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Influence of Minor Oil Components on Sunflower, Rice

Bran, Candelilla, and Beeswax Oleogels

Maria Scharfe,* Jonas Niksch, and Eckhard Floter

The impact of the solvent composition on wax oleogels is addressed by (1)
increasing polar components (PC) in sunflower and canola oil through
thermal treatment and (2) removing minor components from untreated oils by
column chromatography. Subsequently, oleogels are produced at 0.05 and

10 °C min~' using 4% or 10% w/w of either sunflower, rice bran, candelilla, or
beeswax. Oleogels firmness, break-up behavior during amplitude sweeps, and
gelation and dissolution are studied using penetration tests, rheology, and
differential scanning calorimetry (DSC), respectively. Moreover, the crystal
morphology of 4% w/w samples, gelled at 10 and 0.05 °C min~’, is studied
using bright field microscopy. Distinct effects caused by the presence or
absence of PCs on the characteristics mentioned above are observed,
depending on the wax type. The formation of highly ordered wax crystal
structures is favored in oils without PCs and low cooling rates. Data on gel
formation and dissolution reveal a decrease in wax solubility in the absence of
PCs. In contrast, the critical gelation concentration (CGC) decreases when
PCs are present, independent of their concentration, indicating that PCs aid
network formation. Moreover, the break-up behavior during oscillatory stress
is significantly different, leading to more network fragments and higher
energy dissipation with increasing strain.

Practical applications: 1t is found that the oil composition, in particular, the
fatty acid composition of TAGs and dissolved minor polar oil components,
profoundly affect wax oleogel properties. Although not all mechanisms
leading to these changes can be unraveled within this study, a fundamental
understanding of solvent composition’s role on oleogel formation,
dissolution, and network properties is vital in the light of product applications.
Moreover, trustworthy and comparable oleogel research can only be achieved
if the impact of solvent composition is considered in experiments. That way,
the capability of oleogels for industrial applications might be maximized. For
that, a detailed characterization of oil quality, particularly the fatty acid
composition and presence of minor polar components, is required to conduct
reliable scientific work in oleogel research.

1. Introduction

Waxes are organic, lipophilic mixtures of
long alkyl chains having several functional
groups such as carboxyl, hydroxyl, ketones,
aldehydes, and esters. Additionally, the
chains may comprise unsaturated bonds.
Hence, plant waxes contain a heteroge-
neous mixture of wax esters (WEs), free
fatty acids (FFAs), fatty alcohols (FAOHs),
hydrocarbons (HCs), and up to 10% other
minor components.l!l The chemical com-
position, e.g., alkyl chain length and num-
ber of unsaturated bonds, and the ratio
of these components defines the waxes’
physicochemical characteristics such as dis-
solution temperature (Tp) and solubility in
a particular solvent.

The composition considerably depends
on the wax source, growing conditions,
and extraction and purification methods in-
dicated by the compositional differences
found in the literature.'""!l Besides the
main constituents, minor wax components
such as sterol esters, esters of pentacyclic
triterpenoids, and alcohols and their con-
centration may influence, i.a., transition
temperatures.l”l However, in their native
state, waxes are solid at ambient temper-
ature and usually melt between 50 and
80 °C.[13]

When dissolved in low polar, organic sol-
vents such as edible oils at sufficient con-
centrations, they may form a 3D crystalline
network that can immobilize the liquid (see
Table 1). The resulting oleogels are promis-
ing candidates to replace traditionally struc-
tured lipid phases based on semi-solid
networks with high saturated fatty acids
contents.

Waxes of industrial significance are beeswax (BWX), carnauba
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(CRX), candelilla (CLX), rice bran (RBX), and sunflower wax
(SFX). The ability of waxes to gel, e.g., plant oils, relates to their

low solubility and crystal structure, which is a function of their
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Table 1. Selection of literature, including the CGC determination of SFX, RBX, CLX, and BWX in different oils. The list does not aim to cover all publications
measuring the CGC of waxes in edible oils. Values were determined at ambient temperature (20 or 25 °C), except.[*"]

Wax CGC[% w/w] A% ww Oil Method Ref.
SFX 0.5 0.5 Soybean Flow test 7
1.0 1.0 Canola Flow test 3]
0.5 0.5 High oleic sunflower Flow test +Rheology [50]
1.0 0.5 Rice bran Flow test [26]
0.3,0.5&1.0 0.2,0.5,and 1.0 Soybean, almond, canola, corn, grape seed, safflower & Flow test [57]
sunflower (all 0.3)
olive, peanut, pumpkin, sesame, and walnut (all 0.5),
flaxseed (1.0)
RBX 1.0 0.5and 1.0 Olive oll Flow test [5]
1.0 1.0 Canola Flow test [3]
5.0 2.0 Rice bran Flow test [52]
5.0 0.5 Rice bran Flow test [26]
CLX 2.0 0.5 and 1.0 Refined soybean Flow test [53]
2.0 0.5and 1.0 Olive oll Flow test [5]
1.0-2.0 0.5 Soybean Flow test [7]
2.0 1.0 Canola Flow test [3]
0.75 0.25 High oleic sunflower Flow test [50]
1.0 0.5 Rice bran Flow test [26]
BWX 2.0-3.0 0.5 Soybean Flow test 7
1.0 0.25 High oleic sunflower Flow test+ Rheology [50]
40,40 2 MCT, LCT Flow test [52]
1.5 0.5 Rice bran Flow test [26]

chemical composition and the interactions between individual
components and the gels’ production conditions, such as cooling
rate and shear. Moreover, the solvent composition and dissolved
PCs could impact the gelling ability of waxes by interacting with
the main wax components or modifying the network-defining
interactions between the crystals. Similar effects have been re-
ported for interactions in fat crystal networks in the presence of
molecules with functional groups.!'*17]

Hence, the main wax components and potential interaction
points will be discussed briefly in the following. Hydrocarbons
with odd and even-numbered alkyl chains (27-36) self-assemble
into lamellar structures, forming crystalline microplatelets in hy-
drophobic solvents. These aggregate and form a 3D network sta-
bilized by mainly van der Waals forces (vdW).[®] The melting
temperature increases with increasing carbon chain length, si-
multaneously decreasing the solubility.*”) That applies to all wax
constituents.

Combinations of long-chain FFAs and FAOHSs reportedly gel
vegetable oils at concentrations as low as 2% w/w and show syn-
ergistic effects at specific composition ratios when having the
same chain length.[? In addition, due to their carboxylic group,
hydrogen bonds form during the self-assembling process result-
ing in stronger network interactions than HCs. These bonds re-
portedly boost interactions in other oleogels systems as well.l?!]
Consequently, their melting temperatures are higher than HCs
with the same number of carbon atoms.[*”) Natural waxes con-
tain FAOHs with even-numbered carbon chains between 24-34
carbon atoms.!?? Their weight fraction in waxes ranges from less
than 1% in RBX and SFX, 2 and 6% in BWX and CLX, to more
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than 30% in CRX. Similar to FFAs strong hydrogen bonds form
between adjacent FAOHs through their hydroxyl groups.

Finally, wax esters are the main components in SFX, RBX,
BWX, and CRX, possibly impacting oleogel formation and
properties the most. They contain FA and FAOH moieties with
carbon chain lengths between 16-24 and 18-31, respectively.l??]
The proportion of the two alkyl chains in WE'’s influences the
phase transition, with symmetric WE showing higher melt-
ing temperatures.?***] The self-assembly of WE is due to the
interlocking of alkyl chains which is more favored if adjacent
chains have the same number of carbon atoms.[?] These struc-
tural units form large plates of stacked crystals (symmetrical),
while asymmetric chains result in smaller, more needle-like
shapes.[?3]

Besides processing conditions and wax composition, weak,
noncovalent bonds between crystals such as hydrogen bonds,
vdW forces, and z—z-interactions additionally impact network
strength.[®2627] These may form by bridging between adjacent
crystals. Moreover, minor oil and wax components alter crys-
tallization kinetics and crystal morphologies. Indeed, a study
showed that minor wax components with functional groups such
as secondary alcohols or ketones do not develop the orthorhom-
bic structure typical for aliphatic compounds. That results from
reduced crystallinity which favors more loosely mixed molecular
packing.}! Therefore, minor components may profoundly affect
crystal morphology, changing macroscopic properties such as gel
hardness. Possible effects due to minor oil and wax components’
are difficult to assess. The more so because of the chemical diver-
sity and varying concentrations.

© 2022 The Authors. European Journal of Lipid Science and
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Nevertheless, several publications addressed the role of oil type
on wax oleogels. The rheological and thermal behavior of SFX,
BWX, and paraffin wax (PFX, only HCs: C20+C40) was studied
in olive, corn, soybean, sunflower, safflower, and canola 0il.1?8]
Dissolution temperatures (T},) and transition enthalpies were af-
fected by the oil type, whereas the degree of change differed for
all waxes. Similarly, the storage modulus, which represents the
number of interaction points within a network,*!) showed con-
siderable differences in oil and wax types. Another study assessed
the crystallization of RBX in a canola/soybean oil mix, camellia
oil, and olive 0il.[*”) While the gel formation temperature (T;) was
not significantly affected, Ty, varied slightly with the oil type, in-
dicating minor changes in wax solubility. In line with that, pen-
etration hardness was affected by the oil type. However, X-ray
diffraction (XRD) patterns revealed two RBX crystal types and
anisotropic crystal growth, resulting in needle-like crystals.

In addition to varying the oil type, adding small molecules
with functional groups is a popular method to tailor also wax
oleogel properties.[**3!] However, without standardization of the
solvent, the effects of minor oil components and admixed molec-
ular species are challenging to unravel due to superimposition.

The admixing of adipic acid (2 carboxyl groups, T,, ~ 151 °C)
to CRX/soybean oil oleogels resulted in hydrogen bond forma-
tion visible in FTIR spectra.l®’] These may form between the car-
boxyl groups of the acid and FFAs (84-85%) of CRX. Further-
more, XRD revealed modifications in the crystallinity in oleogels
with adipic acid manifested in fibrillar instead of needle-like crys-
tals.

Similarly, combining CLX with different concentrations of ei-
ther monoglyceride (MAG, C18, C22) and fully hydrogenated
crambe oil (FHCO, C22, C18) in high oleic sunflower oil (7% sat-
urated FAs) and soybean oil (16% saturated FAs) altered oleogel
properties.?3] Although in DSC thermograms, an increase of
transition enthalpy and T}, is visible at high MAG and FHCO con-
centrations, this does not involve an equal increase in gel hard-
ness. Instead, gel firmness dropped to about 20% of the initial
value of CLX oleogels. The gel hardness increased by increasing
the additive concentration further due to the formation of indi-
vidual networks by FHCO or MAGs.

In contrast, tripalmitate (PPP) addition leads to a synergistic
effect in CLX oleogels.l**! Here, systems with 1% CLX and up
to 1% PPP showed higher G’ than 3% CLX oleogels. Reportedly,
that is due to the cocrystallization of PPP and CLX.

However, all studies considered utilized oils from supermar-
kets without detailed characterization of, e.g., unknown levels
of minor polar components, FA profile, or viscosity. The stan-
dardization of oils is recommended to avoid the superimpo-
sition of several effects contributing to the modifications of
oleogels.?137371 To the best of our knowledge, only one study in-
cluded an oil purification procedure to remove minor oil compo-
nents before preparing SFX oleogels.*®] Different soybean oils
with varying iodine values (112, 136, and 159) and PC levels
(7.5%, 6.2%, 2.8%, and stripped) were used, exemplifying differ-
ent oil polarities. The absence of PC increased the transition en-
thalpies, indicating more crystalline material. Since the enthalpy
was highest for the most polar oil (highest IV), one could assume
that SFX is less soluble in more polar oils. However, the purifica-
tion did not affect gel firmness, but G’ decreased in all stripped
samples compared to natural oils.
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Secondary wax and oil components containing functional
groups may cause interactions with wax constituents. These
might interfere with molecular stacking during gel formation,
modify wax solubility, and promote mixed molecular packing
formation.*3%! In addition to wax and oil composition, the pro-
cessing conditions such as cooling rate, application of mechani-
cal forces, and storage time essentially affect wax oleogels.212:22]
Nevertheless, these factors have been discussed in recent liter-
ature and will be kept constant in this study. However, distinct
effects influencing wax oleogel properties were reported in the lit-
erature. Since these superimpose in non-standardized oils com-
prising PCs, it is impossible to disentangle individual contribu-
tions. Thus, the utilization of stripped oils offers a more holistic
approach.

This study aims to provide a more coherent and relevant ap-
proach to describe the impact of solvent composition (PC and
TAG composition) on wax oleogels. To this end, canola and sun-
flower oil with varying concentrations of PC (0-19.4%) are used
to produce wax oleogels utilizing SFX, RBX, CLX, and BWX. Sub-
sequently, the gel hardness, crystal morphology, rheological and
thermal properties, and CGC are analyzed. The latter was deter-
mined at 20 °C using a rheological approach with minimal con-
centration steps (0.05% w/w). Finally, an attempt is made to link
the data on solvent composition to the microscopic and macro-
scopic properties of different wax oleogels, considering the indi-
vidual wax compositions. That hopefully enables a better under-
standing of the composition-functionality relation of wax oleogels
and provides new insights into the impact of PC on the formation
and properties of wax crystal networks in edible oils.

2. Experimental Section

2.1. Material

BWX, CLX, SFX, and RBX were kindly provided by KAHL
G.m.b.H. & Co. K.G., Trittau, Germany. The waxes were stored in
plastic bags at 6 °C. Canola oil (Canolin 10 770,) and sunflower oil
(Sonnin 70 020) were kindly provided by Walter Rau AG, Neuss,
Germany. All oils were stored in opaque containers at 3 °C im-
mediately after delivery to prevent deteriorating reactions.

2.2. Oil Purification and Increment of Polar Oil Components

Untreated canola, sunflower, and flaxseed oil were stripped by
combining the official method for the determination of polar
compounds and two methods developed in previous studies
[DGF C-11I 3b (13)].4%#!) The details can be found elsewhere.[*]

Sunflower and canola oil (2 1 each) were heated to 180 °C and
vigorously stirred to induce oil deterioration and increase the con-
tent of polar components. Samples were taken from the batch,
cooled to ambient temperature, and stored at 5 °C in opaque
containers. Samples were taken when the initial PC value deter-
mined using Testo 270 cooking oil tester (Titisee-Neustadt, Ger-
many) increased by 0.5%, 1.0%, 2.5%, and 15.0% from the initial
Testo value, which was 5.0% for canola and 9.0% for sunflower
oil. That way, several stages of oil deterioration were reached. It
should be mentioned that natural sunflower oil did not actually
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contain 9.0% of total polar components. The Testo cooking oil
tester measures the permittivity of a liquid and correlates the
value to a reference oil. This reference oil has a lower iodine value
(IV) than sunflower oil. Therefore, more unsaturated bonds re-
sult in a higher permittivity. The measured values thus overshoot
the actual PC value. The value of 3.7 + 0.2 verified this according
to the official method (DGF, C-III 3b (13)).

It should be mentioned that the same oils (natural, stripped,
and with increased levels of polar components) were used in pre-
vious studies. Data on the effectiveness of the oil purification pro-
cedure will hence not be shown in this study. For further infor-
mation, refer to refs. [35, 42].

Except for oil analysis and oleogel firmness, only stripped and
untreated oils and oils with the highest level of deterioration
products were used for further analysis. They will be referred to
as -P, -N, and -D, respectively.

2.3. Oil Analysis

Dielectric Constant: A parallel plate type electrode was built with
two stainless steel plates. The plates were fixed at a constant
distance of 0.5 mm by 4 PTFE washers (J 4 mm) and suitable
PTFE screws (12 mm in length). Each plate was equipped with
a 150 mm stranded wire (cross-sectional area 1.5 mm?) and con-
nected to a precision LCR meter (4280A, Hewlett Packard). The
capacitor was placed in a sealed PTFE housing filled with the
respective oil. The setup and the oil samples were tempered at
20 °C before analysis to ensure a constant and evenly distributed
temperature, and the temperature varied less than 0.5 °C during
measurements. The dielectric constant (¢) was determined by di-
viding the capacitance of the oil (C,) by the capacitance of the air

(Co)
e == (1)

All measurements were performed at 1 MHz and carried out
in triplicates.

Total Polar Components: In addition to the Testo cooking oil
tester, the content of polar components was determined using the
official method employing column chromatography.} Briefly,
25 g silica (0.063-0.2 mm, VWR International, Pennsylvania,
USA) with a water content if 5 g/100g is added to a mixture of
diethyl ether (13% v/v) and petrol ether (87% v/v) (both HPLC
grade and purchased from VWR International, Pennsylvania,
USA) and filled into a chromatography column (21 mm inner di-
ameter, length 45 cm, Lenz Laborglas GmbH, Berlin, Germany).
Subsequently, 2.5 g of oil was weighed and dissolved in 50 mL of
the solvent mixture. 20 mL of the oil solvent mixture were trans-
ferred into the column and eluted using another 150 mL of the
solvent mixture. The elution time was 60-70 min, and the sam-
ples were collected in a dried flask. Once elution was completed,
the solvent was evaporated at 50 °C using a vacuum rotary evapo-
rator (600 mbar). The content of polar components can be calcu-
lated from the initial mass of the oil sample and the eluted mass
collected in the flask. Measurements were carried out in tripli-
cates.

Peroxide Value, and Free Fatty Acids: Free fatty acids (FFA) and
peroxide value (PV) of oil samples were determined by titration
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(Excellence T5, Mettler Toledo, Columbus, USA). The PV was de-
termined according to DGF method C-VI 6a Part 2(02) (Wheeler
method). 3-5 g oil was diluted in a mixture of chloroform and
acetic acid (3:2 v/v, AppliChem GmbH, Darmstadt, Germany).
Subsequently, 1 mL of saturated potassium iodate (GPR REC-
TAPUR, VWR International, Pennsylvania, USA) solution was
added. After stirring at 300 rpm for 180 s, 50 mL of deionized
water were added. The titration was performed with 10.0 mol~!
sodium thiosulfate (Alfa Aesar, Haverhill, USA) and a redox elec-
trode (DMi140-SC, Mettler Toledo, Columbus, USA).

The content of FFAs, expressed as oleic acid content in
mg/100 g, was determined according to DGF method C-III 4
(06) with a pH electrode (DG113-SC, Mettler Toledo, Colum-
bus, USA). Briefly, 24 g of oil was dissolved in 60 mL of an
ethanol/diethyl ether solution (1:1 v/v, both HPLC-grade, VWR
International, Pennsylvania, USA). The titration was performed
using potassium hydroxide (GPR RECTAPUR, VWR Interna-
tional Pennsylvania, USA) in ethanol (0.02 mol/l). A blank value
was determined for each new batch of solvent. The titer was de-
termined by dissolving 25 mg benzoic acid (GPR RECTAPUR,
VWR International Pennsylvania, USA) in the solvent and was
measured in triplicates every day. All measurements were carried
out in triplicates.

2.4. Oleogels

Gel Preparation: 200 mL stock solutions of 4, and 10% w/w wax in
oil were prepared by adding the solids to the oil and heating the
mixture in 400 mL glass beakers to 80 °C on a heating plate (MR
Hei-Tech, Heidolph Instruments GmbH & Co.KG, Schwabach)
agitated using a magnetic stirrer at 200 rpm. Before further pro-
cessing, the solution was kept at 80 °C for 20 min to ensure com-
plete dissolution.

For rheology and microscopy, hot wax solutions were directly
transferred into the respective measurement environment to
avoid any changes in the gels due to sample preparation and
transfer. Three individual stock solutions were prepared for each
oil, and measurements were repeated as described in the follow-
ing sections.

Gel Firmness: Freshly prepared 10% w/w stock solutions were
poured into preheated (60 °C) glass Petri dishes (& 110 mm)
up to a height of 13 mm (50 g +1 g). Samples were trans-
ferred into a programmable climate chamber (HPP260, Mem-
mert GmbH, Schwabach, Deutschland) and cooled to 20 °C at a
constant cooling rate of 10 or 0.05 °C min~'. Subsequently, the
samples were stored at the same temperature for 24 h before
firmness was measured using a static material testing machine
(Zwick GmbH & Co. KG, Germany) equipped with a 0.5-inch
cylindrical probe. When the preset force of 0.02 N was detected,
the cylinder penetrated the sample to a depth of 3 mm (<30% of
sample height), and the associated program testExpertII recorded
the force—displacement motion curves. Each Petri dish was pen-
etrated five times, and the distance between penetration points
and the wall of the petri dish was about 10 mm.

Gel-Sol Transition: DSC was performed using a Netzsch
204 Polyma (Netzsch-Gerdtebau GmbH, Selb, Germany). Pure
waxes and oleogels comprising 4% and 10% w/w wax were
gelled at ambient temperature and stored for 24 h. Subsequently,
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Figure 1. Exemplary plot of storage and loss modulus of wax oleogels dur-
ing amplitude sweep, explanation in the text.

10-20 mg were cut from the gel samples’ center, weighed into
aluminum pans, and hermetically sealed. Samples were kept
at 95 °C for 30 min in the calorimeter to erase crystal memory.
Samples were then cooled at constant rates of 1, 10, and 40 °C
min~!. After an isothermal period of 20 min at 20 °C, samples
were heated at 10 °C min~! and the gel-sol transition temper-
atures and enthalpies were determined using Proteus software
(Netzsch-Geritebau GmbH, Selb, Germany). The measurements
were carried out in duplicates.

Sol-Gel Transition and Viscoelastic Behavior: Sol-gel transition
temperatures were determined via dynamic mechanical thermal
analysis (DMTA) using an MCR 302 Rheometer (Anton Paar
GmbH, Austria) with a plate-plate geometry (gap 0.2 mm). The
upper plate was sandblasted to avoid slipping of the sample. Hot
wax solutions (10% w/w) were pipetted (preheated pipette tips,
0.8 mL) onto the preheated plate (90 °C). Subsequently, the solu-
tion was cooled from 90 to 10 °C at a fixed cooling rate of 10 °C
min~!. The measurements were performed at a constant strain
within the linear viscoelastic region (LVR) of both the liquid and
the solid (0.05%) and an angular frequency of 10 rad s~'. The
sol-gel transition temperature was calculated using the associ-
ated program (Rheoplus, Anton Paar, Austria). It is defined as
the crossover of the loss (G”’) and storage modulus (G’) upon
cooling. All measurements were carried out in triplicates.

After gelation occurred, the samples were left to rest for 20 min
at 20 °C. Then, a strain sweep from 0.01-100% was performed
at 10 rad s™! and 20 °C. The data was used to determine G"/
within the LVR and the strain at which the sample starts to
be irreversibly damaged (y,,,,). The threshold value for deter-
mining y,. was set to 5% of the G" . in agreement with the
literature.[*l Moreover, AG’" was determined by deducting G”’
within the LVR from G, (see Figure 1).

CGC: The CGC in this study was determined for all waxes in
combination with stripped, untreated, and deteriorated oils (PC
+10%). It refers to the concentration at which G’ exceeds G’ at
20 °C. To this end, the CGC was approximated in a first step by
measuring the sol-gel transition temperature of wax solutions
with varying concentrations. Subsequently, the results were plot-
ted and extrapolated to estimate the CGC at 20 °C. The approxi-
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mation of the precise CGC at 20 °C was carried out by lowering
the wax concentration stepwise (0.05% w/w) from a concentra-
tion roughly above the estimated CGC. The respective solution
was cooled from 90 to 20 °C at a fixed cooling rate of 10 °C min~",
a constant strain of 0.05%, and an angular frequency of 10 rad
s71. Subsequently, samples were kept at 20 °C for 20 min, and
a strain sweep was performed for each concentration step. The
lowest concentration yielding G’ > G'’ was taken as the CGC for
the respective wax/oil combination. It needs to be mentioned that
samples might not be in a macroscopic solid state at this point,
but the definition is in line with the rheological definition of a
gel.1*%]

Microscopy: Brightfield light microscopy (BFM) images were
taken using the Axio Scope.Al KMAT (Zeiss, Jena Germany)
equipped with an AxioCam ICm1 Rev.1 camera. Samples were
prepared similarly to those in Petri dishes. Hot solutions of 4%
w/w wax in oil were pipetted on preheated microscope slides. Af-
ter the cover glass was placed, samples were kept at 80 °C for
10 min. Then cooling rates of 10 and 0.05 °C min~! were applied,
analogous to the Petri dishes used for gel firmness. Images were
taken after a storage time of 24 h at 20 °C without further pro-
cessing (20x magnification).

In addition, preheated microscope slides were cooled from 80
to 10 °C at 10 °C min~! using a temperature-controlled micro-
scope unit (Linkam Scientific Instruments Ltd., Tadworth United
Kingdom), and pictures were taken every 2.5 s. The image with
the first visible crystals was taken as crystallization onset and
compared to DSC onset.

All BFM-images were processed using Image] 1.52a software
to derive quantitative information from BFM images. After scal-
ing and thresholding, the number average crystal size [um?], the
fractal dimension D, and the samples’ 2-D porosity were calcu-
lated. The fractal dimensions were determined by using the box-
counting method provided by Image]. All calculations were based
on the evaluation of at least two images. For detailed information,
please refer to ref. [46].

2.5. Statistical Analysis

All experiments were replicated according to the descriptions in
the sections above. In tables, relevant findings were expressed
as mean =+ standard deviation. Statistical differences were de-
termined using SPSS software, and running paired T-test or
ANOVA and posthoc test (Bonferroni) analysis. The p-value was
set o 0.05. In the results and discussion section, the oils stripped
from minor components served as the reference. Posthoc tests
were used to establish whether samples with minor oil compo-
nents are significantly different from stripped samples. More-
over, it was assessed whether a further increase of PCs in heated
oils affected oil and gel properties.

3. Results and Discussion

3.1. Oil Analysis

It has been recently reported that minor oil components have
a considerable impact on the macroscopic and microscopic
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Table 2. Oil permittivity, free fatty acids, peroxide value, viscosity, water content, and polar components (from left to right) determined for stripped (P),
natural (N), and various stages of deteriorated (0.5, 1.0, 2.5, 5.0, and 10.0) canola (C-) and sunflower (S-) oil. n.a. — not applicable.

Sample e[-] FFA [mg/100 g] PV [meq kg~'] n [mPas] H,0 [ppm] PCISO [g/100 g]
c-p 3.0027 +0.002 na. 0.1 £0.1 25.5 +0.02 13.4 £ 1.1 na.

C-N 3.0576 +0.002 4.0 £05 0.5 +0.1 33.2 +0.02 46.8 +4.4 3.8 +0.5
c-0.5 3.0678 +0.006” 12.3 +31.97 5.4 +0.2° 32.9 +0.10 192.7 +2.37 3.9 +0.4
c-1.0 3.0891 +0.006 3.8 £1.0 10.3 +0.4* 32.6 +0.15 147.8 +1.6° 4.9 +0.6”
c-2.5 3.1078 +0.006” 2.2 +0.47 17.9 +5.5% 33.2 +0.20 197.1 +10.6” 58 +0.7Y
C-5.0 3.1273 +0.006” 23 +02?Y 133 £1.2° 344 +023Y 172.3 +1.47 8.6 +1.4%
C-10.0 3.1673 +0.006” 23 +05Y 17.1 £1.49 38.2 +0.107 267.1 +1.6” 17.6 +1.4%
S-P 3.0102 +0.003 na. 0.9 +0.3 21.4 +0.09 19.9 £1.2 na.

SN 3.1225 +0.001 22 +3.1 2.6 +0.4 30.4 +0.05 224.0 +8.79 3.7 +0.2
S-0.5 3.1943 +0.006" 2.8 +6.3 36.2 +1.19 30.2 +0.00 2322 +£19.8 47 +0.47
S-1.0 3.2143 +0.007Y 3.9 +1.4Y 43.5 +0.8° 30.7 +0.34 195.7 +0.47 6.0 +0.27
S-2.5 3.2413 +0.006” 1.9 +0.3% 41.8 +3.5° 319 +0.107 336.7 +28.2° 8.7 +1.7%
$-5.0 3.2683 +0.007” 2.6 +1.3% 63.3 +1.4° 33.8 +0.00” 529.6 +25.37 1.7 +1.89
$-10.0 3.3248 +0.007” 48 +1.07 72.5 +0.1° 38.0 +0.057 505.0 + 4.8 19.4 +0.87

P indicates significant difference between oils containing minor components. p = 0.05.

properties of sterol/sterol ester oleogels.[?1*] For studying their
effect on wax oleogels, it appears necessary to determine basic
oil quality parameters. Table 2 shows the analytical data for
stripped, untreated, and deteriorated canola (C-) and sunflower
(S-) oil. It needs to be mentioned that natural and oils at all
stages of deterioration—expressed as the increase in PCs—
differ significantly from the stripped oils. Therefore, Table 2
only includes statistical significance (*) for oils containing minor
components.

The purification treatments reduces the oils’ permittivity, vis-
cosity, water content, and eliminates FFAs and peroxides. More-
over, no polar components could be detected using the official
method. On the other hand, most parameters presented in Ta-
ble 2 increased significantly with each stage of oil deterioration.
However, the increase was not continuous for FFAs, PV, and wa-
ter content since these form and decompose during deteriora-
tion. Interestingly, the increase of oil permittivity from untreated
oil (S-N) to the highest deterioration stage (S-10.0) was greater for
sunflower oil (Ae & 0.21) than canola oil (Ae ~ 0.11). That is likely
due to the formation of different reaction products indicated by
the variations in PV, water content, and FFA development in both
oils.

Additionally, sunflower oil contains more polar components at
the end of the heating procedure, even though both oils contain
similar amounts in their natural state. That is linked to the high
polyunsaturated FAs (mainly linoleic acid) content in sunflower
oil, which is generally more reactive than oleic acid, the main FA
found in canola oil. However, samples with the highest oxidation
level are only included in this study to highlight the changes in-
troduced by nontriglyceride oil components and have no practical
relevance.

One could argue that the increase in solvent viscosity impedes
the formation of wax crystals during oleogel preparation by re-
ducing the solutes’ diffusion rate. However, temperature sweeps
have shown that the viscosity difference around the relevant tem-
peratures for gelation (50-60 °C) is almost negligible. In contrast,
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the firmness measurements were executed at ambient tempera-
ture. In that case, solvent viscosity might affect the results since it
relates to the flow of the solvent through the crystalline network
upon deformation.

3.2. Firmness

This section discusses the impact of oil type (degree of unsatura-
tion, stripped oils) and content of PCs on wax oleogel firmness.
The results are more descriptive at this point but will be put into
context with, e.g., thermal behavior and microstructure later on.

Effect of Oil Type: The firmness of oleogels utilizing stripped
canola or sunflower oil and cooling rates of 10 and 0.05 °C min~!
are depicted in Figure 2. The columns without a pattern (black:
canola; white: sunflower) are related to the high cooling rate,
while columns with a pattern represent the firmness of samples
prepared at 0.05 °C min~' (dotted: canola; striped: sunflower).
In line with the literature, SFX oleogels are the hardest, irre-
spective of oil type and cooling rate, while BWX samples are the
softest.[1#7]

There is no significant difference connected to the type of oil
in SFX, BWX, and CLX. However, in RBX samples, more unsat-
urated oil produces harder gels.

In contrast, the cooling rate significantly changes the oleogel
firmness of SFX and RBX gels, while there was no considerable
difference in BWX and CLX samples.

Surprisingly, cooling at 0.05 °C min~! resulted in significantly
softer gels for SFX, while RBX-based gels became harder at the
low cooling rate. In general, a lower cooling rate enables highly
ordered crystals which are usually larger (lower supersaturation)
due to a shift in the balance of nucleation and growth rates.
Consequently, the formation of separate instead of mixed crys-
tals is likely. In line with that, RBX samples cooled at 0.05 °C
min~! show high deviations in gel firmness compared to the
gels produced with 10 °C min~!. That indicates the formation
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Figure 2. Firmness of oleogels prepared using purified sunflower or
canola oil and 10% w/w sunflower (SFX), bees- (BWX), rice bran (RBX),
or candelilla wax (CLX), cooled at 10 (black and white columns) or 0.05 °C
min~! (pattern-filled columns).

BWX

of inhomogeneous areas within the Petri dish potentially caused
by separate crystallization. On the other hand, in BWX and
CLX samples, oleogel hardness seems to be independent of the
cooling rate and the type of oil used.

Effect of PCs: The hardness data depicted in Figure 2 was fur-
ther used as the reference to relate the data of oleogels from un-
treated and deteriorated oils. These gels were subjected to the
same cooling rates. Figure 3 depicts the relative oleogel firmness
of canola (A, B) and sunflower oil (C, D) oleogels over PC content
(Table 2). The first group of columns relates to gels made with
untreated canola oil (PC 3.8 and 3.7). Column groups 2, 3, 4, 5,
and 6 relate to the oil deterioration stages (see Table 2). It should
be mentioned that the statistical correlation of gel hardness and
several oil quality parameters such as PV, FFA and water content
was, to the greatest possible extent, inconclusive.

However, distinct trends can be seen for the type of wax, the
cooling rate, and the oil used. For example, at 0.05 °C min~! the
hardness of SFX gels is significantly higher at the lowest two PC
levels (Figure 3A,C). In contrast, there is no significant difference
to the reference at higher PC content. For the high cooling rate,
changes in gel hardness are insignificant. Hence, it is fair to as-
sume that SFX’s network is not primarily affected by the type and
concentration of PC but the cooling rate.

In contrast, RBX oleogels are significantly firmer with in-
creased PClevels in canola oil, and the effect is more pronounced
for samples cooled at 0.05 °C min~!. Similar to the results re-
ported for hardness in stripped oils, the deviations are relatively
high in gels subjected to 0.05 °C min~!. In general, BWX and
RBX samples are the softest. Therefore, slight changes in gel
firmness result in significant differences in relative hardness.
Hence, the trends seen in Figure 3 could be disproportionate.
Interestingly, for sunflower oil (Figure 3C,D), RBX gel hardness
appears not significantly different from the reference at 0.05 °C
min~!. However, at 10 °C min~!, a significant reduction in gel
hardness occurred on PC increase. Still, it is essential to note that
the initial hardness values of RBX in stripped sunflower oil were
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considerably higher than in canola oil (Figure 2). However, that
does not fully explain the significant drop (up to 60%) in gel hard-
ness at high cooling rates. Thus, the RBX crystal network’s firm-
ness seems to be affected by the type of oil and its deterioration
products.

The hardness of BWX oleogels appears to be more sensitive to
the cooling rate. All samples containing PCs were significantly
softer than the reference at lower cooling rates (Figure 3A,C)
without a clear relation to the PC level. However, the opposite
trend on increasing PC levels was observed at high cooling rates,
whereas the effect is much more pronounced in sunflower oil
(Figure 3B,D). Like RBX, the firmness of all gels was very low.
Again, the trends seen in Figure 3 could be disproportionate.

At 0.05 °C min™', BWX in sunflower oil decreases gel hard-
ness’ for all TPC levels. That is in line with the observation in
gelled canola oil. However, the gels become significantly firmer
with increasing PC content at 10 °C min~!. That was observed in
canola oil to a much lesser extent. Since BWX contains compo-
nents different from WE (Table 2), this effect likely relates to the
synergistic effects of oil deterioration products. However, BWX
oleogel hardness appears to be sensitive to both cooling rate and
the content of polar components, while the type of oil is negligi-
ble.

Finally, CLX oleogels showed lower gel hardness than the ref-
erence in both oils when cooled at 0.05 °C min~', whereat the
difference was not always significant. However, in oils with high
PC content (Figure 3A at 17.6 and Figure 3C at 11.7 and 19.4), a
significant increase in gel hardness was observed, indicating ei-
ther a modification of CLX solubility or a substantially different
crystal structure or network interactions. When using the high
cooling rate, CLX firmness appeared independent of the PC level
(except canola 0il 17.6). That indicates that CLX network firmness
is affected by the cooling rate and PC content and only marginally
by the type of oil used.

In summary, PCs seem to have distinct effects on the oleogels
for the wax types studied, while the unsaturation of the oil does
not seem to have a significant impact. At this point, it remains
unclear whether these observations are related to changes in wax
solubility, crystal morphology, network interactions, or a combi-
nation of those. Consequently, the thermal behavior of the gels
was studied to address the first parameter.

3.3. Thermal Behavior

Since the effect of PC increment on oleogel firmness is most pro-
nounced for the highest content of PC except a few exceptions, in
the following, only the results obtained using stripped (-P), un-
treated (—N), and most deteriorated oil with the highest PC con-
tent (D) will be compared.

DSC measurements were performed to validate whether the
effects on oleogel hardness are related to wax solubility modifi-
cations. Moreover, studying the thermograms allows identifying
distinct crystallization or melting events induced in the presence
or absence of PC.

Figure 4 shows the transition enthalpies during gel dissolution
(endothermic > 0) and gel formation (exothermic < 0), plotted
on the left vertical axis. The right vertical axis displays the respec-
tive transition temperatures of wax oleogels from stripped canola

© 2022 The Authors. European Journal of Lipid Science and
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Figure 3. Relative hardness of 10% w/w A,B) canola and C,D) sunflower oil oleogels over PC content determined using the official method. A,C: Slow
cooling (0.05 K min~"), B,D: Fast cooling (10 K min~"). Red line indicates the reference value.
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Figure 4. Enthalpy (endothermic > 0, exothermic < 0) of gel dissolution and gel formation (columns, left vertical axis) and dissolution and gelation
temperatures (symbols, right vertical axis) of wax oleogels of purified canola (C-P, circles) and sunflower oil (S-P, triangles). Left figure: 10% w/w wax;

right figure: 4% w/w wax. Samples were cooled and heated at 10 K min~".

(circles) and sunflower oil (triangles). The higher temperature al-
ways relates to gel dissolution’s peak temperature and the lower
temperature to the peak during gel formation. The left figure de-
picts the data of 10% w/w oleogels, while 4% w/w wax were used
on the right. Samples with 4% w/w wax were produced to inten-
sify the impact of polar components introduced when untreated
and deteriorated oils were used (discussed further down).

The results in Figure 4 serve two purposes. On the one hand,
it validates the applied method and serves as a reference for oil
quality effects. Indeed, comparing the left and right graphic of

Eur. J. Lipid Sci. Technol. 2022, 124, 2100068 2100068

Figure 4, one can assume that the behavior of a specific wax type
is independent of the wax concentration and oil type. There were
no significant differences in the transition enthalpies between
oleogels comprising either stripped canola or sunflower oil.
Overall, SFX and RBX samples showed the highest transition
enthalpies. Thatis due to their high WE content (see Table 3). The
minute enthalpy difference between dissolution and formation—
formation in line with expectation slightly lower—suggests that
neither additional crystallization nor polymorphic transitions oc-
curred during stabilization (20 min). Preliminary stabilization
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Table 3. Chemical composition of waxes in % adapted.[??]

SFX RBX BWX CLX
HC 0.2 0.3 26.8 72.9
WE 96.2 93.5 58.0 15.8
FFA 33 6.0 8.8 9.4
FA-OH 0.3 0.2 6.4 2.2

tests over 72 h at 20 °C showed no postcrystallization events in
oleogel samples (data not shown). In line with the higher WE
chain length, the dissolution temperature of RBX is higher than
SFX.

Interestingly, the gap between gel formation and dissolution is
more significant in RBX samples, implying that the WEs compo-
sition of SFX enables better nucleation (Figure 4). That is likely
related to the smaller chain length span within the WE-fraction
of SFX compared to RBX.[??] Indeed, network formation was
found to be promoted in WE compositions with narrow chain
length distribution.[?)] However, there seems to be a small effect
of the oil type on the solubility of SFX and RBX since the dis-
solution, and the gel formation temperatures are slightly higher
in stripped sunflower oil. However, this observation could not be
reconfirmed in 4% w/w oleogels and is possibly related to minor
deviations caused during sample preparation.

In BWX and CLX gels, gel formation and dissolution tem-
peratures appear independent of the oil type. For BWX-based
oleogels, a larger undercooling than in CLX-based gels was ob-
served, which could be caused by the differences in the composi-
tion’s heterogeneity (Table 3). CLX is characterized by a dominant
component comprising about 60% w/w of C31 HC.[?2} Unlike
the other waxes studied, there is a considerable discrepancy be-
tween the transition enthalpies in CLX, indicating the crystalliza-
tion process of the secondary components (19% WE and 9% FFA)
was not completed during the cooling and stabilization process.
However, the data in Figure 4 establish a sound base as a refer-
ence point for the quantification to evaluate changes introduced
by the presence of minor polar components.

Figure 5 shows the relative dissolution enthalpies of 4% w/w
oleogels utilizing untreated (-N) and deteriorated (-D) canola
(left) and sunflower oil (right). Again the data has been related to
that of oleogels from stripped oils. For all samples, the enthalpy
is significantly lower than the reference. However, the magnitude
appears somewhat different for canola and sunflower oil.

12
OSFX ©RBX CBXW @ CLX
10
To08
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For SFX samples, varying the oil type and level of PCs (un-
treated vs deteriorated) does not have a considerable effect. That
is in line with the results on gel hardness (Figure 3). In con-
trast, the drop in dissolution enthalpy is more significant in RBX
samples (up to 38%) and seems to vary with the PC content
and oil type (larger effect in canola oil). Remarkably, this evo-
lution of values does not seem to correlate to the gel hardness
(Figure 3).

Similarly, the increase in BWX oleogel hardness does not cor-
relate with the data obtained for dissolution enthalpies. Moreover,
there is no clear correlation with the oil type. In both oils, the en-
thalpies are reduced, but the effect is again more pronounced in
canola oil samples.

In CLX oleogels, the dissolution enthalpy is reduced by about
10% in untreated oil and about 16% in high-PC oils. Here, both
oils show comparable results, and an increase in dissolution en-
thalpy with a higher PC content can be observed, in line with the
results on gel hardness.

Overall, the dissolution enthalpy results remain inconclusive
and cannot be put into context with other parameters. Neverthe-
less, the enthalpy is significantly reduced in all samples contain-
ing PCs, relating to the assumption that the build-up of highly
ordered crystalline structures is less disturbed in stripped oils
than in systems containing PCs. However, these differences do
not automatically increase oleogel hardness since other factors
such as crystal network interactions, crystal size, and surface. A
lower dissolution enthalpy in oils containing polar components
suggests a modified solubility of the waxes, which might arise
from solute-solute (PC-wax) interactions. However, that implies
that more material remains dissolved after equilibrium has been
reached, resulting in lower dissolution temperatures. Interest-
ingly, the oleogel dissolution and formation temperatures were
practically invariant for all waxes and independent of the oil type
(Figure 6A,B).

Figure 6 (top) shows that the dissolution temperature does not
vary significantly with the PC content for oleogels produced at
10 °C min~'. Hence, there is no considerable effect on wax sol-
ubility within the range studied. However, the peak formation
temperature appears to be slightly modified in the presence of
PC, shown in Figure 6C,D.

Although the formation is subjected to somewhat greater devi-
ations, distinct effects can be seen for the different wax types. The
formation of SFX oleogels is not considerably affected by PCs.
In contrast, there is a slight decrease in gel formation temper-
ature for RBX, BWX, and CLX samples. However, this appears

OSFX mRBX o BXW @ CLX

Figure 5. Relative dissolution enthalpy of wax oleogels (4 % w/w). Left: canola and right: sunflower oil. -N indicates untreated oils and —D oils with the

highest PC content. Samples were cooled and heated at 10 K min~".
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Figure 7. Dissolution enthalpy (columns, left vertical axis) and dissolution peak temperature (symbols, right vertical axis) of 4% w/w wax oleogels from
purified (C-P, squares), untreated (C-N, circles) and deteriorated (C-D, triangles) canola oil. Left graphic: gelation at 1°C min~', right: gelation at 40 °C

min~.

to be independent of the oil type and could result from weak
interactions, retarding the formation of wax crystals. Substan-
tial effects on the gel formation temperature, similar to those re-
ported for the sterol/sterol ester systems, cannot be seen.[*! The
self-assembly and structuring of the sterol/sterol ester structur-
ing system widely depend on hydrogen bonds. Hence, they are
prone to the presence of polar components able to form similar
bonds.[84]

In contrast, the formation of wax crystals is much less depen-
dent on hydrogen bonds. Only FFA and FAL may form hydrogen
bonds with polar molecules through carboxyl or hydroxyl groups.
However, their content varies in the waxes studied (3.5% SFX,
6.2% RBX, 15.1% BWX, and 11.6% CLX??]), and their arrange-
ment in the nonpolar triglyceride oil is unknown. Potentially, in
a dissolved state, they form clusters with the polar head groups
facing each other.

However, the data on oleogels firmness (Figure 3) suggests that
different structures might form depending on the cooling rate. To
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this end, samples of stripped, untreated, and deteriorated (high-
est PC) canola were subjected to a fast (40 °C min~') and slow
(1 °C min™!) gelling procedure, followed by an isothermal period
of 20 min at 10 °C. Subsequently, the gel dissolution was recorded
at 10 °C min~".

Figure 7 shows the dissolution enthalpies (columns) and gel-
sol transition peak temperatures (symbols) of these oleogels. The
dissolution temperatures are not significantly different in sam-
ples containing PCs in fast-gelled samples (Figure 7 left). Even
though the dissolution temperatures vary a bit more with PC at
0.05 °C min~, the differences are insignificant. Hence, the low
cooling rate likely induces this variation (Figure 7, right). The fact
that the slowly crystallized sample always shows higher gel-sol
transition temperatures confirms the above statement. It is also
confirmed that this kinetic depression effect is least pronounced
in more homogenous waxes, SFX and CLX. That is in line with
the observation that the enthalpy of dissolution is lower for fast
cooled samples based on stripped oils.
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These might show a suboptimal crystal packing due to kinetic
effects or be based on energetically less favorable kinetically in-
duced mixed crystals. Considering the effect of PC on the en-
thalpy of transition, it is fair to conclude that no difference be-
tween the two PC levels could be identified throughout all sam-
ples. The reduction encountered on PC presence is more pro-
nounced in samples after cooled ad 0.05 than at 10 °C min~.
However, this statement is misleading because, in the presence
of polar components, the enthalpy of dissolution in SFX and RBX
appears to be independent of the cooling rate. In samples based
on CLX and BWX, the enthalpy of gel-sol transition is higher for
PC-containing samples when the cooling rate is high. A possible
explanation of this finding based on the contribution of crystal-
lized FFA’s, which are present in both waxes and deteriorated
oils, falls short because of the strong dependency of the observa-
tion on cooling rate.

3.4. Rheology — CGC

Regarding oleogels, the solvent composition (PC and TAG com-
position) could also affect some commonly measured parameters
such as gel hardness and critical gelling concentration (CGC).
The latter is usually postulated as the minimum concentration
of a gelator to produce a non-flowing state. However, it is often
determined arbitrarily by increasing the wax concentration grad-
ually, using large increments and different procedures. Hence,
the relevant literature reports very diverse values of CGC for
the same type of wax (Table 1). Table 1 shows the CGC found
in the literature of SFX, RBX, CLX, and RBX, the concentra-
tion increase used (A% w/w), the oil type, and the determina-
tion method. Considerable variations of CGC can be seen for all
wax types. These are related to the individual wax constituents,
the increment of concentration, and the oil type. It is crucial to
consider the impact of oil composition since the FA profile of
triglycerides (TAGs) might affect wax solubility (solvent-solute in-
teractions). Besides, dissolved minor polar oil components could
interfere with the self-assembly of the structurants by forming
similar interactions to those between wax components explained
earlier (solute—solute interactions). Only one publication consid-
ers a combined approach, where a range of concentrations was
prepared, and samples were flipped over to determine the non-
flowing state at 5 °C (Table 1).

Subsequently, dynamic-mechanical-thermal analysis (DMTA)
(temperature sweep at low oscillation and frequency) and am-
plitude sweeps were used to detect the lowest concentration at
which G’ > G". Unfortunately, the increments are large (0.5%
w/w), and it remains undisclosed if the samples used for the flow
test were transferred onto the rheometer or if hot wax solutions
were used for DTMA. Transferring viscous samples partly breaks
up structures and generates falsified results.

However, the results render the flow-test determination of
CGC very unprecise, subjective, and unsuitable for scientific pub-
lications since the CGC is regularly used to characterize the
oleogel system further. Besides, if a sample’s flowing is solely
considered, the CGC also appears unpractical for product appli-
cations since it provides no useful information about consistency
and sensitivity.
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A precise method to determine CGC was developed within this
study to study the differences introduced by PCs. Figure 8 (right)
shows the data for all wax oleogels as a function of solvent per-
mittivity for either stripped (lowest ¢), untreated (moderate €), or
deteriorated (highest €) canola (filled symbols) or sunflower oil
(open symbols). In line with the flow test results reported in the
literature (Table 1), the rheological CGC increases in the order
SFX < CLX < RBX < BWX. Again this underlines that the gener-
ation of a solid-like structure in wax oleogels is promoted by (1)
high WEs content and (2) a limited difference in WE chain length
(SFX), and (3) more homogenous composition with high concen-
trations of components that co-crystallized (HC, predominantly
C31in CLX).

For all waxes studied, the data gathered here indicate a lower
CGC than given in Table 1. In general, the presence of PCs signif-
icantly reduces the CGC of all waxes but SFX. This effect is more
pronounced in BWX. None of the systems appeared to be sensi-
tive to the variation in the level of PC. Nevertheless, in stripped
oils, the CGC appears independent of the oil type (Figure 8).
Simultaneously, there are minor variations between canola and
sunflower oils containing PCs, likely caused by the differences of
the non-TAG molecular species.

However, the reduction of CGC with PCs leaves two possible
explanations: the polar components could contribute to establish-
ing a space-filling scaffolding so that gelation can be achieved at
lower levels of solid material. That is in analogy to the contribu-
tion of small amounts of emulsifiers to fat crystal networks.[1#17]
Alternatively, PCs might reduce the solubility of the waxes in the
oil. Therefore, the necessary amount of solid material to form a
gel is lower. However, the second interpretation is in conflict with
the increase in gel-sol transition enthalpy in gel from stripped
oils reported in the previous section.

Moreover, gel dissolution temperatures were invariant, indi-
cating no substantial changes in wax solubility. Consequently, a
synergistic effect of PCs on network formation appears likely.

At this point, it has to be discussed what is necessary to create
a structure where G’ > G”’. Initially, there has to be supersatura-
tion which leads to nucleation and growth of wax crystals. There-
fore, another approach to process the DSC data is presented in
Table 4. The gel-sol transition enthalpy data for two wax concen-
trations (4%, 12% w/w) allows estimating the enthalpy of melting
of 100% wax (AH . ic)- Dividing the difference in the two sam-
ples gel—sol enthalpies by their concentration yields the melting
enthalpy when dissolution effects and the temperature at which
the transition from solid to liquid occurs are ignored. The data for
gels with stripped oils are in good agreement with pure waxes’ ac-
tual values (AH,,,.). The values obtained gels from untreated and
deteriorated oils are, except RBX gels, lower. These reduced val-
ues of the normalized slid to liquid transition enthalpy indicate
that PCs support dissolution. That is in line with the fact that
the lowest solubility was recorded for stripped oils. Furthermore,
the data enable determining the amount of dissolved material
in stripped oils (x4, % w/w) by plotting the dissolution enthalpy
over structurant concentration and extrapolating AH = 0. The
values of x4, have per definition to be lower than the CGC. For
the stripped oil oleogels, this condition is satisfied and allows de-
termining the amount of solid material present at CGC (Table 4).
The values generated are very low, 0.075-0.722% w/w. However,
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Figure 8. Left: CGC measurements for various wax concentrations (c [% w/w]) in natural canola oil to estimate the CGC at 20 °C, x-axis logarithmic
scale. Right: CGC of waxes in purified (lowest €), natural and deteriorated (highest ¢) oil, filled symbols: canola oil; open symbols: sunflower oil.

Table 4. Validation of CGC determination, xgjss -amount of wax dissolved in stripped oil, CGC%- CGC in stripped oil, AH,, -dissolution enthalpy pure

wax, AHp e calc dissolution enthalpy pure wax extrapolated from AH of 4% and 12% w/w wax oleogels.
Xgiss %6 WIW CGC % wjw CGCoxyigs [% w/wW] AHpue g7l Cc-P C-N C-D
AHpurecac 1 87'] AHpurecate 1 87'] AHpyrecac U 87']
SFX 0.075 0.15 0.075 195 194 173 167
RBX 0.153 0.65 0.497 187 191 194 197
BWX 0.228 0.95 0.722 160 161 159 147
CLX 0.228 0.35 0.122 146 151 139 139
the values of x;,; have to be lower than the CGC, which is valid for Nevertheless, Figure 9A illustrates the relative G'’,, values for

all waxes using stripped oil. In oils comprising PC, the calculated
dissolution enthalpy did not agree with that of pure wax. Hence,
the calculated dissolved material is always higher than the CGC,
independent of whether the actual dissolution enthalpy of pure
wax or the calculated values were chosen. That results from the
overall lower dissolution enthalpy in oils comprising PC (see sec-
tion DSC). However, if the calculated AH overshoots the actual
value, interactions between the network particles can be assumed
and vice versa. Hence, in oils with PC, only RBX shows increased
crystalline interactions in the presence of PCs. That conflicts with
the lower CGC in these oils, indicating that the establishment of
inter-crystalline bonds might be promoted with PC. However, the
number of these interaction points highly depends on the num-
ber of crystals and their surface area (size-related).

3.5. Rheology — Strain Sweep

Strain sweeps of 10% w/w oleogels were used to determine the
maximum G’ within the LVR as well as the AG"" and y,,,,, (see
Figure 1 for details).

Figure 9 shows the results of the relative values of G’/ .., AG”’
and y,,... The values were always related to those of the respec-
tive stripped oil. Unfortunately, at 10% w/w wax concentration,
the results of G, are less expressive due to the high wax con-
centration. That leads to relatively large deviations between the
repetitions since the networks are very dense.[>?3] Repeating the
experiments at, e.g., 4% w/w wax concentration would hence be
beneficial. However, the break-up behavior shows a much better
response at high wax concentrations.

Eur. J. Lipid Sci. Technol. 2022, 124, 2100068
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all waxes in untreated and deteriorated oils (reference is stripped
oil). Various studies reported the absolute values of G’ for dif-
ferent waxes, which increase in the following order RBX < CLX
< BWX < SFX.[222330] [n SFX samples, there is no considerable
effect considering the type of oil and PC concentration. How-
ever, the results indicate a higher G",, for gels from oils con-
taining PCs, which relates to more interaction points within the
network.[**] Considering the firmness of SFX oleogels, this does
not necessarily translate into a higher penetration hardness (Fig-
ure 3). The G”,, of RBX oleogels seems to be largely indepen-
dent of PCs but is also subjected to irregularities, especially at
the highest PC concentration for both oils. In contrast, in BWX
and CLX samples, there appears to be an increase of G/, when
utilizing oils with the highest PC. However, when utilizing un-
treated oils, CLX samples show a lower G”’__. than the reference,
while in BWX gels, it is slightly higher.

It remains unresolved whether the increase observed in some
samples results from the formation of additional connection
points in the network due to PCs or smaller crystals, which pro-
vide a larger structuring surface. Vice versa, a decrease could be
linked to the formation of larger crystals or the prevention of
crystal—crystal interactions due to high amounts of PCs block-
ing the interaction points, similar to the results reported for fat
crystal networks.!7]

Figure 9B shows AG’' determined for gels based on PC-
containing oils according to Figure 1. Again, all values are
considerably higher than in the reference. Moreover, the effect
is most extensive in RBX oleogels and lowest in SFX’s highly
ordered structure. In SFX, BWX, and CLX samples, a further

max
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Figure 9. Relative values of A) G’ ,,,, within the LVR, B) AG"’ during ampli-
tude sweep and C) 7., representing the end of the LVR. Samples gelled
under low oscillation conditions at 10 K min~'. All samples with 10%
w/w wax. C-X canola oil; S-X: sunflower oil. X: N-untreated, D-deteriorated
(highest PC).

increase of AG”' can be seen comparing oils utilizing untreated
and deteriorated oil. Generally, G"’’" describes the portion of de-
formation energy lost by internal friction. As the strain increases
during amplitude sweeps (before the flow point), individual
network bonds rupture. The break-up relates to their individual
strength. However, these movable network fragments show
internal friction increasing G’’ until the sample starts to flow.
Hence, network interactions appear to be modified in gels with
PCs so that more fragments form during the sweep, causing
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higher internal friction. A similar effect has been reported in the
presence of PCs for sterol/sterol ester oleogels.[?:3]

Finally, Figure 9C depicts the strain at which the sample starts
to be irreversibly damaged, which relates to the systems’ ability
to store deformation energy during amplitude sweeps. The value
was determined in agreement with the official methods defin-
ing the end of the LVR as the strain at which G’ deviates by 5%
from its maximum value.**! In SFX and BWX oleogels, there
is no apparent difference to the reference when untreated oils
are used. In contrast, in RBX and CLX samples, y,,... is consider-
ably higher than in the reference sample. Clearly, y,,, increases
tremendously in oleogels utilizing oils with the highest PC levels,
and the effectis highest in BWX and CLX samples. That mightre-
late to the crystalline network formed in these samples, whereas
smaller network structures are known to store deformation en-
ergy better.[*]

In summary, wax oleogels appear to store deformation energy
better if PCs are present in the continuous phase, and the ef-
fect depends on the PC level. However, there is also more in-
ternal friction due to loose aggregates once the sample is irre-
versibly damaged but macroscopically intact. That shows that
the network interactions are significantly modified in the pres-
ence of PC, but that does not necessarily translate into equal
changes in macroscopic properties such as hardness. Neverthe-
less, these modifications are likely linked to the specific network
features present in each wax’s oleogel. Their appearance and po-
tential alterations in the presence of PC will be discussed in the
following.

3.6. Microscopy

The crystal size and number, their interactions (e.g., sintering),
and the general arrangement of the crystal network are vital for
the macroscopic properties of wax oleogels, such as hardness.>*
Therefore, this section presents and discusses the microstructure
of 4% w/w wax oleogels cooled at 10 and 0.05 °C min~! in the
context of the results presented in the previous sections.

After gelation, tile images were taken of all samples to identify
representative areas. Subsequently, two images of the typical
structures were captured and processed using Image] software.
The box-counting fractal dimension (D), average crystal size
[um?], and the porosity of each sample are shown in Table 5.
The latter is a measure of the magnitude of crystal-free space
in the sample. In contrast, the fractal dimension relates to the
spatial distribution of the crystals, indicating the homogeneity
of their distribution. Hence, higher D-values connect to more
evenly filled samples. In general, it is expected that at lower
cooling rates, larger crystals form due to lower supersaturations.
Thus, the porosity likely increases while the fractal dimension
decreases. The image analysis was performed similarly to pre-
vious studies, and the magnitude of values obtained is in good
agreement with the literature for a similar sample preparation
procedure.l>! Although the crystal size results were often incon-
clusive due to either very small crystals indistinguishable from
one another or poor contrast between crystal and background,
they were still included for completeness.

Figures 10-13 show brightfield images of SFX, RBX, BWX,
and CLX, respectively. The top 3 images (A-C) show samples
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Table 5. Results of image analysis using Image | software for 4% w/w canola oil wax oleogels.

Oil Cooling rate [°C min~] @ size [um?] Fractal dimension D [—] Porosity [-]
SFX cp 5.58+1.53 1.85+0.03 0.73+0.035
N 10 9.38+0.517 1.90+0.017 0.710.011
cDb 49240127 1.77+0.00” 0.78+0.002"
cp 2.29+0.22 1.59:£0.06 0.90+:0.032
N 0.05 4.58+0.19" 1.74+0.06" 0.80-:0.010"
) 3.38+0.20" 1.58+0.06 0.88:£0.023
RBX cp 5.48 +1.06 1.62:£0.03 0.84:£0.044
N 10 10.02+0.90” 1.56+0.05" 0.88+0.040"
cD 6.96+0.59" 1.50+0.01” 0.90+0.017"
cP 3.55+1.28 1.58£0.26 0.82+0.007
N 0.05 2.41+0.19% 1.43+0.04" 0.93-0.020"
cD 3.55+0.46 1.54+0.01 0.87£0.035"
BWX cp 8.59+1.43 1.92:+£0.01 0.63+0.021
N 10 4.24+0.047 1.84:+0.03% 0.73+0.004"
D 6.31+1.30" 1.88::0.02" 0.68-:0.019"
cP 3.91+0.22 1.83:£0.01 0.67+0.023
N 0.05 5.15+0.72" 1.92:+0.00” 0.74-0.006"
D 9.58-0.09” 1.84+0.01 0.85+0.019”
cLx cp 4.45+2.82 1.90+0.03 0.74:£0.007
N 10 4794199 1.91£0.02 0.73+0.101
D 3.65+1.93 1.91:£0.03 0.70+0.045
cP 8.10+0.23 1.94:£0.05 0.630.002
C:-N 0.05 7.67+0.09 1.83+0.01” 0.74+0.031"
cb 7.67+0.26 1.88+0.03" 0.710.026”

% indicates significant difference to stripped oil. p = 0.

100(lim

S 4 : E

Figure 10. Images of 4 % w/w SFX oleogels. A~C) cooled at 10 K min~", from left to right: stripped (A), untreated (B), and deteriorated (C), highest PC)
canola oil. Bottom: cooled at 0.05 K min~" from left to right: D) stripped, E) untreated, and F) deteriorated, highest PC) canola oil. Scale bar: 100 um.
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Figure 11. Images of 4% w/w RBX oleogels. A-C) Cooled at 10 K min~", from left to right: stripped (A), untreated (B), and deteriorated (C), highest PC)
canola oil. Bottom: cooled at 0.05 K min~" from left to right: D) stripped, E) untreated, and F) deteriorated, highest PC) canola oil. Scale bar: 100 um.

et

100
ERT %

Figure 12. Images of 4% w/w BWX oleogels. A-C) Cooled at 10 °C min~', from left to right: stripped (A), untreated (B), and deteriorated (C), highest
PC) canola oil. Bottom: cooled at 0.05 °C min~" from left to right: D) stripped, E) untreated, and F) deteriorated, highest PC) canola oil. Scale bar: 100

um.

cooled at 10 °C min~! while the cooling rate was 0.05 °C min~! for
the images depicted at the bottom (D-F). The PC concentration
increases from left to right from stripped to untreated to deteri-
orated (highest PC concentration). The figures mentioned above
only show oleogels produced with canola oil since equivalent im-
ages were obtained utilizing sunflower oil.

In SFX oleogels cooled at 10 °C min™!, the surface seems
packed with the needle-like structures reported in numerous
publications (Figure 10).328505657] Tt should be mentioned that
this shape is due to the 2D perspective since it was shown using
scanning electron microscopy (SEM) that they are an intercon-
nected network of platelets.[?)] However, even though samples
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Figure 13. Images of 4% w/w CLX oleogels. A-C) Cooled at 10 K min~', from left to right: stripped (A), untreated (B), and deteriorated (C), highest PC)
canola oil. Bottom: cooled at 0.05 K min~" from left to right: D) stripped, E) untreated, and F) deteriorated, highest PC) canola oil. Scale bar: 100 um.

were cooled rapidly, differences due to the presence and absence
of PC can be seen. These modifications could be quantified well
due to the good contrast between crystals and background. The
crystal size was largest in samples with untreated (Figure 10B)
canola oil and decreased in stripped (A) and deteriorated oil (C).
Moreover, the fractal dimension was highest and the porosity low-
est in samples comprising untreated oil. That indicates that a
moderate level of minor oil components somewhat promotes the
formation of a denser network that is relatively homogenous. In-
terestingly, the more ordered structure does not translate into an
increased gel hardness (Figure 2). A similar effect has been re-
ported for sterol/sterol ester oleogels.3°! However, this does not
automatically result in firmer gels (see Section 3.3).

The effect of PCs is even more pronounced in samples cooled
at 0.05 °C min~!. In stripped oils (Figure 10D), needle-like struc-
tures turn into highly ordered crystal shards, which appear to
grow 2D and look astonishingly similar to images of pure WE.[?*]
Hence, the low cooling rate promotes the crystallization into a
highly ordered WE crystal that is largely absent in oils containing
PC, especially at the highest PC level. Hence it is fair to assume
that PC acts as a crystal modifier in SFX oleogels. Unfortunately,
the shards were not detected sufficiently during image analysis
due to poor contrast, resulting in the underevaluation of the crys-
tal sizes. However, that indicates that the size of the crystalline
building blocks must be very small.

RBX (Figure 11) produces significantly different crystal shapes
than SFX, although their compositions appear quite similar at
first sight (Table 3). In the literature, different shapes of wax crys-
tals were reported in oleogels utilizing different oils. For exam-
ple, in olive, canola, and peanut oil, RBX formed needle-shaped
crystals similar to those observed in SFX oleogels.>**57] How-
ever, more irregular-shaped crystals were observed in rice bran
0il.126°8] The effects appear to be related to minor wax, and po-
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tentially oil components since the bleaching of RBX resulted in
different crystal shapes than those found in crude RBX.I?]

Additionally, the differences induced by variations of the cool-
ing rate and polar components level appear even more distinct
than in SFX samples (Figure 11). Knob-like structures can be
seen in stripped oils at high cooling rates, while they appear elon-
gated and cluster more in oils comprising PC. Moreover, other,
more loosely organized crystalline structures can be seen in gels
comprising untreated and deteriorated canola oil. The presence
of these smaller structures might be connected to the tremen-
dous increase in AG’’ observed during amplitude sweeps. Vice
versa, the monocrystalline knobs observed in stripped oils do not
form many movable fragments when gels are exposed to stress.
However, this is very speculative.

Unfortunately, the clustered crystals were detected as single
crystals during the crystal size determination, resulting in the
largest crystal size and high deviations. However, in samples
from stripped oils, crystals are more evenly distributed with less
space between them, indicated by a higher fractional dimension
and lower porosity. From visual observations, it is further sug-
gested that the crystal size distribution is more homogenous.
However, samples made with untreated and deteriorated oil at
10 °C min~! were significantly harder, suggesting that the for-
mation of distinct crystal types is beneficial in RBX oleogels. In
line with that, gels cooled at 0.05 °C min~' were considerably
harder than those cooled at 10 °C min~!. From Figure 11, bot-
tom, it can be seen that RBX does not crystallize uniformly un-
der these conditions (low supersaturation). The presence of large
spherulitic crystal arrangements next to a finely distributed mesh
of small crystals is difficult to interpret. The large crystals could
be due to limited nucleation events followed by slow growth. If
these nuclei result from homogeneous nucleation due to compo-
nents with high melting points or emerge from heterogeneous
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nucleation remains unresolved here. The size and density of the
fine crystals appear to be modified in the presence of PC. The
crystal sizes for 0.05 °C min~! were significantly smaller than for
samples gelled at 10 °C min~'. That contradicts the assumptions
made at the beginning of this chapter. However, it needs to be
mentioned that the large crystals observed in slowly cooled sam-
ples were not taken into account for image analysis.

Figure 12 shows images of 4% w/w BWX oleogels. At first
glance, a finely distributed network of very small crystals can
be seen independently of the cooling rate and PC concentra-
tion. However, their distribution and porosity appear different. At
high cooling rates, there is a very dense mesh of crystals. In line
with that, the porosity is lowest and the fractal dimension high-
est, indicating a dense network with homogeneously distributed
crystals. These structures appear looser and less dense in sam-
ples produced from untreated oils, with more free space between
them. The size distribution in the sample with the highest PC did
not confirm the visual observations, possibly due to a lack of con-
trast between crystals and background and low magnification. In
samples cooled at 0.05 °C min~!, the samples from stripped oil
seem to be even finer than at 10 °C min~!, with some larger, more
ordered structures in between. In gels produced with untreated
oil, a dense network of slightly bigger crystals can be seen, which
is very homogenous, having a fractal dimension of 1.92. How-
ever, there due to larger crystals, there is more free space and thus
higher porosity. At high PC levels, crystals are even larger (9.58
pum?) and appear more ordered, leaving more free space between
them (porosity 0.85). Moreover, the looser structures observed for
slowly cooled samples comprising PC seem to relate to a lower
gel hardness.

Finally, Figure 13 shows the samples produced with CLX at
different cooling rates and concentrations of PC. Like BWX
oleogels, a dense network of small crystals is formed by CLX
when samples are cooled at 10 °C min~! (Figure 13A-C). All three
samples showed similar porosity and fractal dimension. How-
ever, in contrast to BWX, the crystals appear denser in gels pro-
duced with stripped oils, which is likely due to these samples’
controlled crystallization of hentriacontane (C31). Nevertheless,
the more delicate structures observed in oleogels comprising de-
teriorated (C) oil result in a considerable increase in hardness
(see Figure 3).

A different picture emerges for gels produced using 0.05 °C
min~! (Figure 13D-F). Large and highly ordered structures can
be seen, especially in stripped (D) and untreated oil (E), indicat-
ing a crystallization into separate crystalline structures similar to
RBX. Fine crystals accompany them, homogeneously distributed
in stripped oils (fractal dimension 1.94), leaving less free space
between (porosity 0.63). In contrast, in untreated oils, these are
partly attached to the crystals associated with hentriacontane. The
gaps are filled with very small crystals, which cannot be seen in
samples comprising stripped oils. In gels from deteriorated oil
(F), these crystals make up most of the structure. Moreover, no
highly ordered structures can be seen, indicating that mixed crys-
tals’ formation is promoted with PC. In line with SFX results,
the gels with mixed crystals have a higher gel hardness than the
highly ordered structures (see Figure 3).

Interestingly, in sunflower oil with the highest PC concentra-
tion, RBX crystals were modified and formed needle-like struc-
tures similar to those typical for SFX samples (Figure 10 and Fig-
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Figure 14. Image of a 4% w/w SFX oleogel produced with deteriorated
sunflower oil, cooled at 10 K min~". Red circle indicates formation of struc-
ture similar to SFX oleogels.

ure 14). Thus, the data gathered once more illustrate the impor-
tance of minor oil components in oleogel technology. Their pres-
ence significantly affects the wax crystal appearance in edible oils,
resulting in considerable modifications of the gels’ macroscopic
properties such as hardness and break-up behavior under stress.
Furthermore, it was found that the effect of minor components is
modified by the cooling rates applied to induced the sol-gel tran-
sition in wax oleogels.

4, Conclusion

The stripped oils serve as a reference for investigating the ef-
fects of polar components on wax oleogels. Significant effects of
the cooling rate on several gel characteristics were shown. These
modifications were particular for each wax type; hence no general
conclusion could be formulated.

The gel characteristics of samples with PCs revealed signifi-
cant differences in gel formation, enthalpy, rheological proper-
ties, and CGC compared to stripped oils. These were generally
more pronounced at the slow cooling rate. Furthermore, the data
on macroscopic hardness are complemented by rheological data,
which in essence confirm that it is difficult to formulate any clear
overarching relations of cooling rate and gel characteristics in the
presence of PCs. Even more so, while macroscopic hardness is as-
sessed to be reduced due to minor components, the rheological
data indicate that the presence of PCs increases the resistance of
the gel to deformation.

The thermal analysis (DSC) of oleogels based on stripped oils
with different levels of structurants appeared to be very consis-
tent and indicates that the applied cooling rate (10 °C min~!) and
stabilization procedures widely relate to solid-liquid equilibrium
states. Building on this, the evolution of the kinetics of the crys-
tallization and formation of kinetically induced mixed crystals at

© 2022 The Authors. European Journal of Lipid Science and
Technology published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.ejlst.com

ADVANCED
SCIENCE NEWS

European Journal of

Llpld Science and Technology

www.advancedsciencenews.com

different cooling rates and PC levels could be related to variations
in cooling rate and serves as an explanation for specific phenom-
ena encountered. The interpretations of the observations made
on parameter variation are further supported by the light micro-
scopical analysis of the samples. These indicate clearly that the
effects of PCs and cooling rate are significant and specific for ev-
ery wax.

The CGC increases with wax inhomogeneity and WE chain
length difference (BWX > RBX > CLX > SFX). The wax concen-
tration necessary to form a gel (CGC) is lower in the presence
of polar components. That illustrates that the polar components
contribute to the 3D network and support the solid matter’s effec-
tiveness in establishing a gel. However, these effects are less pro-
nounced than in, for example, the sterol/sterol ester gels since,
in this system, they strongly depend on hydrogen bonds.[*]

In conclusion, the data gathered illustrates that dissolved PCs
significantly affect the gels’ characteristics. The effects appear to
be wax-type specific. However, it is consistently found that polar
components increase the wax’s solubility and support the forma-
tion of the gel itself. These two counteracting effects complicate
the overall assessment and hinder any direct functional relation
formulation.

To further address the topic, the authors suggest relating
waxes’ physical and chemical properties and their respective
oleogels in standardized oils (depleted from minor components).
Subsequently, the addition of relevant minor components could
provide information about the gels’ modifications regarding their
functional groups.?!l To this end, XRD, the determination of
FTIR spectra, and molecular modelling have proven to be power-
ful tools.[48:59:60]
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