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Abstract The effects of cooling rate during melt crystalliza-
tion of rice bran wax, sunflower wax, candelilla wax and a
commercial peanut butter stabilizer in peanut oil were evalu-
ated and correlated to their oil binding capacity. Rapid cooling
upon crystallization decreased crystal length, decreased net-
work pore area fraction, increased the fractal dimension of the
crystal network, and lead to an increase in the oil binding
capacity. Oleogels structured using 1 % sunflower wax exhib-
ited the highest oil binding capacity, followed by candelilla
wax and rice bran wax gels. The oil binding capacity of the
commercial stabilizer was the lowest, but could be improved
by crystallizing the material under high cooling rates. Linear
correlation analysis revealed that the network fractal dimen-
sion decreases as pore area fraction increases, which was cor-
related to a greater oil loss. In general, the oil binding capacity
of a gel can be significantly improved if the pore area fraction
is decreased below 96 %, demonstrating how the fractal di-
mension and pore area fraction of a gel network can be mod-
ulated to tailor oil binding capacity.
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Introduction

The rheological behavior and macroscopic functionality of an
oleogel can be tailored by modifying the microstructure of the

network [1]. For instance, crystal size, shape and distribution,
the degree of branching, and the proportion of transient and
permanent junction zones will determine the elasticity, me-
chanical strength, and oil binding capacity of the gel in
question.

These network characteristics can be modulated by exter-
nal forces such as shear and cooling rate since they affect
nucleation and crystallization kinetics. With respect to cooling
rate, faster cooling effectively corresponds to a higher time-
dependent undercooling or supersaturation [2, 3]. This in-
duces faster rates of nucleation, resulting in more crystallo-
graphic mismatches and branching, particularly for fibrillar
networks such as those of self-assembled fibrillar networks
(SAFINS) [4]. This yields a spherulitic network with a high
population of small crystals. Conversely, slower cooling rates
can be used to obtain a fibrillar morphology characterized by
larger and less-branched crystals. Neighboring fibers interact
predominantly at transient junction zones, which are known to
provide greater elasticity to a network, while spherulitic and
highly branched crystals interact at permanent junction zones,
creating a strong network resistant to strain [1].

The correlation between microstructure and macroscopic
functionality has been studied for some oleogel systems, in-
cluding monoglycerides [5, 6] and 12-hydroxystearic acid [2,
7, 8]. These studies have demonstrated the profound impact of
network morphology on the rheological behaviour and oil
binding capacity of oleogels, emphasizing the importance of
understanding the nucleation and crystallization processes and
their sensitivity to variables such as cooling rate and shear.
With this knowledge, these external variables can be used to
modify the microstructure of gel networks to create oleogels
with tailored functional properties.

With regards to wax oleogels, Toro-Vazquez et al. have
made significant progress in this area. Through several stud-
ies, their group has determined that the minor alkane
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components present in candelilla wax (CLX) co-crystallize
with the major wax component, hentriacontane, during
cooling [9, 10]. This co-crystallization results in the formation
of rotator phases. Co-crystallization of minor components
with major components lowers the three-dimensional crystal-
line order of these rotator phases and inhibits crystal growth,
which is why CLX crystals are smaller and less soluble in oil
compared to pure alkanes, as indicated by enthalpy of melting
(ΔHm) values obtained by differential scanning calorimetry
[10]. CLX gels also exhibited a higher elastic modulus (G’)
than pure alkane oleogels. This observation was attributed to
the higher solid phase content and smaller crystal size of CLX
gels.

These authors also concluded that faster cooling rates
reduced the efficiency of molecular packing in the solid
state, further reducing crystal size and the level of mo-
lecular organization of the rotator phases. As a result of
this microstructural change, CLX gels that were rapidly
cooled exhibited lower G’ values compared to slowly
cooled gels.

In a separate study, Hwang et al. examined the effect of
cooling rate on the texture and firmness of sunflower wax
(SFX) oleogels [11]. As expected, they observed a decrease
in crystal size with increasing cooling rate. These authors also
commented on the effects of cooling rate on crystal shape.
Slower cooling allowed for the growth of larger and consis-
tently shaped crystals, while faster cooling produced incon-
gruently shaped small crystals. It was also reported that faster
cooling increased gel firmness. A dense network of small
crystals, they concluded, is more effective at resisting defor-
mation compared to a network of larger crystals.

Zulim-Botega et al. examined the effect of cooling rate on
rice bran wax (RBX), CLX, and carnauba wax (CRX) oil
gelling ability when incorporated into ice cream [12]. Slower
cooling rates induce the formation of larger crystal aggregates
for RBX, and to large spherulites for CRX. No changes in
crystal size were observed for CLX. Changes in crystal size
and distribution were shown to effect the fat destabilization
process, meltdown resistance, and overrun of ice cream con-
taining waxes. In particular, RBX was found to crystallize at
the edge of oil droplets, providing a level of fat stabilization
and structuring comparable to saturated fat, allowing for a
substitution of saturated fat with wax.

These works highlight the influence of cooling rate on
the morphology and size of wax crystals. Given that net-
work structure is strongly correlated to macroscopic prop-
erties such as elasticity, mechanical strength, and oil bind-
ing capacity, it is important to understand how to manip-
ulate nucleation and crystallization processes to intention-
ally obtain specific morphologies with predictable
functionality.

For wax oleogels, such work is still in its infancy, as
the focus of most work has been on the characterization

of plant-based wax oleogels under static conditions and
with no regard for their oil binding capacity. This is of
concern for two reasons. First, studying oleogels under
static conditions does not provide any indication of how
these gels will behave when exposed to industrial pro-
cessing conditions that utilize shear, agitation, and var-
iable cooling. Secondly, the oil binding capacity of an
oleogel is perhaps its most important measure of func-
tionality since it will dictate which applications may
benefit from oil gelation.

For instance, oleogels have been considered as fat
replacements for meat products [13]. An oleogel with
a low oil binding capacity would easily exude oil into
the surrounding food matrix upon chewing, altering the
textural and sensory properties of the product in an
undesirable manner. If the oil binding capacity of the
gel could be improved by manipulating the gel micro-
structure, perhaps by altering processing conditions (i.e.,
cooling rate), then the use of oleogels as fat replace-
ment could be realized. In short, oleogel behavior when
exposed to industrial processing conditions must be con-
sidered in order to properly assess the potential use of
oleogels as fat replacements, and more generally as oil
binding materials.

In a previous study, we assessed the oil binding capacity of
RBX, SFX, CLX, and CRX gels, and found that CLX gels
retained the most oil [14]. We attributed this to the morphol-
ogy of the wax, which has recently been identified as platelet-
like in nature [15]. We hypothesized that the small crystals
present in CLX networks provide more surface area for oil
to adsorb onto compared to the larger crystals found in
RBX, SFX, and CRX oleogels.

In the same study, we discussed the contributions of
tightly bound oil and loosely bound oil to overall oil
binding capacity. This not only raises questions about en-
trapment and adsorption as oil binding mechanisms, but
also suggests that there may be a difference between Boil
structuring^ and Boil binding^. The former may refer to
gelation processes that sequester the oil and prevent liquid
flow, while the latter expresses the strength and nature of
the interactions between gelator and solvent, particularly
when the gel is mechanically stressed. However, further
work is required to understand which attributes of a
gelator are required to achieve both gelation and strong
oil binding.

This study aims to fill this gap by examining the effect of
cooling rate on the oil binding capacity of three wax oleogels.
Changes in network morphology including crystal length,
fractal dimension, and pore area, are used to explain oil loss
trends in an attempt to elucidate the contribution of entrap-
ment and adsorption on oil binding capacity. The oil binding
capacity of wax oleogels are compared to those of oleogels
prepared with an industrial commercial stabilizer to further
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emphasize the remarkable oil structuring ability of plant-based
waxes.

Materials and Methods

Gel Preparation

Gels were prepared by depositing a known amount of solid
wax or commercial stabilizer in a 15 mL glass vial containing
peanut oil. The wax-oil mix was placed in a 90 °C oven for
30 min to allow for complete melting and dissolution of wax
crystals. After melting, the molten gel was distributed among
1.5 mL plastic centrifuge vials (three vials per gel). Vials were
cooled under quiescent conditions (23 °C) for 24 h before
testing.

Wax concentrations included 0.5 , 1 , 2 , and 5 % (w/w),
and concentrations of the commercial stabilizer included 5 ,
6 , 7 , and 8 % (w/w). These concentrations were selected
to include wax concentrations that were below, equivalent
to, and above the critical concentration of each gelator,
denoted as Cg. The Cg of the commercial stabilizer was
6.5 % (w/w), while that of RBX, SFX, and CLX were
determined to be 1 , 1 , and 2 % (w/w), respectively. This
values are in agreement with previous reports, and were
determined using an inversion test, as described in our
previous study [14]. Waxes were provided by Koster
Keunan Inc., (Connecticut, USA) and the commercial sta-
bilizer by Danisco, Grindsted PS105 K-A. The stabilizer,
typically added to peanut butter to prevent oil separation, is
a blend of fully hydrogenated rapeseed, soybean, and cot-
tonseed oils [16]. The major fatty acids present in the sta-
bilizer are stearic acid (57 %), behenic acid (25 %),
palmitic acid (11 %), and arachidic acid (5 %).

Critical Concentration

In this study, the critical gelation concentration, denoted
as Cg, has been defined as the minimum amount of wax
required to gel liquid oil. This value was determined by
preparing 10 g of wax oleogels with decreasing concen-
trations of waxes in cylindrical 20-mL scintillation vials.
The molten wax oleogel was cooled under ambient tem-
peratures (23 °C) prior to testing. The testing procedure
was also conducted at the same temperature, and in-
volved inverting the containers. The concentration at
which there was no visually-observable flow within the
vial was taken as the Cg.

Crystallization at Different Cooling Rates

Statically cooled samples were cooled at 1.5 °C/min or
5 °C/min. A cooling rate of 1.5 °C/min was achieved by

cooling against air at room temperature, while cooling at
5 °C/min was achieved using a series of water baths cali-
brated to different temperatures. The cooling process for
5 °C/min gels was as follows. First, molten gels were dis-
tributed among 1.5 mL plastic centrifuge vials (three vials
per gel) and placed in a 72 °C water bath for 15 min to
melt the waxes. The vials were then placed in a 64 °C
water bath for 60 s, placed at room temperature (23 °C)
for 60 s, placed in a 55 °C water bath for 60 s, placed at
room temperature for four minutes, and then placed in a
10 °C incubator for three minutes until the gels reached a
temperature of 23 °C, as determined using a thermometer
probe. Once gels reached this final temperature, they were
kept under quiescent conditions for 24 h before further
testing. Temperature was monitored using a digital ther-
mometer. The variance in cooling rate was±0.5 °C/min.

To compensate for inconsistencies in cooling rate due
to heat loss while transferring gels between water baths,
batches containing gels of equivalent wax concentrations
were cooled simultaneously. For instance, all 1 % gels
were cooled in the same batch so that oil loss results were
comparable given that all waxes were exposed to the same
cooling process.

Brightfield Microscopy

Samples were prepared by depositing a drop of gel onto
a heated glass microscope slide. The gel was pressed
with a glass cover slip to ensure a sample thin enough
for light microscopy. Slides were allowed to cool under
quiescent conditions for 24 h before imaging. Slides were
prepared in triplicate, and micrographs were obtained
using a 40× objective lens. Imaging was conducted at
ambient temperatures using a Leica DM RXA2 micro-
scope in brightfield mode (Leica Microsystems, Rich-
mond Hill, Canada) equipped with a CCD camera (Q
Imaging Retiga 1300, Burnaby, BC, Canada). Images
were acquired using Openlab 6.5.0 software (Improvision,
Waltham, MA, USA) and a 40× objective lens (Leica,
Germany). Images were obtained in triplicate.

Oil-Binding Capacity

The oil-binding capacity was measured by centrifuging a
1.5 mL plastic centrifuge vial containing a known mass of
sample (approximately 1–1.5 g) for 30 min in an
Eppendorf Centrifuge 5410, at its maximum rotary speed
of 14,000 rpm (relative centrifugal force=21.8×103 g).
Centrifuge vials were weighed before and after the addition
of gels so that the actual sample mass could be obtained.
After each centrifugation cycle, the released oil at the sur-
face was decanted, and the mass of the sample was deter-
mined. This was repeated for four centrifuge cycles, with
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each cycle lasting 30 min. OL1 and OL4 denote oil loss
after the first and final centrifugation cycles, respectively.

These values were calculated as the percentage of decanted
oil after the first and final centrifuge cycle:

Oil−Loss after cyclei OLið Þ ¼ Initial Sample Mass − Sample Mass after Decanting after cyclei
Initial Amount of Oil in Sample

� 100%

Oil-loss values for each gel were calculated as the
mean of three replicates, with standard errors for each
calculated value. Oil lost during the first centrifuge cy-
cle (OL1) is considered to be weakly bound oil that is
entrapped within the scaffolding of the network. Thus, a
high OL1 value suggests that the network contains a
significant proportion of weakly bound oil, and that
the short-term oil binding capacity of the network is
low. In comparison, OL4 is representative of long-term
oil binding. A low OL4 value means that much of the
oil present in the network is tightly bound. Therefore,
the long-term oil binding capacity of the network is
high.

Microstructural Analysis

ImageJ (National Institute of Mental Health, Bethesda,
ML, USA) was used to measure crystal length from the
micrographs. The measuring tool in the software pro-
gram was calibrated using the scale bar of each micro-
graph. A line was then drawn along each crystal, and
the length of that line was recorded as the crystal
length. Results are reported as the mean and standard
error of three micrographs.

Fractal Dimension and Pore Area Fraction

The box-counting fractal dimension of micrographs was de-
termined using Benoit 1.3 (Trusoft International Inc., St. Pe-
tersburg, FL, USA). Micrographs were thresholded using
Adobe Photoshop CS2 (Adobe Systems Inc., San Jose,
USA) using the automatic threshold setting, and processed
by Benoit 1.3 (Trusoft International Inc, St. Petersburg, FL,
USA) to give a box-counting fractal dimension (http://www.
trusoft-international.com/benoit.html). The fractal dimension
reported here is an average taken from three micrographs. The
box-counting fractal dimension, denoted as Db, is a numerical
indication of the homogeneity of mass distribution. For two-
dimensional images, the closer the Db is to 2, the more evenly
distributed the mass within that network. In comparison, a
lower Db is associated with less evenly distributed (or clus-
tered) mass.

The percentage of white pixels in each micrograph is in-
dicative of solid crystalline material, and is reported as the %
Fill. The remaining black pixels correspond to the pores.

Thus, the percentage or pore area fraction, AFp, can be deter-
mined using the following relationship:

AFp ¼ 1−
%Fill

100

As the percentage of black pixels present in a micrograph
increases, so does the pore area fraction.

Statistical Analysis

GraphPad Prism 5.0 (GraphPad Software, San Diego, CA,
USA) was used for curve-fitting and statistical analysis.
Two-way analysis of variance (ANOVA) and linear correla-
tions between the microstructural data and oil-binding param-
eters of gels were conducted with three replicates for each
measurement for each gel. The level of significance for a
correlation was chosen as p<0.05. Graphical figures were
exported from Graphpad Prism 5.0 as tiff files.

Results and Discussion

In a previous study, we measured the oil binding capacity of
wax oleogels in canola oil at their gelation concentration, Cg

[14]. The oil present in the material was considered to be
either weakly-bound oil that is entrapped within the pores,
or tightly-bound oil that is adsorbed onto the surfaces of the
wax crystals. Weakly-bound oil will exude from the system
over a shorter period of time compared to tightly-bound oil,
which may not even exude over the time scale of the experi-
ment. A high proportion of weakly-bound oil is expected to
result in more oil loss. Thus, by decreasing the amount of
weakly-bound oil (or increasing the amount of tightly-bound
oil), the oil binding capacity of the network will increase.

In our study, we found that as the solid mass is more evenly
distributed throughout the material, the oil present in the ma-
terial becomes more strongly bound [14]. One explanation is
that such a network will contain a higher number of smaller
crystals compared to a network comprised of clustered mass.
Thus, a network of evenly distributed crystals will provide
more surface area for adsorption compared to one of larger
crystal clusters, increasing the amount of oil that is tightly
bound by increasing the amount of surface that the oil can
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adsorb onto. This reduces the amount of fast-leaking or
weakly-bound oil, resulting in less oil loss.

Similar correlations were conducted in this study to im-
prove our understanding of the relationship between gel mi-
crostructure and oil binding capacity. More specifically, linear
correlation analysis between microstructural parameters (Db,
AFp, wax concentration) and oil loss values (OL1 and OL4)
were conducted for all concentrations of RBX, SFX, and CLX
gels. These results are summarized in Tables 1 and 2.

As seen in Tables 1 and 2, OL1 and OL4 correlate nega-
tively with Db. As previously explained, this is likely due to
the increase in surface area for oil adsorption achieved by
evenly distributing the mass. Thus, a network of homoge-
neously distributed mass will contain a relatively larger
amount of tightly bound oil, and therefore will exhibit less
oil loss.

Db was also shown to negatively correlate with AFp, while
AFp correlated positively with oil loss. What these correla-
tions suggest is that a network comprised of clustered mass
will contain larger pores and exhibit more oil loss compared to
a network of evenly distributed mass and smaller pores. Not
only will the latter network contain a larger proportion of
tightly bound (adsorbed) oil, but the weakly bound oil will
have to migrate through a highly tortuous network in order to
exude.

From a structural perspective, these findings indicate that
the oil binding capacity of a gel can be improved by increasing
the homogeneity (or order) in the distribution of crystal mass
(Db), or decreasing pore area fraction (AFp). In this study, we
examined how cooling rate and wax concentration affect these
two microstructural parameters. The former is a direct manip-
ulation of the gel microstructure, while the latter option is
simply a means of increasing the solid volume fraction of
the gel. This reduces the total liquid volume and also provides
more Bstructuring^ material to support the network.

The relationships between Db, AFp, and oil loss was ex-
plored further given the compelling evidence suggesting that
these microstructural parameters can be used to attenuate oil
loss. Db was plotted against AFp for all oleogels exposed to
both cooling conditions. The resulting curve, shown in Fig. 1,

can bemodeled using an exponential function of the following

form Db ¼ Aþ Be−AFp=C , where A, B, and C are fitting
parameters.

The significance of this finding is that Db is strongly related
to AFp. This means that the total pore area of a system can be
manipulated to achieve a specific Db, irrespective of wax type
or cooling rate. Given that oil loss has been found to correlate
with Db, this presents an extremely powerful means of engi-
neering the oil binding capacity of wax oleogels.

Oil loss can also be plotted as a function of pore area frac-
tion, as shown in Fig. 2. This relationship can be modeled
using a simple exponential growth function. Again, because
this relationship applies to oleogels containing different con-
centrations of three unique wax species cooled under two
different cooling rates, this finding demonstrates how, as a
general rule, the pore area can be modified to tailor the oil
binding capacity of wax oleogels.

This figure also reveals that there is a pore area threshold
belowwhich the oil binding capacity is greatly diminished. By
performing a linear regression on the region containing in-
creasing oil loss values of the figure above, this threshold
(taken as the x-intercept) was determined to be 96.8 % (R2=
0.99). This finding suggests that the oil binding capacity of a
network can be improved by reducing the pore area fraction to
below 96 %. One means of achieving this modification is by
increasing wax concentration. An alternative is by applying a
higher cooling rate during gel preparation.

Table 1 Linear correlation analysis of structural parameters and oil loss
data for wax gels cooled at 1.5 °C/min

1.5 °C/min Db OL1 OL4 AFp % Wax

Db – −0.79b −0.85b −0.94c 0.79b

OL1 −0.79b – 0.82c 0.66a −0.59a

OL4 −0.85b 0.82c – 0.86b −0.80b

AFp - 0.94c 0.66a 0.86b – −0.91c

% Wax 0.79b −0.59a −0.80b −0.91c –

The level of significance is denoted by superscript letters a (p<0.05), b
(p<0.01), and c (p<0.0001)

Table 2 Linear correlation analysis of structural parameters and oil loss
data for wax gels cooled at 5 °C/min

5 °C/min Db OL1 OL4 AFp % Wax

Db – −0.88b −0.95c −0.90c 0.63a

OL1 −0.88b – 0.93c 0.74b

OL4 −0.95c 0.93c – 0.80b −0.66a

AFp −0.90c 0.74b 0.80b – −0.64a

% Wax 0.63a −0.66a −0.64a –

The level of significance is denoted by superscript letters a (p<0.05), b
(p<0.01), and c (p<0.0001)

Fig. 1 Fractal dimension (Db) as a function of pore area fraction (AFp)
for rice bran wax (RBX), sunflower wax (SFX), and candelilla wax
(CLX) gels cooled at both 1.5 °C/min and 5 °C/min
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Armed with this knowledge, differences in oil loss values
were interpreted by examining how factors such as cooling
rate, wax type, and wax concentration impact the microstruc-
tural characteristics of the wax crystal network, namely Db,

AFp, and mean crystal length. A commercial stabilizer (CS)
commonly added to peanut butter to prevent oil separation
was included in this study. The Cg of the CS is 6.5 % (w/w),
which is noticeably higher than that of RBX, SFX, and CLX.
The difference in Cg between these gelators demonstrates the
superior oil structuring ability of waxes relative to commercial
stabilizers.

Unfortunately, CS oleogels were too dense to image using
optical light microscopy due to the high solid concentrations
required for gelation. As a result, it was not possible to obtain
any information about crystal length, Db, or AFp. Only the
OL1 and OL4 values of CS oleogels can be compared to the
OL1 and OL4 values of wax oleogels. OL values are listed in
Table 3.

Oil Loss Results – Slow Cooling vs. Fast Cooling

As seen in Table 3, rapidly cooled 1 and 2 % RBX gels exhib-
ited lower OL1 and OL4 compared to slowly cooled RBX gels
at equivalent wax concentrations (p<0.05). Rapidly cooled 1
and 2 % gels had higher fractal dimensions, Db, (p<0.0001)
and smaller pore area fraction, AFp (p<0.001), shown in Ta-
bles 4 and 5. At equivalent wax concentrations, the mean crys-
tal length decreased when gels were rapidly cooled
(p<0.0001). Mean crystal lengths are listed in Table 4.

From a structural perspective, this means that faster cooling
created a network of homogeneously distributed small crys-
tals. As previously explained, the even distribution of crystal-
line mass provides more surface area and reduces pore area
fraction (AFp), creating a highly tortuous pathway for loose oil
to migrate through before escaping the network [14]. As a
result, there is less oil loss compared to slowly cooled gels
which contain clustered crystals and larger pores, allowing
larger volumes of oil to migrate through a less tortuous
network.

The difference in Db, or AFp was not statistically significant
for 5 % RBX gels. As expected, there was also no significant
difference in oil loss values for 5 % gels either. The 0.5 % gels
lost more oil when cooled rapidly (p<0.05). There was no
difference in Db or AFp between rapidly cooled or slowly
cooled 0.5 % gels, which explains this observation. However,
as shown in Table 6, slowly cooled 0.5 % gels contained
longer crystals compared to 0.5 % rapidly cooled RBX gels
(p<0.0001). It is possible that at such lowwax concentrations,
longer crystals are more efficient at structuring large volumes
of oil by entrapping it within the wax crystal scaffolding.

Fig. 2 Oil loss (OL) as a function of pore area fraction (AFp) for rice bran
wax (RBX), sunflower wax (SFX), and candelilla wax (CLX) gels cooled
at both 1.5 °C/min and 5 °C/min

Table 3 Oil loss values after the first centrifuge cycle (OL1) and last centrifuge cycle (OL4) for wax gels cooled at 1.5 °C/min and 5 °C/min. Means
with same superscript are not significantly different (p>0.05)

Slow Cooling (1.5 °C/min) Rapid Cooling (5 °C/min)

0.5 % RBX SFX CLX 5 % CS RBX SFX CLX 5 % CS

OL1 65.69±2.07a Gel did not
form

Gel did not
form

51.56±0.52h 79.7±14.87j 41.86±4.15l Gel did not
form

33.9±1.96n

OL4 78.44±3.88a 60.73±0.28hij 90.16±8.23l 74.18±2.16l 47.3±1.81q

1 % RBX SFX CLX 6 % CS RBX SFX CLX 6 % CS

OL1 57.66±0.99b 0e 12.59±2.19f 55.27±2.67b 0k 8.29±1.64m 13.24±0.98fm 31.3±1.96no

OL4 78.25±4.41a 49.7±10.15d 80.92±0.6a 62.48±2.35i 62.38±0.83m 34.43±5.05p 44.32±8.49op 43.4±1.83°

2 % RBX SFX CLX 7 % CS RBX SFX CLX 7 % CS

OL1 10.68±3.35c 1±1.25ek 0.88±0.31eg 49.41±1.49h 1.54±1.24ck 1.62±0.39ek 0.42±0.26k 28.33±1.41op

OL4 34.67b 9.46±3.07eq 8.07±4.22ef 58.4±0.79j 4.59±0.41n 12.28±0.85q 2.15±0.97p 39.76±2.74s

5 % RBX SFX CLX 8 % CS RBX SFX CLX 8 % CS

OL1 1.83±0.22d 0.49±0.33de 0e 38.22±1.74i 0dk 0ek 0ek 26.8±0.43p

OL4 16.68±6.16c 2.59±1.09er 0.52±0.22g 49.31±1.68k 0.52±0.15n 0.34±0.29nr 0.32±0.04gnp 38.86±0.74s

OL1 means were not compared with OL4 means. Slowly cooled gels were compared to rapidly cooled gels containing equivalent concentrations of the
same wax species, and to slowly cooled gels containing different concentrations of the same wax species and equivalent concentrations of different wax
species. Rapidly cooled gels were also compared to rapidly cooled gels containing different concentrations of the same wax species and equivalent
concentrations of different wax species. Reported values are averages and standard errors of three replications
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Not surprisingly, the mean crystal length was smaller for
rapidly cooled SFX gels compared to slowly cooled SFX gels
at equivalent concentrations (p<0.0001). Differences in oil
loss between slowly cooled and rapidly cooled gels were sta-
tistically different between 1 % SFX gels only. The 1 % rap-
idly cooled gels had lower OL4 (p<0.0001) compared to
slowly cooled 1 % gels, but a higher OL1 (p<0.05). Rapidly
cooled 1 % SFX gels also had a higher Db (p<0.01) and
smaller AFp (p<0.01) compared to slowly cooled 1 % gels.

Again, these structural differences imply that faster cooling
results in a homogenous distribution of smaller crystals, as
indicated by a high Db and low AFp

. The final network con-
tains a large amount of surface area and small amount of pore
space. As crystalline surface area increases, so does the
amount of adsorbed oil. If adsorbed oil is considered to be
tightly bound oil, then an increase in crystal surface area
would result in an increase in the amount of tightly bound
oil. This would cause a decrease in the percentage of exuded
oil from the network, explaining why rapidly cooled 1 % SFX
gels had lower OL4 values compared to slowly cooled 1 %
SFX gels.

The 0.5 % SFX gels formed only under high cooling rates.
There were no statistical differences between Db or AFp be-
tween slowly cooled and rapidly cooled 0.5 % SFX gels. The
only observable difference was that rapidly cooled 0.5 % SFX
gels contained shorter crystals than slowly cooled 0.5 % SFX

gels (p<0.0001). Although this morphological difference is
expected, it is not in agreement with the trends observed for
0.5 % RBX gels, which experienced less oil loss when ex-
posed to slower cooling rates. At 0.5 % wax concentration,
longer crystals appeared to be more efficient at structuring oil
for RBX, while the opposite is true for 0.5%SFX gels.

This might be a consequence of surface effects. The chem-
ical composition and topographical features of the exposed
wax crystal surface will influence the degree of interaction
with the surrounding liquid medium. The Bwettability^ of a
surface is onemanifestation of this relationship. The spreading
parameter (S) is an indication of the ‘wettability’ of a surface
[17]. It describes how a liquid droplet interacts with a solid
interface based on the surface energy (γ) of the solid, S= γsolid
−(γliquid +γsolid− liquid). Total wetting is achieved when the
droplet completely spreads over the surface, yielding S>0.
As seen from the equation above, this requires γsolid to be
large. In the case of partial wetting, the droplet does not spread
over the surface, but instead forms a round bead, minimizing
the area of contact with the solid. This scenario results in S<0.

The wettability of a surface is also dependent on the com-
patibility between the solid surface and liquid droplet, deter-
mined by the chemical nature of the two interfaces. For in-
stance, if the chemical nature of a wax crystal is highly com-
patible with the surrounding oil phase, then oil will easily
adsorb onto the crystal surface, yielding S>0. If the chemical

Table 4 Fractal dimensions (Db) for gels cooled at 1.5 °C/min and 5 °C/min. Means with the same superscript are not statistically different (p>0.05)

Db 0.5 % 1 % 2 % 5 %

RBX 1.5 °C/min 1.53±0.049a 1.55±0.041a 1.67±0.005b 1.82±0.019c

SFX 1.52±0.034ad 1.52±0.029a 1.74±0.031bd 1.83±0.012bc

CLX – 1.74±0.027e 1.86±0.017ef 1.84±0.009cef

RBX 5 °C/min 1.44±0.023a 1.76±0.016c 1.85±0.018cf 1.82±0.002cf

SFX 1.55±0.035d 1.72±0.034cd 1.74±0.014d 1.76±0.016cd

CLX – 1.57±0.109c 1.85±0.02df 1.87±0.009df

Db values were compared between gels containing equivalent concentrations of different wax species cooled under the same cooling rate, and between
gels containing different concentrations of the samewax species cooled under different cooling rates. Reported values are averages and standard errors of
three replications

Table 5 AFp for gels cooled at
1.5 °C/min and 5 °C/min. Means
with the same superscript are not
statistically different (p>0.05)

AFp 0.5 % 1 % 2 % 5 %

RBX 1.5 °C/min 0.94±0.013a 0.95±0.006a 0.84±0.007b 0.59±0.036c

SFX 0.96±0.007a 0.93±0.016ae 0.81±0.037b 0.56±0.04c

CLX – 0.86±0.01e 0.63±0.016c 0.61±0.029c

RBX 5 °C/min 0.96±0.005a 0.72±0.011b 0.59±0.023c 0.52±0.034c

SFX 0.9±0.019a 0.69±0.019b 0.71±0.021bd 0.62±0.012d

CLX – 0.94±0.001e 0.57±0.038c 0.549±0.039c

AFp values were compared between gels containing equivalent concentrations of different wax species cooled
under the same cooling rate, and between gels containing different concentrations of the samewax species cooled
under different cooling rates. Reported values are averages and standard errors of three replications
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nature of the crystal is less compatible, then less oil will be
adsorbed. In the latter case, entrapmentmay be amore suitable
oil binding mechanism, in which case longer crystals would
be preferable.

According to wax suppliers Koster Keunan Inc., RBX con-
tains long chain saturated C46-C62 esters, while SFX consists
of long chain saturated C42 to C60 esters. Similar chain
lengths suggest no difference in hydrophobicity. However,
the acid value for RBX is 13, approximately three times more
than the acid value of SFX. This suggests that there is a greater
presence of carboxylic acid groups in RBX compared to SFX.
The double-bonded oxygen and hydroxyl groups within a
carboxyl group enhance the hydrophilic nature of a species,
hinting at difference in the chemical nature of RBX and SFX.
However, further characterization is required to confidently
distinguish between such differences.

Another factor to consider is the roughness of the surface
[18]. According to the Wenzel equation, increasing the rough-
ness of a hydrophobic surface will increase its wettability
when exposed to a hydrophobic medium. The explanation
for this is that a rougher surface will have more surface area,
allowing for greater contact with the hydrophobic liquid. For a
hydrophilic surface, any topological troughs or crevices will
be occupied by air, minimizing the interfacial contact area
between droplet and solid surface. This condition can be
modeled using the Cassie-Baxter equation [18].

Razul et al. examined the effects of surface hardness on oil
binding capacity [19]. By using atomic scale molecular dy-
namics computer simulations to model the nanoscale oil bind-
ing capacity between parallel sheets of tristearin crystalline
nanoparticles (CNP), the authors determined that oil binding
increased when the CNP surfaces were softer. These findings
demonstrate how surface texture can be used to attenuate oil
binding. This is an important concept and suggests that the
nature of the network surface should be considered as another
variable contributing to oil binding.

These findings support the proposal that differences in the
chemical composition and roughness of wax crystal surfaces
will lead to differences in oleogel oil binding capacity. If the

topological properties of the wax network promote high levels
of wetting, then it is likely that the wax will bind oil via
adsorption and exhibit a high oil binding capacity. Alterna-
tively, a network with surface conditions that are less favor-
able for wetting may instead bind oil by entrapment, rather
than adsorption.

Thus, the difference observed between 0.5 % RBX and
0.5 % SFX may be due to differences in oil binding mecha-
nisms. RBX oil binding capacity may depend on entrapment
for oil binding, while SFX may depend on adsorption, in
which case shorter crystals with a greater surface are
preferable.

Rapidly cooled CLX gels contained shorter crystals com-
pared to slowly cooled CLX gels at equivalent wax concen-
trations (p<0.0001). Rapidly cooled gels had a lower OL4

(p<0.05), while OL1 was not statistically different. There
was no significant difference in Db or AFp between gels of
equivalent wax concentrations cooled at different cooling
rates. However, a decrease in crystal size due to rapid cooling
would mean an increase in wax crystal surface area, providing
more area for oil adsorption, thereby increasing the amount of
tightly bound oil. OL4 was lower for rapidly cooled gels be-
cause a larger portion of the total bound oil is tightly bound
compared to slowly cooled gels, and therefore more difficult
to remove.

For CS oleogels, rapid cooling decreased both OL1 and
OL4 at equivalent gelator concentrations (p<0.05). The as-
sumption that this is due to the formation of smaller crystals
cannot be proved due to a lack of microscopic data. However,
it is a logical assumption given that the relationship between
cooling rate (or more specifically, the degree of supercooling
and supersaturation of the melt) and crystal size also applies to
fat crystal networks [20, 21].

From this analysis, it is clear that rapid cooling decreases
crystal size. A network of smaller crystals will have more
surface area available for oil adsorption compared to a net-
work of larger crystals. However, the nature of the crystal
surface will dictate the extent of surface wetting and oil ad-
sorption, influencing the amount of oil that is tightly bound.

Table 6 Mean crystal lengths (μm) for wax oleogels cooled at two different cooling rates

% Wax RBX - 1.5 °C/min RBX - 5 °C/min SFX - 1.5 °C/min SFX - 5 °C/min CLX - 1.5 °C/min CLX - 5 °C/min

Mean (μm) S.E.M Mean (μm) S.E.M Mean (μm) S.E.M Mean (μm) S.E.M Mean (μm) S.E.M Mean (μm) S.E.M

0.5 15.3a 0.36 6.23c 0.40 12.5e 0.27 4.1g 0.20 – –

1 16.3a 0.43 9.71d 0.50 16.4af 0.31 6.9h 0.26 5.2i 0.12 3.3l 0.06

2 20.8b 0.47 10.4d 0.47 16.2f 0.22 10.8d 0.51 5.8j 0.12 4.2m 0.06

5 21.0b 0.44 9.81d 0.42 16.4f 0.23 11.2d 0.46 8.1k 0.17 6.1n 0.11

Means with the same superscript are not statistically different (p>0.05). Mean lengths were compared between gels containing equivalent concentrations
of the same wax species cooled under different cooling rates, while gels containing equivalent concentrations of different wax species or different
concentrations of the same wax species were compared under the same cooling rate. Reported values are averages and standard errors of three
replications
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Apart from decreasing crystal size, rapid cooling was found
to increase Db and decrease AFp. The interpretation of these
results is simply that the network contains homogenously dis-
tributed crystal mass and small pores. This will reduce oil loss
given that the network will contain less weakly bound oil
compared to a network containing clustered mass or more
pores, meaning that the volume of free oil must migrate
through a highly constricted and tortuous pathway, slowing
oil movement and reducing oil loss.

It was noted that significant differences in oil loss related to
changes in AFp and Db occurred more frequently in 1 and 2 %
gels, and less commonly in 0.5 and 5 % gels. One possible
explanation is that a 5 % wax concentration may impart too
much Bsolid^ character to the network, while 0.5 % wax con-
centrations yielded a liquid-like system. As discussed in our
previous paper, a definition of a Bgel^ that is both clear and
applicable to various gelled system is lacking, providing a
challenge in distinguishing the boundary between a gel and
solid. There may exist a threshold solid concentration above
which the solid volume fraction is so high that it dominates the
physical behaviour of the system, causing a transition from gel
state to solid state. The 5 % concentration may be included in
this range, meaning that the oil binding capacity of 5 % gels is
not as sensitive to Db and pore area as Btrue^ gels containing
less wax. Similarly, at very low solid concentrations, a ‘weak’
gel state may develop with unique properties that do not
completely align with the behaviour of a ‘true’ gel.

Oil Loss - Slow Cooling Rates

As seen in Table 3, at equivalent wax concentrations, RBX
gels lost more oil than SFX gels (p<0.05). This observation is
in agreement with our previous study, in which Cg RBX gels
lost more oil than Cg SFX gels [14]. Interestingly, there was no
difference in Db or AFp between gels containing the same
amount of wax. Meanwhile, 2 and 5 % RBX gels had longer
crystals than 2 and 5 % SFX gels (p<0.001), and there was no
difference in mean crystal length for 1 % gels.

This alludes again to surface effects that could be related to
surface chemistry and surface roughness. First, it is possible
that functional groups present at the surface of SFX crystals
are more non polar in nature than the functional groups pres-
ent at the surface of RBX crystals. In an oil medium, this
would increase the wettability of SFX crystal surfaces,
resulting in greater oil adsorption compared to RBX.

RBX gels lost more oil than CLX gels (p<0.001). The 1
and 2 % RBX gels had a lower Db (p<0.001) and higher AFp
compared to CLX gels of the same concentration (p<0.05).
This means that RBX crystal mass was more clustered com-
pared to CLX crystal mass, resulting in a network with larger
pores. In addition, RBX crystals were longer compared to
CLX crystals (p<0.0001), reducing the total surface area
available for adsorption.

The 1 % CLX gels lost more oil than 1 % SFX gels
(p<0.001). The Db was lower for 1 and 2 % SFX gels
(p<0.05), and SFX contained longer crystals (p<0.001). The
AFp was not statistically different for 1 % CLX and SFX gels.
CLX crystals would have a greater surface area than SFX
crystals since they are smaller in size. More oil adsorption
would therefore be expected for CLX crystals. However,
OL1 and OL4 were higher for 1 % CLX gels because the
network binds oil via adsorption, and not entrapment. In com-
parison, SFX can rely on both mechanism, and therefore ex-
udes less oil.

From this comparison, it is clear that under slow cooling
conditions, 1 and 2 % SFX oleogels exhibited the highest oil
binding capacity. At higher wax concentrations, the oil bind-
ing capacity of SFX and CLX oleogels were superior and
comparable. The CS retained significantly less oil compared
to 2 and 5 % gels, while the difference in oil loss between CS
and wax oleogels was less dramatic at 1 and 2 % gelator
concentrations. However, the concentration of CS required
to achieve gelation is much higher, and does not offer a rela-
tively superior oil binding capacity.

Oil Loss - High Cooling Rate

Rapidly cooled 0.5 % RBX gels lost more oil than 0.5 % SFX
gels (p<0.0001). The 0.5 % RBX gels had a lower Db

(p<0.05) and longer crystals compared to 0.5 % SFX gels
(p<0.01). A lower Db implies that the amount of fast
leaking/weakly bound oil increases due to a decrease in the
amount of tightly bound/slow leaking oil. The 1 % RBX gels
lost more oil than 1 % SFX gels (p<0.001). There was no
difference in Db or AFp for 1 % gels, suggesting that the
differences in oil loss are due to surface effects, especially
since RBX consistently exhibits a lower oil binding capacity
compared to SFX gels.

OL1 was higher for 1 % CLX gels (p<0.01) compared to
1 % RBX gels, and OL4 was higher for 1 % RBX (p<0.001).
There was no difference in Db, but AFp was higher for 1 %
CLX gels (p<0.001). A larger pore area would allow for oil to
move through the network more easily, which in essence in-
creasing the fraction of loosely oil bound (OL1). However,
CLX has shorter crystals compared to RBX (p<0.001), corre-
sponding to an increase in the fraction of tightly bound or
adsorbed oil, resulting in less OL4 for 1 % CLX gels.

OL4 was higher for 1 % CLX gels compared to 1 % SFX
gels (p<0.001). There was no difference in Db. However, 1 %
CLX gels had a higher AFp (p<0.01) compared to 1 % SFX
gels. OL4 was higher for 2 % SFX gels compared to 2 % CLX
gels (p<0.001). Again, there was no difference in Db, and 2 %
SFX gels had a higher AFp. In both cases, the gel with the
higher AFp retained less oil.

From this comparison, it is clear that under fast cooling
conditions, 1 % SFX oleogels exhibited the highest oil
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binding capacity. At higher wax concentrations, the oil bind-
ing capacity of RBX, SFX, and CLX oleogels were compara-
ble and superior to the oil binding capacity of CS oleogels.

Conclusions

RBX, SFX, and CLX oleogels contained smaller crystals
when cooled at 5 °C/min compared to 1 °C/min. In general,
faster cooling decreased crystal size. For gels below 5 % wax
concentration, this corresponded to an increase in Db and a
decrease in AFp, creating a highly tortuous network with a
higher oil binding capacity compared to slowly cooled gels.
Under both cooling conditions, 1 % SFX gels exhibited supe-
rior oil binding capacity. At higher wax concentrations, SFX
and CLX displayed similar oil binding capacities under slow
cooling, while all three oleogels were comparable under fast
cooling.

RBX consistently retained less oil than SFX, despite their
similar morphology. This suggests that surface effects includ-
ing surface chemistry and surface roughness should be exam-
ined as factors contributing to oil binding.

The oil binding capacity of CS oleogels was lower than that
of wax oleogels at concentrations above 1 % (w/w). This sug-
gests that the CS is a less efficient gelator since a greater
concentration is required for gelation, and because CS
oleogels retained less oil compared to wax oleogels. However,
the oil binding capacity of CS oleogels can be improved by
increasing the cooling rate.

Linear correlation analysis revealed that as AFp increases,
Db decreases. A higher pore area fraction, or lower Db, corre-
lates with greater oil loss. In addition, oil loss increases with
AFp. The oil binding capacity of wax oleogels can be signif-
icantly improved if AFp is decreased below 96 %.

Future work should evaluate the effect of shear on the mi-
crostructure and oil binding capacity of wax oleogels. In ad-
dition, the relationship between surface chemistry and surface
texture and oil binding should be investigated. Such informa-
tion will provide a better understanding of gelation mecha-
nisms and the use of waxes as oil structuring materials.
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