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Abstract Uniform suspension of particulates (salt or
spices) in oil-based marinades requires a gel behavior of
the matrix. This can be achieved by adding a solid fat to
the liquid oil. Besides rheology, appearance and thermal
stability are important for the utilization as marinades. The
influence of solid fat concentration (cg, = 2.5-5.5 wt%)
and average cooling speed (1.4, 2.6, and 4.7 °C/min) on
the functional properties of oil-fat gels from palm fat and
canola oil was investigated. Oil-fat mixtures showed com-
plex physiochemical behavior depending on the solid fat
concentration and cooling rate. All samples had a shear-
thinning behavior. Yield stresses and apparent viscosities
increased at a constant cooling rate with increasing solid fat
concentration. Frequency dependence of storage and loss
modulus showed a transition from a viscous solution to a
weak gel at ¢, > 3.5 wt%. Samples at increasing cooling
rates transitioned to weak gels at lower fat concentration
(2.5 wt%). Mixtures became turbid and increasingly whiter
as both solid fat concentration and cooling rates increased,
which was explained by increased light-scattering by fat
crystal aggregates. Results show the critical importance of
proper formulation and preparation conditions on the func-
tionality of oil-based marinades.
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Introduction

The purpose of meat marination is to provide flavor, color
and to enhance the yield and quality of meat products [1].
Aside from the sometimes used injection of marinades into
meats, marinades are most commonly used to cover the
surface of meats prior to grilling or roasting. Marinades
may generally consist of simple dry spice rubs or liquid
blends with water, oil or a mixture of water and oil [1, 2].
Oil-fat gels are extremely useful systems in the produc-
tion of marinades. In contrast to spice rubs and oil-in-water
marinades, they entrap meat juices better during grilling
and, therefore, reduce yield losses [3, 4]. They are ideal
carriers for lipophilic aromatics and antioxidants which
may prevent the formation of heterocyclic aromatic amines,
as well as pigments, such as paprika oleoresin. Moreover,
they may be formulated in such a way that they are trans-
parent, which allows the underlying meat muscle structure
to be seen through the marinade. They provide a gloss to
the surface of meats upon application that is attractive to
many consumers. The engineering of appropriate rheologi-
cal properties is of particular importance for marinades,
since marinades must have, on the one hand, sufficiently
high viscosities so as to keep the spices and salt suspended,
but, on the other hand be able to be pumped for automated
dosing and packaging of products [1, 2].

The viscosity of water-based marinades can be adjusted
by the addition of hydrocolloids, in particular, starch as
well as cold-swelling gums such as xanthan or guar gum
[1, 2]. Several strategies of structuring edible oils have
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been investigated over the past years. Organogelators such
as fatty acids, fatty alcohols, wax esters, mixtures of leci-
thin and sorbitan tristearate, as well as mixtures of phytos-
terol and oryzanol have been found to be useful to prepare
edible oil gels [5-9]. Moreover, the oil phase in many food
products, including margarine, shortenings, butter, lard,
spreads, ice cream, peanut butter, and chocolate, is struc-
tured by solid lipids that form a complex three-dimensional
fat crystal network [10].

Fat crystal networks may be formed from hot melts of
mixtures of solid fat and liquid oil. Upon cooling, stable
nuclei are formed that may grow with continuous cooling,
and Kloek et al. [11] for example determined nucleation
kinetics for fully hydrogenated palm oil/sunflower oil mix-
tures. Once formed, fat crystals may aggregate to form big-
ger fat crystal flocs due to Van der Waals attraction between
the individual colloidal crystal particles. The attractive
interaction of flocculated lipid crystals may, subsequently,
lead to the formation of a three-dimensional network,
which is able to entrap lipid phases that have not precipi-
tated from the melt upon cooling [12-17]. Over time and
if crystals are physically close enough, sintering between
the crystals may occur, permanently fixating the network
and providing it with a higher stiffness and rigidity [18].
Recently, the description of the structural hierarchy of fat
crystal networks was expanded by the distinction of a mes-
oscale and nanoscale structure. The mesoscale structure
constitutes the microstructural level of fat crystal networks
at a length scale of 1-200 um whereas the nanoscale is
dominated by single crystal platelets having size ranges of
several hundred nanometers [19-21].

Several attempts have been made over the past years to
describe the properties of fat crystal-based mixtures using
model systems [22-25]. The microstructure of fat crystal
networks, in particular, the underlying crystalline form may
be altered by the solid fat content and the crystallization
conditions. Thus, rheological properties may be adjusted
by alteration of solid fat concentration and/or cooling rate
[26-30]. These studies have particularly focused on oil-
fat mixtures that had high solid fat contents with <10 wt%
solid fat, due to the fact that the authors were interested in
describing the physicochemical behavior of high solid fat
products, such as chocolate and butter. By contrast, much
less information about the physicochemical properties of
oil-fat mixtures with low solid fat contents is available.

Only a few studies have dealt with low solid fat con-
tent oil-fat mixtures, particularly the group of Higaki et al.
[31-33] prepared oil-fat gels from a hot mixture of high-
melting fats with low-melting fats. Upon crystallization,
they prepared oil-fat gels with a variety of high-melting
fats, such as fully hydrogenated canola oil behenic acid
or stearic acid, tristearoyl-glycerol, triarachidonoyl-glyc-
erol, and tribehenoyl-glycerol. Sal fat olein, cocoa butter,
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palm super olein, and olive oil were used as low-melting
lipids. The authors reported the formation of oil-fat gels at
high-melting fat concentrations below 2.0 wt% after tem-
pering of the samples, i.e., after samples were repeatedly
heated and cooled causing a polymorphic transition from
a- to B-crystals. A simple cooling, however, did not suffice
to form functional oil-fat mixtures with gel-like behavior
[31]. They investigated the crystal morphology of the oil-
fat gels with 2 wt% high-melting fat during the temperature
process and concluded that crystal morphology was influ-
enced by the TAG composition of the high-melting fat, the
viscosity of the low-melting component and the tempering
process [32]. In a subsequent study, the authors determined
the rheological properties of a high-melting fat at solid fat
concentrations up to 4 wt% and reported the formation of
oil gels during cool quenching [33]. They hypothesized
that cool quenching led to the formation of smaller, more
numerous p-crystals that, in turn, formed a more extended
network.

The industrial production of marinades demands an
easy-to-produce process like a simple cooling to manufac-
ture oil-fat gels with desirable functional properties. The
objective of this study was to investigate the influence of
solid fat concentration and cooling conditions more sys-
tematically, including not only the mechanical, but also
the optical and thermal behavior of the oil-fat mixtures.
We hypothesize that the thermal and mechanical stabil-
ity could be optimized without changes of the transparent
optical properties of the oil-fat mixtures. Oil-fat mixtures
were prepared from hot melts of palm fat with canola oil by
controlled cooling at various cooling rates. The mechani-
cal behavior of oil-fat mixtures was assessed by steady
and oscillatory shear rheometry. The appearance of sys-
tems was determined by colorimetry, while thermal prop-
erties were measured by differential scanning calorimetry.
Finally, crystal size and network structure were investi-
gated by cross-polarized light microscopy.

Materials and Methods
Materials

Hydrogenated palm fat (Sett® P55) was donated by Cog-
nis (Monheim, Germany) and used as the solid fat in the
studies. The palm fat had an iodine value of max. 4.0 and
a melting range of 55-60 °C, according to the specifica-
tions of the manufacturer. The density of the hydrogen-
ated palm fat was Py, g = 0.926 g/cm®. Canola oil was
obtained from Bunge (Mannheim, Germany), had a density
of Peanota oif = 0.926 g/em?, and was used as the liquid oil
phase. Both lipids were used as received without further
purification.
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Preparation of Qil-Fat Mixtures

Oil-fat mixtures were prepared by melting palm fat at
2.5-5.5 wt% in canola oil at 80 °C. The temperature was
held for 30 min at 80 °C to erase crystal memory. Crystal-
lization was induced by cooling the hot molten oil-fat mix-
ture at three different cooling rates (1.4, 2.6, and 4.7 °C/
min) to a temperature of 10 °C using a refrigerated water
bath filled with a saturated sodium chloride solution (F25,
Julabo, Allentown, PA, USA). The water bath was set to 10,
0, and —10 °C to allow for three different cooling rates to
be achieved. Average cooling speeds were calculated from
the time required to reach the target temperature and var-
ied by less than £0.2 °C/min upon repetitions of the stud-
ies. Samples were mildly stirred while cooling at less than
approximately 100 rpm using a stirrer to improve heat
transfer and ensure a uniform temperature distribution in
the sample. The surface and core temperature were meas-
ured with a thermometer (Type Almemo 2290-8, Ahlborn,
Holzkirchen, Germany) equipped with two NiCr-Ni ther-
mowires (Type ZA 9020-FS, Ahlborn, Holzkirchen, Ger-
many). The surface temperature varied from the core tem-
perature by less than 0.3 °C. When samples had reached a
temperature of 10 °C they were transferred to another water
bath having been set at 10 °C. There they were allowed to
equilibrate for 1 h. Finally, samples were stored at 25 °C
for 48 h until analyses were performed.

Rheological Measurements

A modular compact oscillatory rheometer MCR300 (Anton
Paar, Stuttgart, Germany) with the application software
Rheoplus/32 V3.31 (Anton Paar) was equipped with a par-
allel plate—plate measurement system (PP-50, plate diam-
eter: 50 mm), and a gap setting of 0.5 mm was used to per-
form all rheological experiments. Samples were carefully
transferred to the rheometer and were allowed to equili-
brate for S min after lowering the upper plate. Flow behav-
ior was measured by increasing the shear rate of the plate—
plate system at 25 °C logarithmically from 0.02 to 100 s~ .
The mechanical stability of the samples during heating was
assessed by recording the shear stresses when the samples
were heated from 20-60 °C at a heating rate of 7.2 °C/min
and sheared at a shear rate of 1 s~!. In addition, a coaxial
cylinder system was used to accurately measure the vis-
cosities of samples that had been completely melted (CC-
27, cup diameter: 28.92 mm, bob diameter: 26.66 mm).
The viscoelastic behavior of the samples was assessed by
an oscillating frequency sweep from 0.05 to 10 Hz at 2 %
strain and 25 °C. Prior to the frequency sweeps, amplitude
sweeps had been conducted to ensure that oscillation stud-
ies were conducted within the linear viscoelastic regime
(LVE). Since the LVE extended to 5 % strain for even the

strongest oil gel manufactured, oscillation measurements
within the 2 % strain rate fell within the LVE (data not
shown).

Differential Scanning Calorimetry (DSC)

The thermal behavior of oil-fat mixtures was recorded
using a Perkin Elmer DSC 8500 (Perkin Elmer, CT,
USA). An amount of 10-20 mg of the sample was placed
in a 20-pl aluminum pan; the pans were sealed, the sam-
ple weight recorded, the pans inserted in the DSC, and
heated from 20 to 60 °C at a rate of 20 °C/min. Prior to the
temperature scan, samples were equilibrated for 5 min at
20 °C. Enthalpy of melting was calculated by integration
of the heat-flow rate during the phase transition, taking the
weight of the added palm fat into account.

Optical Analysis

L*, a*, and b* values in the CIE tristimulus color space
were measured at 25 °C using a chromameter CR-200
(Konica Minolta, Marunouichu, Japan) to determine the
optical properties of the samples. The chromameter was
calibrated against a white calibration plate with tristimulus
values: ¥ = 93.7, x = 0.3159, y = 0.3321) at Dgs illumi-
nation. The samples were measured with the measurement
port of the chromameter immersed in the sample at five
different positions, maintaining a sample layer thickness
of 2 cm against a white background. Results for lightness
(L*) were normalized against the lightness of pure palm fat
(Ly* = 96.61) by calculating the ratio of L*/L,*.

Determination of Microstructure

Polarized light microscopy images for the determination of
crystal structure and size were taken with an axial-mounted
Canon Powershot G10 digital camera (Canon, Tokyo,
Japan) mounted on an Axio Scope Al optical microscope
(Carl Zeiss Microimaging GmbH, Goéttingen, Germany).
Samples of approximately 0.5 mg were carefully placed on
an objective slide using a spatula, and covered with a thin
glass cover. Care was taken to avoid excessive compression
by the glass cover. Images were taken at a magnification
of 200. Images were processed and analyzed with Gimp
2.6.6 (GIMP Development Team, USA) and Imagej 1.43 n
(Wayne Rasband, National Institutes of Health, USA).

Low Resolution Nuclear Magnetic Resonance
Spectroscopy

Solid fat content was determined at 25 °C with a Bruker

minispec mq20 TD-NMR Analzyer (Bruker Corp., Bill-
erica, MA, USA) equipped with a pulsed gradient field
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unit. The hydrogenated palm fat/canola oil mixtures were
placed in an NMR tube and equilibrated at 25 °C for 30 s.
The amount of solid fat was determined by measuring the
difference in signal decay between solid and liquid frac-
tion after applying a 90° electromagnetic pulse. At least six
measurements were conducted per sample.

Statistical Analysis

Measurements were replicated at least three times using
duplicate samples. Mean values and standard deviations
were calculated using Excel (Microsoft, Redmond, CA).
Nonlinear regression fits for the calculation of regression
parameters and coefficients of determination were carried
out using OriginPro 8 (Northampton, MA, USA).

Results and Discussion
Physicochemical Properties of a Base Oil-Fat Mixture

Initially, we determined the optical, microstructural,
rheological, and thermal properties of a base oil-fat mix-
ture composed of hydrogenated palm fat as the dispersed
phase and canola oil. This initial base oil-fat mixture was
prepared by cooling a hot melt containing 4.5 wt% palm
fat at a cooling rate of 2.6 °C/min. A base oil-fat mixture
with a solid fat content of 4.5 % was chosen to investi-
gate the physicochemical properties of a system with a
gel-like behavior. The palm fat concentration was also
chosen based on the concentration of a commercially
available oil-fat gel based marinade. There, the manu-
facturer had observed that the system was able to keep
salt and spices used for the formulation of marinades in
suspension, and that the mixture could still be pumped to
cover the steaks prior to packaging. In the following sec-
tions we investigated how the physicochemical properties
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Frequency (Hz)

were impacted by solid fat concentration and cooling
conditions.

Results of the steady shear experiments are plotted
in Fig. 1A. The oil-fat mixture displayed a strong shear-
thinning behavior, i.e., the viscosity during the continu-
ous shear experiment decreased continuously as the shear
rate increased. The flow curve had a characteristic peak at
a critical shear rate, which is typical for plastic fats. This
kind of behavior has been reported previously for lards,
margarines, and shortenings [34].

The formation of crystal flocs may be attributed to
strong primary bonds or weaker secondary bonds. The pri-
mary bonds are due to crystals having fused together or
having been connected by sintered fat bridges during crys-
tallization. Whereas the secondary bonds are due to attrac-
tive Van der Waals interactions between individual fat crys-
tal flocs [15]. Upon applying a strain to the oil-fat mixture,
the bonds between crystal flocs stretch elastically. Beyond a
certain maximal shear stress, the primary bonds may break.
Secondary bonds may be disrupted simultaneously. The
maximal shear stress at which primary bonds are broken is
referred to as the “static yield value” [34-36]. The break-
age of the primary bonds is generally irreversible whereas
the weaker secondary bonds may reform when the sample
comes to rest [15, 37, 38]. When the critical deformation
that corresponds to the static yield stress is exceeded, the
fat crystal network is irreversibly disrupted. The subse-
quent decrease in shear stress upon further deformation is
indicative of the structure breakdown and is referred to as
“work-softening” [37-39]. In our oil-fat mixture, the static
yield value was 74.3 Pa at a shear rate of 1.35 s~!. In the
work-softening region, where the sample behaved more
like a suspension, the apparent viscosity of the sample at
shear rate of 39 s~! was 1.58 Pa:s.

Oscillatory rheological measurements of G’ and G”
(Fig. 1B) indicated that the system behaved like a gel. The
term gel typically describes an infinite network where the
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structure percolates through the entire macroscopic sample.
In food systems though, the term gel may sometimes used
more loosely describing a viscoelastic system that exhibits
a more elastic than viscous behavior with G’ > G” over a
certain frequency range. The sample had large elastic and
storage moduli that ranged from 300 to more than 1000 Pa
at frequencies ranging from 0.05 to 10 Hz with G’ being
larger than G”, confirming that the sample had more solid
than fluid properties. Calculations of the phase angle indi-
cated that the oil-fat gel had phase angles that were all well
below 45° over the entire frequency range [40, 41]. Higaki
et al. observed similar results for samples prepared with
fully hydrogenated high behenic canola oil using a temper-
ing process [33].

The thermal behavior of the oil-fat gel was determined
by heating the sample in the rheometer from 20 to 60 °C
at a shear rate of 1 s~! and by DSC analysis during the
heating of the sample from 20 to 60 °C, shown in Fig. 2.
Viscosity of the oil-fat gel generally decreased when the
oil-fat gel was heated. At 40.9 °C, the viscosity of the oil-
fat gel dropped sharply by almost three magnitudes over
a temperature range of approximately 6 °C. The structure
that had been created during crystallization of solid fat and
formation of a fat crystal network was completely lost at
temperatures above 47 °C because the solid fat crystals had
completely melted. It should be noted that the viscosity
of the melt was too low to be measured by the plate—plate
system. Hence, the viscosity of the completely liquefied
oil-fat gel was measured with a separate coaxial cylinder
measurement system. The viscosity of the melt was found
to decrease from 0.02 to 0.01 Pa-s due to a temperature-
dependent viscosity loss. The liquefaction temperature, i.e.,
the temperature at which the structure given by the fat crys-
tal network was lost, was determined from the cross-point
of the asymptote of the melting curve determined with the
plate—plate geometry and the viscosity of the oil-fat melt
determined with the coaxial cylinder measurement system,

Temperature (°C)

and was found to be 46.9 °C. A DSC analysis indicated
that the melting of fat crystals started at an onset tempera-
ture of 35.7 °C with the peak of the melting of fat crystals
occurring at 45.7 °C, which is in good agreement with the
rheological results. The enthalpy of melting of the sample
measured was 159.40 J/g.

The generated oil-fat gel was nearly transpar-
ent, that is it had extremely low lightness wvalues,
ie., L* = 3692 £+ 1.03 [a* = —0.64 £ 0.24 and
b* = 1.41 £ 1.32]. Cross-polarized light microscopic
images of the oil-fat mixture allowed the microstructure of
the fat crystal network to be visualized. The microstruc-
ture represents the mesoscale in the fat crystal network
and is constituted of aggregates that are formed by crys-
tal clusters [42]. An automated analysis by image analysis
was not possible. Consequently, an analysis of the images
was conducted by individually determining the dimensions
of the fat crystal aggregates and by counting the crystal
aggregates on each image. The crystal aggregate diam-
eter of fats in the oil-fat mixture prepared with 4.5 wt%
palm fat varied between 5 and 10 um. Light-scattering
theory for spherical particles predicts a local minimum
in the intensity of scattered light at this approximate size
range, which may explain the transparency of the oil-fat
gel observed, a fact that is also apparent from the low L*
value. Oil droplets in oil-in-water emulsions are known to
maximally scatter light at oil droplet diameters of approxi-
mately 1 wm with scattering intensities decreasing above
and below this critical diameter [43].

Influence of Solid Fat Concentration

Next, we investigated the influence of solid fat concentra-
tion on the physicochemical properties of oil-fat mixtures
which had been subjected to a cooling rate of 2.6 °C/min.
The concentration of palm fat was varied from 2.5 to 5.5
wt% by increments of 0.5 % to prepare oil-fat mixtures
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with a lower and higher solid fat concentrations than in the
base oil-fat gel.

The flow behavior of the oil-fat mixtures containing var-
ying palm fat concentrations is shown in Fig. 3A-C. Flow
curves of the samples with 2.5 to 5.5 wt% palm fat sub-
jected to an intermediate cooling rate of 2.6 °C are shown in
Fig. 3B. The shear stress and apparent viscosity increased
with increasing palm fat concentration. Apparent viscosity
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Palm fat concentration (wt%)

at a shear rate of 39.1 s~ was 0.75 Pa-s for ¢, = 2.5 wt%
and increased to 1.85 Pa-s for ¢, = 5.5 wt%. The steady
yield stress (Fig. 3D) increased with the increasing concen-
tration of palm fat, while no peak was observed at 2.5 wt%.
This increase of the static yield stress with the increasing
palm fat concentration suggested a larger number of pri-
mary bonds which may be attributed to a larger number of
lipid bridges between fat crystals and sintered crystals due
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Table 1 Storage G’ and loss G” moduli and phase angle
8 = arctan(G”/G’)-180° x m at an oscillation frequency of 1.1 Hz
of oil-fat mixtures subjected to different cooling rates at 1.4, 2.6,
and 4.7 °C/min as a function of palm fat concentration in canola oil
(2.5-5.5 wt%)

Cooling rate Palm fat G’ (Pa) G”([Pa) 4(°)

(°C/min) concentration cy, (Wt%)

14 2.5 04 1.3 72.9
3.0 0.5 1.9 75.3
3.5 1.7 2.7 57.8
4.0 2.1 35 59.0
4.5 2.4 39 58.4
5.0 2.0 4.8 67.4
5.5 1.9 37 62.8

2.6 2.5 97.8 53.5 28.5
3.0 59.6 62.7 46.5
35 162.3 121.7 36.9
4.0 512.2 306.3 30.9
4.5 907.4 434.2 25.6
5.0 1706.0  700.0 22.3
5.5 626.7 316.7 26.8

4.7 2.5 588.2 171.9 16.3
3.0 701.1 292.6 22.7
35 909.1 339.2 20.5
4.0 778.6 356.6 24.6
4.5 1230.0 459.2 20.5
5.0 1160.0 638.8 28.8
55 1265.0 7153 29.5

to the higher number of crystals present in the oil-fat gels.
Thus, the more palm fat available for the structuring of the
oil-fat gels, the more extensive and the stronger the three-
dimensional network.

The viscoelasticity of oil-fat mixtures generally
increased with increasing palm fat concentration, i.e., stor-
age G’ and loss G” modulus increased while phase angle
8 decreased. Table 1 shows G’, G”, and the phase angle §
(= arctan (G”/G’)-180°/) at an oscillation frequency of
1.1 Hz for oil-fat mixtures that had different fat concen-
trations and were cooled at 2.6 °C/min. When the palm
fat concentration exceeded a critical concentration of 3.5
wt% at this cooling rate, the properties of the oil-fat mix-
tures transitioned from a viscous behavior typical for a
suspension to a weak gel characteristic for a particle net-
work. That is, G’ became larger than G” or, in other words,
the phase angle decreased below 45° [40, 41]. A transition
from a viscous to a mainly elastic system with increasing
solid fat concentration has also been reported for blends
of refined bleached deodorized palm oil with 4-25 wt%
hydrogenated palm oil [44]. The study was focused on
determining changes in mechanical properties of a selected
oil-fat mix over time; however, initial experiments were

also conducted to assess the impact of mixing ratio. The
authors stated that an increase in complex viscosities, com-
pression force, and hardness index suggested that the crys-
tal networks of the blends became more structured with a
higher concentration of hydrogenated palm oil; for exam-
ple, upon the addition of 18 wt% hydrogenated palm oil,
the complex viscosity increased by a factor of 6 and the
phase angle decreased by a factor of 4.

The thermal stability of oil-fat mixtures during heat-
ing from 20 to 60 °C in the rheometer at a shear rate of
1 s~ increased with the increasing concentration of palm
fat (Fig. 4A). At a palm fat concentration of 2.5 wt%,
the liquefaction temperature, as defined by the intersec-
tion between the asymptote of the melting curve and the
viscosity of the molten oil-fat mixtures, was 44.5 °C and
increased to 48.9 °C at ¢, = 5.5 wt% (Fig. 4B). This small
but significant change in the liquefaction temperature and,
thus, the small increase in temperature stability was con-
firmed by the results of the DSC analysis shown in Fig. 4C.
The DSC melting curve of the oil-fat mixture with 2.5
wt% palm fat had a peak temperature of 43.06 °C, while
the peak temperature for the 5.5 wt% palm fat oil-fat gel
was 48.04 °C. This increase in temperature stability was
also seen in the onset temperatures in Table 2. No signifi-
cant difference in the enthalpy of melting of oil-fat mix-
tures manufactured with varying palm fat concentrations
was found. This was to be expected as the enthalpy of melt-
ing was measured related to the amount of palm fat added
to the sample. A similar increase in temperature stability
with increasing solid fat concentrations was also observed
in blends of palm oil and hydrogenated palm oil where the
slip melting point was found to increase [44]. In a system
consisting of a high-melting fat in a low-melting fat, the
clear point mainly depends on the solubility of the solid fat
in the liquid oil phase which increases with higher tempera-
tures. Hence, clear point temperature of the prepared oil-fat
mixtures increased with increasing palm fat concentration
[45].

The influence of the palm fat concentration on the
optical properties, especially on the transparency of the
samples, was again determined by L* a * b* color meas-
urement. With an increasing concentration of palm fat,
the lightness and, with it, the normalized L*/LO* increased
from 0.34 at ¢, = 2.5 wt% to 0.41 at ¢y = 5.5 wt%
(Fig. 5). The optical properties of a system containing
dispersed solid or liquid particles depends on the size of
the particles, concentration, and refractive index between
the two phases [46]. In this series of experiments, only
the concentration of palm fat was varied, while the refrac-
tive index and the size of crystals (see microscopy images
below) remained constant. The results correspond with
results of Chantrapornchai et al. which showed that light-
scattering and, therefore, the lightness and the turbidity
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Table 2 Onset (Tq,p)> peak (Tp,) temperature, and enthalpy of melting (AH) at melt transition for oil-fat mixtures with varying palm fat con-
centration (2.5-5.5 wt%) in canola oil subjected to different cooling rates at 1.4, 2.6, and 4.7 °C/min

Cooling rate Palm fat concentration cg, Onset temperature Peak temperature Enthalpy of melting

(°C/min) (Wt%) Tonse () Tpea °C) AH (I/g)

1.4 25 41.22 £5.01 49.11 £0.12 136.31 £ 5.06
35 37.75 £ 1.06 49.48 £ 0.04 150.78 £ 1.15
4.5 36.28 £1.83 49.33 £ 0.37 147.95 + 4.47
5.5 37.28 £1.82 50.27 £ 0.12 153.40 £7.45

2.6 25 31.56 £0.20 43.06 £ 0.06 146.95 £+ 2.51
3.5 3440 £ 045 45.46 £ 0.12 151.72 £ 1.09
4.5 35.66 £ 0.23 45.69 £0.17 159.40 £ 4.85
5.5 38.15+1.38 48.04 £0.86 146.29 £ 5.52

4.7 2.5 32.59 £0.34 43.04 £+ 0.09 149.90 + 6.24
35 34.11 £0.10 45.55 +£0.42 160.41 £+ 3.41
45 35.98 £ 0.60 45.97 £ 0.51 160.06 £ 1.71
5.5 36.39£0.83 46.72 £ 0.73 171.06 £ 8.99

are increased with the increasing concentration of drop-
lets. Although the results of Chantrapornchai et al. were
for oil-in-water emulsions, the underlying physics is
similar [47]. The oil droplets as scattering particles in the
emulsions have a similar influence on the transparency
and lightness to the fat crystals which scatter the light in
our oil-fat mixtures.

Polarized light microscopy images in Fig. 6 showed that
increases in the number of crystal aggregates occurred as
the concentration of the palm fat in the oil-fat mixtures
increased. The crystal aggregate sizes were, however, not
affected by increases in the concentration of solid fat, that
is, they ranged again from 5 to 10 pm.
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Influence of Cooling Rate

The influence of the cooling rate was assessed by cooling
the hot melt of canola oil and hydrogenated palm fat at
three different cooling rates (1.4, 2.6, and 4.7 °C/min). The
impact of the cooling rate on the optical properties, micro-
structure, rheology, and temperature stability was deter-
mined for oil-fat mixtures containing palm fat concentra-
tions that varied between 2.5 and 5.5 wt%.

Cooling conditions led to large alterations in the rheo-
logical behavior of the oil-fat mixtures (Fig. 3A—C). All sam-
ples underwent shear thinning when deformed regardless of
preparation conditions and solid fat concentration. Viscosity
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Fig. 5 Normalized lightness L*/L,* of oil-fat mixtures containing
varying palm fat concentration (2.5-5.5 wt%) in canola oil subjected
to different cooling rates at 1.4, 2.6, and 4.7 °C/min; the inserted
images provide photographic images of oil-fat mixtures with 2.5, 4.5,
and 5.5 wt% palm fat subjected to a cooling rate of 2.6 °C/min (oil-
fat mixture layer thickness: 1.5 mm)

generally increased with higher solid fat concentration regard-
less of cooling rates used. However, samples that had been
produced at slower cooling rates had substantially lower vis-
cosities; for example, at a palm fat concentration of 4.5 wt%,
the apparent viscosity was 0.32 Pa-s at 1.4 °C/min, 1.58 Pa-s
at 2.6 °C/min and 2.02 Pa-s at 4.7 °C/min (Fig. 3E). More
importantly, oil-fat mixtures that had been manufactured at
the slowest cooling rate had no static yield stress (Fig. 3D),
even at the highest fat concentration used. This suggests that
the rheological behavior in the samples cooled at the slow-
est rate containing large unconnected crystal aggregates never
transitioned from a suspension rheology to a plastic fat rheol-
ogy. By contrast, the samples subjected to the higher cooling
rates featured a static yield stress. In addition to the increase
of the static yield stress with the solid fat concentration, the
static yield stress increased also with higher cooling rates.
This may be promoted by a higher number of nuclei upon a
more rapid cooling. There, the higher number of fat crystals
may induce more numerous primary bonds. The presence
of a stress maxima during shearing exists also in entangled
polymer solutions and melts where a stress overshoot may be
observed during startup shear [48, 49].

Cooling rate (°C/min)

Fig. 6 Polarized light micros- Palm fat
copy images at a magnifica- concentration
tion of 200 of oil-fat mixtures (Wt%)

subjected to different cooling 25
rates at 1.4, 2.6, and 4.7 °C/min

with varying palm fat concen-

tration (2.5-5.5 wt%) in canola

oil (scale bar: 50 um)

35

4.5

5.5

1.4 2.6 4.7
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Table 3 Fitted Herschel-Bulkley parameters yield stress t,, consistency k, and flow index n of oil-fat mixtures with varying palm fat concentra-
tion (2.5-5.5 wt%) in canola oil subjected to different cooling rates (1.4, 2.6, and 4.7 °C/min)

Cooling rate (°C/min) Palm fat concentration cg,, (Wt%) Yield stress 7, (Pa) Consistency k (Pa-s) Flow index n (—) R?
1.4 2.5 0.122 £ 0.027 0.235 £ 0.012 0.854 + 0.012 0.998
3.0 0.073 # 0.031 0.390 + 0.018 0.779 + 0.010 0.998
3.5 0.085 + 0.047 0.657 + 0.031 0.714 + 0.011 0.998
4.0 0.177 + 0.044 0.786 + 0.030 0.695 + 0.009 0.998
45 0.176 + 0.093 1.605 + 0.083 0.571 £ 0.012 0.996
5.0 —0.035 £ 0.084 2.256 + 0.080 0.529 + 0.008 0.998
5.5 —0.412 £ 0.148 3.183 +0.150 0.482 +0.011 0.996
26 25 0.884 + 0.779 8.964 + 0.889 0.325 + 0.020 0.979
3.0 —0.370 £ 1.114 10.017 £ 1.273 0.294 + 0.025 0.966
35 —4.921 £2.719 20.549 =+ 3.007 0.186 + 0.023 0.957
4.0 —0.6:10° & 2.0-107 0.6:10° £ 2.0-107 8.2:107540.028 0.874
45 —2.1-10° + 7.9-107 2.1-10° £ 7.9-107 2.7-107340.010 0.844
5.0 —0.5-10° & 1.5-10’ 0.5-10° + 1.5-107 9.8-107°4+0.027 0.886
5.5 —2.4-10° & 0.000 2.4-10° + 0.000 2.9-107°+0.000 0.800
47 2.5 —0.5-10° & 0.8-10’ 0.5-10° + 0.8-107 9.6:10754+0.014 0.966
3.0 —0.6-10° & 1.5-10’ 0.6-10° + 1.5-107 9.7-107540.026 0.919
3.5 —1.7-10° & 4.7-10’ 1.7-10° £ 4.7-107 4.0-10754+0.011 0.881
4.0 —1.0-10° & 5.3-10’ 1.0-10° £+ 5.3-107 6.4-107°4+0.036 0.861
45 —0.2-10° £ 0.2-10’ 0.2:10° + 0.2:107 3.6-107440.029 0.874
5.0 —2.6-10° % 0.000 2.6:10° £ 0.000 2.7-107340.000 0.825
5.5 —5.0-10° & 0.000 5.0-10° + 0.000 1.8-10754:0.000 0.706

In order to further analyze the differences between sam-
ples, flow curves were fitted with the Herschel-Bulkley
model [50] according to Eq. (1):

T=1+k ) (1)

where 7 is the shear stress (Pa), 7, is the yield stress (Pa),
k is the consistency index (Pa-s), y is the shear rate (s71),
and n is the flow index. The Herschel-Bulkley model is the
most widely used model to fit flow curves [40]. However,
it should be noted that the Herschel-Bulkley model does
not account for the presence of static yield stresses, and is
typically best suited to fit the behavior of dispersions such
as emulsions and suspensions at low particle concentra-
tions that display simple shear thinning behavior. Increases
in coefficients of determination R* can, therefore, be used
to assess deviations from a simple shear thinning behav-
ior. The results for the fitted Herschel-Bulkley model are
shown in Table 3. The Herschel-Bulkley model fitted the
data at the slowest cooling rate (1.4 °C/min) with minimal
errors (R*> > 0.99), regardless of solid fat concentration. In
the more slowly cooled oil-fat mixtures, the consistency
index k increased with increasing palm fat concentration,
while the flow index n decreased with increasing solid fat
concentration. This behavior is again characteristic for
emulsions and suspensions that contain increasingly higher
concentrations of particles [50].
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The Herschel-Bulkley model increasingly deviated from
the measured flow curves with increasing cooling rates
and R? values were substantially lower than for the more
slowly cooled samples. R? values decreased with increasing
fat concentrations from 0.97 to as little as 0.71 for oil gels
that had been fabricated at cooling rates of 2.6 and 4.7 °C/
min. This correlated with the fact that oil-fat gels manu-
factured with the two higher cooling rates had static yield
values (Fig. 3D) which increased with increasing palm fat
concentration. This indicated that the samples subjected to
higher cooling rates exhibited a more plastic fat rheology
rather than a suspension-like flow behavior resulting in an
increasing deviation from the Herschel-Bulkley model.

Oscillatory rheological measurements yielded similar
results (Table 1). At slow cooling rates (1.4 °C/min), the
oil-fat mixtures had the lowest values of G’ and G”’. Fur-
thermore, the phase angles of the oil-fat mixtures ranged
from 75 to 57°, indicating that all samples behaved more
like a viscous fluid than an elastic solid [40, 41]. By con-
trast, samples subjected to higher cooling rates of 2.6 and
4.7 °C/min exhibited a more elastic than viscous behavior.
The samples had significantly higher storage (G’) and loss
(G”’) moduli than at the lowest cooling rate. The rheologi-
cal character of oil-fat mixtures prepared at a cooling rate
of 2.6 °C/min transitioned from a viscous to an elastic
solids behavior at a palm fat concentration of 3.5 wt%. In
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Fig. 7 Storage modulus G’ at a frequency of 1.1 Hz as a function
of volume fraction of solid fat @; fitted with the power law relation
G’ = y-@" equations and R? for oil-fat mixtures subjected to the three
different cooling rates (1.4, 2.6, and 4.7 °C/min) are in the graph

contrast, the oil-fat mixtures subjected to a cooling rate of
4.7 °C/min all behaved like elastic solids displaying phase
angles well below 45° [40, 41]. Thus, the critical concen-
tration for particle network formation decreased to 2.5 wt%
palm fat when mixtures were subjected to a cooling rate
of 4.7 °C/min. Vreeker et al. found that the elastic modu-
lus of fat crystal networks conducted in a similar way to
the elasticity of colloidal gels [14]. Thus, they interpreted
their rheological data using a power law relation developed
for colloidal gels at low particle concentrations [51]. This
model describes a power law relationship between the elas-
tic modulus G’ and the particle volume fraction @. Accord-
ing to Bremer et al., the equation can be written as [52]:

G =yom 2)
with m as the power law exponent and y as a constant inde-
pendent of volume fraction but dependent on the size of
primary particles and the interactions between these parti-
cles. This equation has already been used to characterize
various types of fat crystal networks [10]. A log G'-log
@ graph was plotted for the cooling rates of 1.4, 2.6, and
4.7 °C/min, Fig. 7. We fitted these oscillatory rheological
data using the model mentioned above which resulted in
three equations. The amount of solid fat in the oil-fat mix-
tures was not affected by the cooling rate to which the sam-
ples were subjected to. The solid fat content exhibited no
significant differences at equal concentrations, e.g., at oil-
fat mixtures with 4.5 wt% palm fat the determined solid fat
content was 3.6 £ 0.2 % in oil-fat mixtures subjected to
a cooling rate of 1.4 °C/min, 3.8 & 0.2 % in oil-fat gels
subjected to a cooling rate of 2.6 °C/min, and 3.9 + 0.2 %
in oil-fat gels subjected to 4.7 °C/min. The particle volume

fraction @ was calculated from palm fat concentration in
the oil-fat mixtures taking the densities of the hydrogenated
palm fat and the canola oil into account. Additionally, the
theoretical soluble solid fraction 0.17 wt% according to the
Hildebrand equation [45, 53] at 25 °C was subtracted from
the palm fat concentrations.

| AHy ( 1 1 ) 3
nxpp = — =
Ry \Tw; T G)

with xyp the mole fraction of hydrogenated palm fat that is
soluble at temperature T, AHj; the molar enthalpy of fusion
of polymorph i, R, is the gas constant (8.314 Jmol 'K,
T,,; is the absolute melting temperature of pure polymorph
i. Molar enthalpy of fusion of the hydrogenated palm fat
of 1.61%10° J/mol and an absolute melting temperature of
330.5 K were taken from Kloek et al. assuming that the
solid fat crystallized in B’ or recrystallized from a to f’
within the 2 days of storage [53].

Samples that were subjected to the highest cooling rate
(4.7 °C/min) exhibited rheological properties common for
viscoelastic gel systems. Thus, the model used matched
with a good accordance (R* = 0.857). At the slowest cool-
ing rate, the phase angles confirmed that solely viscous lig-
uids could be prepared. Thus, it is not surprising that the
model only had a R? of 0.601. Moreover, at the mediate
cooling rate of 2.6 °C/min, oil-fat dispersions transitioned
from a viscous liquid to an elastic solid only at 3.5 wt%.
That could be a possible explanation as to why the model
did not fit very well (R* = 0.498).

Rheological results can be explained by the microstruc-
tural changes that occur in oil-fat mixtures when cooling
rates are altered. Higher quantities of smaller fat crystals
were formed at higher cooling rates. The increases in the
overall surface area of solid lipid as a result of the decrease
in lipid crystal size gives rise to more network junctions
being formed [35]. Consequently, the fat crystal network
is increasingly stronger causing the oil-fat mixtures to lose
its suspension-like behavior and attain a plastic fat behavior
[54].

The influence of cooling rates on the thermal stability
of oil-fat mixtures was determined by heating the oil-fat
mixtures in the rheometer (Fig. 8) and with DSC measure-
ments (Table 2). Both, rheometer and DSC measurements
confirmed that the thermal stability of the oil-fat mixtures
increased with increasing palm fat concentration due to
the solubility of the solid fat, regardless of the cooling rate
(rheometer data not shown). Interestingly, DSC analysis
showed that the thermal stability decreased with increas-
ing cooling rates whereas opposite results were observed
on the rheometer. The two higher cooling rates confirmed
the results from DSC measurements and liquefaction tem-
perature decreased with higher cooling rates. However the
samples prepared at the slowest cooling rate exhibited the
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Fig. 8 Apparent viscosity n,,, with shearing at 1 s~ as function
of temperature (20-60 °C) of oil-fat mixtures subjected to different
cooling rates (1.4, 2.6, and 4.7 °C/min) at a palm fat concentration of
4.5 wt% in canola oil

lowest thermal stability. This may potentially be attrib-
uted to differences in heat transfer on the rheometer and
the DSC since samples were sheared during heating in the
rheometer but were at rest in the DSC. The oil-fat mixtures
manufactured at the two higher cooling rates had markedly
higher viscosities than the more slowly cooled sample up
to the temperature of liquefaction, which may have influ-
enced the heat transfer. The decrease of thermal stability
with higher cooling rates may be attributed to the different
crystal aggregate sizes. Larger crystal aggregates impede
the heat transfer and, thus, cause higher melting points.
Moreover, the cooling rate had a substantial influence
on the optical properties of the samples (Fig. 5). The nor-
malized lightness values were highest for samples that had
been cooled at the fastest cooling rate (4.7 °C/min) and
lowest for samples that had been subjected to the medium
cooling rate (2.6 °C/min). At a palm fat concentration of
4.5 wt%, for example, the L'/L, was 0.42, 0.38, and 0.46
for oil-fat mixtures that had been subjected to cooling rates
of 1.4, 2.6, and 4.7 °C/min, respectively. These results
may again be attributed to the relationship between parti-
cle size and number, as well as the intensity of light scat-
tered [46]. Light-scattering generally increases with the
increasing number of particles in the system, and increases
or decreases according to a complex pattern depending
on the particle size. Cooling rates may influence both the
number of particles and the size of particles present in an
oil-fat mixture. At higher cooling rates, smaller crystals
are obtained since the degree of supercooling is greater.
Therefore, more crystals must be generated at a fixed solid
fat concentration. Depending on the local maxima and
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minima, which depends on the scattering coefficient of the
particle size, samples may thus get more or less turbid [43].
Based on our results, a cooling rate of 2.6 °C/min probably
led to crystals attaining a size where scattering was close to
or within a local scattering minimum.

Microscopy images of oil-fat mixtures prepared at dif-
ferent cooling rates and with varying palm fat concentra-
tions showed that the sizes of crystal aggregates decreased
with an increasing cooling rate. Extremely large crys-
tal spherulites with diameter sizes of approximately
50-100 ym were formed, particularly at the slow cool-
ing rate (1.4 °C/min). By contrast, crystal aggregates had
diameters of 5-10 pm or smaller at cooling rates of 2.6
and 4.7 °C/min. Image analysis demonstrated that crystal
aggregates had average particle diameters that were slightly
lower at 4.7 °C/min than crystals formed at 2.6 °C/min.
The crystal aggregate diameters between these two cool-
ing rates differed by 1-2 pm. A three-dimensional fat crys-
tal network was apparent at the two higher cooling rates,
whereas at the slowest cooling rate, the large crystal spher-
ulites were not interconnected. Differences in crystal size
as a function of the cooling rate have been described for
lards and margarines previously, where smaller fat crystals
were formed at higher cooling rates [26—28]. This may be
attributed to the increased degree of supercooling which
promotes the formation of a higher number of nuclei [55].
An oil-fat mixture needs to be undercooled by approx. 5 °C
before fat crystal nucleation occurs [56]. The formation of
stable nuclei has been attributed to changes in the Gibbs
free energy due to alterations in surface and volume [53,
56, 57]. Formation of nuclei is driven by the level of super-
cooling [58]. The nucleation rate, i.e., the number of crys-
tals formed per unit volume and specified time increment,
can be modeled using the Gibbs-Thompson approach with
the Fisher-Turnbull model [59], while crystal growth can
be modeled using the Avrami equation [56, 57].

Mechanistic Model

Results of this study may be interpreted in terms of a mech-
anistic model shown in Fig. 9 that may be used to explain
the complex behavior observed in oil-fat mixtures.

e Slow cooling rates: at slow cooling rates, solid fats have
a tendency to precipitate from the hot liquid oil-solid fat
melt in the form of large crystal spherulites consisting
of individual crystal aggregates. These large spherulites
move freely within the surrounding liquid oil phase,
much like a suspension of solid particles or an emulsion
composed of two immiscible liquid oils. With increas-
ing concentrations of solid fat, the number of particles
increases; however, since particles are larger, the num-
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Fig. 9 Graphical illustration
of the influences of solid fat
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ber of particles in the system is much smaller than if
the particles were of smaller size. At a solid content of
2.5 wt% and an average spherulite diameter of 50 um
in 1 ml oil gel, for example, a total of 1.84 x 10° solid
fat crystal spherulite would be present, while at the
same concentration of fat, 1.91 x 10® of solid fat crys-
tal aggregates of an average particle diameter of 5 pm
were present (assuming that particles are spherical). An
increase in fat concentration, thus, has much less effect
on the microstructure of oil gels that contains large crys-
tal aggregates, since by virtue of their smaller numbers,
the fat crystal aggregates are less likely to interact and
form a network. Consequently, much less effect of solid
fat concentration on the physical properties of slowly
cooled oil-fat mixtures may be observed.

e High cooling rates: at high cooling rates, solid fats
have a tendency to precipitate from the hot liquid oil-
solid fat melt in the form of small crystal aggregates.
These smaller crystals aggregates are present in the
oil-fat mixtures in greater numbers than in oil-fat mix-
tures that have been cooled less rapidly and that contain
the same solid fat concentration (see above). The small
crystal aggregates are more likely to interact and form
networks, even at low solid fat concentrations. By virtue
of their high numbers, oil-fat mixtures fabricated with
high cooling rates thus display a high sensitivity to solid
fat concentration, i.e., their physicochemical properties

may change significantly when the solid fat concentra-
tion is altered.

Conclusions

Our results show that rheology, appearance, and ther-
mal stability of oil-fat mixtures depend on both palm fat
concentration and cooling rate. Because of this, it proves
to be difficult or even impossible to have the systems
simultaneous display a desired mechanical, optical or
thermal behavior. For example, oil-fat gels may be manu-
factured that have specific viscoelastic properties. Thus,
oil-fat gels may be prepared that might be able to keep
particulates, such as salt and spices, in suspension, one
of the main requirements for oil-based marinades. Their
appearance, however, which is another key functional
property, can range from being completely transparent
(desirable) to being very opaque and having an almost
whitish color (undesired). Furthermore, the systems are
to remain stable over a broad temperature range if they
are used as marinades, particularly in the summer grill-
ing season. Unfortunately, their thermal stability of the
here investigated system may only be altered by a few
degrees by altering the cooling rate with which oil-fat
mixtures are manufactured. It is therefore unavoidable
that manufacturers find local optima in the different
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physical properties in which they are interested. These
correspond to a particular microstructure that may then
be generated by a specific process (e.g., a specific cool-
ing rate). If manufacturers require higher thermal sta-
bilities, fats with higher melting points will need to be
used. It should be noted though that the microstructure
of these oil-fat mixtures is likely going to be quite dif-
ferent from the ones reported in this study, and as such
the oil-fat mixtures will have different physicochemical
properties. Taken together, this study therefore highlights
the complexity and difficulty encountered when design-
ing multifunctional oil-fat gels, a fact that should be of
high relevance to food manufacturers.
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