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ABSTRACT

Edible air-in-oil systems, also referred to as oleofoams, constitute a novel promising material for
healthier, low-calorie fat replacers in confectionary products. Oleofoams can be formed by
whipping oleogels, which are dispersions of fat crystals in an oil phase. Understanding how the
properties of the fat crystals (i.e. size, shape, polymorphism) contained in oleogels affect the
microstructure and stability of oleofoams is essential for both the efficient design and manufacture
of novel food products. In this work, cocoa butter — one of the main fat phases present in
confectionary productions, which is responsible for pleasant texture and mouthfeel properties —
was mixed with high oleic sunflower oil and crystallized to obtain an oleogel. This was
subsequently whipped to yield a stable, highly aerated oleofoam. The effect of the crystallization
conditions (oleogel composition and cooling rate) on the properties of the oleogels and related
oleofoams was investigated with a multi-technique characterization approach, featuring polarized
light microscopy, cryogenic scanning electron microscopy, X-Ray diffraction, differential
scanning calorimetry and oscillatory rheology. Oleogel crystallization was performed in a lab-
scale vessel, and was monitored using light turbidimetry as an in situ technique. Results showed
that the concentration of cocoa butter in sunflower oil was the parameter that affected most
strongly the foamability and rheology of oleofoam samples. The size and shape of cocoa butter
crystals within the oleogel was found to have a less significant effect, since crystals were broken
or partially melted during the aeration process. Oleofoams whipped from oleogels containing 15%
w/w and 22% w/w cocoa butter displayed an overrun of 200% — corresponding to a calorific
density reduction to one-third — and an increase in both the elastic and viscous moduli compared
to their oleogel precursor. This was explained by a structuring effect caused by the aeration

process, where cocoa butter B(V) crystal nanoplatelets (CNPs) in the oleogel rearranged to stabilize
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the air bubbles via a Pickering mechanism. Oleofoams prepared from 30% w/w cocoa butter
oleogels, on the other hand, incorporated less air (overrun between 150% and 180%) and displayed
a similar viscoelastic profile to their un-whipped precursors, potentially due to air incorporation
being limited by the relatively high elastic modulus of the parent oleogels. Nevertheless, the
calorific density of these samples was reduced by a factor of 1.6 to 2.5 compared to their full-fat

analogues.

INTRODUCTION

The prevalence of overweight and obese population in several countries has been described as a
global pandemic, causing in 2015 an estimated 4.0 million deaths, along with 120 million people
living with disabilities!. Several factors promote obesity and related health conditions in
individuals, but excessive dietary caloric intake is the predominant cause®. Edible lipids (such as
fats and oils) constitute the most energy-dense macronutrient, and their effects on health have been
studied since the 1950s, with a particular focus on saturated fats. The role of saturated fats in
directly promoting obesity has still not fully been proven®, but dietary guidelines issued by the
Food and Agriculture Organization (FAO) and the European Food Safety Authority (EFSA)
advised the reduction of saturated fats to 10% of the total daily caloric intake, and their replacement
with polyunsaturated fatty acids (PUFAs), commonly found in oils*°. Therefore, food research has
recently focused on reformulating food products with a reduced level of saturated fats, while
maintaining desirable sensory attributes®. Nevertheless, saturated fats have a critical role in
determining desirable physiochemical and sensorial attributes in foods, hence making their

replacement or reduction challenging. Confectionary products are an example of food rich in



60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

saturated fats”®. The main ingredient of chocolate and chocolate fillings, cocoa butter, contains
around 60% w/w saturated fats, mainly from stearic acid. Cocoa butter beneficially affects the
rheology of such products, their melting behaviour and flavour release’. Reducing this type of fats
in food products is not only driven by health concerns, but is further underscored by environmental
and economic issues related to sustainable cocoa butter production®!°.

Oleogelation of edible oils has been proposed as a viable replacement of saturated fats in food
formulation, as it results in similar rheological and sensorial properties, but lower saturated fat
content. Oleogelation is the process of adding an edible oil (up to 90% w/w) to gelator molecules
that are able to convert the liquid oil into a gel, with solid-like properties. This is achieved through
the formation of a three-dimensional, supramolecular network of either molecules or crystals that
entraps the oil phase. Commonly used gelators are high-melting triacylglycerides (TAGs), di-
glycerides (DAGs) or monoglycerides (MAGs), fatty acids and fatty alcohols, as well as edible
waxes, ethyl cellulose or native phytosterols'!. Oleogels have been used to replace saturated fat in
foods, such as baking shortenings, spreads and margarines'*!*. Additionally, oleogels have been
used to reformulate confectionery fillings and chocolate pastes with reduced saturated fat and
resistance to oil migration'*!%,

While oleogelation improves significantly the nutritional profile of full-fat products through the
reduction in saturated fats, it still involves the use of large amounts of edible oils in their
formulation, retaining a similar calorific content to solid fat. Incorporating gas bubbles in oleogels
is a possible solution to decrease their calorific content while maintaining appealing rheological
and sensory (e.g. creaminess) properties!’. Moreover, aerated foods induce satiety independently

t18

of their calorific content'®, and deliver a comparable mouth coating to their non-aerated analogues,

stimulating the oral mechanoreceptors in a similar fashion!®. Stable air bubbles can also be
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incorporated in oleogels and stabilized via a Pickering mechanism, whereby solid fat crystals are
adsorbed at the air/oleogel interface preventing phase separation and coalescence. Aerated
oleogels, also called oleofoams, have recently gained attention due to their potential to reformulate
food products with lower calorific density?’. In fact, the use of oleofoams for reducing fat content
and calorific density in confectionery has been reported in at least two patents?!2,

Typically, oleofoams are produced by adding a high-melting fat (e.g. a food-grade
monoglyceride) to a vegetable oil in the molten state, followed by cooling to yield a dispersion of
fat crystals. Subsequently, the material is whipped to entrain air bubbles under shear, which are
coated by the fat crystals to produce a stable foam. Hence, controlling the crystal size dispersity
by fine-tuning the crystallization process parameters is a fundamental aspect of oleofoam
production. Other methods of aeration involved the injection of inert gases in the continuous phase,
or application of vacuum followed by expansion of small gas bubbles in the continuous phase?.

Given the central role of crystals in the formation of oil-base foams, their concentration in the
oil, their size, shape and polymorphism are pivotal to determining the microstructure, foamability
(i.e. the amount of incorporated air), the viscoelasticity and stability of oleofoams®*. TAGs, one of
the main chemical species in fats and oils, also exhibit complex polymorphism. The main crystal
polymorphs are, in increasing order of thermodynamic stability, o (hexagonal subcell), B’
(orthorhombic subcell) and P (triclinic subcell)?.

Oleofoam aeration can only be achieved in a specific range of crystalline concentrations. Below
the lower limit there is an insufficient quantity of fat crystals to stabilize the foam, whereas an
excessive amount of solids results in a very firm oleogel, which is difficult to aerate’®2®. Those
limits are, however, system-dependent and also affected by the aeration equipment used to produce

oleofoams 2.
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Micron-sized needle or platelet-shaped crystals were found to be most effective at stabilizing air
bubbles, as opposed to larger or aggregated crystals. Mishima et al. (2016) prepared oleogels from
TAGs crystals (fully hydrogenated rapeseed oil rich in behenic acid, FHR-B) in salad oil (a mixture
of soybean and rapeseed oil) using different tempering protocols. The study found that oleogels
containing small (2-6 um in length) crystals were able to incorporate more air in less whipping
time, compared to oleogels containing larger crystals (10-30 um in length)*. In some cases,
oleogels containing large crystals of monostearin and native phytosterol (NPS) obtained with slow
cooling rates could not be aerated at all, as reported by Truong et al. (2019)°.

Lack of control over the polymorphic form nucleated during crystallization resulted in poor
foamability, as reported by Mishima et al. (2016) for the above-mentioned salad oil and FHR — B
system. The authors showed that oleogels containing tempered 3 crystals were able to produce
highly aerated foams, whereas untempered B’ oleogels barely incorporated any air?®. Heymans et
al. (2018) investigated further the effect of polymorphism on the foamability of oleogels®!. In this
work, five tempering protocols were used to prepare oleogels with sub-a crystals (SAC), partially
and fully crystallized a crystals (PAC and AC, respectively), melt-mediated 3 crystals (MMACS)
and solid-state transformed [ crystals (ACS) from a commercial monoglyceride and sunflower oil.
AC and MMACS oleogels produced oleofoams with similar overruns, PAC oleogels incorporated
slightly more air but were unstable and subject to oil drainage in storage, while SAC oleogels could
not be aerated at all. However, it is not clear from the study whether the latter polymorph melted
during aeration or if it was not surface-active. Control over crystallization is critical to ensure
oleogel precursors with suitable crystalline properties for aeration. In industrial settings,
crystallization is a complex process, affected by several factors, such as shearing, thermal

fluctuations and presence of impurities®>3,
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Vegetable oils could be aerated in absence of added high-melting fat species, as recently
demonstrated by Liu & Binks (2021)**. The authors prepared oleogels by cooling peanut oil and
olive oil down to —20°C in order to crystallize the unsaturated TAGs present in the oil. Oleofoams
were produced with modest overrun values (40% for peanut oil, 110% for olive oil oleogels) while
maintaining the aeration temperature below 0°C. In a previous publication, Binks & Marinopoulos
(2017) demonstrated also the ability of natural fats to produce oleofoams, including cocoa butter?>.

However, the properties of cocoa butter crystals and how they relate to the final oleofoam
microstructure were not considered in such work. Cocoa butter has a complex crystallization
behaviour and it is a key ingredient in many confectionary products, including chocolate fillings.
Therefore, obtaining a better understanding of how the properties of cocoa butter crystals affect
the stability and microstructure of oleofoams is essential for the design of novel confectionary
products and manufacturing processes. In particular, this work aims to investigate the effect of
crystallization conditions on the properties of oleogels as well as on the microstructure and stability
of the derived oleofoams. The crystallization of cocoa butter-based oleogels was carried out in a
laboratory-scale vessel and monitored in situ with light turbidimetry. Cocoa butter was mixed with
high oleic sunflower oil, which displays high resistance to oxidation*®, in order to reduce the total
amount of saturated fats of the system compared to pure cocoa butter.

Three cooling rates and three suitable concentrations of cocoa butter in sunflower oil were
chosen for preparing the oleogel precursor. These concentrations were selected to ensure the
presence of a sufficient amount of stabilizing crystals without yielding oleogels that were too firm
to aerate. The effects of the size, morphology and polymorphism of cocoa butter crystals on the
microstructure, rtheology and foamability of oleogels and related oleofoams was then investigated

with a multi-technique approach. This included polarized light microscopy (PLM), cryogenic
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scanning electron microscopy (CryoSEM) for the crystal morphology, X-Ray diffraction (XRD)
for crystal polymorphism, differential scanning calorimetry (DSC) for the melting properties and

oscillatory rheology for the viscoelasticity.

EXPERIMENTAL SECTION
Materials

Refined, bleached and deodorised cocoa butter (CB) and high-oleic sunflower oil (HOSO) were
kindly provided by Nestlé PTC (York, UK) and used without any further purification. Typical fatty
acid composition by weight of HOSO is 86 % oleic acid, 5% stearic acid, 3% linoleic acid, 3 %
palmitic acid, 1.5% behenic acid and 0.7% arachidic acid *”. CB normally contains by weight about
26 % palmitic acid, 36% stearic acid, 34% oleic acid, 2.7% linoleic and 0.9% of arachidic acid *%.

CB was melted at 65°C for at least 30 minutes, using a stirring hot plate. It was then mixed with
HOSO in three different concentrations (15, 22 and 30% of CB by weight). Samples with % CB
w/w below 15% were also tested but they melted rapidly and produced oleofoams with significant
oil drainage; hence, they were not investigated further. Throughout this paper, oleogel and
oleofoam samples were named based on their CB concentration and the cooling rate used during
crystallization: F for fast cooling (0.75°C/min), M for medium cooling (0.25°C/min) and S for
slow cooling (0.10°C/min). Cocoa butter seeds in the B(V) polymorph were purchased from
Callebaut (Zurich, Switzerland) and used as reference for the crystalline form in oleogel and

oleofoam samples in this paper.
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Synchrotron Radiation X-Ray Diffraction (SR-XRD)

The crystallization behaviour of cocoa butter in sunflower oil in quiescent conditions was
investigated with synchrotron radiation X-Ray diffraction (SR-XRD, A = 0.69 A) using beamline
122 at Diamond Light Source (DLS, Didcot, UK). The sample-to-detector distance (SDD) was set
to 8.732 m and the 2D diffraction patterns were recorded on a Pilatus 2M detector (Dectris Ltd,
Switzerland). Disposable polycarbonate capillaries (diameter 2 mm) were filled with mixtures of
melted CB and HOSO in different weight ratios (15%, 22%, 32% w/w) and loaded into a
temperature-controlled multi-capillary rack, controlled with an external water circulator (Lauda,
Germany). The temperature was initially set to 65°C for 5 minutes, followed by stepwise cooling
to 20, 15 10 and 7 °C at approximately -1 °C/min. Each temperature was maintained for 5 minutes
prior to the measurement, after that the diffraction pattern of each sample was collected. The
exposure time was set to 1.0 seconds. An empty polycarbonate capillary was used for background
scattering subtraction. Diffraction images were analysed using the DAWN software and following
the procedure outlined by Filik et al. (2017)*°. The signal of the melted samples was subtracted
using MATLAB 2020a (MathWorks, USA). A detailed explanation of the subtraction procedure

used is provided in the Supporting Information 1.

Oleogel Crystallization and Aeration

A total mass of 450g of molten cocoa butter and sunflower oil mixtures at the three concentrations
of 15, 22 and 30% CB w/w were poured into a custom-made steel jacketed vessel (capacity ca. 2
L, diameter 25 cm) connected to a Huber Ministat 250 thermostat (Huber, Germany) filled with

mineral oil as heating/cooling medium. Samples were stirred continuously at 200 rpm with a DLH
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Overhead Stirrer (VELP Scientifica, Italy), equipped with a 4 pitched-blade impeller (4 cm
diameter). A Pt-100 temperature probe was placed inside the vessel to measure the temperature of
the mixture during crystallization. A schematic of the crystallization setup used for the experiments

is shown in Figure 1.

Turbidity
monitor :
S | Pt-100
Turbidity [ ‘ probe

e Thermostat

Figure 1. Schematics and photographs of the rig used for the crystallization and aeration

experiments.

The initial thermal profile for the cocoa butter crystallization and the formation of the oleogels was
the same for all experiments performed and it was set as following: after being molten at 65 °C for
30 minutes, the mixture was transferred in the crystallization vessel and allowed to equilibrate at
65 °C for further 5 minutes, and then cooled from 65 °C to 37 °C at —1 °C/min cooling rate. After
that, each oleogel mixture (15, 22 and 30% CB w/w) was cooled from 37 °C to 0 °C with a nominal
rate of —0.75, —0.25 or —0.10 °C/min (C,). Each experiment was repeated in triplicates. The
crystallization process was monitored with a Control 4000 turbidity meter (Optek, Germany) fitted

with an ASD12-N Absorption Probe. Upon the onset of crystallization, the transmittance signal

10
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started to drop due to increased turbidity in the sample. Once crystallized, the sample was left to
equilibrate at the final temperature until a stable absorbance reading was seen. Light absorbance
is approximately correlated to the amount of solid particles scattering the incoming light*’; hence,
a stable absorbance reading was interpreted as the reach of crystallization equilibrium at the final
temperature. The oleogels thus obtained were manually mixed to obtain a homogeneous sample
and their density measured volumetrically by weighting a measuring cup of a fixed volume of 30
mL. Density measurements were conducted in triplicates for each oleofoam produced. The

effective cooling rates were calculated by linearly fitting the measured temperature of the samples

between 37 °C and their crystallization temperatures (T¢,.).

The crystallized oleogel samples were then aerated using a Heavy Duty model SKPM50 planetary
mixer (Kitchenaid, USA) machine equipped with a wire beater. The temperature of the jacketed
vessel was maintained at 0 °C during the aeration process. The temperature of the oleofoam was
monitored during whipping using a portable kitchen thermometer, measuring the sample in five
different points inside the aeration vessel. The whipping speed was set to 180 rpm for all
experiments. Oleogels were whipped in cycles of 5 minutes with 10 minutes rest, for a total
aeration time of 30 minutes. Solid un-whipped oleogel on the vessel walls was reintroduced with
a spatula as necessary. During the resting stage the overrun of the oleofoams was calculated by

measuring the weight of the measuring cup of known volume filled with the aerated sample.

Measurements were done in triplicates. The overrun was calculated according to Equation 13! and
then plotted as a function of whipping time:
(Woleogel - Wfoam)
OR(%) = 100 x Eq. 1

Wf oam

11
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Where Woleogel 1s the weight of a fixed volume of oleogel, while wam 1s the weight of the same
volume of oleofoam. Oleofoam and oleogel samples were collected at each aeration step and stored

in a temperature-controlled cabinet at 20 °C for three months.

Polarized Light Microscopy

Cocoa butter crystals formed in sunflower oil were observed with a Leitz Dialux 22 polarized
microscope (Leica, Germany) in both oleogel and oleofoam samples. A small amount of sample
(point of a spatula) was placed on a glass microscope slide and gently covered with a glass cover
slip. Digital images of each samples were acquired with a Canon DLSR camera at 10x and 40x
magnification, and processed with ImageJ 1.52a (National Institute of Health, USA). An estimate
of the average crystals’ diameter was calculated by measuring the size of around 100 crystals from

5 different images collected for each sample.

Cryogenic Scanning Electron Microscopy

The microstructure of oleogel and oleofoam samples was investigated by using a Helios G4 CX
DualBeam scanning electron microscope (FEI, USA), coupled with a PP3010T Cryo-FIG/SEM
preparation system (Quorum Technologies, UK). A small amount of the sample was placed in a
pre-cooled rivet holder and quickly transferred into a container filled with liquid nitrogen. The
rivet containing the sample was then inserted in the preparation chamber and kept at —145 °C under
vacuum (<1077 mbar). The frozen sample was then fractured in the middle of the rivet using a

cooled sharp knife and sublimed at —90 °C to avoid any frost depositing on the surface, then cooled

12
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again to —145 °C. In order to avoid charge build-up while imaging, the sample surface was
sputtered with iridium (10 mA for 30 s). The sample was then transferred inside the microscope
chamber and imaged using a 2 kV accelerating voltage and 0.10 nA beam current. The diameter
of the air bubbles and the size of the crystals was evaluated using ImagelJ 1.52a (National Institute

of Health, USA).

Benchtop X-Ray Diffraction

Cocoa butter polymorphism in oleogels and oleofoams prepared in the laboratory-scale vessel was
determined by X-Ray diffraction experiments, with a SAXSpace instrument (Anton Paar GmbH,
Austria) equipped with a Cu-anode operating at 40 kV and 50 mA (A=0.154 nm). The temperature
inside the sample chamber was regulated with a TCStage 150 Peltier element (Anton Paar, Austria)
and set to 20 °C for all experiments, to resemble the oleogel and oleofoam storage temperature.
Samples were loaded into a Paste Cell equipped with X-Ray transparent Kapton windows. The 1D
diffraction patters were recorded with a Mythen X-ray detector (Dectris Ltd, Switzerland). Small-
angle and wide-angle measurements were obtained by changing the sample to detector distance
(SDD) to 317 or 130 mm, respectively. The acquisition time used was 200 s for all experiments.

Three measurements for each sample were collected.

Differential Scanning Calorimetry

The melting temperature (T,,) of the produced oleogels and oleofoams was determined by

differential scanning calorimetry (DSC) using a Perkin Elmer 8000 calorimeter (Perkin Elmer,

13
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USA) and a TA 8000 (TA Instruments, USA). The samples were melted from 10 °C to 65 °C at a
heating rate of 5 °C/min. DSC measurements were carried out in triplicates, and the average

endothermic peak maximum temperature (7T,,) was calculated.

Oscillatory Rheology

Amplitude sweeps of oleogel and oleofoam samples were carried out on an MCR 302 stress-
controlled rheometer in order to measure sample elastic and viscous moduli. A 25mm parallel plate
was used for all experiments, with a sample gap of 1.0 mm. Amplitude sweeps at a fixed frequency
of 1 Hz were performed from 0.001% to 10% strain. The temperature was maintained constant
with a Peltier hood connected to a F25-HE water circulator (Julabo, Seelbach, Germany) at 20°C.
Samples were measured 24 hours after they were crystallized or aerated. Each sample was
measured in triplicates. Data analysis was carried out with the Rheocompass version 1.21 (Anton
Paar GmbH, Austria). The elastic modulus in the linear viscoelastic regime (G’Lver) was
calculated by averaging the G’ values between 0.001% and 0.01% strain, where both viscous and
elastic moduli were observed to be independent of the applied strain®®. The flow point (1) was

calculated as the crossing point of the elastic and viscous curve.

Oil Drainage and Stability Test

In order to assess the destabilization of oleofoam samples due to oil drainage, 50 mL of oleofoam

samples from the final whipping cycle were transferred into graduated cylinders (2 cm diameter)

14
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and left in temperature-controlled storage at 20°C. Samples were visually inspected every 2 weeks

for 3 months. The volume of drained oil was measured volumetrically over time.

RESULTS AND DISCUSSION

Crystallization behaviour of CB/HOSO mixtures in capillaries

The effect of CB concentration on the crystallization behaviour of CB/HOSO mixtures was
investigated first in quiescent conditions (small volume and absence of shear) with SR-XRD. The
aim of this set of experiments was to get a basic understanding of the crystallization behaviour of
CB/HOSO mixtures and to relate these results with the behaviour of the same oleogels in the lab-
scale crystallization rig, under the effect of shear and using a larger volume.

Figure 2 shows the diffraction patterns of CB/HOSO mixtures cooled down to different
temperatures from the melt. In order to highlight the presence of peaks from the cocoa butter
crystals, the WAXS patterns in Figure 2 were obtained by subtracting the signal of the molten

mixture at 20 °C from the respective signals of the crystallizing mixtures at 15, 10 and 7 °C.

15
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The molten phase generates a broad scattering peak between q = 0.6 A and q =2.3 A™! in the
wide-angle region. Sections of this region were used to determine the baseline for each WAXS
pattern. A detailed description of the baseline determination and subtraction procedure is provided
in Supporting Information 1. Unfortunately, the position of the broad signal of the molten CB
shifted towards higher q values with decreasing temperatures making. This is why it is still partly
visible in some diffraction pattern even after baseline subtraction; this artefact is likely affecting
the position of the WAXS peaks.

In the CB/HOSO mixture with 15% CB w/w crystals were detected only at 7 °C, with the
appearance of a peak at q = 0.126 A™! in the small angle scattering region (Figure 2a) and a weak
intensity peak at around q = 1.46 A! (Figure 2d). These peaks corresponds to long and short
spacing values of 49.9 and around 4.3 A respectively; and they can be both associated to the
formation of the 2L lamellar structure of the metastable o form of cocoa butter*!. At higher
concentrations of cocoa butter (22 and 32% w/w) crystalline material is detected also at 10°C. This
is because increasing the concentration of CB generates an increase in the melting temperature of
CB/HOSO mixtures, determining a higher level of undercooling at a given temperature, thus
higher driving force for crystal nucleation and growth. As shown in Figure 2b and 2e, the observed
peaks for the sample at 22% w/w CB are in the same position of the ones observed for the 15%
w/w CB sample (q =0.127 A'and 1.46 A™"), indicating the presence of the a polymorph of cocoa
butter also for this oleogel. The same polymorphic structure can be observed in the 32% w/w CB
oleogel at both 10 and 7°C (Figure 2¢ and 2f). As shown in Figure 2¢ and 2f, at 7°C this last oleogel
sample presents an additional peak in the small angle region at q = 0.137 A! (long spacing
equivalent to 45.9 A), and extra two peaks in the wide-angle region at around q = 1.39 A (d =

4.51 A)and q=1.59 A"! (d=3.96 A). The presence of these peaks indicates the formation of the

17



337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

more compact 2L lamellar structure of the B’(IV) polymorph, which co-exist with the a polymorph
at 7 °C*3%, The observed deviations in the position of the WAXS peak from the reported values
for cocoa butter crystals in Loisel et al. (1998)*! might be due to the presence of mixed crystals,
which may include TAGs from the liquid HOSO in their lattice. This observation was previously
reported for blends of vegetable oils and cocoa butter content below 30% w/w in Perez-Martinez
et al. (2005)%.

The 32% w/w CB sample is the only one that formed the B’(IV) crystal structure during the
experiment. This CB/HOSO mixture has the highest melting point and, at 7 °C, it is the most
undercooled in respect to the B’(IV) form. This can explain why this polymorph is only observed
for this oleogel. Finally, it is worth noticing that the intensity of the a form peaks at the same
temperature increases with increasing concentration of CB in HOSO due to the higher amount of

solid material formed.

Laboratory scale crystallization and offline characterization of CB/HOSO oleogels

Figure 3 shows the temperature (jacket and sample) and turbidity signals (transmittance and
absorbance) during the crystallization of a selected CB/HOSO oleogel in the lab-scale setup. As
the mixture was stirred and cooled down to its nucleation temperature, its visual appearance
changed from a transparent liquid to a turbid, viscous gel. Light turbidimetry was used to detect
the onset of crystallization, which was associated to a steep decrease in transmittance, as well as

to determine end-of-crystallization, at which a constant absorbance value was reached.
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Figure 3. Crystallization of CB/HOSO oleogel with fast cooling rate at 15% CB by weight (15F).
The Process Analytical Technologies (PAT) tools plot display the jacket temperature (-), sample

temperature (---), light transmittance (---) and light absorbance (--) over time.

Soon after the crystallization onset, a temperature increase was observed for all oleogel samples,
which was attributed to the latent heat of solidification for cocoa butter. Details of the
crystallization process for each CB/HOSO mixture are summarised in Table 1. Due to the limited
maximum heat transfer rate of the setup used, the temperature profile of the crystallizing mixtures

did not follow the nominal cooling rates set for the experiments. The recalculated cooling rates are

shown in Table 1.
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Table 1. Cooling rates, crystallization temperatures, light absorbance and the measured increase

in temperature recorded at the crystallization onset for oleogel samples prepared in this article.

Sample Recalc. Crystallization Increase in Absorbance at
(oleogel) cooling rate  temperature (°C) temperature at equilibrium (a.u.)
(°C/min) nucleation (°C)

15F -0.52 £0.08 11.0+0.7 39+0.7 1.99 +£0.15
15M -0.20 +0.02 105+1.5 33+03 2.13+0.17
15S -0.08 = 0.01 9.5+0.6 2.7+0.2 2.21+0.30
22F -0.51 +0.04 13.2+0.8 33+1.7 241 +0.11
22M -0.19 +0.02 12.5+0.1 45+0.8 2.56 £ 0.06
228 -0.08 £ 0.01 13.2+£0.8 3.6+1.1 2.62 +0.09
30F -0.46 £0.08 157+ 0.4 6.2+0.8 2.73+0.14
30M -0.18 £0.02 14.8+0.8 43+09 2.76 £ 0.05
30S -0.08 £ 0.01 15.0+0.6 42+0.6 2.87+£0.05

The recalculated cooling rate was ca. —0.50 °C/min for a nominal value of —0.75 °C/min, ca. —
0.20 °C/min for a set rate of —0.25 °C/min and —0.08°C/min instead of —0.10 °C/min. The
composition of the mixture, which affects the specific heat capacity and viscosity of the
crystallizing oleogel, also affected the actual cooling rate. For fast cooling experiments the
recalculate cooling rates were —0.46 °C/min for sample 30F, —0.51 °C/min for sample 22F and —
0.52 °C/min for sample 15F. As shown in Table 1 the nucleation temperature of oleogels was
mainly affected by the concentration of cocoa butter, whereas the cooling rate did not significantly
affect it. The effect of using a larger processing volume and applying shear on the kinetic of crystal

nucleation is evident upon comparison with the experiments described in the previous section.
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Within small capillaries, the nucleation of oleogels was observed between 10 °C and 7 °C for all
the CB concentration investigated, whereas in the lab-scale vessel the crystallization temperature
was between approximately 10 and 15 °C. As shown in Figure 3, the emergence of CB crystals
coincided with an increase in temperature, indicating that primary nucleation of CB is an
exothermic process. The measured increase in temperature was between 3 and 6 °C and directly
proportional to the amount of CB in the CB/HOSO mixture. With regards to the measured
absorbance at equilibrium, its value was found to be roughly proportional to the amount of cocoa
butter in the crystallizing oleogel. In fact, the absorbance value from turbidity measurements is
directly proportional to the number of particles suspended in the continuous phase. However, shape
and size distributions can also affect this parameter and this might explain the differences in final
absorbance values for experiments carried out at different cooling rates*®. At the end of the
crystallization process, all oleogels reached a final, constant temperature of ca. 7 °C.

Polarized light microscopy images of the oleogel sample obtained in this set of experiments are

shown in Figure 4.
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Figure 4. Polarized light images of oleogel samples investigated in this paper. Scale bar represents

100 pm.

Cocoa butter crystallized as spherical aggregates, which is the typical morphology for TAGs

24 or under

obtained using moderate to slow cooling rates, either in quiescent conditions
shear***. These crystalline aggregates are formed through the nucleation of nanometre-sized
crystal nanoplatelets, followed by radial growth from the centre of the aggregate*®*’. In particular,
such crystal morphology was previously observed both in quiescent conditions in blends of cocoa

butter and vegetable oils (soybean and canola 0il)***, and in dynamic crystallization conditions

for a fully hydrogenated soybean oil (FHSO) in soybean oil (SO) mixture** and in fully
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hydrogenated canola oil (FHCO) in canola oil (CO) system*. In both systems it was observed that
the size of the spherical aggregates decreased with increasing shear rate.

Figure 4 shows oleogel samples containing a network of spherical aggregates entrapping the
sunflower oil, which appeared dark under polarized light. Table 2 shows the average diameter size
for the individual spherical aggregate in the oleogel samples, as measured manually from the

microscopic images.

Table 2. Mean diameter of the spherical aggregates measured by image analysis of polarized light

images of oleogels.

Sample (oleogel) CB w/w % Recalc. cooling rate Spherical aggregates average

(°C/min) diameter (um)
15F 15 -0.52 £ 0.08 40.34 +7.89
22F 22 -0.51+0.04 46.41 + 12.08
30F 30 -0.46 +0.08 39.43 +9.98
15M 15 -0.20 +0.02 56.24 + 13.78
22M 22 -0.19+0.02 52.27 +11.05
30M 30 -0.18 +£0.02 63.29 + 12.41
158 15 -0.08 +£0.01 118.44 +32.42
228 22 -0.08 £0.01 151.77 + 51.58
308 30 -0.08 £ 0.01 n/a

As a reference, an image focused on a single spherical aggregate is available in Supporting

Information 2, showing how these crystal aggregates were measured with image analysis (Figure

23



425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

S1). Fast-cooled samples (15F, 22F and 30F) presented spherical aggregates of around 40 um in
diameter, while medium (15M, 22M and 30M) and slow (15S and 22S) cooled samples showed
larger aggregates of 50-60 um and 100-150 um respectively. The measurement of the size of the
spherical aggregates in sample 30S (Figure 4, bottom right) was not possible, as this sample
displayed a continuous network of crystalline CB where the edges of each aggregate could not be
distinguished unambiguously. Slow cooling rates caused nucleation to happened at lower levels of
undercooling compared to fast cooling rates, which promoted crystal growth over nucleation®.
Therefore, the average diameter of crystalline spherical aggregates in the oleogels increased as the
cooling rate decreases. The concentration of CB did not appear to affect significantly the average
spherical aggregate diameter; however, it can be seen from Figure 4 that the number of spherical
aggregates dispersed in sunflower oil increased with increasing CB concentration.

Cocoa butter polymorphism in oleogels was determined with X-Ray diffraction; samples were
collected prior to aeration and their diffraction patterns are shown in Figure 5.

Oleogel XRD - SAXS Oleogel XRD - WAXS
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o
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Figure 5. Solvent-subtracted X-Ray diffraction patterns of oleogel samples 15F, 22F and 30F prior

to aeration.
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All oleogels displayed two intense peaks in the small angle region at q values of around 0.96
nm™! and 1.9 nm™!, and in the wide-angle region a peak at around 13.7 nm™! and a series of low-
intensity peaks between 15.7 and 17.1 nm™. These peaks correspond to the B(V) cocoa butter
polymorph*'. The more metastable o and B’(IV) forms detected in the capillary experiments
showed in the previous section were not detected. This can be explained by evaluating several
factors that affected the lab scale crystallization of the oleogel samples. Application of shear during
fat crystallization promotes faster polymorphic transformation, as shear-induced viscous heat
generation can melt the less stable polymorphs, while leaving behind and provide the thermal
energy to overcome the activation barrier for nucleation of the more stable structures®.
Specifically, shear was reported to accelerate the transition of cocoa butter crystals from B’(IV) to
B(V)*°. In the experiments shown here, X-Ray diffraction was performed immediately at the end
of each crystallization process; therefore, it is possible that lower-stability CB polymorphs that
might have nucleated first transformed into the observed B(V) structure under the effect of shear.
Furthermore, shear favours the secondary nucleation of stable polymorphs by enhancing crystal-
crystal, crystal-impeller and crystal-vessel wall collisions®*. In quiescent conditions, such as the
capillary experiments described in the previous section, the reduced volume and the absence of
shear-induced flow favoured primary over secondary nucleation instead, with unstable
polymorphs being more persistent compared to large-scale crystallizers®'. Lastly, the increase in
temperature observed for oleogels soon after the crystallization onset (Figure 3) could have
triggered a melt-mediated transformation of the nucleated metastable o or §’(IV) crystals to the
detected B(V) polymorph.

The presence of a single crystal structure of CB in the oleogel samples was also supported by

DSC measurements. A broad melting peak endotherm was observed for all oleogels between 20
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and 30°C, whose position and intensity increased with CB concentration in the sample. The onset
and maximum temperatures of the melting peaks of all analysed oleogels are shown in Table 3. A
broad melting endotherm is characteristic of multi-component mixtures of fats, where TAGs with
different fatty acid moieties form eutectic phases upon solidification?®. Pérez-Martinez et al.
(2012) reported similar DSC thermograms for a 30% w/w cocoa butter in soybean oil oleogel,

crystallized under shear in a surface-scraper heat exchanger™.

Table 3. Temperature of melting onset and peak melting temperature of oleogel samples.

Sample (oleogel) T ynset 0leogel (°C)  T,, oleogel (°C)
15F 21.34+0.18 25.55+0.92
15M 21.44 +0.27 24.07+0.3

15S 21.54+0.35 25.06 +0.82
22F 21.79£0.42 26.17 £0.07
22M 2091 £0.25 2541+0.34
228 21.64 £0.02 26.25+0.53
30F 21.90£0.11 28.83 +1.82
30M 22.32 +0.06 28.08 + 0.86
30S 21.37+£0.08 28.03 +1.02

The viscoelastic properties of the oleogel samples were investigated with oscillatory rheology at

20°C (Figure 6). Rheology profiles of medium and slow-cooled samples are available in

Supporting Information 3.
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The CB/HOSO oleogels prepared in this work exhibited predominantly elastic behaviour in the
range 0.001 — 1% strain, after which they started to flow like liquid materials. Table 4 contains the
oleogels’ elastic modulus in the linear viscoelastic regime (G’Lver) and the flow point (tf), which

corresponds to the crossing point of the G* and G” curves.

Table 4. Elastic modulus in the linear viscoelastic regime (G'Lver) and flow point (tr) of oleogel

samples.

Sample Oleo%lilpg),wm Oleogel 11 (kPa)
15F 7.52 £0.20 0.78 £ 0.39
15M 7.69 +0.07 0.46 +0.14
15S 9.16£0.18 0.50+0.12
22F 69.67 +1.82 16.55 +5.45
22M 71.21 £ 1.12 8.28 £ 0.85
228 56.24 +£0.59 11.89 £ 5.82
30F 396.14 £3.79 44.53 £15.50
30M 497.99 + 6.66 49.72 + 3.55
308 472.31+£5.76 55.35+3.42

The value of G’Lver increased with increasing of CB concentration from 10* Pa to 10° Pa (Table
4), which is in agreement with the increasing amount of crystalline cocoa butter in the oleogels, as
highlighted by DSC measurements. The flow point of the oleogels (tr) followed the same trend,

increasing logarithmically from ca. 0.5 kPa to 50 kPa between 15% and 30% CB w/w. The size of
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CB crystal aggregates, on the other hand, did not affect significantly the rheology of oleogels,
which exhibited similar viscoelastic profiles at fixed concentration of CB (see Figure S2 in
Supporting Information 3). As a comparison, Gunes et al. (2017) were able to aerate myristic acid

— sunflower oil oleogels between with an elastic modulus between 10° Pa to 10 Pa.

Aeration of oleogels and characterization of oleofoams

The aeration profiles of oleogel samples and the temperature evolution during aeration are
presented in Figure 7. Air incorporation was evident as all oleogels turned from a deep yellow to
a white colour and mousse-like consistency. The oleogels prepared in this work exhibited high
foamability, with an average overrun of 100% just after 5 minutes of aeration and up to 200% after
30 minutes or less. In comparison, the oleofoams prepared by Mishima et al. (2016), Gunes et al.
(2017) and Heymans et al. (2018) required between 15 to 30 minutes aeration to surpass 100%

overrun®®3133,
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Figure 7. Foamability over time of oleofoams for 15% CB w/w, 22% CB w/w and 30% CB w/w

samples (a, b and ¢) and their temperature evolution during aeration (d, e and f).
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For 15% CB w/w oleogels, air incorporation proceeded in a steady, stepwise fashion, without
large variation in the mean overrun between different cooling rates. Oleogels containing 22% CB
w/w displayed slightly higher overrun values over the first 10-15 minutes, potentially due to the
larger amount of crystals available for bubble stabilization. In particular, sample 22S reached about
175% overrun after just 10 minutes of aeration, and maintained, on average, a similar overrun
afterwards. This suggests that this sample reached air incorporation equilibrium after 10 min of
aeration. While the relatively large error bars point to a high degree of variability, the mean overrun
value increased just slightly after this time. The aeration of 30% CB w/w oleogels was less
efficient; in fact, sections of unaerated oleogel were still visible at the end of the aeration process.
Sample 308, in particular, could only achieve a lower overrun (around 150%) compared to all the
other samples. This observation suggests that, for CB/HOSO oleogels, 30% CB might be close to
the upper limit of processability for aeration with the setup used in this work, due to their higher
elastic modulus compared to the other samples. Previous experiments on the aeration of oleofoams
prepared from 10% CB w/w oleogels, on the other hand, displayed good foamability, but also
significant oil drainage shortly after the whipping. This confirms that the lower limit of CB
concentration in HOSO was 15% w/w.

The temperature of every sample during aeration was also monitored with an external
thermometer, as shown Figure 7d — 7f. The shear-induced viscous heat generation was partly
counterbalanced by the cooling liquid flowing in the vessel jacket, which was kept at a constant
temperature of 0°C. Nevertheless, all oleogel samples displayed an increase in temperature from
ca. 7°C (the final crystallization temperature shown in Figure 3) to 10 — 15°C after 5 minutes of
aeration. Throughout the rest of the whipping process, the oleofoams were heated gradually by a

further 5 — 10 °C after 30 minutes of whipping, reaching a maximum temperature of 20°C.
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Such increase in temperature is sufficient to dissolve the smaller CB crystals, and affect the
morphology and size distribution of spherical aggregates, as well as the strength of the crystalline
network for samples at 30% CB w/w. This can help explaining why sample foamability was mainly
affected by the amount of cocoa butter crystals in the oleogels, rather than the cooling rate at which
oleogel were formed. As shown in the previous sections, slower cooling rates promote the growth
or fewer and larger crystals in the oleogels in comparison to faster cooling. Figure 8 contains
polarized micrographs of oleofoams at the end of the aeration process, which shows that the
concentration, size and shape of the cocoa butter crystals is very similar for samples containing
the same amount of CB. The cocoa butter crystals appeared as bright objects in between air
bubbles. It can be noticed that the size and shape distributions of both air bubbles and CB spherical
aggregates in the oleofoams seem to be affected exclusively by the content of CB, with the only
exception of sample 30S that, as mentioned earlier, was very difficult to aerate. It is likely that the
increase in temperature during aeration, in combination with the mechanical breaking action of the
mixer, can disrupt the crystalline network and reduce the size of large CB aggregates within the
oleogels, resulting in very similar size and shape distributions of crystal aggregates in all whipped
samples containing the same amount of CB. In other words, the aeration process seems to eliminate

the effect of using different cooling rates in the formation of oleogels.
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Figure 8. Polarized light images of oleofoam samples at the end of the aeration step. Scale bar

represents 100pum.

Air bubbles had an estimated diameter between 5 and 100 pm, with several bubbles being non-
spherical, which is common for these type of materials?® 313333 Oleofoam samples with 15% CB
w/w contained more loosely dispersed bubbles, with more rounded shape and large domains of the
foam did not present any crystal or bubble but were dominated by HOSO. In contrast, oleofoams
prepared with 22% CB w/w displayed a more compact packing of non-spherical air bubbles, with
a network of crystals in between the air bubbles. Samples with 30% CB w/w displayed a coarser

microstructure, with fewer, larger, and more deformed air bubbles, as well as large domains of
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crystal aggregates. The latter observation was in agreement with the lower overrun and
macroscopically visible traces of un-whipped material.

CryoSEM was used to resolve the structure of CB crystals in the oleofoam samples.
Furthermore, the ability to freeze-fracture the sample allowed to visualize the foam microstructure
closer to the native state compared to PLM, where oleofoams are subject to deformation during
sample preparation. Figure 9 shows the microstructure of a 30F oleofoam, which presented several

bubbles tightly packed and separated by thin layers of frozen oleogel (shown in Figure 9a).
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The bubble diameter was found to be between 5 and 150 um, similar to the range measured by
PLM. Figure 9b shows the inside of an air bubble at higher magnification. Cocoa butter
nanoplatelets (CNP) that form the spherical aggregates observed with PLM were detected both at
the interface and in the continuous phase of the oleofoams. The CNPs had a variable length
between 400 nm and 1 um, as highlighted in Figure 9b by the yellow circles, and an approximate
thickness of ca. 50 nm. Further CryoSEM images are provided in Supporting Information 5
(Figures S5 — S8).

For all oleofoam samples, XRD and DSC measurements confirmed that these CB crystals were
the same polymorph, B(V), as the one found in the parent oleogels (Figure S4 in Supporting
Information 4). It can be noticed that CNPs are all exposing their larger facet at the air/oil interface
as shown with the yellow arrows in Figure 9b. The presence of bundles of CNPs within the oleogel
surrounding bubbles is also evident in Figure S5-S6 of Supporting Information 5.

This crystalline arrangement around air bubbles supports the hypothesis of a Pickering
stabilization mechanism, where CB crystals are adsorbed at the air/oil interfaces providing

stabilization from coalescence and coarsening®®*

. The presence of a birefringent layer
surrounding bubbles confirms the presence of absorbed crystals at the air/oil interface, as shown
in the PLM images of Figure S9 in Supporting Information 6. Therefore, the crystal-stabilized air
bubbles form a network through the presence of additional CNPs in the continuous phase, which
also entrap the liquid oil. This hypothesis is also in agreement with the findings of Mishima et al.
(2016), Binks et al. (2016), Binks & Marinopoulos (2017) and Heymans et al. (2018) for similar

oleofoams?®**31:35 The stabilization mechanism of the oleofoam investigated in this work is

summarized in Figure 10.
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Figure 10. Diagram summarizing the effect of aeration on the cocoa butter oleogels prepared in
this work. The spherical CB crystals aggregates in the oleogels are disrupted during the aeration
producing a novel structure comprising of crystal-stabilized air bubbles interconnected in a fat-

crystal network that entraps liquid oil as well.

The viscoelastic properties of oleofoams were investigated with oscillatory rheology. The elastic
(G’) and viscous (G”’) moduli of selected oleofoams are shown in Figure 11, compared with their

relative oleogel precursors.
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Similarly to oleogel samples, oleofoams behaved as solid-like materials in a strain range between
0.001% and 1%, after which they started flowing like a liquid. Their G’Lver increased with the CB
concentration, as seen in the oleogel analogues. The aeration process resulted in increased G’ and
G” for oleofoams containing 15% and 22% CB w/w, while for samples containing 30% CB w/w
both elastic and viscous moduli decreased slightly compared to the originating oleogels. Therefore,
at low CB concentrations, the structural changes in oleogels caused by aeration led to a stronger
(i.e. with higher elastic modulus) material compared to the starting oleogels, as reported also by
Gunes et al. (2017) for oleofoams prepared with 5% w/w monoglyceride crystals in oil>>. This
effect became less pronounced in samples with 30% CB w/w, whose oleofoams presented a
viscoelastic profile very similar to their oleogel precursors. A possible explanation could be that,
for oleofoams prepared from 30% w/w cocoa butter oleogels, the crystal rearrangement around the
air bubbles did not contribute significantly to the rheology of the material, both due to the lesser
extent of air incorporated and to the presence of a stronger fat crystal network, as highlighted by
the higher elastic modulus compared to 15% w/w and 22% w/w samples. It is worth noticing that
the variation of G” and G was affected mostly by the different CB concentrations in the originating
oleogels, as the amount of incorporated air was relatively similar between the oleofoam samples
(see Supporting Information 7, Figure S10). In fact, the air volume fraction was around 0.66 for
samples containing 15% and 22% CB w/w, 0.64 for samples 30M and 30F and 0.60 for sample
30S. More details are provided in Table 5, which contains the flow point of oleofoams, their
overrun, and the ratio between the G’Lver of oleofoams and their respective oleogels.

A comparison of the values shown in Tables 4 and Table 5 shows that whipping of CB/HOSO
oleogels with 15% CB w/w increased both elastic and viscous moduli by a factor of 4 to 6 G’Lvir

and generated an increase in volume of 200% compared with the oleogel precursors. Oleofoam
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samples with 22% CB w/w showed a smaller increase of G’Lver (1.5 to 2 times), and an average

volume increase of 200%. Finally, oleofoams with 30% CB w/w exhibited a modest decrease of

G’LvEr after aeration (0.85 to 0.92 times), still incorporating high amounts of air bubbles, with

overrun values between 150% and 180%. As a reference, Binks & Marinopoulos (2017) reported

that aeration of pure cocoa butter at 35°C — with a solid fat content between 15 and 30% — resulted

in an oleofoam with 100% overrun®>.

Table 5. Linear Viscoelastic Regime (LVER) elastic modulus, viscous modulus, and flow points

for oleofoams investigated in this paper.

Sample Oleofoam G’LvER Oleofoam ¢ Overrun Foam (,;’LVER/Gel
(kPa) (kPa) (%) G’LVER
15F 45.63 + 0.64 4.77 + 1.00 203+9 6.06
15M 31.37+£0.32 4.57 +0.06 187+ 10 4.07
15S 45.65 £ 0.60 6.91+0.35 207 £ 19 4.98
22F 104.79 +£2.84 21.93 £6.28 206 + 24 1.50
22M 111.26 +£2.40 11.07 £9.59 204 + 33 1.56
228 111.22 +1.47 19.53 £ 3.56 207 £ 16 1.97
30F 339.83 +3.71 40.67 + 11.68 182 +22 0.85
30M 438.21 +£7.52 56.38 + 6.80 178 £ 25 0.88
308 453.21 +£5.75 60. 21 +13.03 150+ 7 0.92

Oleofoam stability studies

Oleofoams are subject to the same destabilisation mechanisms found in aqueous foams, such as

liquid drainage, bubble coalescence and coarsening. Specifically, oil drainage from the continuous
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phase causes film thinning between the bubbles, with increased probability of coalescence®®>*.

Nevertheless, the oleofoam samples studied in this work did not display measurable amounts of
oil drainage (< 1 mL over 50 mL of sample) over 3 months (as shown in Figure S11 of Supporting
Information 8). This is in agreement with the behaviour of other stable oil foam systems reported
in literature®*=>>3. A comparison between fresh and aged oleofoam samples was carried out using
CryoSEM. This analysis showed that air bubbles retained a non-spherical shape during aging, as
well as the presence of CNPs at the air/oil bubble boundary. The aged sample displayed fewer

bubbles in the bulk, as shown in Figure S12 of Supporting Information 9.

CONCLUSIONS

In the present work, the complex relationship between processing conditions and the
physiochemical properties of oleogels and oleofoams was explored with a multiple
characterization technique approach. Specifically, the effect of CB crystal size and shape
distributions on the final oleofoam properties was determined. These results are relevant to
Pickering-stabilized oleofoam; more specifically, for industries who seek to use oleofoams in their
products and to implement them in their manufacturing processes. For them, being able to generate
oleogels with tailored-made crystal properties is the key to produce highly aerated, stable
oleofoams with desirable viscoelastic properties.

The oleofoams prepared in this work were found to be Pickering-stabilized by CB nanoplatelets
in the B(V) polymorph, and were able to incorporate an air volume fraction of ¢ = 0.60 to ¢ = 0.66.
CryoSEM allowed to visualize the CB crystals at the air/oil interface in the oleofoams. CB crystals
appeared platelet-shaped with an estimated thickness of 50 nm and up to 500 nm in length, forming

a layered shell of oriented crystals around the air bubbles. This resulted in oleofoams having up to
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1/3 of the calorific density compared to their oleogel precursors, which is beneficial for
formulating products with lower calories. Moreover, the oleofoams were stable to oil drainage for
up to 3 months at 20°C. The concentration of CB was the factor that affected more strongly the
properties of both oleogels and oleofoams. In particular, by tuning the amount of CB in the
oleogels, oleofoams with either higher or similar viscoelasticity to the oleogel could be produced.
Oleogels containing spherical crystal aggregates of different size produced oleofoams with similar
properties, as the aeration processes eliminated all differences in crystal size and shape
distributions generated by applying different cooling rates during the oleogel formation. In this
work the effect of shear and increased volume on the crystallization of CB/HOSO blends was also
elucidated by comparing oleogel crystallization in quiescent capillaries and in a stirred lab-scale
crystallization vessel. The use of online, in situ light turbidimetry allowed to monitor the process
dynamic of oleogels crystallization and to identify when the system reached equilibrium at the end
of the cooling profile.

The CB-based oleofoams obtained in this work are relevant, novel materials that can promote
the reformulation of healthier, more affordable and sustainable food products, such as fillings and
chocolate spreads. Furthermore, they constitute also attractive scaffolds for cosmetic (e.g.

skincare) products, as well as carriers for active pharmaceutical ingredients.

ASSOCIATED CONTENT

Supporting Information. Additional images, X-ray diffraction patterns of oleogels and
oleofoams are provided in the Supporting Information together with details of the data processing
of X-ray patterns and additional data collected during crystallization experiments (e.g., evolution

of air incorporation, microscopy images).
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