different or similar to those with
commercial shortening, and the slight differences could be overcome by partial
replacement.

Meat products are one of the major contributors to dietary intake of saturated fats,
and many studies have been conducted to incorporate oleogels in meat products such
as meat batters, patties, burgers, frankfurters, sausages, and pates. Although it is
straightforward that replacing saturated fats in meat products with healthy oil-based
oleogels will promote health, it seems it is still very challenging to achieve accept-
able texture, spreadability, flavor, and oxidative stability with products with oleogels
[91]. As shown in Table 6.1, it is encouraging that recent studies with meat products
containing wax oleogels reported that their appearance, taste, texture, smell, and
overall acceptance scores were similar to those of the control samples containing
animal fat [25, 92-94]. Even higher scores on flavor and overall acceptance than the
control samples with animal fat were observed with beef burger samples where beef
fat was replaced with beeswax-sesame oil oleogel [95]. It was thought to be due to
preferred taste and smell of sesame oil, indicating that sensory scores can be
improved by using tasty oils or by adding a flavor. In contrast, a study with sucuk
(a Turkish style of beef sausage) made with 10% sunflower wax or beeswax-flaxseed
oil oleogels reported that further improvements were needed [96].

Some cheese products with wax oleogels were reported to have similar hardness,
storage modulus, meltability, spreadability, mouthfeel, and sweetness and higher
flavor and bitterness scores than those made with milk fat [97, 98]. Another study
with cheese products made with 3-9% carnauba wax in canola oil oleogels reported
that they had higher firmness and elasticity and lower oil mobility and meltability
than those with palm oil [99]. Ice cream prepared by replacing 50% milk fat with 6%
carnauba wax-soybean oil oleogel had similar flavor, texture, appearance, and
overall consumer scores and slower melting rate than the original ice cream
[100]. When 100% milk fat was replaced with this oleogel, lower flavor and overall
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scores were observed indicating that only partial replacement was recommended for
this application.

6.6 Other Applications of Wax Oleogels

Peanut butter stabilizer: Stabilizers are used to prevent oil separation and to improve
texture and spreadability of peanut butter. Conventional peanut butter stabilizers
are typically composed of hydrogenated oils, and studies were conducted to
replace these stabilizers with wax oleogels. Waxes can be directly added in
peanut butter and heated to form oleogels and also wax oleogels can be prepared
by dissolving wax in peanut oil with heat before adding in peanut butter. Desired
firmness and spreadability as well as prevention of oil separation could be
achieved with wax oleogels, depending on the wax type and the amount added
[12, 101, 102].

Frying medium: Chicken samples fried in 5 or 10% (w/v) carnauba wax-canola oil
oleogel had lower oil uptake (8.53 and 9.15%, respectively) compared to samples
fried in canola oil (15.10%) [103]. Similarly, mathri, an Indian traditional fried
snack cracker made with wheat flour, was prepared by frying in soybean oil
oleogels with 5, 10, or 15% carnauba wax and compared with that fried in
soybean oil [104]. Oil uptake was 27.1, 19,6, 21.0, and 21.2% for the samples
fried in oil and oleogels with 5, 10, and 15% carnauba wax, respectively. The
sensory analysis of these samples revealed that overall acceptability and taste
scores were similar between the mathri samples fried in oil and 10% wax oleogel
while the sample fried with 15% wax oleogel had a waxy feel and taste. These
studies showed that wax oleogels can be used in place of oil to reduce oil uptake
of fried foods.

6.7 Conclusions

The number of studies on wax oleogels has increased, the fastest among other
oleogels due to their advantages of high gel strength, low critical gelation concen-
trations, high physical and oxidative stability during storage, and relatively low
effects on sensory properties of reformulated foods. Waxes form a dense network
of many small platelet-shaped crystals that provide high gel strength. The type and
origin of waxes significantly affect the properties of wax oleogels. Sunflower wax,
rice bran wax, candelilla wax, carnauba wax, and beeswax have been the most
studied among other waxes due to their strong gelation ability. Some binary or
ternary systems of waxes and mixtures of wax and monoglyceride could provide
oleogels with a lower melting point and a higher firmness than those with either
component alone. Although more studies are needed, based on studies thus far, it
appears that polar compounds in oil negatively affect the physical properties of wax
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oleogels and that oils, while higher levels of oil triacylglycerol unsaturation produce
stronger gels. Many recent studies have reported that food products where conven-
tional fats were replaced with wax oleogels had similar physical and sensory
properties to commercial products while others have reported that further improve-
ments were needed. Acceptable physical and sensory properties of food products
containing wax oleogels can be achieved by finding right types of wax and oil and
using the optimized wax amount. From the review of recent studies, it can be
concluded that wax oleogels have high potential for the development of healthy
food products.
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