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Abstract

Oil-based foams, also called oleofoams, are a novel type of soft matter material with great potential in the
field of foods, cosmetic and pharmaceuticals. Oleofoams comprise a liquid oil phase, and dispersed gas
bubbles which are stabilized by surfactant crystals through a Pickering mechanism. Oleofoams are routinely
prepared through the aeration of a dispersion of fat crystals in oil, also called oleogels. Compared to their
aqueous counterparts, however, limited literature is available on oleofoams, due to the narrow range of
suitable surfactants able to stabilize the air-oil interface. In order to promote the use of oleofoams in the
manufacturing industry, further research is required, both fundamental and applied. The physical properties
of oleofoams are affected by the properties of the stabilizing crystals (size, shape, polymorphism and
concentration), the processing conditions (i.e., crystallization and aeration), as well as by the microstructure,

that is, the three-dimensional arrangement of the gas bubbles, fat crystals and oil.

In this doctoral project, the complex process-structure-property relationship of cocoa butter—based
oleofoams was investigated using online Process Analytical Technologies (PAT) tools, synchrotron radiation
X-ray tomography and a wide range of traditional offline characterization techniques such as differential
scanning calorimetry, polarized optical microscopy and small angle X-ray scattering. The effect of the
crystallization conditions on the properties of the oleofoams were studied by preparing cocoa butter (CB)
and high oleic sunflower oil (HOSO) oleogels by varying the CB concentration and cooling rate. The
crystallization was carried out in a small-scale vessel and monitored in-situ with light turbidimetry and pulsed
acoustic spectroscopy. The oleogels were then aerated with a planetary mixer, and the air incorporation was
measured gravimetrically with a cup of fixed volume. Both the oleogels and oleofoams were characterized
ex-situ using optical and electron microscopy, X-ray diffraction, differential scanning calorimetry, oscillatory
rheology and nuclear magnetic resonance. Results showed that CB crystallized as spherical aggregates of
crystalline nanoplatelets (CNPs) in the B(V) form. The nucleation was detected by light turbidimetry, whereas
crystal growth could be monitored also by a novel acoustic probe, which was also used to measure the solid
fat content (SFC%) through a novel predictive machine learning model. The aeration process broke the

spherical aggregates to individual CNPs of similar size, which stabilized the entrained air bubbles by adsorbing
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at the air/oil interface. Therefore, the main parameter affecting the oleofoam aeration was the total amount
of solid cocoa butter crystals (e.g., SFC%). The rearrangement of the crystals around the air bubbles caused
anincrease in the G’ and G” moduli by an order of magnitude for 15% CB samples, while for 22% and 30% CB
samples the viscoelasticity was not significantly affected. Nevertheless, all oleofoams samples had a density

reduced by a factor of 3 to 1.6, and displayed stability against oil drainage for a least 3 months.

Due to the soft and opaque appearance of oleofoams, a novel methodology to characterize their internal
microstructure was developed. The method was based on the use of synchrotron radiation X-ray tomography
and radiography, combined with cryogenic conditions to prevent sample deformation and melting.
Temperature control on the sample also enabled the study of the effects of heating on the microstructure in
real time, through radiography images. The methodology was applied to the study of two reference samples,
one with low and one with high CB %, in relation to the aeration time, storage conditions and heating. The
aeration resulted in similar bubble size distributions for both samples, whereas the thickness of the
continuous phase decreased in favour of air incorporation, which was higher for samples with lower CB%.
Samples with higher CB% displayed higher stability against air loss and bubble size disproportionation after
3 months and 15 months of storage. For both samples, an increase in the bubble sphericity was observed,
resulting from the dissolution of smaller CNPs in favour of larger crystal aggregates. Finally, the heating
caused bubble coalescence in the oleofoam microstructure; samples with low % of CB were affected more
significantly, due to the lower amount of stabilizing crystals. The bubble size distribution increased, as well
as the bubble sphericity, due to the dissolution of the smaller CNPs adsorbed at the interface, and due to the

less dense packing of air bubbles.

The results gathered during this doctoral project aim at expanding the fundamental knowledge about
oleofoams, both regarding the effect of the processing conditions, also via the development of
characterization techniques that can probe the internal microstructure of oleofoams and how it evolved

during manufacturing, storage and external stimuli.
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Chapter 1: Introduction

1.1 Background

The term “soft matter” is used to describe a wide range of materials which span the range between
nanometre and micrometre, and are found in a state of constant fluctuation called Brownian motion. The
length scale of the soft matter regime is delimited, on the lower end, by the atomic scale which is dominated
by quantum effects and, on the upper end, by the granular scale (millimetres) which is affected by gravity
effects. Soft matter encompasses materials such as gels, emulsions, foams, liquid crystals, synthetic and
biological polymers, as well as bacteria and organelles, to name a few. The weak nature of its interactions,
such as hydrogen bonding, van der Waals and London forces, endows soft matter with another relevant
property, which is self-assembly. A typical example are surfactant molecules in soaps and detergents: these
exhibit a rich variety of possible self-assembled structures that includes micelles, hexagonal and lamellar
liguid phases, which form upon changes in the surfactant concentration and/or temperature (Raut et al.,
2008). As such, apparently simple soft matter materials exhibit interesting macroscopic properties, such as a
complex rheological behaviour. Finally, as the interactions in soft matter are broken and reformed with
energies comparable to thermal fluctuations, soft materials are often found in non-equilibrium states with
relatively long relaxation times, exhibiting a complex energetic landscape with many local minima (van der

Gucht, 2018).

Soft matter may be divided in three broad categories: colloids, polymers, and surfactants, although this
division is not clear-cut for some examples (Yakhmi, 2011). Colloids feature a dispersion of solid particles,
liquid droplets or gas bubbles (the dispersed phase) in a medium (the continuous phase) that can also be
liquid, solid, or gaseous. The length scales of the dispersed phase are between the nanometre and the
micrometre. The occurrence of different phases leads to the creation of interfaces, a phenomenon that has
aninherent energy cost, called surface tension. Furthermore, the phases have likely different densities. These
two features of soft colloidal matter cause thermodynamic instability, which leads eventually to phase

separation. To slow down such process, amphiphilic molecules that place themselves at interfaces can be



added to lower the surface tension (Jones, 2002). Common types of colloids include single and double

emulsions, liquid and solid foams, suspensions and aerosols.

Soft colloids are ubiquitous in many consumers products, such as food (Vilgis, 2015), cosmetics (Zoabi et al.,
2021) and pharmaceuticals (Bonacucina et al., 2009; Pavoni et al., 2020). In the case of foods, common
examples include milk, which contains fat droplets stabilized by lipoproteins dispersed in water, or bread
dough, which is a viscous suspension of starch granules in water. As soft colloids, food materials are
susceptible to a wide variety of transformations and phase transitions induced by external stimuli, such as
shear, heating, changes in humidity and pH, which has been extensively exploited in food technology. At the
same time, however, foods are subject to decay, which causes loss in functionality, nutritional profile and

overall quality (Ubbink, 2012).

The engineering of soft materials such as foods started early back in human history, driven by the need of
preserving foods against spoilage, or to increase their nutritional value. Nowadays, food scientists are faced
with several important challenges: including feeding a growing population while reducing the calorific intake
per person in developed countries, or providing adequate and healthy access to food in underdeveloped
countries. At the same time, food production (from harvesting or farming to food processing, packaging,
delivery and consumption) must become more sustainable for the environment and ethically handled for
local communities, (McClements, 2020). Reformulation of existing food products is also paramount, due to
continuously updated dietary guidelines (EFSA, 2010; FAO, 2008) as well as changing consumers preferences,
for example in relation to ingredients deemed “synthetic” or generally perceived as detrimental to human
health (Asioli et al., 2017; Hartmann et al., 2018). On the other hand, personalized nutrition is on the rise,
with consumers seeking enhanced nutritional properties from the so called “functional foods”, which contain

additional bioactive ingredients (Ubbink, 2012; Wells et al., 2017).

In order to address these challenges, a strong understanding of the underlying soft matter physics and
chemistry of foods is required, as well as how foods interact with the human body, both at the sensorial and

nutritional level. Control over food material properties must be maintained also at the industrial scale, in



order to enhance the final product quality and improve the efficiency of the process. This specific point may
be addressed through the application of process analytical technologies (PAT) in the food industry (Rathore
et al., 2010). This term is used to describe collectively analytical techniques, mathematical approaches and
design strategies to provide real-time measurements of critical quality and performance attributes of
materials and processes, with the aim of ensuring final product quality (Food and Drug Administration, 2004).
As a result, the quality is “built into” the process, rather than tested on final products. While for the
biopharmaceutical and chemical sector the use of PAT is established and encouraged, the food industry has

lagged behind in its implementation (Rathore & Kapoor, 2016).

One of the major efforts in food science and nutrition is to regulate the intake of three health-sensitive
ingredients in foods: salt, sugar and fat, without altering the macroscopic properties of the food material and
compromising consumer acceptance (Belc et al., 2018). Salt may be decreased in food products through the
ingenuous design of single or double emulsions, which enhance saltiness perception during mastication
(Wang et al., 2021) or by reducing the size of salt crystals to improve dissolution rates in the mouth (Hurst et
al.,, 2021). Sugars, or more specifically, sucrose, may be replaced with mixtures of natural or artificial
sweeteners and bulking agents, such as complex carbohydrates (Palzer, 2017). Reduction or removal of
saturated fat (i.e., “solid” fat) represents another challenge, as it affects significantly the rheology of food
materials, as well as dissolving lipophilic vitamins in its matrix. Chocolate, for example, owes its plasticity and
gloss appearance to the solid fat phase of cocoa butter (Ewens et al., 2021). One particularly successful
strategy to reduce the amount of saturated fats in food is oleogelation, which imparts structure to liquid oils
through the addition of suitable gelator molecules or particles, such as substituted acyl glycerides, waxes,
nanocellulose, sterols and fatty alcohols, in concentrations as low as 1% by weight ratio to the liquid oil (Co
& Marangoni, 2012; Rogers et al., 2009). The structuring of the oils occurs as the result of a self-assembly
process of the gelator that forms a three-dimensional, supramolecular network that entraps the liquid oils
and provides solid-like behaviour to the material (Patel & Dewettinck, 2016). The stability and resulting
viscoelasticity of oleogels are strongly dependent on the type of gelator, and the processing conditions

applied to produce this type of material. Moreover, oleogels have shown promising efficacy in the delivery



of lipid-soluble bioactive molecules (Singh et al., 2017), extending their possible uses to the field of

pharmaceuticals and cosmetic products.

The approach of oil structuring may be extended further by incorporating stable gas bubbles, which lower
the calorific density of the material, while providing novel rheological properties and texture to the oil. Oil-
continuous foams, also termed oleofoams, are an emerging type of soft matter, which comprise a liquid oil
phase, and a dispersed gas phase where the air bubbles are stabilized by fat crystals (Pickering effect
combined with bulk stabilization) or surfactant molecules. Therefore, oleogels may be used as a precursor
for the production of oleofoams (Fameau & Saint-Jalmes, 2017; Heymans et al., 2017). Compared to aqueous
foams, the available literature on oleofoams is limited, due to the narrower choice of suitable stabilizers for
the air/oil interface. Over the last five years, however, several scientific articles were published on the use of
food-grade fat crystals to produce oleofoams with high air volume fraction and stability (Binks & Vishal,
2021); Nevertheless, further research, both fundamental and applied, is required to promote the use of
oleofoams in consumer products, such as low-fat confectionery, cosmetic products and as drug delivery
systems for topical applications (Fameau & Binks, 2021). The main focus is on the “process-structure-
function” relationship, which needs to be thoroughly investigated to enable the efficient production of
materials with tailored properties (Aguilera, 2005; Herremans et al., 2013). More specifically, it is necessary
to understand how the microstructure of the oleofoam is affected, on one side, from the processing
conditions of crystallization of the oleogel precursor and its aeration and, on the other side, how the
microstructure affects its functionality (e.g., stability, rheology, efficiency of encapsulation of active

ingredients and their release).

The properties of the fat crystals — size, shape, and polymorphism, and their concentration — all affect the
foamability, foam stability and rheology of the oleofoams (Heymans et al., 2017). Hence, controlling the
crystallization of fat crystals is essential to ensure adequate oleofoam microstructure. The crystallization of
lipids, however, is a complex phenomenon, due to the multi-component nature of natural fats and oils, and
the occurrence of several crystal polymorphs. The presence of impurities, and the effect of shear during

crystallization also affect the crystallization of fats (Himawan et al., 2006; Sato et al., 2013). The techniques
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used to study fat crystallization feature mostly ex-situ methods, such as nuclear magnetic resonance,
rheology, optical microscopy (Rigolle et al., 2018). Ultrasonic spectroscopy is a fast, non-invasive, non-
destructive technique that has shown promising application for monitoring fat crystallization and to measure
the total amount of solids (solid fat content, SFC%) (Martini et al.2005); however, its use in large scale

manufacturing as a PAT tool is not yet commonplace (Morris et al., 2021).

Another challenge in the characterization of oleofoams is given by their soft nature and opaque appearance.
Probing the internal microstructure of oleofoams in its native state is not trivial, making it difficult to relate
its features — gas bubbles, fat crystals and liquid oil — to both the processing conditions, and to the
macroscopic properties of the material. Advanced techniques able to image soft, multiphasic matter in a non-

invasive fashion are required for this task (Metilli et al., 2020).

Therefore, the main focus of this doctoral project is on the investigation of the process-structure-function of
a model oleofoam system, comprising cocoa butter and sunflower oil. To achieve this objective, two
approaches were applied: the use of PAT tools to monitor crystallization of the oleogel precursor, and the

development of a novel methodology to image opaque, soft microporous matter.

1.2 Aims of the thesis

This thesis will try to address the following research questions:

1. What are the crystal properties that more significantly affect the processability and functionality of
cocoa butter—-based oleofoams in terms of foamability and foam stability against phase separation,
melting point, viscoelastic profile, morphology and stability of air bubbles?

2. Can ultrasound spectroscopy, which is a non-invasive, non-destructive technique, be implemented
as an in situ, real-time tool to monitor fat crystallization, and to extract quantitative information

about the amount of crystals in the oleogel?



What is a suitable technique for investigating the internal microstructure of oleofoams, which are
soft, low-melting and opaque materials? What parameters may be obtained and used to describe
the microstructure of oleofoams?

How does the three-dimensional microstructure of oleofoams evolve during manufacturing, storage

and upon application of external stimuli such as heating?

1.3 Delivery Plan

The following delivery plan aims at answering the previous research questions, by applying a multi-

technique experimental approach to the study of oleofoams:

1.

Crystallization of cocoa butter and sunflower oil under different processing conditions (i.e., weight
ratios and cooling rates) to obtain oleogels with diverse crystalline properties, which will be then
aerated using a mechanical mixer.

Analysis of the properties of the oleogels and oleofoams with optical and electron microscopy, X-Ray
diffraction, differential scanning calorimetry and oscillatory rheology.

Crystallization of cocoa butter and sunflower oil oleogels in a laboratory scale vessel (500-1000 mL),
under shear, and monitoring the process with light turbidimetry and pulsed acoustic spectroscopy.
Evaluation of the turbidimetry and acoustic parameters to provide a model to measure the solid fat
content (SFC%) during crystallization, and validate it with ex-situ pulsed nuclear magnetic resonance
(PNMR) on crystallized oleogels.

Development of a methodology to probe the internal microstructure of opaque, soft microporous
matter with synchrotron X-Ray tomography and radiography. Optimization of the setup parameters,
such as exposure time, number of projections, and creation of a reconstruction workflow to obtain
high quality three-dimensional images of oleofoam samples. Development of a post-processing
workflow to segment the air phase from the continuous phase from tomography data, and to obtain

relevant descriptors of both phases from a set of reference oleofoam samples.



5. Application of the developed methodology for imaging soft, microporous matter for the study of the
microstructure of two oleofoam samples, in relation to the aeration time, storage conditions, and

thermal treatment.

1.4 Thesis Outline

Chapter 2 — Background

Chapter 2 is a literature review focused on the fundamental aspects of fat crystallization, particle-stabilized

foams, and the physics of the characterization techniques used in this doctoral project.

Chapter 3 - The Effect of Crystallization Conditions on the Structural Properties of Oleofoams Made of Cocoa

Butter Crystals and High Oleic Sunflower Oil

This chapter contains an initial study into the effects of different crystallization conditions of cocoa butter
and sunflower oil on the crystal properties of the resulting oleogels (size, shape, polymorphism) and how
those affected, in turn, the foamability and foam stability of the respective oleofoams. The crystallization
process was carried out in a 300 mL vessel under shear and characterized with light turbidimetry. The
properties of the oleogel and oleofoams were investigated with a multi-technique approach, including optical
and electron microscopy, X-Ray diffraction and differential scanning calorimetry, and oscillatory rheology.

This chapter was published in Cryst. Growth Des. 2021, 21, 3, 1562-1575.

Chapter 4 - Real-time monitoring of fat crystallization using pulsed acoustic spectroscopy

This chapter introduces the use of pulse acoustic spectroscopy as a process analytical technology (PAT) tool
to monitor fat crystallization in situ in a non-invasive, non-destructive fashion. In particular, the acoustic data
were used to calculate the solid fat content (SFC%) during the crystallization process. SFC(%) is one relevant
parameter that affects the foamability and foam stability of cocoa butter—based oleofoams. The technique
was applied to a small-scale crystallization vessel (1L volume) and validated with light turbidimetry and
pulsed nuclear magnetic resonance (pPNMR). The SFC% was calculated by applying a machine learning based

prediction model. This chapter will be submitted to Chemical Engineering Science or a similar journal.



Chapter 5 - Investigating the microstructure of soft, microporous matter with synchrotron X-ray tomography.

In this chapter, a novel methodology to probe the internal microstructure of soft, microporous matter with
X-Ray tomography is presented. Soft microporous materials are challenging to characterize using
commonplace imaging techniques in their native state, as the samples are optically opaque, have melting
point close to room or body temperature, and deform under small levels of shear. In this chapter the optimal
experimental conditions for tomography and radiography (i.e., sample preparation, exposure times, number
of projections, reconstruction method) to provide high quality, three-dimensional images of the internal
microstructure of oleofoams were determined. The tomography data was analysed with a post-processing
workflow to extract meaningful parameters about the dispersed gas phase — bubble size and shape
distribution, air volume fraction — as well as the thickness of the continuous oleogel phase, which may be
used to link the processing conditions to the resulting microstructure of oleofoams. This chapter was

published in Mater. Charact. 2021;180:111408.

Chapter 6 - Effect of aeration, storage and heating on the microstructure of cocoa butter oleofoams probed

by X-Ray Tomography and Radiography

The methodology developed in the previous chapter was applied to the systematic study of the
microstructure of two reference oleofoam samples — one with low (15% w/w) and one with high (30% w/w)
SFC% - in relation to the aeration time, storage, and response to thermal stimuli (e.g., heating). In particular,
the evolution of the air phase and continuous phase was monitored throughout the aeration process,
elucidating the effect of different SFC% in the material. The ageing of the samples was investigated by
comparing the microstructure of the two reference samples after 3 and 15 months of storage, discussing in
particular the changes occurring in the bubble size and shape distribution and in the oleogel thickness phase.
Lastly, the effect of heating on the samples was studied in real-time using X-Ray radiography, which enable
visualization of bubble coalescence. The heated microstructure was compared to the fresh microstructure

by X-Ray tomography. This chapter will be submitted to a Material Science journal.

Chapter 7 — Conclusions and future studies



This section contains a summary and discussion of the findings obtained throughout the current doctoral

project, as well as an outlook for new directions of research in the field.

Appendices — Appendices A, B and C provide the supporting information for Chapter 3, 5 and 6, respectively.
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Chapter 2: Background

2.1 Physicochemical features of triacylglycerides (TAGs)

Triacylglycerides (TAGs) are one of the major molecular species found in natural lipids, along with free fatty
acids, phospholipids and waxes. From a chemical point of view, TAGs are three-fold esters of glycerol and

fatty acids (FAs) which are hydrocarbon chains with a carboxylic end group (Figure 2.1).

“OH

Triacylglyceride (TAG) Fatty acid (FA)

Figure 2.1. Chemical structure of a triacylglyceride (TAG) and a free fatty acid (FA) molecule.

The chemical and physical properties of TAGs depend heavily on the nature of the esterified FAs, and how
those moieties interact with each other both in the same TAGs molecule and with other TAGs. For
convenience, TAGs are usually identified as a series of three letters, each one representing a certain fatty
acid, with the middle character always representing the second esterified position on the glycerol backbone.
Fatty acids feature a varying carbon atom number in the hydrocarbon chain, with values between 12 and 24
being the most common. If only single carbon-carbon bonds are present, the FA is called saturated; presence
of one or more double carbon-carbon bonds will define a FA as unsaturated. A list of the most common fatty

acids is given in Table 2.1.
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Table 2.1. Commonly occurring fatty acid molecules in TAGs, with chain length, presence of unsaturation and code letter for

identification. Reproduced from Himawan et al. (2006).

Nomenclature of commonly occurring fatty acids

Code Fatty acid Chain length Double bonds Code Fatty acid Chain length Double bonds
2 acetic acid (ethanoic acid) 2 none P palmitic acid (hexadecanoic acid) 16 none
4 butyric acid (butanoic acid) 4 none S stearic acid (octadecanoic acid) 18 none
6 caproic acid (hexanoic acid) 6 none (6] oleic acid (cis-9-octadecanoic acid) 18 1
8 caprilic acid (octanoic acid) 8 none E claidic acid (trans-9-octadecanoic acid) 18 1
(6 capric acid (decanoic acid) 10 none / linoleic acid (cis-cis-9,12-octadecadienoic acid) 18 2
lauric acid (dodecanoic acid) 12 none R ricinoleic acid (12-hydroxy-9-octadecenoic acid) 18 1
M myristic acid (tetradecanoic acid) 14 none A arachidic acid (eicosanoic acid) 20 none
B behenic acid (docosanoic acid) 22 none

Since double carbon-carbon bonds create a kink in the aliphatic chain, unsaturated FA are bent molecules,
whose crystallization requires more energy as the packing is less effective compared to saturated FAs, which
are instead linear. This structural difference alters the melting point significantly, with saturated TAGs being
solid at room temperature (fats) and unsaturated TAGs being liquid (oils) (Himawan et al., 2006). In addition,
there is a further classification of TAGs depending on the identity of their fatty acid chains. Triacylglycerides
containing one type of fatty acid chain are termed monoacid; if different moieties are present, then TAGs are

called mixed-acid.

TAGs can crystallize in more than one crystalline packing (polymorphism). TAGs commonly exhibit three types
of polymorphic arrangements, namely @, B’ and 8, which present distinct X-ray diffraction (XRD) patterns
(Himawan et al., 2006). Different polymorphs display different physical properties, such as melting point,
solubility, crystal morphologies and wettability properties. Furthermore, TAGs display two levels of crystal
structure. The lateral packing mode of aliphatic chains is defined by the subcell structure, which defines
readily the type of polymorphic form: a has a hexagonal subcell, 8’ an orthorhombic perpendicular subcell
and f a triclinic parallel subcell (Figure 2.2, left). TAGs can also form structures vertically along the long chain
axis, which are defined by the chain-length structure. One unit layer made up of one aliphatic chain is called
a leaflet. TAGs can form double chain length (DCL) structures, triple chain length (TCL) structure, quatro (QCL)

and hexa chain length structures (HCL) (Figure 2.2, right) (Sato & Ueno, 2005).
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Figure 2.2. Subcell structure (left) and chain-length structure (right) in TAGs molecules. The three main polymorphs are designed as
a, 8" and 8. Hydrogen atoms are represented as white circles, carbon atoms as black circles. Possible chain-length structures are

termed double (DCL), triple (TCL), quatro (QCL) and hexa (HCL) chain-length. Reproduced from Sato & Ueno (2005).

The a-form displays a single, strong short spacing peak at 0.42 nm (Figure 2.3a); the aliphatic chains are
arranged in a hexagonal fashion, rotating freely without inter-chain interactions and with no angle of tilt. The
a form has been found in double chain-length only. The B'-form is characterized by two strong short spacing
peaks at 0.37-0.40 nm and 0.42-0.43 nm (Figure 2.3b). The chain packing is orthorhombic perpendicular, with
adjacent chains “out of step” with each other, thus not being able to pack closely. The chains have a tilt angle
between 50 and 70°; this polymorph can exist in both double and triple chain length structure. The S-form
shows a strong lattice spacing peak near 0.46 nm, and a series of other strong peaks between 0.36-0.39 nm
(Figure 2.3c). This is the most dense polymorph, with a triclinic parallel packing in which adjacent chains are
“in step” and form a very tight structure. As for the B’ polymorph, the chain tilt angle varies between 50 and

70° and can exists both in double and triple chain length structure.
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Figure 2.3. X-ray diffraction pattern of the three main polymorphic forms of TAGs, alpha (a), beta’ (b) and beta (c). Adapted from

Idziak (2012).
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While saturated monoacid TAGs polymorphism is well represented by this three forms, as the fatty acid
content starts to vary in length and unsaturation level, additional forms start to appear, which are usually

related to the original structure and named by adding a subscript (e.g. 1 and B5).

In mixed TAGs molecules, the type of chain-length structure adopted by a certain compound depends on the
relative chemical affinity between the FAs chains. A DCL structure will form if the residues have similar
properties, whereas if one or two chains are significantly different from the others, they will self-sortina TCL
structure. QCL and HCL arrangements are present when the TAGs molecules are asymmetrical with respect
to their FAs residues (Sato & Ueno, 2005). The chain-length structure affects the mixing phase behaviour of
TAGs, which has important consequences during the manufacturing of fat products and their fractionation

(Sato, 2001). Three types of phase behaviour may occur, as shown in Figure 2.4.
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Figure 2.4. Phase behaviour of binary TAGs mixtures: solid solution (left), eutectic (centre) and molecular compound forming mixture
(right). Adapted from Sato & Ueno (2005).

TAGs with similar physical and chemical properties (melting points, chain-length, molecular volume and
polymorph) develop solid solutions. In this system only two homogeneous phases can exist: a liquid solution
and a solid solution, as one component cannot solidify without containing some of the other. When TAGs
have different properties but similar melting points, a eutectic mixture occurs. This is the most common

system found in binary TAGs mixtures. As shown in the central diagram in Figure 2.4, above the PQR line the
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system is a homogeneous liquid. Depending on the relative molar concentration of the components, a single
TAG is going to crystallize out of the melt — represented by the small and large areas in the graph TQP and
RQU. Below the line TQU a solid mixture of component A and B is formed. It's important to note that the
eutectic system is a physical mixture, not a molecular compound. When specific molecular interaction occur
in the crystalline state between TAGs, a molecular compound is formed. A molecular compound can coexist
in equilibrium with a liquid of the same composition, and has a congruent melting point R, as seen in the
graph on the right in Figure 2.4. The phase diagram can be split in two sub-diagrams: A-molecule/molecular

compound and molecular compound/B-component, as if each was an eutectic mixture.

2.2 Thermodynamic and kinetic aspects of fat crystallization

Although a solid becomes the thermodynamically stable phase when a melt is cooled down below its melting
temperature, the formation of a solid phase does not happen spontaneously. Two events are required to
initiate the liquid-solid transition: the formation of crystal nuclei in the melt phase, followed by the growth
of such nuclei. Furthermore, fat systems are subject to post-crystallization phenomena such as sintering (i.e.
formation of solid bridges between crystals), solid-state polymorphic transformation, and Ostwald ripening
of crystals, which results from disproportionation of crystals below the micron level in favour of larger crystals

(Himawan et al., 2006).

In TAGs melts, it has been proposed that molecules start to align into lamellae, acting as a precursor for the
formation of a crystalline phase (Sato, 2001). This process follows a path through transitory states with

several energy barriers to overcome for the formation of the different polymorphs as shown in Figure 2.5.
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Figure 2.5. Proposed crystallization mechanism for TAGs (left) and activation energies for different polymorphic transitions (right).

liquid

Reproduced from Himawan et al. (2006).

For a system of pure TAGs, nucleation is considered as a bimolecular event explained by classical nucleation
theory (Himawan et al., 2006). The Gibbs free energy for homogeneous spherical nucleation of TAGs clusters
(AGhom) contains two opposing energetic terms: a decrease of free energy per unit volume, arising from the
enthalpy of fusion (AGy) and an increase in free energy due to the surface tension between solid and liquid

(AGs) (Eq. 2.1)

4
AGpom = —AGyV + AGsS = —§7TT3AGV +4mr?o Eq. 2.1

Where V and S are the volume and the surface of the spherical nucleus, r is the radius of the nucleus, and o
is the surface tension of the interface. The value of AGy,n, increases with r until a critical (maximum) value
AGy o is reached at a r* critical size: any nuclei larger than r* = =20 /AG, will decrease the total free

energy of the system when growing, hence becoming more stable (Figure 2.6).
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Figure 2.6. Variations of free energy of nucleation depending on the radius of a spherical cluster of crystallizing molecules. Reproduced

from Mullin (2001).

For TAGs crystallizing from the melt the free volume energy can be approximated to the enthalpy of fusion

and a temperature factor, as shown in Equation 2.2

AGy ~ —AH,, (T:—flm) Eq. 2.2

Where AH,, is the molar fusion enthalpy at the reference temperature T,,, and V,,, is the molar volume of
the cluster; AT =T, — T, the difference between the melting temperature of the cluster and the actual
temperature of the system, is defined as the supercooling of the melt. To relate the free activation energy of
homogeneous nucleation to the temperature of the system and the fusion enthalpy of the crystals, Equation
2.1 and 2.2 can be combined into Equation 2.3

_ 16 o’ VAT

AG; = Eqg. 2.3
hom = 3T AH, AT)? a

While Equation 2.3 provides the thermodynamic framework for the nucleation barrier to overcome for

nucleation, it does not provide any information on the nucleation rate, i.e. the number of nuclei created per
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unit volume, per unit time. The frequency of nuclei formation was formulated by Fisher and Turnbull in 1949,

whose equation takes their names (Eq. 2.4) (Turnbull & Fisher, 1949):

N,kT AG, AG;
=2 exp <— hom) exp (—ﬂ> Eq. 2.4

hom h kT kT

The Fisher-Turnbull equation takes also into account also the diffusivity of molecules and their arrangement
into a suitable conformation for forming a nucleus (AG;iff), due to the large entropy factor for long-chained
molecules such as TAGs. In real systems, however, nucleation deviates from ideality due to the inherent
presence of impurities in natural fats and oils, which can act as catalytic sites. Therefore, nucleation can be
considered heterogeneous, which displays always a lower activation energy than homogeneous nucleation

(Eq. 2.5)

AGiior = AGromf(6) Eq.2.5

Where f(6) represents the wetting properties of foreign particles and impurities by the supercooled melt.

Furthermore, once clusters grow and form crystals, secondary nucleation is likely to occur. In this case,
additional nuclei are generated through fragments of growing crystals that are chipped away mechanically,
by collisions between two or more crystals, or when the liquid lamellae phase is aligned under shearing,
leading to increased nucleation rate. All those conditions are commonly found in large crystallizing vessels

typical of industrial fat manufacturing.

TAGs exhibit monotropic polymorphism, which means that one form is always the most thermodynamically
stable. Polymorphic occurrence of TAGs crystals depends on several factors. As displayed in Figure 2.5, the
activation energy for nucleation is smaller for the metastable forms (a and ") and higher for . This is a
consequence of the increasing surface energy from a to 8; therefore, in absence of external stimuli such as
shearing or applied pressure, TAGs will nucleate in the metastable forms due to their higher nucleation rate.

With time, they will convert to the most stable polymorph through step-by-step transitions described by
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Ostwald rule of stages (Himawan et al., 2006). However, this rule can be overridden if supercooling (AT) is
low and external influences are present during crystallization. Local pressure and temperature fluctuations,
shearing and seeding are in fact used to accelerate and/or direct the crystallization towards a certain

polymorph (Sato et al., 2013).

In general, the overall morphology of a crystal is determined by the relative growth rates on the different
crystal surfaces. A slow advancement rate of a certain face will likely produce a large surface area in the final
crystal habit. The high anisotropy in TAGs molecules results in large density differences in crystal planes,
which in turn affects the growth on each facet. As a result, TAGs crystals usually growth as anisotropic needle-
like crystals. Depending on the polymorphic form, slightly different morphologies can be found: usually the
o form crystallizes in a compact mass of thin crystals, the B’ form appears as a bulky shape (platelets) or as a
radially-grown bundle of needles (spherulites), whereas B crystal are needle-like. The crystal morphology,
however, cannot be used to determine the polymorphic occurrence of a solid fat, due to the potential

ambiguity arising from different crystallizing conditions (Himawan et al., 2006).

2.3 Particle-stabilized foams

Foams are materials comprising gas bubbles dispersed in a continuous phase which may be liquid or solid.
Foams are ubiquitous in nature and in manufactured products, as their structure endows them with
interesting thermal, acoustic, optical and rheological properties (Drenckhan & Saint-Jalmes, 2015). Similarly
to other multiphasic materials, liquid foams are thermodynamically metastable materials and will eventually
phase-separate through three main mechanisms: drainage, coalescence and coarsening (Figure 2.7) (Lazidis

et al., 2017).
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Coarsening Coalescence

Figure 2.7. Main destabilization mechanisms occurring in liquid foams: drainage (or creaming, left), coarsening (centre) and

coalescence (right). Adapted from Lazidis et al. (2017).

Drainage is caused by the large density difference between the dispersed phase and the continuous phase.
Gravity will cause any air bubbles larger than few microns to rise to the top of the foam, while the liquid flows
towards the bottom, resulting in the thinning of the liquid films separating the air bubbles (Rio et al., 2014).
Dry foams, which are characterized by low liquid volume fractions (¢iquia = 0.05) and polyhedral-shaped

bubbles, are more susceptible to bursting and phase-separation (Cantat et al., 2013).

Foams are characterized by the presence of a gas/liquid interface (for liquid foams), which has an inherent
energy cost due to the unfavourable interactions between the liquid and gas molecules. The energy

associated with the formation of a new interface (dEs,rs) with area dS is defined as (Equation 2.6)

Wherey is the surface tension. The surface tension can be considered either as an energy per unit area (J m
2) or as a force per unit length (mN m); a segment dl on the surface produces a force ydl which is normal to

the segment dl (Figure 2.8a).
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a)

Liquid

Figure 2.8. Surface tension exerting a force along a gas-liquid interface (a) and the counteracting pressures preventing deformation
on the surface of a bubble (b). Curved interface separating the phase A from phase B and the two radii of curvature R; and R; (c).

Adapted from Cantat et al. (2013).

Surface tension therefore tends to minimize the interface area to reduce the energy associated with it. At
equilibrium, the surface tension is counteracted by pressures on both sides of the interface (Figure 2.8b).
Consider a surface S which separates two phases, A and B, characterized by a surface tension y. The interface
is characterized locally by the two main radii of curvature, Ry and R, (Figure 2.8c). A deformation of the

interface S towards M (which is normal to S) of a distance dx would result in a change of volume of dV =

Sdx, and a change in surface area of dS = HSdx, where H = Ri + Ri is the mean curvature of the surface.
1 2

At equilibrium the change in energy due to this deformation is zero, hence (Eq. 2.7)

—APdV +ydS =0 Eq.2.7

Where AP = P, — Pg, the difference of the pressures on each side of the interface. Equation 2.7 is simplified

to Equation 2.8

1 1
AP=PA—PB=)/H=)/(R—+R—) Eqg. 2.8
1 2
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Equation 2.8 is also known as the Young-Laplace law. It demonstrates that surface tension tends to reduce
the curvature of an interface, whereas pressure differences respond by bending the same interface (Cantat

et al., 2013). In spherical air bubbles, R; = R; and therefore

AP = — Eq. 2.9

The Young-Laplace law is useful for understanding foam coarsening. Equation 2.9 states that the pressure
difference between bubbles and the liquid increases for smaller R values. As a consequence, gas diffuses
from smaller air bubbles towards larger and more stable air bubbles, resulting eventually in an increase of

the average bubble size.

Coalescence occurs when the film separating two neighbouring bubbles is ruptured and the two adjacent
bubbles form a larger bubble. Similarly to coarsening, coalescence results in an increase in the mean bubble
size. The mechanism of film rupturing is still under investigation, however it is generally accepted that

coalescence is more likely to occur below a threshold liquid fraction value (Hill & Eastoe, 2017).

Aqueous foams are widely used in several consumer products (food, cosmetics, pharmaceuticals), firefighting
and oil recovery materials, to name a few. Hence, production of highly stable foams is sought to improve
their performance and shelf-life (Rio et al., 2014). Low-molecular-weight surfactants are typically used in the
stabilization of foams, owing to their amphiphilic nature which allows them to adsorb at the gas/liquid
interface, lowering the surface tension (Murray & Ettelaie, 2004). The use of colloidal particles for stabilizing
emulsions and foams was first discovered by Ramsden and Pickering in the early 1900s, but has experienced
renewed interest due to the ability to produce foams with high stability against coarsening and coalescence
(Binks, 2002; Martinez et al., 2008). While surfactants provide stabilization by lowering the surface tension,
Pickering stabilization (i.e., using colloidal particles) is based on the irreversible adsorption of particles at the

interface.

Consider an air-liquid interface and a spherical colloidal particle. Depending on the wettability of the particle,

three scenarios might occur (Figure 2.9).
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Figure 2.9. Adsorption of spherical colloidal particles at the liquid/air interface, with increasing contact angle values: 9 = 0° (a), 0 < ¢
<90° (b) and 90° < & < 180° (c).
When the particle is completely wetted by the liquid, it displays no surface activity (Figure 2.9a). When the
contact angle 8, measured between the air phase, particle surface and the liquid phase, is between 0 and
90°, the particle will be preferentially wetted by the liquid, but will exhibit surface activity and will stabilize
the air phase to yield a foam (Figure 2.9b). If 8 is comprised between 90° and 180°, the particle will be mainly
wetted by the air phase, and will stabilise the liquid phase leading to a powder (Figure 2.9c). The contact
angle is dependent on the relative surface energy of the liquid/air interface (ya), liquid/particle interface

(vee), and air/particle (yap) interface, as described by the Young Equation (Eq. 2.10):

cosf = Yap — Yip Eqg. 2.10

YaL

The adsorption of the particle at the interface is thermodynamically favoured when the formation of two
new interfaces, i.e., the particle-liquid and the particle-air, is lower than the energy of the air-liquid interface

with the same area. The attachment energy for a spherical particle can be calculated with Equation 2.11:

E = nry,, (1 £ cos 8)? Eq.2.11
For example, nanometre-sized particles of fumed silica at the air/water interface (y = 72 mN m™) have an
attachment energy of ~ 1000 ksT. Molecular surfactants, which span few angstroms (10° m) in size, display
attachment energies around few kgT. This difference of several orders of magnitude results in slow, but
almost irreversible adsorption of colloidal particles at the interfaces, while surfactants display weaker, but

faster adsorption and desorption kinetics at the interface (Binks, 2002).
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Despite the abundant literature reporting highly stable Pickering foams, the underlying mechanisms which
endow particle-coated bubbles outstanding stability are still elusive and under investigation (Rio et al., 2014).

Early studies demonstrated that, for armoured bubbles (i.e., particle-coated bubbles) stabilized by particles

R .
one-tenth of the bubble radius (R”L“”e = 0.1), gas dissolution is halted by adoption of a non-spherical,
bubble

faceted bubble shape. Results from computer simulations showed that the faceted configuration constitutes
an energetic minimum for the bubble, for which the Laplace over-pressure is counteracted by the

deformation of the air-liquid interface around the adsorbed particles (Figure 2.10) (Abkarian et al., 2007).

Figure 2.10. Air bubble coated with polystyrene latex particles observed during dissolution. Scale bar is 8 um. Reproduced from

Abkarian et al. (2007).

More recent experimental work studied the stability of individual armoured bubbles against the application
of increasing external pressures. These conditions simulate the coarsening of gas bubbles occurring in a foam.
The bubbles were prepared and coated using a microfluidic device, and their shape and size were monitored
with microscopy techniques (Beltramo et al., 2017; Taccoen et al., 2016). In line with previous findings,
armoured bubbles were stable against dissolution, and were able to withstand several millibars of over-
pressure (up to 20 mbar) before buckling and dissolving. The mechanism of failure is attributed to dislocation
of the adsorbed particles from interface plane with increasing pressure, which leads to irreversible bubble
collapse and eventually complete dissolution. The Laplace over-pressure was found to be inversely
proportional to the bubble radius AP¢yapse X R™1, while the size of the adsorbed particles (0.5 — 4.5 pm)
had no significant effect on the stability of the armoured bubble (Taccoen et al., 2016). Further investigation
revealed that bubble dissolution could be arrested by developing a sufficiently high interfacial yield stress.
Interestingly, this could be achieved at sub-monolayer surface coverages, which were dependent on the

particle shape. In particular, ellipsoidal particles were able to stabilize air bubbles with surface coverage as
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low as ¢ = 0.4, owing to their ability to form a percolated network on the interface, whereas spherical

particles required a higher (¢ = 0.7 — 0.8) surface coverage to prevent dissolution (Beltramo et al., 2017).

2.4 Optical and Polarized Microscopy

Optical microscopy is one of the most common characterization techniques for complex soft materials.
Compared to more modern and advanced microscopies, such as electron-based ones, optical images
preserve full colour information, which leads to the possibility of using dyes to differentiate phases in
samples. More importantly, light microscopy can be operated at room temperature and pressure, allowing
study of samples in their native, hydrated state (Gunning, 2013). The main drawbacks of the technique are
its diffraction-limited resolution power (around 0.5 um) and poor depth of focus, confining light microscopy
to the study of flattened, thin objects in the micron to millimetre range. However, some of these
disadvantages can, in principle, be overcome or mitigated by enhancing image quality (e.g. contrast and
brightness, removing background noise) with computer processing software (Russ, 2015). A popular
approach in soft matter characterization consists of using Polarized Light Microscopy (PLM), which enables
visualization of anisotropic (liquid) crystals in the sample. A schematic illustrating the principle of the

technique is given in Figure 2.11.

Polarized LightRay ~ / 4 Recombined Light Ray
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Figure 2.11. Illustration of the principle of polarized light microscopy (PLM).

Polarized light is generated using a polarizing sheet mounted below the sub-stage condenser lens; a second
sheet is placed above the objective lenses, filtering the incoming light from the specimen. All the light
radiating from the object that is not subject to a change in polarization angle is extinguished. When the

polarized light ray enters the anisotropic material, it is resolved into two perpendicular rays which vibrate in
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planes orthogonal to each other. This phenomenon arises from preferential orientation of atoms and
molecules in the sample that cause light to travel at different velocities. The first component, called the
ordinary ray (o-ray, refractive index no), exhibits a constant velocity through the material independent of the
direction (hence constant refractive index). The other component, termed extraordinary ray (e-ray, refractive
index ne), has a velocity that depends on the orientation and varies between ng and n.. The two rays are then
recombined with either constructive or destructive interference by the analyser. The magnitude of the
refractive indexes’ difference is called birefringence and can be expressed as (Equation 2.12) (Sanderson,

2019).

AM =ny —n, Eq.2.12
Birefringence occurs commonly in soft food materials and polymers (Crist & Schultz, 2016; Den Engelsen,
1976; Liu et al., 1991; Oriel & Schellman, 1966), when they are present either as solid crystals or as ordered
liquid crystalline phases. Rapid detection and phase behaviour of these compounds can therefore be

investigated with this imaging method.

2.5 Scanning Electron Microscopy

Electron microscopy is a key technique in the characterization of structure at the molecular, nano- and micro-
scale in different areas of science, including soft materials. It can provide information on the surface and the
internal structure of samples, and reveal the role of single biomolecules such as proteins, fat crystals and
polysaccharides in multiphasic systems such as emulsions, gels, foams (Groves & Parker, 2013). While
conventional light microscopes have limited resolution due to the use of visible light radiation, electron-
based microscopy can achieve sub-nanometre resolution, depending on the applied acceleration voltage.
The term “electron microscopy” encompasses several techniques, of which the two main methods are
transmission (TEM) and scanning electron microscopy (SEM). The common working principle behind these
techniques involves accelerating electrons and focusing the resulting beam on the sample by using a voltage
between 1 and 100 keV. Conventional electron microscopes require vacuum conditions so that the electron
beam is not scattered by gaseous molecular species, which would deteriorate the image quality (McClements

& McClements, 2016). High resolution and image quality are achieved by maintaining high vacuum in the
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enclosed instrument. In turn, samples require severe treatment in order to withstand the operating
conditions of an electron microscope. In fact, this single criterion poses limitations to the suitability of
studying biological and food samples with this technique, which can be partly overcome by using reduced

levels of vacuum.

In SEM, the electron beam scans the specimen line by line, across a rectangular cross-section (also termed
raster mode), collecting scattered electrons from the surface of the sample. With a typical accelerating
voltage of 30 keV, modern instruments can achieve a resolution of 1 nm (Dudkiewicz et al., 2011). During the
measurement the primary beam electrons (PEs) interact with the specimen surface, and are either scattered
inelastically as secondary electrons (SEs) or elastically as back-scattered electrons (BSEs). The former are
collected by a specific detector and used to build a topographic image, while the latter can be used to increase
contrast based upon atomic number (Z) differences of the analysed surface features (Dudkiewicz et al., 2011).
Additionally, X-Rays are generated in the chamber and can be collected to combine topological and chemical

composition of the sample with a technique called Energy Dispersive X-Ray Spectroscopy (EDS) (Figure 2.12).
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Figure 2.12. Scheme illustrating the working principle of Scanning Electron Microscopy (SEM).

X-ray detector
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The field of view can vary from millimetres to nanometres, thus being able to probe samples at different
length scales. The resulting image is very similar to a conventional optical microscopy micrograph (albeit
without colour) but with much higher magnification; this enables rapid and easy interpretation (Groves &
Parker, 2013). As the majority of soft materials are electrically insulating, a conductive coating is applied to
the surface of the sample in order to avoid damage as well as loss in image quality due to charge build-up.
Samples prone to degradation require chemical fixation and, for hydrated or liquid samples, drying is usually
carried out prior to the measurement in the vacuum chamber. This process, however, can result in significant
microstructure alteration compared to the native-state structure of the sample. Therefore, a popular
alternative to chemical fixation or drying involves quick-freezing, which is considered less invasive than other
methods. Frozen samples and SEM are combined in a technique called Cryogenic Scanning Electron
Microscopy (CryoSEM). However, the formation and successive sublimation of ice crystals during pre-
treatment occurs with this technique, potentially leading to the presence of artefacts in the images (James,

2009).

2.6 Oscillatory Rheology

Rheology is the study of flow and deformation of matter in response to forces applied to it. Rheology is based
on the theoretical description of ideal solids and liquids, formulated several centuries ago by Robert Hooke
and Isaac Newton. The deformation of an ideal elastic solid is proportional to the load imposed on it, and the
deformation is recovered once the load is removed. An ideal liquid, on the other hand, will exhibit an
irreversible flow that persists as long as the stress is applied, with a flow rate proportional to the stress. Real
materials, in particular soft matter, exhibit features that are in between the solid and liquid, hence being
termed “viscoelastic” and hence display complex flow behaviour (Chen et al., 2010). The aim of rheological
experiments is to quantify the viscoelasticity of samples in relation to time and deformation extent, and to

relate these viscoelastic properties to the (micro)structure.

Rheometers generally measure two physical quantities: stress, which is the amount of force per area applied

to the sample, and strain, which is the dimensionless degree of material deformation. The properties of the
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material, quantified as elastic moduli for solids and viscosity for liquids , are calculated from Equations 2.13

and 2.14

o==Gay Eqg. 2.13

o=ny Eq.2.14

Where o is the stress (Pa), G is the elastic moduli (Pa), n is the viscosity (Pa s) and y is the strain. To obtain a
significant description of the material viscoelasticity, the measurements are carried out over a range of strain,
strain rates and timescales. In rheology experiments, the sample is placed into the measuring system of the

instrument, which can adopt different geometries (Figure 2.13).
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Figure 2.13. Common measuring system geometries used in rheology experiments.

Amplitude sweeps are a routine type of measurement in which the sample is subject to oscillating strain with
increasing magnitude at a fixed frequency. The stress-strain curve of the sample can be represented as the

scheme in Figure 2.14 (Goodwin & Hughes, 2008).
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Figure 2.14. Relationship between the applied strain and the stress developed by the sample during an oscillatory experiment.

Reproduced from Goodwin & Hughes (2008).

The instrument measures the maximum applied strain (yo) and the resulting maximum stress (o), which are

then used to calculate the complex modulus G* (Equation 2.15)

(o
1G*(w)] = = Eq. 2.15
Yo

The complex modulus contains two relevant terms, the storage modulus (G’) and the loss modulus (G”),

which depend on the phase angle § (Equation 2.16)

G'(w) =G*cos(6) G"(w) = G"sin(6) Eq. 2.15
The storage modulus G’ describes the stress component which is in phase with the applied strain, and it is a
measure of the stored energy during the strain (hence the “elasticity” of a material). The loss modulus, on
the other hand, describes the stress component which is out of phase with respect to the applied strain, and
is a measure of the energy lost during the strain (hence the “liquid” behaviour of a material) (Goodwin &

Hughes, 2008). A typical amplitude sweep experiment is shown in Figure 2.15.
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Figure 2.15. Amplitude sweep experiment of a viscoelastic material which displays solid-like behaviour.

Materials which display G’ > G at relatively low strain values are considered solid-like. The interval in which
both G’ and G” are independent of the applied strain is termed Linear Viscoelastic Regime (LVER); The strain

value at which G’ begins to decrease is called the flow point (t).

2.7 Ultrasonic Spectroscopy

The use of low-power ultrasonic waves (i.e., acoustic waves exceeding 20 kHz) for characterizing food
materials is long established (Povey, 1998). The technique is based on the propagation of an ultrasonic pulse
in the material from one transducer, and received at the other end of the sample from another transducer
(pitch-and-catch mode) or reflected at the end of the sample container, and received by the same transducer
(pulse-echo mode) (Povey, 1997). The velocity of sound c is then calculated from the time-of-flight (At) and

the travelled pathlength L (Equation 2.16):

L

C=E

Eq. 2.16

In homogeneous fluids and gases, the velocity of sound depends on the elasticity and density of the material
or, more precisely, the density (p) and adiabatic compressibility (k), and it is independent of the frequency of

the propagating pulse, as first described by Wood’s law (Wood, 1946) (Equation. 2.17)

c= Eq. 2.17

1
NG
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In heterogeneous media, such as mixtures and suspensions, the velocity will depend on the mean density

and mean compressibility, as proposed by Urick (1947) (Equation 2.18)

1
c= K:Z(pjkj p :z(f’jpj Eg.2.18
ARY j j

where ¢ represents the volume fraction of the j-th constituent phase. Therefore, the composition of a multi-
phasic material may be calculated from velocity of sound measurements, if the properties of the individual
phases are known. As both density and compressibility are a function of temperature, the ultrasound
measurements must be accompanied by temperature measurements as well. This method can be applied for
determining the alcohol content in water, sugar concentration in aqueous solutions, or the triacylglyceride
composition of edible oils (Povey, 1997). Furthermore, ultrasonic techniques can be applied to the study of
phase transitions (e.g., crystallization); not only ultrasound can be detect the onset of the transition, but may
also calculate the volume fraction involved in said transition. Phase changes are usually accompanied by
significant variations in density and compressibility, which affect the measured velocity of sound. Moreover,
the acoustic attenuation (a) is also sensitive to any phase transition occurring in the sample, and may be
calculated from Equation 2.19

A
a=—20log (A_) Eq. 2.19
0

Where Ap and A are the reference and sample amplitude of the ultrasonic pulse, respectively (Povey, 1997).
Calculation of the volume fraction of solids in a material, for example, might be possible by measuring the

velocity of the sound of the mixture ¢, and using Equation 2.20:

¢—C_2_CL_2 Eq. 2.20
_CS‘Z—CL‘2 o

where the subscript L and S represent the velocity of sound in the fully liquid and fully solid sample,

respectively.
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2.8 X-ray diffraction and X-ray tomography

X-Ray diffraction (XRD) is an established technique for studying crystal structures and atomic spacings in
material science. The technique is based on the interaction of X-Rays, which can be described as either
electromagnetic waves with 0.10 nm wavelength, or as particles (photons) with energies around 10 keV. X-
Ray diffractometers generate X-Rays from a cathode ray tube, and filtered to produce a monochromatic
beam which is concentrated and directed towards the sample. The diffracted XR intensity is collected and
measured by a detector (Bunaciu et al., 2015) X-Rays interact with the electrons of atoms in the sample,
resulting in either destructive or constructive interference. Only in the latter case a diffraction peak may be
detected from the instrument. The relationship between the X-Ray wavelength (M), the distance between the

scattering planes in the sample (d) and the diffraction angle (8) is given by the Bragg Law (Equation 2.21):

nA = 2dsin@ Eqg. 2.21

where n is the order of the diffraction peak.

O O
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Figure 2.16. Demonstration of Bragg’s Law on a sample containing scattering planes separated by a distance d.

An XRD instruments therefore measures the intensity of the incoming XR radiation at a given 8 angle.
Conversion of the diffraction peaks to d-values allows to determine the spacings in the subcell of a specific
crystalline form, or to measure the distance between lamellar planes. These two groups of structural
information are termed short spacings and long spacings, respectively, and are fundamental in the study of
lipid crystallization, for example (ldziak, 2012). Modern instruments enable real-time observation of
crystallization and polymorphic transitions, with precise temperature control and application of external

stimuli such as shear or ultrasonication. A combination of XRD and heat flow measurements (XRD-DSC)
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enables to characterize unambiguously the kinetics of polymorphic transformation in mixed lipid systems,
for example (Sato & Ueno, 2005). X-Ray diffraction can be performed with benchtop instruments, or by using
high-intensity sources such as synchrotron light, which allow higher resolution and throughput in terms of

samples analysed.

X-Rays may also be used to provide a two or three-dimensional map of the density distribution of a sample;
this technique is called X-Ray Radiography (XRR) and Tomography (XCT), respectively. Both techniques are
non-destructive and non-invasive, reaching a sub-micron resolution and a field of view ranging from few
centimetres to a few millimetres. XCT equipment consists of an X-Ray source, a rotating sample holder, and
a detector. The sample is mounted into a movable stage that rotates during the tomography measurement.
Detectors convert the X-Ray radiation to visible light, which is then focused by optical lenses into a CCD
camera (Barigou & Douaire, 2013) (Figure 2.17). Furthermore, the sample can be accommodated in an
enclosed chamber to control temperature and pressure and perform dynamic studies on the sample

microstructure.
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Figure 2.17. X-ray tomography experiment setup. Reproduced from Barigou & Douaire (2013).

For benchtop XCT equipment a conical X-Ray beam is generated, which is however polychromatic and may
cause artefacts due to the selective attenuation of low-energy X-rays, with higher-energy X-rays reaching the
detector unaltered (beam hardening). Synchrotron facilities instead produce a beam of parallel rays, allowing

better resolution (hundreds of nm) due to the homogeneous signal obtained. Furthermore, the use of a
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monochromator permits selection of specific X-Ray energies, improving qualitative and quantitative analysis.
The synchrotron beam size is smaller (1x30mm), thus limiting its applicability to samples of comparable size
only. In XCT, the sample attenuates X-Rays by absorption and scattering, depending on factors such as atomic
mass, density and absorption coefficient of the material. As the sample is being rotated, several 2D radio-
graphs are acquired, which represent the spatial distribution of the radio-opacity of the sample. The stack of
generated images are then reconstructed into a 3D volume by software processing and yields the internal
microstructure of the sample. This is particularly advantageous as light microscopes cannot penetrate
opaque samples, and electron microscopes — despite their resolution being higher in certain configurations
— require invasive sample preparation in order to penetrate inside samples (Barigou & Douaire, 2013). In soft
matter applications soft X-Rays (up to 50 keV) are preferentially used, both to limit sample damage and to
increase contrast between phases with similar density. In fact, as the attenuation of X-Rays is affected by
density, emulsions constitute a challenging sample to investigate, due to the close density of water and oils,
at small length scales. Aerated materials, on the other hand, are more straightforward to image due to the
large density difference between air and liquids or solids. Phase-contrast imaging exploits the differences in
refractivity displayed by X-Rays that cross different domains, which is used to generate additional contrast in
the image. This emerging mode of operation complements attenuation-based measures and it is useful
especially for biological samples that display low absorption of X-Rays (Willner et al., 2016). Parameters such
as density, porosity, and surface to volume ratio of the object analysed, together with particle size and sample
thickness are used to characterize the microstructure of the sample. However, data processing for XCT data
is very demanding in terms of time and computational power, as well as requiring a large volume of data
storage. Segmentation is usually performed on the images in order to extract features of interest via distinct
greyscales or morphological characteristics, including particles, voids or layers. The presence of noise in the
image can make segmentation very challenging and pre-processing of the images is often required (Wang et

al., 2018).
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Chapter 3: Effect of crystallization conditions on the structural properties
of oleofoams made of cocoa butter crystals and high oleic sunflower oil

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
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to stabilize 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.

3.1 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 (Afshin et al., 2017). Several factors promote obesity and related health conditions in
individuals, but excessive dietary caloric intake is the predominant cause (Ng et al., 2014). 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 (Ruiz-Nufez et al., 2016), but dietary guidelines issued
by the Food and Agriculture Organization (FAQO) 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 (EFSA, 2010; FAO, 2008). Therefore, food
research has recently focused on reformulating food products with a reduced level of saturated fats, while
maintaining desirable sensory attributes (McClements, 2020). Nevertheless, saturated fats have a critical
role in determining desirable physicochemical and sensorial attributes in foods, hence making their
replacement or reduction challenging. Confectionary products are an example of food rich in saturated
fats (Ghotra et al., 2002; Rios et al., 2014). 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 (Rios et al., 2014). Reducing
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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 (Beg et al., 2017;

Jahurul et al., 2013).

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 (Patel & Dewettinck, 2016). Oleogels have been used to replace saturated fat in foods, such
as baking shortenings, spreads and margarines (Demirkesen & Mert, 2019; Pehlivanoglu et al., 2018).
Additionally, oleogels have been used to reformulate confectionery fillings and chocolate pastes with

reduced saturated fat and resistance to oil migration (Doan et al., 2016; Patel et al., 2014; Si et al., 2016).

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
(Campbell & Mougeot, 1999). Moreover, aerated foods induce satiety independently of their calorific
content (Blom et al., 2016), and deliver a comparable mouth coating to their non-aerated analogues,
stimulating the oral mechanoreceptors in a similar fashion (Palzer, 2017). Stable air bubbles can also be
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

45



calorific density (Heymans et al., 2017). In fact, the use of oleofoams for reducing fat content and calorific
density in confectionery has been reported in at least two patents (Chisholm et al., 2016; Gunes et al.,

2016).

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 (Haedelt et al., 2005).

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 (Fameau & Saint-Jalmes, 2017a). 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, a (hexagonal subcell), B’ (orthorhombic

subcell) and B (triclinic subcell) (Himawan et al., 2006).

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 (Binks et al., 2016; Brun et al., 2015; Fameau
et al., 2015). Those limits are, however, system-dependent and also affected by the aeration equipment

used to produce oleofoams (Fameau & Saint-Jalmes, 2017a).

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
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(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) (Mishima et al., 2016). 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) (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 B crystals were able to produce highly aerated foams, whereas
untempered B’ oleogels barely incorporated any air (Mishima et al.,, 2016). Heymans et al. (2018)
investigated further the effect of polymorphism on the foamability of oleogels (Heymans et al., 2018). 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 B crystals (MMACS) and solid-state
transformed B 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 (Agrawal & Paterson, 2015;

Toro-vazquez et al., 2005).

Vegetable oils could be aerated in absence of added high-melting fat species, as recently demonstrated
by Liu & Binks (2021) (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
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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 (Binks &

Marinopoulos, 2017).

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 (RaR et al., 2008), 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, rheology and
foamability of oleogels and related oleofoams was then investigated with a multi-technique approach.
This included polarized light microscopy (PLM), cryogenic 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.
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3.2 Materials and Methods

3.2.1 Materials

Refined, bleached and deodorized 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 (Fernandez-Moya et al., 2000). CB normally contains by weight about 26 %

palmitic acid, 36% stearic acid, 34% oleic acid, 2.7% linoleic and 0.9% of arachidic acid (Lipp et al., 2001).

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.

3.2.2 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,
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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)(Filik et al., 2017)(Filik et al., 2017)(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 Appendix A.

3.2.3 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 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 3.1.

Turbidity
monitor
| Pt-100
Turbidity‘ ‘ probe
probe
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Figure 3.1. 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 left 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 °Cto 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. This instrument
measures the light transmittance and absorbance, which can be calculated from the Lamber-Beer’s law
(Equation 3.1):

I
— =-exp—tlc Eq.3.1
Iy

where | and I are the intensity of the light beam through the sample and of the incident light beam,
respectively; T is the turbidity parameter (m? kgl), similar to the extinction coefficient, / is the sample
thickness (m) and c is the concentration of scattering material (kg m3). Transmittance (T) and absorbance

(A) are defined as (Equation 3.2 and 3.3)

i

T =100 ><7° Eq. 3.2
I

A=—log (_) Eq. 3.3
Iy

Upon the onset of crystallization, the transmittance signal 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 (Wright et al., 2000); hence, a stable absorbance reading was
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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 5KPM50 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 3.4 (Heymans et al., 2018) and then plotted as a function of whipping time:

o —
(W leogel Wfoam)

OR(%) = 100 X Eq. 3.4

Wf oam

Where Woleogel is the weight of a fixed volume of oleogel, while wsoam is 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.

3.2.4 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 (tip of a spatula) was
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placed on a glass microscope slide and gently covered with a glass cover slip. Digital images of each sample
were acquired with a Canon DLSR camera at 10x and 40x magnification, and processed with ImageJ 1.52a
(National Institute of Health, USA). The pixel size for 10x and 40x images was 0.48x0.48 um? and 0.12x0.12
um?, respectively. 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.

3.2.5 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 (<107 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 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 were evaluated using ImagelJ 1.52a (National

Institute of Health, USA).

3.2.6 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
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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.

3.2.7 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 ElImer, 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 triplicate, and the average endothermic peak maximum temperature

(T,,,) was calculated.

3.2.8 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’.ver) 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 (Binks et

al., 2016). The flow point (1) was calculated as the crossing point of the elastic and viscous curve.
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3.2.9 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) 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.

3.3 Results and Discussion

3.3.1 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 3.2 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 3.2 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.
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Figure 3.2. Synchrotron X-Ray diffraction patterns for the crystallization of CB/HOSO mixtures in capillaries during cooling. Small

angle region from a) to c) (without melt subtraction), wide angle region from d) to f) (with melt subtraction).
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The molten phase generates a broad scattering peak between q = 1.2 A and q = 2.3 At 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 Appendix A.
Unfortunately, the position of the broad signal of the molten CB shifted towards higher q values with
decreasing temperatures. 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 g =0.126 At in the small angle scattering region (Figure 3.2a) and a weak intensity peak at around
q = 1.46 A (Figure 3.2d). 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 a form of cocoa butter (Loisel et al., 1998). 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 3.2b and 2.2e, 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 3.2c and 2.2f). As shown in Figure 3.2c and 3.2f, at
7°C this last oleogel sample presents an additional peak in the small angle region at g = 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 more
compact 2L lamellar structure of the B’(1V) polymorph, which co-exist with the a polymorph at 7 °C (Loisel
etal., 1998). 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
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TAGs from the liquid HOSO in their lattice (Loisel et al., 1998). This observation was previously reported

for blends of vegetable oils and cocoa butter content below 30% w/w in Perez-Martinez et al. (2005)

(Pérez-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.

3.3.2 Laboratory scale crystallization and offline characterization of CB/HOSO oleogels

Figure 3.3 shows the temperature (jacket and sample) and turbidity signals (transmittance and
absorbance, see Equations 3.2 and 3.3) 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 3.3. 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 summarized Table 3.1. 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 3.1.

Table 3.1 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. cooling Crystallization Increase in Absorbance at
(oleogel) rate (°C/min) temperature (°C) temperature at equilibrium (a.u.)

nucleation (°C)

15F -0.52 +0.08 11.0+0.7 3.9+0.7 1.99+0.15
15M -0.20+£0.02 10.5+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 2.41+0.11
22M -0.19 £ 0.02 125+0.1 45+0.8 2.56 +0.06
22S -0.08 +0.01 13.2+0.8 36%11 2.62+£0.09
30F -0.46 + 0.08 15.7+0.4 6.2+0.8 2.73+0.14
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30M -0.18 £ 0.02 14.8+0.8 43+0.9 2.76 £0.05

30S -0.08 £0.01 15.0£0.6 4.2+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 3.1 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
kinetics of crystal nucleation is evident upon comparison with the experiments described in the previous
section. 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 3.3, 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 absorbance values at equilibrium, their values increased
with the amount of cocoa butter in the crystallizing oleogel. However, it must be noted that the
relationship presented in Equation 3.1 is valid only for diluted suspensions or solutions; hence,
turbidimetry may not be highly sensitive to changes in the concentration of scatterers in the oleogel. As
such, it is more suited to determine crystal nucleation rather than crystal growth (Wright et al., 2000). At

the end of the crystallization process, all oleogels reached a final, constant temperature of ca. 7 °C.
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Polarized light microscopy images of the oleogel sample obtained in this set of experiments are shown in

Figure 3.4

Figure 3.4. Polarized light images of oleogel samples investigated in this paper. Sample 225 is displayed as a grayscale image of a

polarized micrograph with the lambda plate. Scale bar represents 100 um.

Cocoa butter crystallized as spherical aggregates, which is the typical morphology for TAGs obtained using
moderate to slow cooling rates, either in quiescent conditions (Pérez-Martinez et al., 2005; Perez-
Martinez et al., 2007) or under shear (Acevedo et al., 2012; Tran et al., 2014). These crystalline aggregates
are formed through the nucleation of nanometre-sized crystal nanoplatelets, followed by radial growth
from the centre of the aggregate (Acevedo & Marangoni, 2010)(Bayés-Garcia et al., 2011). In particular,

such crystal morphology was previously observed both in quiescent conditions in blends of cocoa butter
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and vegetable oils (soybean and canola oil) (Pérez-Martinez et al., 2005), and in dynamic crystallization
conditions for a fully hydrogenated soybean oil (FHSO) in soybean oil (SO) mixture (Acevedo et al., 2012)
and in fully hydrogenated canola oil (FHCO) in canola oil (CO) system (Tran et al., 2014). In both systems

it was observed that the size of the spherical aggregates decreased with increasing shear rate.

Figure 3.4 shows oleogel samples containing a network of spherical aggregates entrapping the sunflower
oil, which appeared dark under polarized light. Table 3.2 shows the average diameter size for the

individual spherical aggregate in the oleogel samples, as measured manually from the microscopicimages.

Table 3.2. Mean diameter of the spherical aggregates measured by image analysis of polarized light images of oleogels.

Sample (oleogel) CBw/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
15S 15 -0.08 + 0.01 118.44 £ 32.42
22S 22 -0.08 + 0.01 151.77 £ 51.58
30S 30 -0.08 + 0.01 n/a
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As a reference, an image focused on a single spherical aggregate is available in Appendix A, showing how
these crystal aggregates were measured with image analysis (Figure Al). 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 3.4, 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 (Sato et al., 2013). 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 3.4 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 3.5
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Figure 3.5. 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 g 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 (Loisel et al., 1998). The
more metastable a 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 (Tran & Rousseau, 2016). Specifically, shear was reported to
accelerate the transition of cocoa butter crystals from B’(IV) to B(V) (Sonwai & Mackley, 2006). 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 (Agrawal & Paterson, 2015). 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 (Simone et al., 2018). Lastly, the increase in temperature
observed for oleogels soon after the crystallization onset (Figure 3.3) could have triggered a melt-

mediated transformation of the nucleated metastable a or B’(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 and 30°C,

whose position and intensity increased with CB concentration in the sample. The onset and maximum
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temperatures of the melting peaks of all analysed oleogels are shown in Table 3.3. A broad melting
endotherm is characteristic of multi-component mixtures of fats, where TAGs with different fatty acid
moieties form eutectic phases upon solidification (Himawan et al., 2006). 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 (Pérez-Martinez et al., 2012).

Table 3.3. Temperature of melting onset and peak melting temperature of oleogel samples.

Sample (oleogel) T ynset Oleogel (°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 20.91+0.25 2541+0.34
225 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
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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 3.6). Rheology profiles of medium and slow-cooled samples are available in Appendix A, Figure A2.
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Figure 3.6. Oscillatory rheology of fast-cooled oleogels crystallized in the lab-scale vessel. Elastic modulus (G’) and viscous modulus

(G”) are plotted as a function of strain (%). The flow point (ty) is highlighted with a red arrow.
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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 3.4 contains the oleogels’ elastic

modulus in the linear viscoelastic regime (G’ .ver) and the flow point (tz), which corresponds to the crossing

point of the G’ and G” curves.
Table 3.4 Elastic modulus in the linear viscoelastic regime (G'iver) and flow point (ts) of oleogel samples.

Oleogel G'LVER

Sample Oleogel 1¢ (kPa)
(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
30S 472.31+5.76 55.35+3.42

The value of G’ver increased with increasing of CB concentration from 10* Pa to 10° Pa (Table 3.4), 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 (t7) followed the same trend, increasing logarithmically
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from ca. 0.5 kPa to 50 kPa between 15% and 30% CB w/w. The size of 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 A2 in Appendix A). As a comparison, Gunes et al. (2017) were able
to aerate myristic acid—sunflower oil oleogels between with an elastic modulus between 103 Pa to 102 Pa

(Gunes et al., 2017).

3.3.3 Aeration of oleogels and characterization of oleofoams

The aeration profiles of oleogel samples and the temperature evolution during aeration are presented in
Figure 3.7. 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 (Gunes et al., 2017; Heymans et al., 2018;

Mishima et al., 2016).
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Figure 3.7. Foamability over time of oleofoams for 15% CB w/w, 22% CB w/w and 30% CB w/w samples (a, b and c) 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 30S, 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 3.7d — 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 3.3) 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.

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
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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 of fewer and larger crystals in the
oleogels in comparison to faster cooling. Figure 3.8 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 3.8. Polarized light images of oleofoam samples at the end of the aeration step. Sample 30M is displayed as a greyscale

image of a polarized micrograph with the lambda plate. Scale bar represents 100 um.

Air bubbles had an estimated diameter between 5 and 100 um, with several bubbles being non-spherical,
which is common for these type of materials (Binks et al., 2016; Binks & Marinopoulos, 2017; Gunes et al.,
2017; Heymans et al., 2018; Mishima et al., 2016; Truong et al., 2019). 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,
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and more deformed air bubbles, as well as large domains of 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 enabled visualization of the foam microstructure closer to the native
state compared to PLM, where oleofoams are subject to deformation during sample preparation. Figure
3.9 shows the microstructure of a 30F oleofoam, which presented several bubbles tightly packed and

separated by thin layers of frozen oleogel (shown in Figure 3.9a).

74



HV WD det [ | mode HFW curr mago
cepnas

2.00kVv 4.0 mm ETD | “7 | SE 829 um 0.10nA 500 x

Air bubble

1.00kV 39mm TwD| SE 6.38uym 0.10nA 65000 x

Figure 3.9. CryoSEM images of an oleofoam sample (30F). Low magnification (top, a), high magnification with detail of the inside

of an air bubble (bottom, b). The scale bars represent 200 um and 2 um, respectively.
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The bubble diameter was found to be between 5 and 150 um, similar to the range measured by PLM.
Figure 3.9b 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 3.9b by the yellow circles, and an approximate thickness of ca. 50 nm. Further

CryoSEM images are provided in Appendix A (Figures A4 — A7).

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 A3 in Appendix A). 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
3.9b. The presence of bundles of CNPs within the oleogel surrounding bubbles is also evident in Figure

A4-A5 of Appendix A.

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 (Fameau & Saint-Jalmes, 2017a; Heymans et al., 2017). 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 A8 in Appendix A. 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 (Binks et al., 2016; Binks &
Marinopoulos, 2017; Heymans et al., 2018; Mishima et al., 2016). The stabilization mechanism of the

oleofoam investigated in this work is summarized in Figure 3.10.
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Aeration

CB/HOSO Oleogel CB/HOSO Oleofoam

Figure 3.10. 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 3.11, compared with their relative oleogel

precursors.
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Figure 3.11. Oscillatory rheology experiments of fast-cooled oleofoam samples (grey) compared to the results for their analogue

oleogel samples (black).
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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’.ver 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 (Gunes et al., 2017). 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 Appendix A, Figure A9). 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 3.5, which contains the flow point of oleofoams, their overrun,

and the ratio between the G’y of oleofoams and their respective oleogels.

A comparison of the values shown in Table 3.4 and Table 3.5 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’.ver and generated an
increase in volume of 200% compared with the oleogel precursors. Oleofoam samples with 22% CB w/w
showed a smaller increase of G’k (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’\ver after aeration (0.85 to 0.92 times), still
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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 (Binks & Marinopoulos, 2017).

Table 3.5. Linear Viscoelastic Regime (LVER) elastic modulus, viscous modulus, and flow points for oleofoams investigated in this

paper.
Oleofoam t¢ Overrun
Sample Oleofoam G’.ver (kPa) Foam G’ ver/Gel G Lver
(kPa) (%)

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
22S 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
30S 453.21+5.75 60.21 +13.03 150+ 7 0.92
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3.3.4 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 phase causes
film thinning between the bubbles, with increased probability of coalescence (Fameau & Saint-Jalmes,
2017b; Heymans et al., 2017). 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 A10
of Appendix A). This is in agreement with the behaviour of other stable oil foam systems reported in
literature (Binks & Marinopoulos, 2017; Gunes et al., 2017; Mishima et al., 2016). 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 A11 of Appendix A.

3.4 Conclusions

In the present work, the complex relationship between processing conditions and the physicochemical
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 enabled
visualization of 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
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oriented crystals around the air bubbles. This resulted in oleofoams having up to 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 enabled monitoring of the
dynamic process 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.
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Chapter 4: Real-time monitoring of fat crystallization using pulsed acoustic

spectroscopy

Abstract

Being able to monitor and control lipid crystallization is important for many industrial fields, including
pharmaceuticals, cosmetic and food industries. Due to the multicomponent nature of natural fats and oils,
lipid crystallization processes are complex and require an in-depth understanding and control, to ensure high
quality end products with tailored functionality. Studying nucleation and crystal growth in lipid systems is
usually carried out with offline techniques such as nuclear magnetic resonance, microscopy, rheology and
calorimetry; however, fast, inline measurements of the crystal properties, for example the solid fat content
(SFC%), are highly desirable, especially in large-scale, sheared crystallizers. Ultrasound measurements have
been proposed as an effective non-invasive, non-destructive technique to monitor phase transitions in lipid-
based emulsions and fat/oil blends. However, sound is highly attenuated by solid fat, and high-power
instruments might chemically change the material analysed. For these reasons, the implementation of
acoustic techniques for the monitoring of lipid crystallization, especially at large scales, is extremely
challenging. In this work, the use of a novel immersion ultrasonic probe was applied to monitor the
crystallization of a model fat system. Light turbidimetry was used as validation technique. The acoustic
measurements were coupled with ex-situ pulsed NMR, and supervised machine learning (ML), to develop a

predictive model for calculating SFC% from the velocity of sound, sample composition and temperature.

4.1 Introduction

The crystallization of lipids is a fundamental unit operation for several manufacturing industries, including
pharmaceuticals (Jose & Netto, 2019), cosmetic (Duprat-De-Paule et al., 2018; Patel et al., 2021) and food
products (Rios et al., 2014). Recently, the use of crystalline fat to produce structured oils (oleogels) has gained
significant attention from academia and industry alike, due to the potential to produce solid-like materials

with low amounts of saturated fat and specific macroscopic properties (Patel & Dewettinck, 2016).

91



Furthermore, oleogels may be used as precursors for the production of oil-continuous foams (Binks & Vishal,
2021) and emulsified oil foams (Brun et al., 2015; Goibier et al., 2019) that can find application in the
cosmetic, food and pharmaceutical industry as nutrients or drug delivery vehicle or as structuring material
for food products. In all of the above examples, the properties of the fat crystals, such as crystal size, shape
and polymorphism, affect significantly the stability and functionality (e.g., drug delivery, oil binding capacity,
air incorporation) of the end material (Co & Marangoni, 2012; Heymans et al., 2017). The total amount of
crystals, i.e. the solid fat content (SFC%), is a general parameter strongly related to some macroscopic
properties of fat-based materials, such as the melting point, hardness and texture (Himawan et al., 2006).
Furthermore, tracking SFC% during crystallization processes is important to determine when equilibrium

conditions are reached; hence, maximizing the yield of crystallization.

The SFC% is routinely measured by means of nuclear magnetic resonance (NMR) (Cerdeira et al., 2004),
differential scanning calorimetry (DSC) (Foubert et al., 2008) or small-angle X-Ray scattering (SAXS) (Parada
et al., 2019); however, these techniques are all off-line, they require the collection of a sample (not always a
trivial operation, especially if the melting point is close to ambient temperature) and some degree of sample
preparation, which can significantly affect the measurement. In the context of industrial large-scale
crystallization, the issues related to offline analysis and sampling are tackled by applying process analytical
technology (PAT) tools, which enable real-time monitoring of the product properties, enhanced process
understanding, and the application of the so called “Quality by Design” (QbD) strategy (Rathore et al., 2010).
Common PAT tools used to monitor crystallization include usually in situ probes that exploit the scattering or
absorption of electromagnetic radiation (visible light, ultra-violet (UV) or infra-red) by the sample to monitor
phase transitions, polymorphic transformations or crystal morphology (Hansen et al., 2017; Simone et al.,
2019; Simone et al., 2015) . In the case of lipid crystallization, however, inline characterization of the process
is challenging. Fat crystals forms a viscous three-dimensional network of aggregates with a fractal pattern
(Tang & Marangoni, 2008), whose measurement is non-trivial. Moreover, (partially) crystalline fat is often

opaque to electromagnetic radiation, limiting the analysis to the surface of the sample.
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The use of low-power ultrasound for studying the crystallization of lipids has been proposed as an non-
invasive, non-destructive method since the 1990s (Fairley & McClements, 1992;McClements & Fairley, 1991;
McClements & Povey, 1987). Low-power ultrasounds, i.e., sound waves exceeding 20 kHz frequencies, can
penetrate opaque media, without causing physical and chemical changes in the sample. The technique
involves the propagation of a short (few microseconds) ultrasonic pulse from a transducer into the sample;
such pulse is received by either another transducer on the other side of the measuring apparatus (pitch-and-
catch mode) or it is reflected back and received by the same emitting transducer (pulse-echo mode). The
velocity of sound (cCsample) is then calculated from the travelled pathlength as a function of time and
temperature. The acoustic attenuation (a), i.e., the ratio of the amplitude of the sent and received pulse,
may also be calculated. As both the velocity of sound and acoustic attenuation depend on the
physicochemical properties of the sample, such as density and compressibility, and the presence of
heterogeneities, acoustic measurements can be used to monitor phase transitions such as crystallization
(McClements & Povey, 1992). Several authors demonstrated the use of custom-made acoustic cells to study
fat crystallization using acoustic signal, with particular emphasis on determining the SFC(%) (Birkhofer et al.,
2008; Martini et al., 2005b, Martini et al., 2005a; Singh et al., 2002, Singh et al., 2004). Moreover, most of
the previous fat crystallization studies were carried out in quiescent conditions, and/or with small sample
volumes, thus excluding the effect of shear and secondary nucleation on crystallization (Agrawal & Paterson,

2015).

Despite its several advantages and ease of implementation, there are only sporadic examples in the literature
on the use of acoustic probes as a PAT tool for studying lipid crystallization. The immersion probe described
in Titiz-Sargut & Ulrich (2003), which featured two 2 MHz transducers in pitch-and-catch mode, was applied
to the determination of the metastable zone width (MSZW) of coconut oil, and validated by optical back-
reflectance measurements (ORM). The authors focused their study on the effect of different levels of shear,
cooling rates and the presence of additives on the MSZW, however no quantitative measurement of the
sample was performed. Due to the complexity involved in the crystallization of lipids, such as the occurrence

of melt-mediated polymorphic transformations and the development of crystalline networks whose size
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range from nanometres to several hundreds of microns, the determination of the solid fat content directly
from acoustic parameters might be challenging. One of the growing trends in the use of PAT tools is the
implementation of machine learning (ML) algorithms to facilitate analysis of real-time data provided by
sensors, and to enable prediction of material properties of interest based on training the algorithm with
known outcomes (supervised machine learning) (Wasalathanthri et al., 2020). This strategy may be applied
to identify crystal aggregation from microscopic images (Ochsenbein et al., 2015) or to dissolve undesired
crystallized impurities in the crystallization of active pharmaceutical ingredients (APls), using convolutional

neural network (CNN) feedback control (Salami et al., 2021).

In this work, a novel acoustic probe recently described in the literature (Morris et al., 2021) was applied as a
PAT sensor to monitor the crystallization of a cocoa butter / sunflower oil oleogel system, in a 1L scale vessel
and under shear. The ultrasonic data was validated with light turbidimetry, and offline pulsed NMR (pNMR)
measurements to determine the SFC% of crystallized samples at equilibrium conditions and specific
temperatures. The data obtained from the ultrasonic probe was used in combination with the pNMR results

and supervised machine learning, to develop a predictive model for determining SFC% in-situ.

4.2 Materials and Methods

4.2.1 Cocoa butter—based oleogels

Refined, bleached and deodorized cocoa butter (CB) and high-oleic sunflower oil (HOSO) were kindly
provided by Nestlé PTC (York, UK) and used without any further purification. CB was melted at 65°C for 1

hour, and then mixed with HOSO at 9, 11, 13 and 15% concentration by weight.

4.2.2 Fat crystallization rig

The CB-HOSO mixture (900 g) was transferred to the crystallization vessel (capacity ca.1 L, diameter 15 cm)
(Radley, UK) connected to a Huber Ministat 230 thermostat (Huber, Germany), filled with silicon oil as a
heating/cooling medium. The sample was stirred continuously at 200 rpm with a DLH overhead stirrer (VELP

Scientifica, Italy), equipped with an anchor-shaped mixer (8 cm diameter). A Pt-100 temperature probe
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(Omega Engineering, UK), placed in the vessel, was used to monitor the sample temperature during the
experiment. The crystallization process was followed using a Control 4000 turbidity meter (Optek, Germany)
fitted with an ASD12-N absorption probe, which measured the light transmittance and absorbance. Finally,
the velocity of sound and the acoustic attenuation of the crystallizing mixture were measured using a custom
acoustic probe, recently described in literature (Morris et al., 2021). Briefly, the probe comprised a 2.25 MHz
broadband transducer coupled with a Rexolite buffer rod (Sonatest model RDT5025, Sonatest, UK), which
was connected to a UT320 pulser/receiver (UTEX scientific instruments inc., Canada) and a HDO3034 digital

oscilloscope (Teledyne LeCroy, USA). A schematic of the equipment is shown in Figure 4.1.

Turbidity probe
Acousticl H[Ii Pt-100

probe

Oscilloscope

Pulser/Receiver

Figure 4.1. Crystallization vessel fitted with a Pt-100 thermocouple, the turbidity probe and the custom ultrasound probe (left),
schematic depiction of the rig used in this paper (right).

The thermal profile of the experiment was set to the following: equilibration of the fat blend mixture at 45°C
for 10 minutes, cooling to 0°C at a nominal rate of —0.5 °C/min and holding at 0°C for 3 hours. The sample
was then heated back to 45°C at 1°C/min. The process temperature and the acoustic waveforms were
collected using an in-house script with MATLAB2021a (MathWorks, USA) every 10 seconds. Each experiment

was repeated three times.

95



4.2.3 Determination of the acoustic parameters

Velocity of Sound

Figure 4.2 contains a diagram describing the design of the acoustic probe, and an example of waveform

acquired from the oscilloscope with MATLAB.
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Figure 4.2. Schematic drawing of the custom acoustic probe (left) and the measured waveforms obtained by the reflection of the
buffer rod (blue), and buffer rod and sample (red) (right).

The ultrasonic pulse generated from the transducer travels through the buffer rod, and it is partially reflected
at the buffer rod/sample interface, due to the acoustic impedance mismatch (i.e., the difference in density
and compressibility of the two materials). The pulse is then received back by the transducer after a time At;,
shown in Figure 4.2 as the blue trace. Part of the initial pulse, however, is transmitted through the sample,
and it is reflected by the stainless-steel reflector to the transducer after a time At; (Figure 4.2, red trace). In
order to calculate the velocity of sound in the sample, the time of flight in the sample is required. To calculate
it, the initial value of At; and At, were first determined with MATLAB2021a from the original waveform, using
the leading-edge method (i.e., detecting the arrival time of the pulse envelope when it crosses a set voltage

threshold). Afterwards, the shifts of the pulses’ position (AAt; and AAt;) during the experiment were
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calculated with the cross-correlation function (xcorr) implemented in MATLAB. Briefly, the cross-correlation
compares the analysed pulse with a reference signal, allowing an easy calculation of the delay between the
two. This method proved to be more robust to analyse the set of waveforms compared to applying the
leading-edge technique on all collected waveforms. This is because the pulse envelop was subject to
distortion due to signal attenuation through the experiment. The variation in the sample time of flight (AAts)

was then calculated with Equation 4.1:

AAt; = AAt, — AAL (Eq. 4.1)
In order to obtain an accurate value of the velocity of sound, however, it was necessary to determine the
pathlength dependence on the temperature with a calibration experiment. The velocity of sound in distilled
water (cwater) With respect to temperature (T) may be calculated using a fifth-order polynomial, as first

described by Chavez et al. (1985) (Eq. 4.2):

Cwater = 3.16 - 107°T> — 1.48 - 107°T* + 3.35-107*T3 — 5.81- 107272 + 5.04 - T
(Eq. 4.2)
+1.40 - 103
The shift in the time of flight in distilled water (AAts water) Was then measured between 50°C and 5°C, using a

—0.01 °C/min cooling rate to allow the probe to reach thermal equilibrium with the surrounding medium. The

corresponding experimental pathlength (Lcaiibrated) Was calculated with Equation 4.3

Leatibratea = AAt3,water X Cyater (Eq. 4.3)

The dependence of the pathlength on the temperature was then obtained by fitting a fifth-order polynomial

to Lcaiibrated against the temperature (Figure 4.3).
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Time-of-flight vs. Temperature Pathlength calibration
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Figure 4.3. Measured time-of-flight in distilled water between 60°C and 5°C (left), calculated sample pathlength and 5t"-order
polynomial fitting (right).
The coefficients estimated for the pathlength calculation were then used to calculate accurately the velocity

of sound during the crystallization experiments with Equation 4.4

Lcalibrated
Csample = AAL, (Eq. 4.4)

Acoustic Attenuation

The acoustic attenuation, which represents the amount of acoustic power absorbed by the sample, is
affected by several factors, including the presence of phase transitions and scattering phenomena generated
by the presence of dispersed objects in the sample (McClements & Povey, 1992). In this work, the acoustic
attenuation was used to monitor crystal growth during the crystallization experiment. The acoustic

attenuation was calculated according to Equation 4.5

A
a= —2010gA— (Eq. 4.5)
0

where A and A are the peak-to-peak amplitudes of the sample signal during the experiment, and at the start

of the experiment, respectively.

Solid Fat Content

The solid fat content (SFC%), defined as the mass fraction of solid to liquid material in a fat blend, was

calculated by applying a prediction model, developed with the Regression Learner app in MATLAB2021a,
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(MathWorks, USA). Regression Learner is a supervised machine learning utility, where a regression algorithm
is applied to an observation matrix and compared with a response matrix. The observation matrix comprised
the temperature (T), velocity of sound in the sample (csgmpie) and the amount of added cocoa butter (CB%)
for each crystallization experiment; the response matrix contained the SFC% values, measured with pNMR,
between 5 and 10°C for the respective samples. The velocity of sound and temperature of pure sunflower oil
were added to the observation matrix as well, with a corresponding solid fat content of 0. Three models
available in the MATLAB app were tested for training, and their predictive ability compared: “Linear”, “Fine
Tree” and “Gaussian Process Regression — Rational Quadratic”. The Linear model uses a linear regression to
fit the data from the observation matrix. The “Fine Tree” model, instead, is a type of nonlinear model based
on regression trees, which applies a recursive partition of the observation matrix to improve the prediction
of the response value. Lastly, the Gaussian Process Regression model, which is also nonlinear, works by
predicting the probability distribution of responses for each parameter in the observation matrix. Cross-
validation was performed both using the in-built function in Regression Learner, as well as by removing from
the observation matrix the entries related to one set of CB% experiments, and validating the obtained model
with the rest of the data. The predicted SFC% was then compared for the different crystallization

experiments.

4.2.4 Pulsed Nuclear Magnetic Resonance (pNMR)

The solid fat content (SFC%) of the CB-HOSO mixtures was determined with pNMR using a Bruker Minispec
NMR (Bruker, Switzerland). The samples were collected at the end of the crystallization experiment,
transferred to a 10mm inner diameter NMR tube and stored in a fridge at 4°C. The SFC% was measured
between 5 and 45°C, in steps of 5°C each. During the experiment, the NMR tube was left to equilibrate for

90 minutes for each temperature step. The measurements were carried out in triplicates.
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4.3 Results and Discussion

4.3.1 Fat crystallization monitored by PAT tools

The crystallization of a 9% CB w/w in HOSO sample, monitored with turbidity and the acoustic probe, is shown

in Figure 4.4.
9% CB in HOSO Crystallization
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Figure 4.4. Process Analytical Technologies (PAT) tools plot of the crystallization of a 9% w/w CB in HOSO blend. Process

temperature (-), velocity of sound (---), acoustic attenuation (---), light transmittance (--) and light absorbance (o).

The crystallization of CB/HOSO sample can be divided into four steps. Between 0 and 115 minutes, the
temperature of the sample followed the cooling profile, from 45°C to 5°C, accompanied by an increase in the
velocity of sound, from 1390 to 1510 m/s, due to the negative velocity coefficient with respect to
temperature (McClements & Povey, 1992). After 115 minutes, the onset of nucleation was detected by a
sharp decrease in the light transmittance, due to the sample becoming turbid. At the same time, only a slight
increase in the acoustic attenuation was detected (115 — 129 minutes). The attenuation of the ultrasonic
pulse due to scattering is frequency dependent and it is higher when the pulse wavelength is comparable in
size with the crystal nuclei, resulting in significant scattering of sound (Morris et al., 2021). In the early stages

of crystal nucleation higher frequencies (20-50 MHz) are possibly more sensitive to the appearance of nuclei
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than lower ones (1-10 MHz). The pulse wavelength (A), which can be calculated from the velocity of sound

and frequency (f) (Eq. 4.6)

1 ¢ Eq. 4.6

was 750 um for a 2 MHz pulse. Hence, it was likely that in the region between 115 and 129 min the crystals
were smaller than the pulse wavelength, but comparable in size with the turbidity probe wavelength (700
nm) at the onset of nucleation. As previously observed for CB/HOSO mixtures, cocoa butter nucleates as
spherical aggregates of crystalline nanoplatelets (CNPs), which grow to form a three-dimensional network of
fat crystal aggregates. Within the crystallization conditions tested in this work, the CB aggregates were found
to be in the B(V) form (Metilli et al., 2021). Once the fat crystal network developed, increasing in size, the
acoustic attenuation and light absorbance both increased significantly at 130 min. The crystal growth caused
simultaneously a steep increase in the velocity of sound, as ultrasounds travel faster in the solid compared
to the liquid, and release of the latent heat of solidification in the sample, as shown by the increase in the
process temperature from 130 to 137 minutes. After 150 minutes, the sample cooled further to ca. 3 °C, and
the observed sample properties (acoustic and light attenuation, velocity of sound) were linearly dependent
with respect to the temperature. Finally, after 275 minutes the sample was heated back to 45°C; after 310
minutes. During heating a significant increase in light transmittance was detected, as the fat crystals melted
and the sample returned to its liquid state. At the same time, the acoustic attenuation and light absorbance
returned to their values prior to crystallization. Therefore, the acoustic probe developed in this work was
able to monitor fat crystallization accurately through the measurement of the velocity of sound and acoustic
attenuation, and was corroborated by light turbidimetry, both at the cloud point (nucleation) and the clear

point (melting).

Experiments carried out with higher % of CB showed similar trends for the acoustic and light signals. The
velocity of sound, measured between 5 and 10°C during the heating step, is shown in Figure 4.5 for different

% of added CB.
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Crystallized Oleogels CB% calibration curve
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Figure 4.5. Velocity of sound of crystallized CB/HOSO oleogels between 5 and 10°C (a) and corresponding velocity of sound at 5°C,

plotted against the amount of added % w/w of cocoa butter (b).

As expected, the velocity of sound was linearly dependent on the amount of added cocoa butter, increasing
by approximately 10 m/s every 2% of added CB. The acoustic attenuation increased with the amount of solids

in the oleogel as well, as shown in Table 4.1.

Table 4.1. Velocity of sound and acoustic attenuation for oleogel samples at the end of the crystallization (5°C).

CB % (w/w) Velocity of Sound (5°C) (m/s) Acoustic Attenuation (5°C) (dB)
9 15458 +2.2 2.25+1.13
11 1555.1+1.2 2.42 £0.09
13 1567.5+6.5 2.61+0.06
15 1578.6 +4.0 3.31+0.42

The velocity of sound at 5°C for each sample was taken as a reference and plotted against the % of CB within
the sample, providing a straightforward equation to predict the amount of cocoa butter in the sample from

the velocity of sound (Eq. 4.7):

CB(%) = 0.18 x (Velocity of Sound) — 269.2 Eq. 4.7
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However, the actual amount of solid fat (SFC%) developed during crystallization is affected by several factors,
including the degree of undercooling, the level of shearing and the polymorph nucleated (Sonwai & Mackley,
2006)(Sato et al., 2013). Therefore, pPNMR was used to determine the SFC% for the CB/HOSO blends at the
end of the crystallization profile, and to study how SFC% changes with temperature. The velocity of sound at

5°C was then plotted as a function of SFC%, rather than the amount of added CB. The result are shown in

Figure 4.6.
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Figure 4.6. SFC% calculated with pNMR with respect to temperature for the different CB/HOSO blends (left) and corresponding

velocity of sound values for the SFC% at 5°C for the different CB/HOSO blends (left).

By inspecting the SFC% values at 5°C, it can be noted that all samples displayed a lower SFC% compared to
the total amount of added cocoa butter. This is because the main triacylglycerides species that are solid at
ambient temperature, POP, SOS and POS, constitute about 80% w/w of cocoa butter, while the remaining
20% comprises mono- and di-glycerides, phospholipids, sterols and free fatty acids that are liquid at ambient
conditions (Dimick, 1991). Nevertheless, the relationship between the velocity of sound and the SFC% at 5°C

was linear (Figure 4.6b); the SFC% could be calculated from Eq. 4.8:

SFC(%) = 0.13 x (Velocity of Sound) — 190.7 Eq. 4.8
4.3.2 Solid fat content predicted by Regression Learner model

The validation data from the three predictive models tested for determining SFC% is shown in Figure 4.7.

103



Model Cross-Validation

10 -
® Test
§ ® Linear
e FineTree
O 5- GPR
s
w
0L & T |
0 5 10 15 20 25 30 35 40 45
Temperature (°C)
Residuals Plot
» 2 ] \ \
©
>
S 1r -
n
G-
@ ol T . / _
- / e = .
e / e Linear
S A+ FineTree |
L GPR
%2 2 \ I |
0 5 10 15 20 25 30 35 40 45

Temperature (°C)

Figure 4.7. Cross-validation of the predictive models on the 11% CB in HOSO dataset, as a function of temperature (a). Residuals plot

of the three predictive models (b).

The blue circles in Figure 4.7a represent the SFC% of a 11% CB/HOSO sample as a function of temperature,
as obtained from the acoustic probe during crystallization and pNMR measurements on the crystallized
oleogel. The red, green and orange dots represent the predicted value of SFC%, as a function of temperature,
velocity of sound and initial % of CB, using the three different prediction models: Linear, Fine Tree and
Rational Quadratic — Gaussian Process Regression (GPR), respectively. The root mean square error (RMSE) of
the three models was lower for the Fine Tree (0.00013) and the GPR (0.00018) compared to the Linear model
(0.0034). While the Linear model prediction of the SFC% between 5 and 10°C was more accurate than the
Fine Tree model, could not model the SFC% prior to the crystallization (10 — 40°C) as accurately as the others.
Therefore, the GPR model was selected as the most accurate of the three. Figure 4.8 shows the SFC%

evolution during the experiment of Figure 4.4, as predicted by the GPR model.
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9% CB in HOSO Crystallization
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Figure 4.8. Process Analytical Technologies (PAT) tools plot of the crystallization of a 9% w/w CB in HOSO blend. Process temperature

(-), velocity of sound (---), acoustic attenuation (---), and predicted SFC% with the GPR model (--).

The evolution of the solid fat in the oleogel matched the increase in the acoustic attenuation at 130 min,
reaching 5% over few minutes and then levelling to 8% at the end of the holding step. During the heating
phase, the SFC% started decreasing, falling sharply to 0% when the temperature was raised above 20°C and
remaining constant afterwards until the end of the experiment. Hence, the GPR model was able to describe
the evolution of the SFC% during the crystallization experiment accurately. The predicted SFC% for the

samples at different CB % was plotted as a function of temperature in Figure 4.9.

105



SFCY% from Acoustic Probe

127 \H.eating 9% |
L —11% |
10 A 13%
8! ::\\ 15% |
= DR
O 6 ‘x:x
L \\\
2 SRR
4 v R
. R
voR
5l . v
Cooling | |
07 o L \1— -.“: - “ _______ ‘
0 10 20 30 40

Temperature (°C)
Figure 4.9. Evolution of predicted SFC% during cooling (-) and heating (--) for oleogels containing different CB %.

By inspecting the cooling profile, it can be noted that crystal growth, signalled by the increase in SFC%,
occurred at higher crystallization temperatures for oleogels containing higher % of CB, as also reported
previously in Metilli et al. (2021) for this type of system. In agreement with the pNMR results, the oleogels
reached 7.6%, 8.5%, 10.3% and 11.4% SFC for 9, 11, 13 and 15% CB in HOSO samples, at 5°C after the end of
the holding time. By inspecting the heating profile, the SFC% decreased linearly with the temperature;
although a direct comparison with the melting profile obtained from the pNMR experiments in Figure 4.6 is

not feasible, both techniques showed that the samples returned to the liquid state at 25°C.

4.4 Conclusions

In this work, the crystallization of cocoa butter—based oleogels was characterized using light turbidimetry
and pulsed acoustic spectroscopy as PAT tools, within a small-scale reactor under shear. The development of
the solid fat in the oleogel was monitored through measurement of the velocity of sound and acoustic
attenuation, and was corroborated by turbidity measurements. The onset of crystal nucleation was detected
by the turbidity probe, whereas the acoustic probe was more effective in monitoring the crystal growth
process. Using a higher frequency transducer could increase the sensitivity of the ultrasonic probe to crystal
nucleation, however might result in excessive signal attenuation at equilibrium conditions, at which SFC%
needs to be calculated. Results showed that the velocity of sound in the oleogel was proportional to the
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amount of added CB in the mixture. In order to calculate the solid fat content (SFC%) of oleogel at different
CB concentrations, a novel approach that exploited supervised machine learning was adopted. The data,
including the temperature, velocity of sound, amount of added CB and SFC% measured by pNMR in the solid
oleogels was used to train a Gaussian Process Regression model, which was in turn applied for the prediction
of the SFC% during the crystallization experiments. The predicted SFC% increased at the same time of the
acoustic attenuation during crystal growth, and decreased to 0% during melting, in agreement with the
melting profile measured by pNMR for the same oleogel samples. Therefore, pulsed acoustic spectroscopy
may be applied as a PAT tool to the large-scale manufacturing of oleogels for accurate monitoring of the

crystallization process and determination of the SFC% in an inline fashion.
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Chapter 5: Investigating the microstructure of soft, microporous matter

with synchrotron X-ray Tomography

Abstract

Soft porous matter is commonly encountered in artificial tissue applications, pharmaceuticals delivery
systems and in cosmetic and food products. These materials are typically opaque and tend to deform under
very small levels of shear; this makes the characterization of their microstructure very challenging,
particularly in the native state. Air-in-oil systems (oleofoams) are an emerging type of soft material with
promising applications in cosmetics and foods, which contain air bubbles stabilized by Pickering fat crystals
dispersed in a liquid oil phase. Synchrotron radiation X-ray computed tomography (SR - XCT) is a non-invasive,
non-destructive technique increasingly used to investigate multiphasic, porous materials, owing to its high
flux which enables sub-micron resolution and significant statistics at rapid acquisition speed. While the
penetration of high energy X-rays can provide high resolution images and allows the reconstruction of the
3D structure of samples, the experimental setup and measuring parameters need to be carefully designed to

avoid sample deformation or beam damage.

In this work, a robust methodology for investigating the 3D microstructure of soft, porous matter was
developed. Sample preparation and experimental setup were chosen to allow synchrotron tomographic
analysis of soft oleofoams with a low melting point (<30°C). In particular, the use of cryogenic conditions
(plunge-freeze in liquid nitrogen) provided stability against melting during the acquisition. Additionally, an
image processing workflow was designed for analysing the 3D microstructure of the samples using Imagel.
Hence, the size and shape distribution of the air phase, as well as the thickness of the continuous gel phase
could be determined for samples with significantly different microstructures (fresh vs. heated). Furthermore,
the use of time-resolved X-ray radiography (XRR) enabled the investigation of dynamic changes in the
microstructure of the samples during thermal destabilization, visualizing bubble coalescence and growth in

optically opaque foam samples with a sub-second timescale.
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5.1 Introduction

Soft porous matter features in numerous contexts of scientific and commercial interests, ranging from
hydrogel-based scaffold for tissue regeneration (Sato et al.,, 2018; Kinoshita et al., 2020), porous
nanocellulose for delivery of pharmaceuticals (Sehaqui et al., 2010; Iftimi et al., 2019) gas marbles (Timounay
et al., 2017) to aqueous and non-aqueous foams used in food and personal care products (Fameau & Fujii,
2020; Hill & Eastoe, 2017; Luengo et al., 2021). These systems are comprised of a dispersed gaseous phase,
a liquid or semi-solid continuous phase and, in the case of foams, suspended stabilizing molecules, particles
or crystals that can also adsorb at the air phase boundary (Murray et al., 2011; Murray, 2020). The 3D
microstructure dictates the macroscopic properties of these materials, which in turn affects their
functionality, their stability against liquid drainage and liquid coalescence and, in the case of food, texture
and mouthfeel (Ciurzyriska & Lenart, 2016; Ellis et al., 2017; Herremans et al., 2013) Furthermore, the
relationship between raw ingredients, processing conditions and resulting microstructure in porous matter
is complex and still not fully understood. Nevertheless, it is vital to develop techniques and methodologies

which clarify such a relationship for the design of novel products with tuned properties (Lazidis et al., 2017).

Investigating the microstructure of soft porous matter is a challenging task, as these materials are usually
optically opaque, prone to deformation and often subject to melting at room temperatures (Ubbink et al.,
2008; Murray et al., 2011). Standard optical microscopy is a readily available and commonplace technique
for characterization of materials; however, sample preparation is intrusive, as it requires the sample to be
placed between two glass covers, which can affect significantly the native structure of the specimen (Metilli
et al., 2020) and consequently, the measured bubble size and shape distribution. Furthermore, most
microscopy techniques provide only 2D, surface information on the sample microstructure, limiting the
accuracy of the measurement. Even confocal microscopy, which can probe the sample along the z-axis,
suffers from a limited field of view and accessible depth range, which hinders the collection of statistically

significant 3D data of macroscopic samples.

114



X-ray computed tomography (XCT) has been increasingly used to analyse the microstructure of soft and
porous materials, owing to its non-invasive and non-destructive approach (Barigou & Douaire, 2013). Soft
biological matter is usually weakly absorbing with respect to X-rays, and hence a contrast agent may be added
during sample preparation to stain the continuous phase. Contrast agents such as sodium iodide (Nal)
increase the absorption of X-rays, which improves the contrast of different phases during acquisition.
However, the addition of the contrast agent might cause either excessive absorption of X-rays by the sample,
or alter its properties prior to imaging. The image contrast can also be enhanced using phase-contrast
imaging (PCl), which measures the X-ray refractivity in the sample, rather than the attenuation (Wang et al.,
2018). Benchtop XCT instruments are becoming increasing accessible; however, they require lengthy
acquisition times, which make this technique unsuitable for temperature sensitive (e.g., low melting point)
or delicate samples, as prolonged beam exposure can cause heating, X-ray radiation damage and
deformation in the microstructure due to sample movement (Wang et al., 2018). Synchrotron radiation XCT
(SR-XCT), on the other hand, provides high flux X-ray sources with short exposure times and high signal-to-
noise ratio, reducing significantly the length of the experiment, as well as sub-micron voxel resolution.
Customizable sample environments, such as temperature and humidity control, and application of shear on
the sample allow dynamic microstructural investigation of specimens when subject to external stimuli (Rau

et al., 2017).

Bread dough can be considered a model soft porous material of great industrial relevance, in which the
microstructure is intimately linked to its rheology and ultimately taste perception (Jekle & Becker, 2011).
Wheat flour dough displays relatively high viscosity, no creaming of air bubbles and good tolerance to X-ray
exposure, without requiring carefully designed imaging protocols. Early work reported by Babin and
colleagues demonstrated the efficacy of synchrotron XCT in characterizing the microstructure of bread dough
during its processing steps (i.e. proofing and baking) with a spatial resolution of 15 um (Babin et al., 2006).
Owing to the ability to track individual bubbles in the sample, the authors were able to model the growth of
gas cells developing in the dough, as well as their coalescence during proofing. The spatial resolution of the

instruments was a critical parameter in the detection of smaller air bubbles, as reported by more recent
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publications by Trinh et al. (2013) and Koksel et al. (2016). Here the smaller voxel size (ca. 10 and 8.75 um,
respectively) of the instrument resulted in a ten-fold increase in the bubble density detected in dough
samples compared with previous works; this enabled a more accurate description of the gas phase evolution
during dough mixing (Trinh et al., 2013) and of the time-dependent bubble disproportionation in non-yeasted
samples (Koksel et al., 2016). Sample density calculated from gravimetric methods is routinely used to

validate XCT results in these works (Campbell et al., 2001).

In the case of soft porous materials with higher susceptibility to shear and melting, additional steps are
required during sample preparation and characterization. Ice cream is a complex multiphasic porous material
made of a dispersed gas phase, ice crystals, and a continuous aqueous phase. The complex interplay between
its ingredients and phases — which is still not fully understood — is crucial in ensuring high quality products
and for the design of novel ice cream formulations (Bahram-Parvar, 2015). Over the last decade, XCT has
been increasingly used to characterize ice cream. Pinzer et al. (2012) used a benchtop XCT scanner to
investigate the microstructure of ice cream and its evolution upon thermal cycling. The instrument had a
nominal 6 um voxel resolution, and sodium iodide was added to the ice cream recipe to enhance contrast
between the air and the ice crystals. To successfully segment the three main phases from the tomography
images, the authors developed an edge-preserving smoothing filter, based on the anisotropic diffusion
algorithm. The segmentation was then validated using the calculated ice fraction of the sample from

differential scanning calorimetry measurements.

A similar method was applied more recently on frozen sorbets by Masselot et al. (2021), using a 3D-printed
cold stage to keep a low sample temperature during the measurements. The voxel resolution of the scanner
used was 9 microns. This study focused mostly on measuring the size distribution of the air bubbles and the
ice crystals; CryoSEM was used to validate the XCT measurements and the two techniques showed values of
the same order of magnitude and similar range. In both this work and that of Pinzer et al. (2012), however,
the scanning time for one sample was between 10 and 15 minutes, which might not be suitable for other

types of soft porous materials that are particularly susceptible to X-ray damage. Furthermore, the authors

116



acknowledged that, due to low spatial resolution, air bubbles smaller than 20 — 15 microns were not

measured.

These limitations were overcome by the use of a synchrotron source, as presented by Guo and co-workers in
a series of recent publications (Guo et al., 2017; Guo et al., 2018; Mo et al., 2018). Here the authors focused
on the characterization of ice cream microstructure using SR-XCT, with a nominal voxel resolution of 0.8 um
and fast acquisition times (in the order of minutes). The sample was initially maintained at low temperatures
(- 15°C). To improve further the segmentation of the different phases in ice cream — air, ice crystals and
unfrozen matrix — a novel computational approach was developed to reduce noise and improve intensity
homogeneity in the different phases. The effects of thermal cycling on individual air cells and ice crystals and
on the unfrozen matrix were investigated using a bespoke temperature-controlled stage and short
acquisition times for tomography scans (~ 2.5 minutes each). Nevertheless, there are still destabilization
mechanisms in soft matter that occur on shorter time scales than minutes (i.e., seconds or milliseconds), such
as droplet or bubble coalescence, Ostwald ripening or disproportionation, or liquid film rupturing, which

require suitable time-resolved techniques to be captured and investigated.

Despite these recent advances in the use of SR-XCT in soft porous materials, at present many relevant
materials are still missing a suitable three-dimensional, close-to-native state methodology for the
characterization of their microstructure and its dynamics of destabilisation. Moreover, in light of the current
trends of products reformulation with more sustainable and biocompatible ingredients, soft material
characterization is of paramount importance (Cornwell, 2018; Manzocco et al., 2021; McClements, 2020).
Personal care products such as shampoos, which are surfactant-stabilized aqueous foams, owe their
consumer appeal to their foamability and foam stability (Luengo et al., 2021); yet a description of their
aerated microstructure is currently lacking. Similarly, the fire suppression dynamics of firefighting foams are
highly correlated with their bubble size distribution and coarsening, which would benefit from a suitable 3D
characterization (Kennedy et al., 2015). Low-viscosity samples prone to movement may benefit from the use
of ultra-fast tomography techniques, which enable total acquisition times close to the second (Dittmann et

al., 2016).
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Recently, air-in-oil systems have received significant attention due to their untapped potential in the field of
low-fat food products, oil-based cosmetics and pharmaceutical delivery systems (Heymans et al., 2017,
Fameau & Binks, 2021). Air-in-oil systems, also called oleofoams, consist of a continuous liquid oil phase in
which gas bubbles are stabilized by fat crystals. These materials exhibit a melting range close to body
temperature, they deform under small levels of shear and are subject to destabilization mechanisms such as
oil drainage and bubble coalescence (Heymans et al., 2018; Saha et al., 2020; Truong et al., 2019). For these
reasons the analysis of their microstructure is very challenging. While several studies have focused on the
relationship between crystal properties and resulting microstructure, the characterization of these materials
is usually carried out using optical or confocal microscopy. Up to the present, the native, three-dimensional
arrangement of the air bubbles in oleofoams has not been investigated due to the lack of suitable techniques

and methods to obtain meaningful parameters describing the microstructure.

In this paper, a novel methodology is proposed, which aims at investigating the microstructure of delicate
soft porous matter in a non-invasive fashion (i.e., without the use of contrast agents), with a straightforward
cryogenic procedure to prevent deformation in the sample caused by melting, stage rotation or beam
damage. The method was demonstrated using cocoa butter-based oleofoams recently characterized in a
previous publication (Metilli et al., 2021). The effect of temperature on the microstructure of the specimens
was studied using SR-XCT and X-ray Radiography (SR-XRR), to track fast dynamic changes in the sample during
heating or cooling. The methodology presented in this work enables the extraction of several microstructure
descriptors, including the air volume fraction and its distribution within the sample, the size and shape
distribution of the gas phase and the thickness of the continuous phase. Furthermore, SR-XRR was also used
to dynamically monitor changes in the air phase heating of samples. While this method was demonstrated

with edible oleofoams, it is applicable to the analysis of similar types of sensitive, soft porous materials.
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5.2 Materials and Methods

5.2.1 Sample preparation

The oleofoams investigated in this paper have been described and characterized in a previous publication
(Metilli et al., 2021). Briefly, mixtures of cocoa butter (CB) and high oleic sunflower oil in different weight
ratios were crystallized under shear in a lab-scale vessel to obtain an oleogel. For this work the samples were
obtained using two crystallization conditions: (1) samples containing 15% w/w CB and crystallized at a -0.10
°C/min nominal cooling rate (sample named “15S”) and (2) samples containing 30% w/w CB and crystallized
at -0.75 °C/min (sample named “30F”). The oleogel was then aerated using a kitchen mixer in cycles of 5
minutes whipping and 10 minutes resting, for a total whipping time of 30 minutes. The whipping temperature
was monitored during aeration and increased between 7 °C and 20 °C. In order to measure the air
incorporation, during the rest step the sample was weighed in triplicates using a cup of fixed volume (30 mL).
To ensure proper filling of the cup, the sample was added stepwise and set through percussion of the cup.

The oleofoam overrun (related to air incorporation) was calculated using Equation 5.1:

(Woleogel - Woleofoam)

Overrun (%) = x 100 Eq.5.1

Woleofoam

where Woleogel and Woieotoam are the weight of the un-whipped oleogel and the weight of the oleofoam,
respectively. To calculate the overrun from the tomography data, the following equation was used (Equation

5.2):

Overrun (%) = JD& x 100 Eq.5.2

— QPair

where ¢, is the air volume fraction of the measured Volume of Interest (VOI) of each sample. The
relationship between Equation 5.1 and Equation 5.2 is explained in the Supporting Information (Appendix B).
In this work, both oleofoam samples 15S and 30F were analysed with X-ray Tomography after 5 minutes of
aeration and at the end of the aeration step. The overrun measured with the cup method was compared

with the overrun calculated from the X-ray Tomography data. To verify any statistically significant difference
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between the two datasets, a t-test with a p-value of 0.05 was performed. The analysis was carried out on two

repetitions.

5.2.2 Beamline setup

The experiments were carried out at beamline 113-2, Diamond Light Source (Didcot, UK), using a pink beam
source with a mean energy of 27 keV (o5 = 5 keV).The 2D projections for tomography and radiography were
acquired with a PCO edge 5.5 CMOS camera (2560 x 2160 pixels). The total optical magnification was set to
8x, with an effective pixel size 0f 0.8125 pm. A small amount (ca. 1 mm?3) of oleofoam sample was then gently
mounted on the top of a cut toothpick, minimizing deformation prior to the analysis. The toothpick was then
glued to a cryocap, and mounted on the tomography stage. A cryo-jet (Cryojet XL, Oxford Instruments, UK)
was installed to allow cooling and heating of samples on the beamline. A schematic of the experimental setup

is provided in Figure 5.1
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Figure 5.1. Schematic of the tomography setup (a), oleofoam samples on cut toothpicks (b) and sample mounted on the rotational

stage with the Cryojet temperature control.

Two experimental protocols were tested: in the first, samples were mounted on the rotational stage and
imaged directly at room temperature without temperature control, with an exposure time of 10 ms and for
a total acquisition time of 20 seconds. The second protocol involved flash-freezing samples by immersion in
liquid nitrogen (-196 °C) prior to imaging and controlling their temperature during scanning using a cryogenic
nitrogen jet (Figure 5.1c). The Cryojet temperature was set to -40°C, which enabled sample handling without
the need of using cryogenic gloves. The exposure time for each X-ray projection was set to 100 ms, for a total

acquisition time of 5 minutes. For both experimental protocols, the number of projections was set to 1001,
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from an optimization range between 2000 and 500, while the optimal propagation distance was empirically

determined and found to be 80 mm.

5.2.3 Synchrotron X-ray Radiography of heated samples

Selected oleofoam samples were subjected to controlled heating using the Cryojet. The evolution of their
microstructure was monitored using SR-XRR. The temperature profile was set as follows: equilibration at 293
K for 1 min, heating from 293 K to 300 K at 1 K/min, hold at 300 K for 5 minutes, and finally cooling from 300
K to 273 K at -6 K/min. The samples were imaged with X-ray Tomography before and after the thermal
treatment. Around 1500 2D radiographies of the oleofoam samples were collected during the heating profile,
with the aim of tracking dynamic changes in the microstructure due to temperature. The frames were
collected every 0.677 seconds. The radiography images were normalized with respect to the camera
background (dark field images) and the beam intensity distribution (flat field images), according to Equation

5.3:

Iraw - Idark
Inorm = # Eq. 53
flat dark

where Inorm is the normalized pixel intensity of the image, l.w is the pixel intensity of the sample image
(projection) and lgark and lgae are averaged pixel intensities of 20 dark field and 20 flat field images,
respectively. Due to the superimposition of bubbles in the 2D projection, a stack of difference images was
produced by subtracting the pixel values between the i-th and the i+1-th frame, in order to visualize changes
in the microstructure. The outline of the bubbles in the difference images was detected using the Image
Processing Toolbox in MATLAB (Mathworks, USA), and the equivalent diameter and circularity of 10 bubbles

was measured and compared with the 3D data obtained from X-ray Tomography.

To quantify the extent of microstructural changes in the sample during thermal treatment, the difference
image stack was further analysed with Principal Component Analysis (PCA) in MATLAB (Mathworks, USA),

using the pca function. The choice of PCA was justified due its ability to reduce redundancy in large datasets,
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and to detect changes in image sequences in an unsupervised fashion (Hussain et al., 2013; Celik, 2009), as

bubble segmentation from the 2D difference images proved challenging to automate for analysis.

5.2.4 Reconstruction and Image post-processing

The 2D projections were reconstructed into a tomography volume using the Savu processing pipeline
(Wadeson & Basham, 2016) using the gridrec algorithm in TomoPy (Glirsoy et al., 2014). The reconstruction
pipeline included the following steps: image normalization using dark and flat field images, correction of the
ring artefacts (Vo et al., 2018) and a Paganin filter, which is used to restore the phase information generated
by the inline phase contrast (Paganin et al., 2002). Finally, the reconstructed volume was obtained using the

Gridrec reconstruction algorithm in the TomoPy software package (Dowd et al., 1999).

Image post-processing was applied to the reconstructed tomography volumes to obtain quantitative
parameters describing the air phase and the continuous phase of oleofoams. To facilitate the computation
burden, each tomography volume was divided into a number of Volumes of Interest (VOI) of approximately
500x500x500 um?3. A minimum of 5 randomly selected VOI were analysed and averaged for each sample. The
stack of tomographic slices were processed using Image) 1.53 (National Institute of Health, USA) according
to the following workflow: 3D median filtering, Otsu thresholding, 3D-Euclidean Distance Map Watershed

(Legland et al., 2016).

The air cells were counted and measured using the BoneJ plugin for Imagel (Doube et al., 2010) and excluding
the objects on the edges of the VOI. For each air bubble, the volume (V) and surface area (A) were obtained.
The volume V is defined as the number of voxels in the tomogram occupied by the bubble, whereas the
surface area A represents the number of voxels on the surface of the bubble. The volume and surface areas
were then used to compute the equivalent diameter (Deq) and the sphericity (®) of each air cell, according to

the following equations (Eg. 5.4 and Eq. 5.5)

D,y = |— Eq. 5.4

122



1 2
n3(6V)3
b= —(A ) Eq.5.5

Deq Was used to calculate the volume-weighted diameter (D[4,3]) of the air cells for a specific sample, using
Eq.5.6
2iLs Degi

D[43] = ———— Eq. 5.6
431 =5V 1. d

Moreover, the BonelJ plugin measured the major, intermediate and minor axis (a 2 b > c, respectively) of each
air bubble, which were used to calculate two aspect ratios: the Elongation Index (El = b/a) and the Flat Index
(FI = ¢/b). By plotting El against Fl, four shape classes were described: spheroids, oblate, prolate and blade
(Blott & Pye, 2008; Zhao & Wang, 2016), and the number of air bubbles belonging to each shape class
counted. Finally, BoneJ was also used to calculate the air volume fraction and overrun of each VOI, according
to Eq. 2. The thickness of the oleogel phase (i.e. the continuous phase) was also calculated using the same
plugin, following the method described by Hildebrand & Riiegsegger (1997). The algorithm works by
inscribing spheres of maximal volume into the continuous phase structure and assigning each voxel the
diameter of the largest sphere it belongs to (Pinzer et al., 2012). In this publication, the distribution of the

assigned voxels for each sample is represented, alongside with the volume-weighted average thickness value.

5.3 Results and Discussion

5.3.1 Comparison of different imaging techniques

A comparison of different microscopy techniques for investigating the microstructure of oleofoams is

presented in Figure 5.2, using a 30F oleofoam as a sample.
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Figure 5.2. Comparison of microscopy techniques for the characterization of the microstructure of oleofoams. Polarized light
microscopy (a) confocal microscopy (b), CryoSEM (c) and one 2D slice taken from XCT (d). Figure (a) and (c) are adapted from Metilli

etal. (2021).

Polarized light microscopy (PLM) (Figure 5.2a) images enabled visualization the air bubbles and the
birefringent fat crystals, which were found to stabilize the air-oil interface in oleofoams (Metilli et al., 2021).
The fat crystals were clearly visible in the continuous phase and bridging neighbouring bubbles. Non-spherical
air cells were detected, with diameters between 10 and 100 um. However, estimating a size distribution of
the air bubbles with this method was challenging, as air bubbles were subject to severe deformation and
coalescence during sample preparation. Confocal microscopy images (Figure 5.2b) provided better-resolved
air bubbles, which also appeared non-spherical. Information on the fat crystals was not available, as the
fluorescent dye stained both the oil and the fat crystals. Despite the ability of CSLM to provide stacks of
images in the z direction, lengthy acquisition times and a smaller field of view (FoV) compared with
tomography constituted a hindrance for measuring the bubbles’ size and morphology, as the microscopy

images might not be representative of the whole 3D sample. Micrographs collected with CryoSEM (Figure
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5.2c) show a freshly cut surface from the bulk of the oleofoam, which is not accessible with other microscopy
techniques. The higher resolution of this technique and the cryogenic conditions made it possible to visualize
the porous microstructure closer to its native state. Similarly to CSLM, the field of view of CryoSEM is limited
compared with tomography techniques, and the sample preparation is also lengthier, not to mention the
introduction of artefacts while imaging soft materials (Groves & Parker, 2013). Figure 5.2d shows a 2D
tomography slice of an oleofoam sample, where the air bubbles appeared darker compared to the
continuous oil phase. Clusters of brighter pixels were visible and, by comparison with Figure 5.2a, this
suggested that XCT could locate the presence of fat crystals in oleofoams. However, further experiments with

higher spatial resolution and improved contrast are required to confirm this hypothesis.

5.3.2 Comparison of different imaging protocols for SR-XCT

The first imaging protocol — room temperature, 10 ms exposure time, for a 20 seconds total acquisition time
— resulted in an acceptable tomogram, with most of the air bubbles having a defined boundary (Figure B1,
Appendix B). However, significant deformation on the edge of the sample occurred during stage rotation, as
highlighted with red circles in Figure B1. In some instances, the deformation was excessive and prevented
the reconstruction and the analysis of the 3D sample microstructure. Longer exposure times resulted in
sample melting, again preventing reconstruction. Considering that CB oleofoams display a melting point
between 25 and 27°C (Metilli et al., 2021), enhanced stabilization by cooling and controlling the sample

temperature was sought to improve tomography acquisition procedure and the quality of the images.

Figure 5.3 shows a tomography slice of an oleofoam sample (15S) acquired using the second imaging
protocol, i.e., sample cooling with liquid nitrogen, temperature control with the Cryojet and 100 ms exposure

time.

125



Figure 5.3 Tomography slice of a 15S oleofoam sample obtained with the second acquisition protocol (sample cooled with liquid
nitrogen, maintained at -40°C and using 100 ms exposure time), reconstructed displaying the attenuation contrast (a). Same sample,

displaying the phase-contrast mode (b). Zoomed areas showing crystal aggregates are displayed in the top right part of the image.

Because of the temperature control during the measurements and the cooling with liquid nitrogen applied
to the samples prior the experiment, no deformation was detected in the reconstructed tomogram. To
further improve the quality of the images, the phase-contrast mode, which is commonly used for weakly
absorbing specimen in XCT, was applied during reconstruction (Nielsen et al., 2016; Guo et al., 2017; Wang
et al.,, 2018). The Paganin-filtered image is shown in Figure 5.3b, displaying a more homogeneous pixel
intensity across the image compared with the attenuation-contrast mode (Figure 5.3a). The phase imaging
mode also resulted in a smoother contour for the brighter crystal aggregates visible in Figure 5.3a (insert, top
right), leading to their pixel intensity being similar to the continuous phase and thus not distinguishable in
the reconstructed image. Hence, the improved signal-to-noise ratio induced by the Paganin filter was

beneficial for the characterization of the porous microstructure of the samples.

5.3.3 ImagelJ Post-Processing

On closer inspection of Figure 5.4a, it can be seen that bright pixels were present inside air cells — especially
larger ones — which was mostly caused by ring artefacts in the tomography reconstruction. Hence, a

segmentation of the air phase based on the greyscale value alone was not feasible.
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Figure 5.4. Image post-processing workflow developed in this methodology using Imagel) 1.53. Original reconstructed slice (a),
binarized using Otsu threshold method (b), segmented with 3D Euclidean distance map watershed (c) and objects counted with the

“Analyze Particles” function in BoneJ (d).

Therefore, an image post-processing workflow was then applied to enhance the quality of the images to
separate the air bubbles from the continuous phase. Application of 3D median filter and thresholding
resulted in a binarized image with several bubbles appearing connected (Figure 5.4b). The thresholding
method chosen was based on the Otsu algorithm, which returns for each image a threshold value that
maximizes inter-class variance; in other words, it divides the pixels into two classes, background and
foreground (Russ, 2015). The validity of the method was assessed by visually comparing the thresholded
images with the starting greyscale analogues. The watershed function based on the Euclidean Distance Map
was then successfully applied to separate the connected air cells (Figure 5.4c). The counted objects in the
slice are displayed in Figure 5.4d, which excluded air cells partially on the edge of the VOI, to avoid

underestimation of the bubble size distribution. Recently, the use of machine learning-driven segmentation
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for image analysis has become popular, and may be considered a promising alternative to more traditional
workflows. However, it does require a set of synthetic images to train the algorithm, which implies prior

knowledge of the sample microstructure (Ali et al., 2021).

5.3.4 Estimation of sample density

Tomography data were used to calculate the samples’ bulk density and the values estimated were compared
with the overrun values measured using the cup method described in the methodology section. Two
oleofoam samples, 15S and 30F, were analysed after 5 minutes of aeration (Figure 5.5a and Figure 5.5c), and
after 30 minutes of aeration (Figure 5.5b and Figure 5.5d). Table 5.1 contains the overrun of four individual

VOI and its average, compared with the overrun measured experimentally.

Figure 5.5. Orthogonal projections of selected VOI, obtained from ImageJ 3D viewer plugin, of samples 15S 5Min (a), 155 30Min (b),

30F 5Min (c) and 30F 30Miin (d). Scale bar represents 250 um.

15S 5 Minutes 15S 30 Minutes
Sample 1 Sample 2 Sample 1 Sample 2
VoI 1 76.3 87.1 1313 137.1
VoI 2 78.8 139.0 119.9 146.3
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VoI 3 710 95.5 109.2 185.7

VOl 4 709 115.9 138.0 216.8
OR % XCT 73.73.4° 118.7 £ 24.0° 125.9 £ 15.7° 171.2 £ 26.0°
OR % Cup 76.3£2.7° 75.0+11.5° 183.7 £11.8° 196.7 £ 10.2°
30F 5 Minutes 30F 30 Minutes
Sample 1 Sample 2 Sample 1 Sample 2
VoIl 92.0 624 139.8 85.2
voi2 88.6 72.5 128.1 194.1
voi3 89.7 54.7 134.1 163.2
vol4 90.8 75.2 127.6 204.9
OR % XCT 89.7 £ 1.9° 61.2+11.3° 135.4 £ 6.6° 125.8  31.9°
OR % Cup 68.1+19.4° 70.8 £ 6.4° 170.5+17.3° 133.5 £ 16.2°

Table 5.1. Calculated overrun from SR-XCT data for individual VOI from selected oleofoam samples, their average and the respective
overrun measured with the cup method. Values in the same column labelled with different letters have a statistically significant

difference (p = 0.05).

The comparison of overrun estimation with the two different methods did not present a clear trend between
the two techniques, for both 15S and 30F oleofoams, after 5 minutes of aeration. While for some samples
the overrun measured with the cup method and SR-XCT were in agreement, in other repeats SR-XCT
overestimated the overrun by 60% or 20% (see Table 5.1, 155 5 minutes sample 2 and 30F 5 minutes sample
1). After 30 minutes of aeration, on the other hand, there was a consistent overestimation by the cup method
of the overrun calculated by SR-XCT, for all samples. In particular, for sample 15S the overestimation was
between 15% and 43%, whereas for sample 30F was between 6% and 26%. The differences in estimated
density with the two techniques were most likely due to the difference in volume being analysed, 30 mL for
the cup method and few cubic millimetres with SR-XCT. The overestimation by the cup method suggested
the presence of larger voids in the sample, which might result from filling the cup during weighing, or being

already present in the specimen, but remaining undetected by SR-XCT. Similarly, the presence of air bubbles
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of comparable size with the VOI resulted in overrun values with large standard deviation in several samples

(Figure B2 in Appendix B).

However, SR-XCT provides information on the distribution of the air bubbles and the homogeneity of overrun
within samples that are not detectable with the cup measurement. From the observation of the different
VOIs measured for each sample it is clear that sample 30F displayed, on average, more overrun homogeneity

(smaller standard deviation) compared with sample 15S (larger standard deviation).

Density validation of XCT in bread dough research showed better agreement with gravimetric methods (Trinh
et al.,, 2013; Koksel et al., 2016); however, it should be noted that the sampled XCT volume was in the
magnitude of centimetres cube (as opposed to few millimetre cubes of this work) and that the method for
measuring dough density involves fluid displacement (Campbell et al., 2001), which is may not be applicable
to highly porous materials such as oleofoams. In other research fields, such as artificial bone scaffolds, cake
filters and steel pipes corrosion, the density of porous matter measured by XCT is routinely validated by gas
pycnometry or mercury injection porosimetry (Jones et al., 2007; Feng et al., 2020; Wang et al., 2021).
However, these techniques are destructive and might not be suitable for soft materials that do not possess
a continuous pore network. The authors reported that differences in estimated density between porosimetry
and XCT are affected by the resolution of the tomographic scanner, and by the choice of thresholding
method. The air bubbles in oleofoams, in particular, usually cover the range between 10 and 100 um in
diameter (Fameau & Saint-Jalmes, 2020; Heymans et al., 2017), hence are likely to be detected by the current

SR-XCT setup.

The effect of thresholding on the resulting overrun for oleofoams samples was also explored. The Huang and
Wang (Huang & Wang, 1995) and Renyi’s Entropy (Sahoo et al., 1997) methods were tested on sample 15S
after 30 minutes of aeration, and compared with the default Otsu method used in this work (Table 5.1). The
image segmentation and calculated overrun were similar between the Huang and Wang, and Otsu methods

(134.7 £ 7.2 % vs. 152.3 £ 6.7), whereas the Renyi’s Entropy produced binary images with excessive void
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compared with the greyscale 2D image, and very high overrun values (241.5 £ 33.2) (see Appendix B, Table

B1 and Figure B3). Therefore, the Otsu method was found to be the most reliable of the ones tested.

While the increase in overrun between 5 and 30 minutes of aeration was observed by both SR-XCT and the
gravimetric method (i.e., the cup method), the latter technique provides a more reliable bulk density
measurement due to the larger volume analysed. Nevertheless, SR-XCT provided essential information about
the degree of aeration homogeneity in at the microscale, which directly affects the stability of the product

during storage (Heymans et al., 2017; Fameau & Saint-Jalmes, 2020).

5.3.5 Effect of heating on oleofoam microstructure quantified by SR-XCT

After the image pre- and post-processing, SR-XCT data were used to estimate quantitative information about
the air phase in oleofoams. Two samples with significantly different microstructure were analysed and
compared. The first sample, 30F Fresh, was collected from the vessel after 30 minutes of aeration and imaged
at -40°C with SR-XCT. The second sample, 30F Heated, was collected from the same batch of sample 30F
Fresh, but was subjected to controlled heating, and then imaged with SR-XCT. The microstructure of the two

samples is presented in Figure 5.6, as reconstructed tomographic slices.

a)

Figure 5.6. Tomographic slices of a fresh 30F oleofoam sample (a) and a 30F Heated sample (b), obtained after holding the sample at
300K (27°C) for 5 minutes.

The fresh sample (Figure 5.6a) contained mostly non-spherical small bubbles (average diameter < 50 um),
with few larger ones (diameter ca. 100 um). The air phase was distributed homogeneously in the continuous

oleogel phase, with domains containing both bubbles and a thin layer of oleogel in between. The heated
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sample (Figure 5.6b), on the other hand, presented fewer larger and rounder air bubbles, with diameters
exceeding 300 um, along with a population of smaller bubbles (average diameter <50 um). The oleogel phase
comprised either very thin layers separating large bubbles, or areas where bubbles were not present at all.
The effect of heating on the microstructure of oleofoams was monitored with XRR, where 2D projections of

the sample from the side were collected during the temperature ramp.

The evolution of the microstructure of sample 30F Fresh to 30F Heated is shown in Figure 5.7.

gﬁ%@ 3

Figure 5.7. XRR images of the 30F fresh oleofoam before heating (a) and at the end of the temperature ramp (f). Magnifications (b)
to (e) highlight the occurrence of a large air bubble during heating. Frame b) was taken after 7.21 minutes, c) after 8.29 minutes, d)

after 8.45 minutes and e) after 12.37 minutes.

By inspecting Figure 5.7a, the porous microstructure of the sample was not straightforward to resolve, as
multiple layers of air bubbles were overlaid in the 2D projections due to the large field of view. However,
with increasing temperature (from Figure 5.7b to Figure 5.7e) larger bubbles, approximately 300 um in
diameter, appeared, as a result of the heating step. Moreover, by comparison of Figure 5.7a and Figure 5.7f,

it can be noticed that the whole sample partially collapsed to a rounder structure, owing to the partial melting
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of the fat network in the continuous phase, as well as the rearrangement of the air bubbles driven by the
surface tension forces at the air-oil interface. In order to highlight the changes in the microstructure during
heating, a stack of difference images was calculated from the stack of radiography frames by subtracting the
pixel values of the i-th frame from the pixel values of the i+1-th frame. An example of processed image can
be found in Figure B4 (Appendix B), as well as the time-lapse sequence of the difference images (Figure B5,
Appendix B). From these images, it can be seen that the air bubbles were subject first to a rapid expansion
(between one frame and the following, hence with a speed equal or faster to 0.667 seconds), followed by a
slower expansion that lasted over several frames (hence seconds). In particular, the coalescence of two
neighbouring air bubbles was captured during the experiment, showing that the newly-formed bubble
relaxed “slowly” (i.e. over a few seconds in the following frames) to a slightly more spherical shape. Analysis
of ten difference images containing the contours of different air bubbles revealed that, during heating,
bubbles with an average equivalent diameter of 140.2 + 35.2 um and an average circularity of 0.94 + 0.02
appeared in the oleofoam microstructure. The values are clearly an estimate, as some larger bubbles did not
display a complete contour in the difference image to allow precise measurements of their size and shape,
and smaller bubbles did not exhibit enough contrast to be detected. To further characterize the effects of
heating on the sample, a principal component analysis (PCA) was performed on the stack of the difference
images collected during the heating profile. the first principal component (PC) score was plotted against time

and the temperature profile during heating (Figure B6, Appendix B).

The PCscore, which describes the changes in the pixel distribution in the stack of difference images, remained
constant during most of heating ramp. A large variation in the PC score was observed in correspondence with
the sample reaching 300 K (27 °C), which corresponded to the melting temperature of sample 30F. This
variation reflected the occurrence of large air bubbles while the crystals melted, as the air phase was subject
to coalescence without the stabilization of the Pickering crystals. Upon the start of the cooling ramp, the PC
score returned to the baseline value with a steeper rate than the heating ramp, as the destabilisation of the

foam microstructure was reduced at lower temperatures.
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The microstructure characterization of some representative oleofoam samples is presented in Figure 5.8 —
5.10, displaying the three-dimensional rendering of a representative VOI each, the size distribution and the
sphericity distribution, respectively. Table 5.2 contains the relevant parameters describing the size and shape

of the air bubbles and the oleogel phase for each of the samples depicted in Figure 5.8.
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Figure 5.8. 3D MATLAB renderings of selected VOlIs of samples 15S Fresh (a), 155 Heated (b), 30F Fresh (c) and 30F Heated (d). Scale

bar is 250 um. The air bubbles are colour-coded based on their equivalent diameter, from smallest (blue) to largest (red).
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Figure 5.9. Air bubbles' size distribution for samples 15S Fresh (a), 15S Heated (b), 30F Fresh (c) and 30F Heated (d), calculated with

MATLAB.
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Figure 5.10. Air bubbles' sphericity distribution for samples 15S Fresh (a), 155 Heated (b), 30F Fresh (c) and 30F Heated (d), calculated

with MATLAB.

Both fresh samples (15S and 30F) displayed a similar bell-shaped distribution, with an equivalent diameter
of 32.10 £+ 10.3 um and 34.2 + 14.1 um, respectively (Figure 5.93, c). This value was in agreement, for sample

30F, with the microstructure shown in Figure 5.6a. At the same time, the sphericity distribution of the two
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fresh samples were similar, ranging from 0.70 to 0.95, with a mean value of 0.91 + 0.06 (15S Fresh) and 0.89
+ 0.06 (30F Fresh) (Figure 5.10a, c). This large distribution reflected the non-spherical shape of the air
bubbles, also visible in the volume rendering of Figure 5.8a and Figure 5.8c. For sample 30F Fresh, this was
confirmed by the low volume fraction (44%) of spheroid-shaped bubbles; sample 15S Fresh, on the other

hand, contained a higher amount of spheroid-shaped bubbles (75%) (See Appendix B, Figure B7) (Table 5.2).

Upon heating, both 15S and 30F samples displayed a significant change in their microstructure, exhibiting a
bimodal size distribution with presence of two populations of bubbles: the first at ca. 27 um for sample 15S
and at ca. 32 um for sample 30F, and the second with a maximum volume at ca 180 um and ca. 287 um,
respectively (Figure 5.9b, d). In fact, the D[4,3] value for heated samples increased to 107.7 = 67.1 um (15S
Heated) and 152.5 + 106.3 um (30F Heated), as the larger air bubbles contributed more significantly to the
distribution. The average diameter for sample 30F was also close with the value obtained from the
radiography images (140.2 + 35.2 um). The average sphericity increased for both samples, as well as the
volume fraction of spheroidal bubbles; in particular, for sample 30F, the variation in the shape of the air
bubbles was more significant (44% vs. 98%), in agreement with the observed relaxation of the air bubbles

following the thermal treatment observed with XRR in Figure 5.7.

Furthermore, the normalized number density of bubbles decreased for both samples after heating: 47.1 +
4.8vs.21.3+3.0forsample 155 and from 33.9+ 1.9to 13.6 + 4.1 for sample 30F, explained by the occurrence
of fewer, but larger bubbles due to coalescence after subjecting the sample to heating. This was visible also
in Figure 5.6 by comparison of fresh and heated microstructure. The change in the microstructure was also
reflected in the oleogel phase thickness, which increased from 11.5 + 5.2 um to 20.0 + 9.9 um (sample 15S)
and from 8.8 + 3.6 um to 15.1 + 5.8 um (sample 30F). The change in the continuous gel phase was in

agreement, for sample 30F, with the images in Figure 5.6a and Figure 5.6b.
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Table 5.2. Summary of the parameters describing the microstructure of sample 30F Fresh and 30F Heated, including the volume-
weighted mean equivalent diameter (D[4,3]), the sphericity, volume fraction of spheroidal bubbles, number of bubbles per VOI, and

mean oleogel thickness.

15S Fresh 15S Heated 30F Fresh 30F Heated
D[4,3] (um) 32.0+103  107.7+671 342+141  152.5+1063
Sphericity 0.91+0.06 093006  0.89+0.06 0.94 + 0.04
Vol. % of spheroidal
75.7 89.5 44.0 98.6
bubbles (%)
N 6
umber of bubbles / 10 47.1+438 213+30 33919 13.6+4.1
pm
Mean Oleogel Thickness 111452 200499 88+36 151458

(um)

5.4 Conclusions

This work demonstrated the use of SR-XCT as a non-invasive technique for fast and accurate quantitative
investigation of the microstructure of thermally sensitive, soft porous matter specimens prone to
deformation with a straightforward, adaptable sample preparation and beamline setup. Sample stabilization
by means of plunge-freezing with liquid nitrogen prior to XCT analysis, followed by the use of a Cryojet
temperature control, enabled the collection of high-quality tomography data, suitable for the extraction of
guantitative information. Using propagation-based phase-contrast mode allows to achieve the image quality
needed for segmentation without staining the samples with contrast agents. In particular, the phase-contrast

mode was applied to improve the quality of the reconstructed images.

The overrun of the samples calculated with XCT was compared with gravimetric measurements, which
highlighted the advantage of SR-XCT to study the aeration homogeneity of the specimen at the microscale.
A custom image processing workflow was developed to extract relevant descriptors of the porous
microstructure, such as bubble size distribution and morphology, together with the thickness of the
continuous phase. Furthermore, the use of time-resolved X-ray radiography enabled to track changes in the

microstructure of samples subject to external stimuli such as heating. While the method was demonstrated
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using edible oil-based foams, it is applicable to all porous soft matter that presents similar challenges in its

characterization.
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Chapter 6: Investigating the effect of aeration, storage and heating on the
microstructure of fat—based oleofoams with X-ray microcomputed
tomography and radiography

Abstract

Non-aqueous foams (also called oleofoams) are an emerging type of soft matter material comprising a liquid
oil phase and gas bubbles stabilized by surface-active crystals or molecules, with potential applications in
several industrial fields. Oleofoams are optically opaque, deform easily under shear and display a melting
range close to room or body temperature, thus making their microstructure challenging to be probed by
commonly used imaging techniques. Nevertheless, understanding the relationship between the processing
conditions, the microstructure and the resulting oleofoam properties (i.e., rheology, stability) is pivotal to
design materials with tailor-made features. Up to the present, however, there are no information on the
three-dimensional microstructure of oleofoams, and how it is affected by aeration time, storage conditions
and heating. In this work, synchrotron X-Ray microcomputed tomography (XCT) and X-Ray radiography (XRR)
were applied to the study of model fat-based oleofoams in both static and dynamic conditions, using two
reference samples with low and high fat content. Results showed that the aeration affected mostly the
amount of air incorporated and the thickness of the continuous phase, while the bubble size distribution did
not change significantly after the first five minutes of aeration. Samples with high solid fat content retained
more air over 15 months of storage compared to lower solid fat samples; nevertheless, relaxation of the air
bubbles shape and Ostwald ripening occurred in both samples after 3 and 15 months. Finally, heating caused
a mechanical destabilization of the oleofoams, with partial melting of the fat crystals, air diffusion and evident
bubble coalescence, which was observed with XRR. The destabilization could be slowed significantly upon
lowering the temperature below the melting point of the fat crystals in the samples, demonstrating the

thermal responsiveness of these novel materials.
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6.1 Introduction

Non-aqueous foams, also called oil-based foams or oleofoams, are an emerging type of soft matter with
remarkable potential for application in pharmaceuticals, cosmetic, care and food products. (Binks & Vishal,
2021; Fameau & Binks, 2021). Oleofoams comprise an oil continuous phase and a dispersed gas phase that
is stabilized by adsorbed solid particles, or molecular surfactants. As aqueous foams, oleofoams are
thermodynamically unstable and eventually phase-separate via the typical destabilization mechanisms of
bubble disproportionation, coalescence, and drainage or creaming. In contrast to aqueous foams, however,
their production is more challenging, mostly due to the limited availability of suitable stabilizers for air/oil
interfaces. Early examples reported in the literature featured the use of either fluorocarbon-based molecules
(Bergeron et al., 1997) or liquid crystalline monoglycerides (Shrestha et al., 2008) to produce oil-continuous
foams stable from minutes to hours, depending on the concentration of the surfactant. In comparison, over
the last five years several publications appeared, which describe the use of fat crystals to produce oleofoams

with high air volume fraction and outstanding stability, up to several months.

The use of oleofoams in consumer products affects several industrial fields. In fact, these novel colloidal
systems constitute promising materials for pharmaceuticals and cosmetic products as the oil continuous
phase can dissolve and deliver lipophilic drugs, as well as increase the stability of water-sensitive molecules.
Moreover, the presence of gas bubbles enhances both the permeation within the skin layer, and improves
customer compliance compared to other solvents (Luengo, 2021; Parsa et al., 2019). Oleofoams can also be
emulsified to produce air-in-oil-in-water systems (A/O/W), where both hydrophilic and lipophilic active
pharmaceutical ingredients can be incorporated in the same material (Goibier et al., 2019). A further
advantage in the use of oleofoams is the absence of added surfactants in the formulation to produce the
foam, which are perceived negatively by consumers and associated with negative health effects (Asioli et al.,
2017). The use of oleofoams in food is particularly compelling, as oleofoams can be used to reduce the
calorific density of fat-based foods and provide novel, attractive mouthfeel to consumers due to their aerated
nature (Heymans et al., 2017). The industrial interest in oleofoams resulted already in several patents for

their use as fat-replacers in baked goods (Chisholm et al., 2016; Gunes et al., 2016) and to enhance drug
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delivery in water-free formulations (Tamarkin et al., 2019) . Finally, understanding the foaming of crude oil
and its stability is a relevant topic in the petroleum industry. On one hand, oil foams can be exploited to
enhance oil recovery operations (Karthick et al., 2019), on the other, undesired oil foaming lowers the
efficiency of crude oil fractionation (Chen et al.,, 2018). Despite their wide potential, research on the

properties of oleofoams is still scarce compared to their aqueous counterparts.

Oleofoams are typically fabricated from a dispersion of fat crystals or appropriate surfactants in a liquid oil
phase, also termed oleogel. Various molecular species have been used as a source of solid fat, including tri-
(Binks & Marinopoulos, 2017; Liu & Binks, 2021b; Metilli et al., 2021; Mishima et al., 2016), di- (Du et al.,
2021) and monoglycerides (Binks et al., 2016; Gunes et al., 2017; Heymans et al., 2018; Truong et al., 2019)
and fatty alcohols (Callau et al., 2020;Fameau et al., 2015). More recently, the use of sucrose esters in their
molecular state for producing and stabilizing oleofoams has been reported (Liu & Binks, 2021a). Following
the production of the oleogel, aeration is carried out most efficiently by mechanical whipping. Air bubbles
are then incorporated and can be stabilized by the fat crystals through a Pickering mechanism. The remaining
crystals form an extended, three-dimensional network around the air bubbles, which provides additional bulk
stabilization against bubble coalescence and oil drainage (Heymans et al., 2017). Most of the research on
oleofoams has focused on the relationship between the properties of crystals within the oleogel (size, shape,
polymorph) and the resulting foamability and foam stability in the whipped state (Metilli et al., 2021). There
seem to be an optimal range of solid content in the oleogel that can deliver an oleofoam, as crystals need to
place themselves both at the interface and in the bulk in order to provide sufficient stabilization. However, a
too high solid content can result in an excessively viscous oleogel that cannot be aerated. Fat crystals with
platelet or needle morphology can be used to produce oleofoams, which can be obtained either through a
tempering process (Heymans et al., 2018; Mishima et al., 2016), or by breakage of larger crystal aggregates
into smaller crystals during whipping (Metilli et al., 2021). There is no clear consensus on the effect of the

polymorphism (a, B’ or B) on the foaming properties of oleofoams at present (Binks & Vishal, 2021).

In the manufacture of soft porous materials, there is a complex relationship between formulation, processing

conditions (e.g., crystallization and aeration in the case of oleofoams), material microstructure in terms of
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pore size and shape distribution, and macroscopic properties of the final product, such as heat and mass
transfer, rheology and stability. Understanding how these factors affect each other is fundamental in fine-
tuning the properties of the desired aerated material, in improving design of the unit operations required to
manufacture oleofoams, in better estimating the shelf-life of consumer products, and finally in controlling
the responsiveness of oleofoams to stimuli, such as changes in temperature (Fameau & Fujii, 2020). Despite
the relevance of these novel materials, research is still needed to gain a full understanding of how the
structure of oleofoams affects their functionality (Fameau & Binks, 2021; Kinoshita et al., 2020; Manzocco et
al., 2021). The reason for this gap in knowledge is that the 3D characterization of oleofoams in their native
state is extremely challenging. In fact, these materials are optically opaque, they deform under small level of

shear, and display a range of melting points close to room or body temperature.

The microstructure of oleofoams is normally investigated by polarized light microscopy (PLM) in combination
with confocal scanning laser microscopy (CSLM) or cryogenic scanning electron microscopy (CryoSEM). All
these techniques involve some degree of sample preparation and provide 2D information, which leads to
artefacts in the observed microstructure, and a limited understanding of such a complex three-dimensional
structure. In the work of Du et al. (2021), the authors attempted to follow the bubble size distribution during
aeration of a diglyceride-stabilized oleofoam using optical microscopy; however, the poor stability of the

bubbles during the analysis affected significantly the results.

The effect of ageing on oleofoams is usually assessed by measuring the amount of oil drainage, or by using a
texture analyser (Heymans et al., 2018). Similarly, the effect of heating is monitored through the amount of
drained oil (Binks et al., 2016; Binks & Marinopoulos, 2017; Fameau et al., 2015; Liu & Binks, 2021b), or by
observing individual bubbles with hot-stage microscopy (HSM). Saha et al. (2020) reported that the air
bubbles retained their non-spherical shape for longer times during heating if bulk stabilizing crystals were
present around the bubble, as opposed to Pickering stabilization only (Saha et al., 2020). Hence, the shape
of air bubbles can provide information about the surface tension and the stabilization of the air/oil interface.
Both the three-dimensional distribution of the crystal network in the bulk, and the shape of gas bubble are

relevant parameters to study for the understanding of the physical behaviour of foams under static and
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dynamic conditions. In fact, during ageing or heating, crystals and air bubbles are subjected to several
physical phenomena, such as disproportionation, which can alter the microstructure of the material
significantly (Fameau & Saint-Jalmes, 2017; Himawan et al., 2006). However, commonplace microscopic
techniques cannot provide accurate characterization of both crystals and air bubbles in the complex, three-

dimensional microstructure of oleofoams.

In this work, synchrotron-radiation X-Ray microcomputed tomography (XCT) and X-Ray radiography (XRR)
were applied to study the microstructure of oleofoams in their native state, obtaining unprecedented results
on the three-dimensional characterization of these materials. In particular, the effect of aeration time,
storage time and the dynamics of thermal destabilization on a model cocoa butter-based oleofoam were
evaluated. Cocoa butter can be used as a source of crystalline fat for oleogelation of vegetable oils, which is
a precursor to produce oleofoams, as recently demonstrated by Metilli et al. (2021). As the foam properties
(foamability, rheology and stability) were mainly affected by the amount of solid fat in the oleogel precursor
(Metilli et al., 2021), in this study samples with either relatively low (15% w/w) or high (30% w/w) cocoa
butter content were investigated and compared. To the best of knowledge of the authors, this publication is
the first providing information on the three-dimensional, native microstructure of oil-based foams in both

static and dynamic conditions.

6.2 Materials and Methods

6.2.1 Sample preparation

Mixtures of cocoa butter (CB) and high oleic sunflower oil (HOSO) were prepared by melting CB at 65°C and
adding it to HOSO at the same temperature in concentration of either 15% or 30% w/w. The mixtures were
then cooled to obtain a dispersion of fat crystals in oil (oleogel) and then aerated to produce an oleofoam.
The crystallization was carried out in a 2L jacketed metal vessel, which was connected to a Huber Ministat
250 thermostat (Huber, Germany) for temperature control. The sample temperature was monitored with a
Pt-100 temperature probe immersed in the vessel. The sample was maintained under shear (200 rpm) using

a DLH overhead stirrer (VELP Scientifica, Italy) equipped with an anchor-shape mixer (8 cm diameter). The
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samples, termed “15S” for the 15% w/w CB in HOSO and “30F” for the 30% w/w CB in HOSO mixture, were
cooled from 65°C to 0°C at a nominal cooling rate of — 0.10 °C/min and — 0.75 °C/min, respectively. The
samples were subsequently aerated using a planetary mixer (model 5KPM50, Kitchenaid, USA) with a
constant shear rate (250 rpm). The oleogels were whipped for a total time of 30 minutes, collecting samples
every 5 minutes to study the effect of aeration time (Metilli et al., 2021). At each step, the overrun (i.e., the
increase in the sample volume) was calculated with the technique most commonly known as cup method,
where the sample is weighed in a cup of known volume. The overrun is then determined through Equation

6.1

ORcyp (%) = (Woleogel - Woleofoam)

X 100 Eq. 6.1

Woleofoam

where Woleogel aNd Woleofoam are the weight of the un-whipped oleogel and the weight of the oleofoam,
respectively. The samples were imaged with XCT shortly after being whipped, or after 3 and 15 months of

storage at 20°C.

6.2.2 Beamline setup

The samples were analysed at the 113-2 beamline at Diamond Light Source synchrotron (Didcot, UK), using a
pink beam source with a mean energy of 27 keV (o = 5 keV/).The 2D projections for tomography and
radiography were acquired with a PCO edge 5.5 CMOS camera (2560 x 2160 pixels). The camera objective
used was 4X, with a total optical magnification of 8X and an effective pixel size of 0.8125 um. A small amount
of sample (approximately 1 mm3) was placed on top of a toothpick glued to the base of a cryocap. The
samples were immersed in liquid nitrogen (-196°C) and installed on the tomography rotating stage. The
sample temperature was controlled with a Cryojet device (Cryojet XL, Oxford Instruments, UK) and set to -
40°C during the tomography acquisitions. The exposure time for each X-ray projection was set to 100 ms for
1001 projections, for a total acquisition time of 5 minutes (Metilli et al., 2021). Each acquisition was carried

out in triplicate on every sample.
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6.2.3 Time—resolved XRR

Samples were subjected to heating and the changes in their microstructure was studied using both X-Ray
tomography and radiography. The thermal treatment involved heating the sample from 20°C to the melting
temperature (Tn) of the sample (25°C for 15S and 27°C for 30F), and holding at T for 2 minutes. Afterwards
the sample was cooled to 0 °C at -6 °C/min and maintained at such temperature for 5 minutes. Radiography
images were collected every 0.5 seconds during heating and cooling, and their intensity was normalized

according to Equation 6.2:

I —Liark
Lyorm = Iraw — & Eqg. 6.2
flat dark

where lhorm is the normalized pixel intensity of the analysed image, l.w is the pixel intensity of the sample
image (projection) and lgark and lgae are averaged pixel intensities of 20 dark field (instrument background)
and 20 flat field (beam intensity distribution) images, respectively. The normalized radiography images were
converted to a difference image stack, where each image is obtained from the absolute difference of pixel
intensity between the i-th and the i+1-th frame. The difference image stack was then analysed with a Principal
Component Analysis (PCA), using the pca function in MATLAB R2021a (Mathworks, USA). The score of the
first principal component was plotted versus the sample temperature to detect the onset of microstructural
destabilization observed by XRR. Radiography data were compared with differential scanning calorimetry
(DSC) measurements obtained with a TA 8000 calorimeter (TA Instruments, USA). This onset temperatures
obtained were compared with the TA Universal Analysis software (TA Instruments, USA). The 15S and 30F
samples were heated up from 10°C to 65°C at a rate of 5°C/min. The onset of the main melting endotherm

peak was compared with the onset temperature of destabilization from XRR.

6.2.4 Image Post-Processing

The tomographic dataset were processed using the savu framework developed at Diamond Light Source
(Wadeson & Basham, 2016). The projections were corrected for dark image and flat-fields (see above) and a
ring-removal algorithm was applied (Vo et al., 2018). A Paganin filter was applied to enhance the contrast in

the low-density samples. The tomography reconstruction was perfomed using the Gridrec reconstruction
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algorithm (Dowd et al., 1999) from the TomoPy software package (Gursoy et al., 2014) — a python-based,
open-source framework. The 3D volumes were then processed using Image) (National Institute of Health,
USA). At least five Volume of Interest (VOI) of 500x500x500 um?* were selected in each sample. The VOIs were
then filtered using a 3D median filter, converted to binary images with Otsu thresholding, and segmented
using a 3D Euclidean distance map. An example of a reconstructed three-dimensional VOI is shown in Figure
6.1. Bubbles were counted using the Bonel plugin (Doube et al., 2010) and their volume (V) and surface area
(A) was measured. The air volume fraction was also measured (¢air), and used to calculate the sample overrun
(ORxcr). Finally, BoneJ was used to calculate the oleogel thickness, which is expressed as the volume of the
sphere of maximum diameter that can be fitted in the oleogel phase (Doube et al., 2010). The descriptors of

the sample microstructure used in this work are summarized in Table 6.1.
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Figure 6.1. Example of a Volume of Interest (VOI) obtained from the reconstruction of tomographic projections, rendered using

MATLAB. Scale bar in blue represents 250 um.

Table 6.1. Descriptors for the sample microstructure obtained from each VOI.
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Volume-weighted mean bubble N p 4
eq

D[4,3] D[43] = ;\71—3
diameter Yi=1 Deqi
Pair
Overrun calculated from XCT ORxcr ORycr (%) = 1o x 100

Calculated with Bonel using Hildebrand & Riiegsegger
Oleogel thickness Doleogel
(1997) method

A bubble cut-off diameter was set to 2.5 um, to avoid noise caused by the voxel resolution limit (0.8125 um).
The number of bubbles counted for each sample was between 20,000 and 60,000, depending on its

conditions (fresh, stored, or heated).
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6.3 Results and Discussion

6.3.1 Effect of Aeration on oleofoam microstructure

The effect of aeration time on the microstructure of samples 15S and 30F is shown in Figure 6.2.
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Figure 6.2. Tomographic slice of a 155 sample after 5 and 30 minutes of aeration (a, b) compared with a 30F sample after 5 and 30
minutes of aeration (c, d). The distribution of the oleogel thickness (yellow) is overlaid on the respective samples’ images. Large oleogel

fragments are highlighted with a red arrow. Artefacts in the corners are due to the limited information in these regions and these

regions are ignored for the analysis.
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Slices of the reconstructed volumes, represented in a 2D plane, showed a clear distinction between the gas
phase (dark grey pixels) and the continuous oleogel phase (light grey pixels) for all samples. The thickness of
the oleogel phase, calculated from the tomography data, is shown as a volume distribution for the samples.
As the continuous phase is an oleogel, it comprises both the fat crystal network and the entrapped oil. The
oleogel thickness, which cannot measured accurately with bidimensional microscopy techniques, is
fundamental in the study of foams microstructure, and its relation to their rheology and stability. It
contributes, together with the air phase, to the viscoelastic profile of the oleofoams (Heymans et al., 2017);
furthermore, the continuous lipid phase has a significant role in stabilizing the air bubbles against
coalescence, as demonstrated by several authors (Gunes et al., 2017; Heymans et al., 2018; Saha et al., 2020).
The evolution of the continuous phase thickness during storage is also of great importance, as lipid crystals
dispersed in the oleogels are subjected to Ostwald ripening and sintering (formation of crystal bridges)
(Heymans et al., 2018; Himawan et al., 2006). Finally, the fat crystal network present in the oleogel phase
also affects the oil binding capacity of oleofoams (Ramel et al., 2016), which prevents liquid drainage from

the structure.

The samples analysed in this work exhibited a distribution of the oleogel thickness with two main peaks: a
smaller one at ca. 10 £ 9 um, which represents the size of the channels of oleogel surrounding the air bubbles,
and a larger, broader peak centred at approximately 35 + 25 um, resulting from the presence of large domains
of unwhipped oleogel in the samples (highlighted in Figure 6.2a by red arrows). By comparing samples 155
and 30F after 5 and 30 minutes of aeration (Figure 6.2a and ¢ compared to Figure 6.2b and d), the peak
centred at 35 um decreased in intensity more significantly for sample 15S than sample 30F. This observation
is in agreement with Metilli et al. (2021), where 30 % w/w oleofoams displayed a coarse microstructure even
after vigorous whipping, with domains of oleogel still detectable both in optical microscopy images and with

the naked eye.

The dispersed gas phase is displayed in Figure 6.3 as two representative VOIs, and described in terms of

bubble size and shape distribution in Figure 6.4.

156



250 250
£ . £
1200 3 1200 3
8 8
() ()
150 § 150 §
5 a
if i
1100 'y {100 'g
Q Q
e} Qo
@ @
50 50
15S 5 Min ] 30F 5 Min ) C |

Figure 6.3. 3D renderings of representative Volumes of Interest (VOI) of sample 15S (left) and sample 30F (right) after 5 minutes of

aeration. Scale bar is 250 um. Smaller bubbles are coloured in deep blue, and larger bubbles in red.
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Figure 6.4. Bubble equivalent diameter distribution for samples 155 5 Min (a) and 30F 5 Min (b). Corresponding scatter plot with

bubble size and sphericity (c,d). The colorbar shows the volume fraction occupied by each bubble.
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The size distribution of the gas bubbles was bimodal for both samples, with a main peak centred at 20 £ 9
and 19 £ 11 um for samples 15S and 30F, respectively. A smaller shoulder in the distribution, centred at ca.
7 um was detected as well. By inspecting the scatter plots in Figure 6.4c and Figure 6.4d, it can be seen that
the bubble sphericity ranged between 0.60 and 0.90, with an average value of 0.88 + 0.11 for both samples.
The non-spherical nature of the bubbles can also be seen from the volume renderings in Figure 6.3. In
particular, from the scatter plot of Figure 6.4 it can be noted that large air bubbles (diameter > 100 um)
displayed low sphericity (O = 0.65). This observation could be explained by considering the Laplace pressure
inside a bubble, which decreases with increasing bubble diameter: hence, larger bubbles tend to be more
deformable than smaller ones (Heymans et al., 2017). Large, non-spherical bubbles are visible in the samples,

as shown in Figure 6.2.

These results are in line, although with higher accuracy, with previous observations from Binks and
Marinopoulos (2017), who reported an average bubble size between 20 and 30 um for whipped pure cocoa
butter, observed by optical microscopy. Similarly, air bubbles in oleofoams display a non-spherical shape,
due to the presence of a jammed layer of adsorbed crystals at the air/oil interface (Binks et al., 2016; Callau
et al., 2020; Heymans et al., 2018; Liu & Binks, 2021b). Accurate measurements of the bubble sphericity are,
however, only possible with three-dimensional, tomographic methods. As air bubbles in foams tend to
minimize their surface tension by assuming a spherical shape (Subramaniam et al., 2005), the sphericity
parameter obtained in this work could be used to describe qualitatively the extent of Pickering stabilisation

of the air/oil interface.

The average bubble size of the cocoa butter-based oleofoams does not seem to be affected by the amount
of fat crystals (i.e., solid fat content, SFC%), which was also reported by Gunes et al.(2017) and by Brun et al.
(2015). This behaviour could stem from the mechanical breakage of cocoa butter crystal aggregates being
broken to cocoa butter nanoplatelets (CNPs) of similar size during aeration. Therefore, the stabilizing crystals
would have similar properties for samples with different SFC% values, leading to the same bubble size
distribution. Nevertheless, the total amount of crystals is not affected by aeration, hence samples with higher

CB % w/w, such as sample 30F, will contain larger amounts of CNPs in the bulk, which may have an effect on
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the rate of air incorporation, and on the stability of the oleofoam. Similarly, an effect of the SFC% on the

sphericity distribution of the air bubbles was not observed.

The evolution of the gas bubbles’ size during aeration is shown in more detail in Figure 6.5.
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Figure 6.5. Evolution of the bubbles’ equivalent diameter number distribution during aeration for sample 15S (left) and sample 30F

(right).

For both samples (15S and 30F), the size distribution was not affected significantly by the aeration time; only

a slight decrease in intensity of the peak at 7 um was observed for sample 30F. No significant variations were

observed in the sphericity distribution with increasing aeration time either (Figure C1, Appendix C). This result

implies that a characteristic bubble size (and shape) distribution is reached during the first 5 minutes of

aeration, after which the main changes occurring in the oleofoam microstructure concerned the oleogel

phase and the amount of incorporated air.

The overrun calculated from XCT and by the cup method, and the evolution of the oleogel thickness for

samples 15S and 30F are shown in Figure 6.6a and Figure 6.6b, respectively.
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Figure 6.6. Evolution of the oleofoam overrun during whipping for samples 15S and 30F, as calculated from the cup method and XCT

(a). Intensity ratio of the oleogel thickness peaks (35 um vs. 10 um) during whipping (b).

Sample 15S displayed high overrun values (both via XCT and cup method) already after 5 minutes of aeration,
followed by a modest increase until reaching almost 200% overrun. Sample 30F, on the other hand, exhibited
a lower initial overrun (70%), which increased more slowly than sample 15S until reaching a final value of
130%. The overrun values obtained from XCT were systematically lower than the overrun calculated by the
cup method, and displayed larger standard deviation values. It is hypothesized that the presence in the
samples of air cavities larger than or of comparable size to the volume analysed with XCT (about 1 mm?) led
to the underestimation of the overrun because these cannot be included in the XCT analysis. Additionally,
the occurrence of air bubbles with comparable size to the VOI might have caused the large standard deviation
in the XCT overrun (Metilli et al., 2021) ). Figure 6.6b displays the variation of oleogel thickness, as the ratio
between the intensity of the peak at 35 um (i.e., the unwhipped oleogel domains) and the peak at 10 um
(i.e., oleogel surrounding the air bubbles). Hence, the plot describes the depletion of the unwhipped oleogel
domains during whipping. Waterfall plots showing the whole oleogel thickness evolution are also available
in the Supporting Information (Figure C2, Appendix C). As already demonstrated in Figure 6.2, the amount of
unwhipped oleogel was lower for sample 15S after 5 minutes, decreasing abruptly after 20 minutes of
aeration. For sample 30F, on the other hand, the depletion of the oleogel phase followed a step-wise trend,
but starting from a higher amount of unwhipped oleogel which persisted in the sample even after 30 minutes

of aeration.
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The results presented so far provide a hypothesis regarding the mechanism underlying the aeration of
oleofoams using a planetary mixer. Whipping breaks down fat crystals agglomerates to particles with similar
properties (i.e., size, shape, polymorphism), which act as Pickering stabilizers at the air/oil interface.
Therefore, while maintaining a constant shear rate in the planetary mixer, the bubble size (and shape)
distribution does not change significantly with the SFC%, or the prolonged aeration time, as reported by
Denkov et al. (2020). Instead, the effect of sample viscosity, which depends on the solid fat content, is visible
in the different air incorporation profiles: higher viscosity samples (30F) are characterized by a slower air
incorporation and eventually a low final overrun. Whereas low-viscosity samples (15S) present higher
overruns, which are reached in the first stages of aeration. Air incorporation is followed by depletion of the
oleogel domains, which are used as a source of fat crystals for stabilizing newly-entrained air bubbles. This
observation agrees with the findings of Mishima et al. (2016), in which work IR-probe microscopy
demonstrated that the amount of crystalline material in the bulk decreased with increasing aeration times.
In particular, for sample 15S, most of the air phase (170% overrun) was incorporated within the first 15
minutes of aeration, during which the oleogel thickness decreased accordingly. For sample 30F, instead, air
incorporation proceeded slowly with a step-wise profile, followed by decrease in the oleogel thickness until

the end of aeration.

Therefore, 15S samples required less time to reach equilibrium in terms of overrun and microstructural
homogeneity, whereas 30F samples required at least 30 minutes to reach a constant overrun. Nevertheless,

these samples also contained unwhipped material that might affect their functionality and quality.
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6.3.2 Effect of Storage

The effect of storage conditions on the microstructure of 15S and 30F oleofoams is shown in Figure 6.7.
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Figure 6.7. Comparison of the oleofoam microstructure during storage conditions for sample 15S, 3 months (a), 15S 15 months (b),

30F 3 months (c) and 30F 15 months (d). The oleogel thickness distribution is overlaid on the respective tomography slices.

After three months of storage at 20°C (Figure 6.7a and c) both 15S and 30F oleofoams contained a lower

amount of air bubbles and displayed a larger oleogel thickness, compared to their respective fresh samples
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in Figure 6.2. After 15 months of storage, however, sample 15S contained only few, large bubbles (diameter
100 — 300 um) (Figure 6.7b), whereas sample 30F (Figure 6.7d) retained a similar microstructure to after 3
months of storage. For this specific sample, however, the mean oleogel thickness increased further. From a
macroscopic perspective, the aged oleofoam samples did not display significant oil drainage, however their
volume decreased, as shown in Figure C3 (Appendix C). The samples exhibited large voids along the
graduated cylinder, with visible fractures throughout the foam. Hence, it was not possible to determine
accurately the decrease in overrun using volumetric measurements. Table 6.2 contains the parameters

describing the microstructure of the aged foams.

Table 6.2 Parameters describing the microstructure of fresh and aged oleofoams (15S and 30F) in comparison with their fresh

analogues.
Bubbles / um?3
Sample ORxcr Doleogel Mean Deq Mean ©
(x 10)
155 30 Min (Fresh)  171.2 £ 26.0 11+6 51.10+£5.97 209 0.86+£0.11
15S 3 Months 50.0+7.5 25+10 20.16 £ 2.20 21+10 0.93 £ 0.08
15S 15 Months 13.6+9.4 n/a 1.28 £ 0.65 27 +19 0.86+0.15
30F 30 Min (Fresh)  125.8 +31.2 20+13 46.45 +5.52 19+11 0.88+0.11
30F 3 months 7151125 18+8 30.90 + 1.87 18+8 0.92 +0.09
30F 15 months 69.7 £ 35.7 26+ 12 22.85+7.47 24+10 0.92 +0.07

In agreement with what is observed in Figure 6.7, the increase in the mean oleogel thickness was larger for
sample 15S than sample 30F, after 3 months; for sample 155 15 months it was not possible to determine the
oleogel thickness from image analysis, however it was comparable in length with the edge of the sampling
VOI (500 um). After 15 months of storage, sample 30F displayed further increase in the thickness of the
oleogel phase. At the same time, the decrease in overrun calculated from XCT was more significant for sample
15S (from 170 to 50%) compared to sample 30F (from 125 to 75%). After 15 months, sample 15S barely

contained any air (10% overrun), whereas sample 30F maintained a similar overrun value to after 3 months,
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however with larger standard deviation. With the same trend, the normalized number of bubbles for each
VOI decreased by 60% for sample 15S and by 34% for sample 30F after three months. Therefore, higher SFC%

was beneficial to oleofoam stability during storage conditions.

3D renderings of the dispersed gas phase for the aged samples are shown in Figure 6.8; the bubble size and

shape distributions are displayed in Figure 6.9, in comparison with the fresh samples.
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Figure 6.8. 3D renderings of representative VVOI for each of the aged oleofoam samples. Scale bar is 250 um. Smaller bubbles are

displayed in blue, larger bubbles in red.

164



155 Bubble Size Distribution 30F Bubble Size Distribution

15
a) ——Fresh b) —— Fresh
& 157 ——3 Months N ——3 Months
= 15 Months = 15 Months
X X107
o L o
g 10 =
3 =3
9 3 st \\
a 957 o \
0 o]
=] =
M @ '
. _— _ -
10° 10’ 102 103 10° 10’ 102 10°
Bubble Eqg. Diameter (um) Bubble Eq. Diameter (um)
20 158 Sphericity Distribution 20 30F Sphericity Distribution
——Fresh ——Fresh
& ——3 Months & 95| ——3 Months
© 15t 15 Months e 15 Months
X X20¢
= e
510 S 15
» P
Q L2 107
0 o]
o 57 o
=] =
om m 5¢
0 ci),, - — - = \k 0 d) ——— e 1
0.5 0.6 07 0.8 0.9 1 0.5 0.6 0.7 0.8 0.9 1
Sphericity ¢ Sphericity ¢

Figure 6.9. Volume-normalized bubble size distribution for 15S (a) and 30F (b) fresh samples and after 3 and 15 months of storage at

20°C. Bubble sphericity distribution of the samples is shown for sample 15S (c) and 30F (d).

As mentioned earlier, sample 30F retained a larger amount of air bubbles during storage, as it is visible from
the plots in Figure 6.9. The mean bubble size did not change significantly for samples after 3 months, however
their average sphericity increased to 0.93 + 0.08 and 0.92 + 0.09 for samples 15S and 30F, respectively. After
15 months of storage, the amount of air bubbles in sample 15S decreased by an order of magnitude
compared to 3 months and increased in size (mean diameter 27 + 19 um); the number of bubbles decreased,
although less dramatically, for sample 30F, which also displayed an increase in the bubble size, from 19 to 24

+ 10 um. These variations in the air phase properties are also visible by comparing the volume renderings of

Figure 6.3 with Figure 6.8.
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From these results, it is evident that oleofoam systems are subjected to post-processing physical phenomena
that affect significantly the microstructure, and therefore the overall properties of the material during
storage. It is hypothesized that there are several concurring processes that involve both the air bubbles and
the fat crystals. The decrease in overrun implies that air bubbles escaped the oleofoam, potentially by
diffusion to the sample surface, or towards large, macroscopic air bubbles which eventually result in fractures
in the material, as shown in Figure C3 of the Appendix C. The former pathway is more probable, as the
average bubble size increased only slightly after three months. This could be ascribed to the effect of
Pickering stabilisation, which resist the disproportionation of air bubbles; the persistence of the peak at ca.
7 um in the bubble size distribution during storage supports this remarkable stability against phase

separation in oleofoams.

At the same time, the fat crystals were subject to Ostwald ripening, with small CNPs dissolving in favour of
large crystalline aggregates. This was observed with polarized microscopy of both aged samples, which
displayed larger quantities of birefringent fat crystals in the bulk after 3 months and 15 months (Figure C4,
Appendix C). In fact, the oleogel thickness was seen to increase during storage time; a contribution to such
increase is also due to the decrease in overrun, as fewer air bubbles were present in the continuous phase.
The observed increase in the average sphericity of the air bubbles could result from both the dissolution of
the smaller CNPs attached at the air/oil interface, which caused the air bubble boundary to relax, as well as
the decrease in the number of neighbouring bubbles in the microstructure. Analysis of the viscoelastic profile
of the aged samples showed that storage resulted also in a slight increase in the loss modulus (G”), as shown
in Figure C5 (Appendix C). After 15 months of storage, only samples with higher amounts of stabilizing crystals
(i.e., higher SFC%) can retain an aerated structure. Therefore, the amount of fat crystals plays a significant
role in the stability of the oleofoams. At this stage of ageing, however, the effect of disproportion was indeed

obvious, with a visible increase in the average bubble size.

6.3.3 Effect of Heating

Figure 6.10 shows the microstructure of fresh samples (15S and 30F) after being heated to 25 and 27°C,

respectively.
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Figure 6.10. 3D renderings (top row) and tomography slices (bottom row) of samples 155 and 30F after being heated. The oleogel
thickness distribution is overlaid on the tomography images. Scale bar for the 3D renderings is 250 um.

Heating the oleofoams to their respective peak melting temperatures caused melting of the fat crystals
surrounding the air bubbles, as well as the ones in the bulk, resulting in the coalescence of the air bubbles,
and the relaxation of surface of the air bubbles to a more spherical shape. The oleogel thickness of both
samples increased compared to the respective fresh samples; however, in contrast with aged samples, such
increase was due to the dissolution of the air bubbles, rather than the growth of the crystals in the continuous

phase. By comparing Figure 6.10a and Figure 6.10b, sample 15S displayed larger coalesced bubbles,
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potentially due to the lower amount of fat crystals in the bulk that prevented aggregations of neighbouring

bubbles. Table 6.3 summarizes the changes in the microstructure of heated samples.

Table 6.3. Parameters describing the microstructure of the heated samples (15S and 30F) compared to their fresh analogues.

Bubbles / um?3
Sample D0|eoge| Mean Deq D[4,3] Mean (D
(x 10°%)
15S Fresh 11+6 51.1+5.97 209 45 + 37 0.86+0.11
15S Heated 20+ 26 20.49+5.41 18+12 105+ 74 0.93 +0.06
30F Fresh 20+13 46.45 +£5.52 19+11 78 £ 69 0.88+0.11
30F Heated 23+33 23.58 +15.15 19+13 164 + 136 0.95+0.05

During the thermal treatment, the samples became less viscous, flowing partially out of the field of view of
the X-ray beam. Hence, a direct comparison of the fresh and heated samples could not be made. In fact, the
calculated overrun for the heated samples resulted higher (> 200 %) compared to the fresh samples. As no
air was further incorporated during heating, this observation could be explained only with partial loss of the
continuous phase. Nevertheless, a qualitative description of the effect of heating on the oleofoam
microstructure was carried out. The normalized amount of air bubbles decreased more significantly for
sample 15S Heated, with a similar trend observed during ageing. The sphericity of the air bubbles increased
for both samples, as visible in Figure 6.10. The effect of heating on the air phase is shown in more detail in

Figure 6.11.
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Figure 6.11. Volume-weighed size distribution of sample 15S Heated (a) and 30F Heated (b) compared with their respective fresh

samples. Scatter plot showing the size and sphericity distribution of the air phase for sample 155 Heated (c) and 30F Heated (d).

Analysis of the volume-weighed size distribution resulted more revealing in describing the changes in the
microstructure for the heated samples. In particular, the main distribution peak, centred at 30 um, decreased
in favour of several peaks between 100 and 500 um, which represented the coalesced air bubbles. In fact,
the volume-weighed mean diameter D[4,3], increased by 130% for sample 15S, and by 109% for sample 30F.
The effect of heating was also visible in the scatter plots (Figure 6.10c and d), with a shift in the bubble
population towards higher sphericity values, compared to the fresh samples from the fresh samples from
Figure 6.4. In particular, coalesced bubbles with diameter exceeding 100 um and high sphericity are visible
in the top-right area of the plot. The melting of the stabilizing CNPs, both at the interface and in the

continuous phase, caused the oleofoam to behave more like a liquid foam.
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In order to study the destabilization mechanism that caused the changes in the microstructure of the heated
samples, the sequence of XRR frames was analysed. Figure 6.12 contains selected difference image frames

of a 30F sample during heating.

Figure 6.12 . Sequence of difference images, obtained from XRR, showing the coalescence of two neighbouring bubbles from a 30F
fresh sample during thermal treatment.

During heating, the main events captured involved either sample movement, as the partially melted oleogel
phase became less viscous, or bubble coalescence, which occurred by sequential merging of neighbouring
bubbles. More specifically, bubbles were seen to aggregate (Figure 6.12a), with consequent film rupturing

and merging (Figure 6.12b), followed by bubble shape relaxation (Figure 6.12c and d). This phenomenon was
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observed also for droplets in water-in-oil emulsions (Ghosh & Rousseau, 2011). From this analysis, it can also
be appreciated that bubble aggregation was irreversible, and that film rupturing and merging occurred on a
shorter timescale (ca. 0.5 seconds) compared to the relaxation of the newly-coalescence air bubble. It is
highly likely that coalescence was accompanied by Ostwald ripening of the air bubbles, considering that
during heating the CNPs that act as Pickering stabilizers melt, leaving no physical barrier to prevent gas
diffusion between bubbles. However, the shrinkage of air bubbles could not be observed unambiguously
from the XRR difference images. This could be ascribed to the high level of noise in the difference image

stack, and that bubble shrinkage affects mainly small bubbles rather than large, more visible ones.

The occurrence of coalescence events in the difference image stack can be monitored to determine the
corresponding temperature at which the oleofoam begins to destabilize. To do so, the sequence of XRR
images were analysed using Principal Component Analysis. The principal score 1, which accounts for most of
the variance in the image sequence dataset, was plotted against the temperature to establish precisely the
onset of microstructural destabilisation in the oleofoam samples. The results are shown in Figure 6.13 for a

15S sample.
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Figure 6.13. PCA Score plot of the difference image stack collected during heating of sample 15S (red), together with the temperature

profile during the thermal treatment (orange) The onset of destabilisation (Tonset) is shown with the black dotted line.
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Changes in the pixel intensity caused by either sample movement or bubble coalescence are shown as an
abrupt increases of the PC1 Score value (red trace). In particular, a significant deviation of the PC1 score from
the baseline during heating was as attributed to the onset of mechanical destabilization of the oleofoam
sample. The corresponding temperature onset (XRR Tonset) is shown in Figure 6.13 as a dotted black line. An
overview of Figure 6.13 demonstrated that the oleofoam microstructure is subject to changes after the
melting onset (DSC Tonset), and that the destabilisation is promptly halted as soon as the temperature is
lowered below the DSC Tmeiting. Table 6.4 displays the melting parameters, calculated from DSC, and the XRR

Tonset for samples 155 and 30F.

Table 6.4. Oleogel thickness, number of bubbles and onset temperatures of melting for fresh oleofoam samples.

Sample DSC Tonset (OC) DSC Tmelting (OC) XRR Tonset (OC) ATonset
15S Fresh 21.28 £0.27 24.98 £0.67 23.53+£0.50 2.25
30F Fresh 21.87+£0.82 27.30£0.08 25.21+0.58 3.34

Comparison of the onset temperatures calculated from DSC and XRR suggests that structural destabilisation
in oleofoams occurred at higher temperatures compared to the onset of crystal melting. In particular, the
difference in onset temperature (ATonset) demonstrated that sample 30F exhibited a larger thermal delay in
its mechanical destabilisation than sample 15S, confirming the higher stability endowed by the higher
concentration of fat crystals. Furthermore, the air phase could also act as a thermal insulator, slowing the

heat transfer towards the centre of the sample and causing a delay in the melting of the crystals.

6.4 Conclusions

In this paper, the three-dimensional native microstructure of fat stabilized oleofoams was investigated for
the first time, both in static and dynamic experiments, using X-Ray Tomography and Radiography. These

techniques enabled the measurement of the thickness of the continuous phase, and the bubble size and
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shape distribution of two cocoa butter—based oleofoams, with either low or high fat crystal content, in
relation to the effects of aeration, storage, and heating. Air incorporation in oleofoams resulted in a gradual
increase in overrun, concomitant with a decrease in the oleogel thickness. In particular, low-cocoa butter
samples displayed a higher overrun (170%) and a smaller oleogel thickness (10 um), reaching an overrun
equilibrium value after 15 minutes of whipping. Samples with higher cocoa butter content, on the other hand,
incorporated less air (125% overrun) and featured a coarse final microstructure, retaining fragments of
unwhipped oleogel with an average diameter of 35 um after 30 minutes of whipping. The air bubble size
distribution, centred at 20 um, was not affected by the amount of solid fat or the whipping time, suggesting
that the shear induced during aeration produced stabilizing crystals with similar properties (size, shape and
polymorphism) regardless of the sample and the duration of whipping. Both samples contained a small

number of large, deformed bubbles, potentially resulting from coalescence during air entrainment.

Oleofoam samples in storage were subjected to significant post-processing phenomena, as the continuous
gel phase increased its thickness after 3 months and the overrun decreased significantly for both samples.
The mean sphericity of the air bubbles increased, as a consequence of dissolution of smaller cocoa butter
CNPs on the bubble surface in favour of larger crystal aggregates in the bulk phase, driven by Ostwald ripening
of the crystals. Higher concentration of fat crystals in the sample (higher SFC) contributed to slow
disproportionation of the air bubbles, with sample 30F retaining a similar size distribution profile after 3
months. After prolonged storage conditions, however, only samples with 30% cocoa butter retained an
aerated structure. Ostwald ripening of the gas bubbles was also observed for these samples, with a modest
increase in their mean equivalent diameter (from 19 to 24 um). Therefore, higher amounts of stabilizing

crystals were beneficial to retaining the overrun and counteracting phase separation.

Finally, heating the oleofoam samples to their melting point resulted in an increase in bubble sphericity,
bubble coalescence, increase in the oleogel thickness, and reduction of the total number of air bubbles.
Similarly to the results from storage conditions, sample 15S was more prone to coalescence than sample 30F,
potentially due to the lower amount of stabilizing crystals. By comparing the volume-weighted average

(D[4,3]), the effect of heating caused a percentage increase by 130 and 109% for samples 15S and 30F,
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respectively. The increase in the bubble size followed by melting of the crystals both at the interface and in
the bulk supports the hypothesis that bulk contribution to stability in oleofoams is fundamental to prevent
gas diffusion. Most importantly, the dynamic changes in the oleofoam microstructure were captured for the
first time with XRR, showing clear evidence of bubble coalescence during heating. Finally, XRR data combined
with statistical analysis provided a mechanical destabilization parameter, XRR Tonset, Which gives a more

accurate temperature for the mechanical collapse of the oleofoams as compared with traditional DSC data.

This body of work, unprecedented due to the non-invasive, three-dimensional approach to the study of
oleofoams, contains significant information on the physical behaviour of these emerging materials, in relation
to relevant processes such as their aeration, storage conditions that will contribute to their understanding

and use in material formulation.
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Chapter 7: Conclusions and Future Developments

Investigating the process-structure-function relationship of a novel material such as oleofoams is a

complex and challenging task due to complexity and delicacy of these types of materials.

In this doctoral project, the research questions were motivated by the paucity of information on air-in-oil
systems, despite their significant potential for application in the field of low-calories food products, active
ingredient delivery for cosmetic and pharmaceuticals and, in general, thermo-responsive soft matter. The
research questions were set to explore the process-structure-function relationship of a model oleofoam
system, which plays a fundamental role in tailoring the properties of the material, as well as in optimizing

the processing conditions for its manufacturing.

In this section a summary of the findings from the experimental work is presented, to address the research

guestions outlined in Chapter 1 of the Thesis.

What are the crystal properties that more significantly affect the functionality of cocoa butter—based
oleofoams in terms of foamability and foam stability against phase separation, melting point, viscoelastic

profile, morphology and stability of air bubbles?

Cocoa butter (CB) and sunflower oil (HOSO) oleogels were prepared according to different crystallization
conditions, and subsequently aerated to investigate the effect of processing conditions on the properties
of the related oleofoams. CB crystallized as spherical aggregates of crystalline nanoplatelets (CNPs), which
size and concentration increased with slower cooling rates and higher % of added CB. The CNPs were
found to crystallize in the B(V) polymorph under all conditions; X-Ray scattering experiments carried in
quiescent conditions suggested that CB might have first nucleated as a or B’ crystals, but then quickly
transformed to the more stable form through a melt-mediated polymorphic transition. The aeration broke

down the spherical aggregates to crystal nanoplatelets of similar size which stabilized the entrained air
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bubbles with a Pickering mechanism. The excess CB crystals formed a three-dimensional network in the
bulk that provided further stabilisation to the oleofoam. Hence, the amount of added CB was the
parameter that affected more strongly the foamability of oleofoams, in particular samples with high CB %
could reach a lower overrun and contained visible domains of unwhipped oleogel. The aeration led to an
increase both in the elastic (G’) and viscous (G”) from the unwhipped oleogel at 15% CB concentration,
which was ascribed to the re-organization of the fat crystals structure around the air bubbles. This effect
was less significant for samples with 22% CB, and was negligible for samples with 30% CB, potentially due
to the existence of a sufficiently strong fat network which viscoelastic properties were not affected as
much by aeration. Nevertheless, all samples had their density reduced by a factor between 3 and 1.6
compared to their respective oleogels, and were stable against oil drainage for at least three months in

storage.

The results of this work provided useful characterization of the processes relevant to the production of
oleofoams, i.e., shear crystallization and aeration, and demonstrated that the amount of fat crystals was

the main parameter affecting the foamability and quality of the oleofoam samples.

Can ultrasound spectroscopy, which is a non-invasive, non-destructive technique, be implemented in a
small-scale reactor as a PAT tool to follow fat crystallization, and to extract quantitative information about

the amount of crystals in the oleogel?

A novel acoustic immersion probe, based on pulsed acoustic spectroscopy technique, was developed and
applied to the study of fat crystallization in a small-scale vessel under shear. In particular, the probe was
used as a process analytical technology (PAT) tool, in combination with light turbidimetry, to monitor
nucleation and crystal growth, and to calculate the solid fat content (SFC%) of the oleogel during the
crystallization process. Cocoa butter and sunflower oil oleogels with increasing CB % were crystallized

under shear. A significant decrease in light transmittance signalled the onset of nucleation; the light
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absorbance and acoustic attenuation increased during the growth of the fat crystalline network, exhibiting
a similar trend over time. The velocity of sound, which was linearly dependent on the temperature of the
sample in the liquid phase, displayed a sharp increase as the sample transformed from liquid to solid. The
velocity of sound in the oleogel sample, at the end of the crystallization process (5°C), was dependent on
the amount of added CB, increasing by ca. 10 m/s every 2% of added CB. The SFC% was determined ex-
situ using pulsed nuclear magnetic resonance (pNMR), which showed that, at the same temperature (5°C),
the SFC% was slightly lower than the total amount of CB %, due to the presence in cocoa butter of non-
TAG molecules that potentially do not crystallize under these conditions. By combining the velocity of
sound, sample temperature and SFC% calculated from pNMR, it was possible to train a predictive model
using the Regression Learner app in MATLAB2021a to predict the SFC% evolution during the crystallization
experiment. The model, based on the Gaussian Process Regression, showed a sharp increase in the SFC%
during crystal growth, with the same trend of the light absorbance and acoustic attenuation. Moreover,
the SFC% decreased during the heating of the samples, following the same melting profile obtained during

the pNMR experiment.

This work demonstrated the capability of pulsed acoustic spectroscopy to monitor fat crystallization in
oleogels, and to determine quantitatively, and accurately, the amount of crystals during the crystallization
process in a rapid, online fashion. Moreover, as acoustic techniques are scarcely used in PAT frameworks,
these results are encouraging in promoting their implementation for other melt crystallization operations.
As mentioned in the previous research question, the total amount of fat crystals was the main parameter
affecting the oleofoam properties, hence this technique will prove useful in the design a large-scale

manufacturing process unit.

What is a suitable technique for investigating the internal microstructure of oleofoams, which are soft,
low-melting and opaque materials? What parameters may be obtained and used to describe the

microstructure of oleofoams?
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A novel methodology was applied with synchrotron radiation X-Ray tomography and radiography to the
study of soft microporous samples, to provide high quality, three-dimensional tomography images, both
in static conditions and under external stimuli. The methodology was demonstrated with two reference
oleofoam samples, one with low (15% w/w) and one with high (30% w/w) CB content. The samples were
placed on top of a toothpick, in front of the X-Ray beam. Sample pre-stabilization by immersion in liquid
nitrogen, temperature control and optimization of the beamline setup enabled the reconstruction of
tomography images of the samples without any distortion. The application of a Paganin filter, which
displays the X-Ray refractivity of the sample, rather than the attenuation, resulted in further improvement
of the signal-to-noise ratio. The image post-processing step, which was developed in Imagel, was able to
segment the air phase from the continuous phase, and enabled calculation of the bubble size and shape
distribution, air volume fraction, and continuous phase thickness. Comparison of the overrun (calculated
from the air volume fraction) obtained from the cup method (i.e., weighing the sample in a cup of fixed
volume), and from tomography measurements of the same samples, showed that some degree of
discrepancy between the two techniques, ascribed to the different sampling volumes. While the cup
method was more representative, due to the larger volume (30 mL compared to 1 mL), the overrun
calculated from tomography enabled the determination of the aeration heterogeneity in the sample.
Finally, samples with significantly different microstructure (fresh and heated) were analysed and
compared, showing that the bubbles volume-weighted equivalent diameter (D[4,3]) increased from 30
um to 100 — 150 um. The bubble sphericity, and the volume fraction of spherical bubbles, increased as
well. These changes were attributed to the presence of large, coalesced bubbles with rounder shape,
resulting from the partial melting of the stabilizing fat crystals at the interface. Moreover, the average

oleogel thickness increased, due to part of the bubbles dissolving and leaving the sample.

Therefore, it was demonstrated that, with the aid of temperature control and optimization of the

beamline setup, the internal microstructure of soft, microporous matter was accessible, providing high-
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quality reconstructed images of the samples. Furthermore, the post-processing workflow enabled the
extraction of meaningful parameters to describe the microstructure, for both the dispersed and
continuous phase. While the method was demonstrated with oleofoams, it may be applied in the future

to soft materials that share similar challenges in its characterization in the native state.

How does the three-dimensional microstructure of oleofoams evolve during manufacturing, storage and

upon application of external stimuli?

The methodology developed in the previous section was applied to an extensive study of the
microstructure of cocoa butter—based oleofoams, in relation to the aeration time, storage conditions, and
the effect of heating. As the amount of cocoa butter (SFC%) was the main parameter affecting the
oleofoam properties, two reference samples were chosen for analysis: one with low and one with high
cocoa butter content. With regards to the aeration, it was shown that, already after 5 minutes, both
samples displayed a similar bubble size distribution, log-normal in shape and centred at 20 um. The bubble
sphericity distribution was broad, ranging from 0.6 to 0.95, with an average value of 0.86 and 0.88 for
samples 15S and 30F. The overrun, on the other hand, reached an equilibrium value of 170%, as calculated
from tomography, already after 15 minutes of aeration for sample 15S; sample 30F, on the other hand,
reached a final overrun of 130% after 30 minutes. The oleogel thickness decreased following the same
trend of the overrun evolution, as large domains of unwhipped oleogel were dissolved to incorporate
more air; therefore, sample 30F displayed a larger oleogel thickness, at the end of the aeration, compared
to sample 15S. Hence, the SFC% played an important part in the rate of air incorporation and thickness of
the continuous phase. As the CNPs spherical aggregates were broken down by aeration to individual CNPs

of similar size, the bubble size distribution was not affected by SFC%.

With regards to the storage effect, sample 30F showed better stability to overrun loss, and bubble size

disproportionation, compared to sample 15S. After 3 months, in fact, sample 15S exhibited a decrease of
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overrun from 170% to 50%, and a decrease in the number of bubbles by more than 50%. At the same
time, the oleogel thickness increased from an average 10 um to 25 um. Sample 30F, on the other hand,
exhibited lesser decrease in overrun (from 130% to 70%), and a similar bubble size distribution to the
fresh analogue. For both 15S and 30F samples, however, the bubble sphericity increased from an average
of 0.86 and 0.88 to 0.93 and 0.92, respectively. This observation could be ascribed to the Ostwald ripening
of the CNPs, where small platelets on the surface of the bubbles dissolved in favour of larger crystals, both
at the interface and in the bulk. This hypothesis was confirmed by polarized light images of the same
samples, which showed an increase in the thickness of birefringent crystals between bubbles during
storage. The small changes in the bubble size distribution were attributed to the remarkable stability of
oleofoams imparted by Pickering stabilisation of the fat crystals. After 15 months of storage, however,
sample 15S lost its aerated microstructure, whereas sample 30F exhibited some degree of Ostwald

ripening in the dispersed phase.

Heating the samples to their respective melting point resulted in an increase in the D[4,3], a decrease in
the number of bubbles and an increase in the oleogel thickness. The use of X-Ray radiography enabled
visualization of coalescence between bubbles, elucidating which destabilisation mechanism was
predominant in the microstructure during heating. While gas transfer could not be observed directly, it is
likely that it occurred during heating as well, considering that the stabilising fat crystals melted, offering
no physical barrier between the bubbles to prevent disproportionation. Interestingly, the onset of
destabilisation, as observed from X-Ray radiography, was delayed by 2.25 and 3.35 °C compared to
melting onset calculated from differential scanning calorimetry (DSC), which was ascribed to the thermal

insulation provided by air bubbles during heating of the samples.

Synchrotron radiation X-Ray tomography and radiography provided unprecedented results on the
microstructure of oleofoams, which are challenging to image due to their soft nature. In particular, the

information obtained within this work was instructive about the mechanism of aeration during whipping
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of the oleofoams, which might be used to design improved aeration processes for the production of
aerated oils. Furthermore, the complex interplay between ageing of the fat crystals and air bubbles was
unveiled, highlighting the role of SFC% into the stability of the samples. Finally, as oleofoams constitute
an attractive, thermo-responsive materials, information about the dynamics of destabilisation will be

useful for the design of release profiles of flavours, bioactive ingredients or pharmaceuticals.

In summary, this doctoral project provided the results of an extensive study on the process-structure-
function relationship of oleofoams. In particular, the main parameter affecting the properties of
oleofoams - the SFC% - was identified, and a method to monitor its evolution during crystallization
proposed and validated successfully, using a fast, reliable and non-invasive technique, aided by novel
machine learning methods. This result is encouraging not only for the crystallization of oleofoam
precursors, but for other processing operations that still rely on ex-situ methods. Similarly, a novel
methodology for imaging soft microporous matter was developed within this doctoral project, which

holds potential for being applied to soft materials which need to be further characterized.

Future Developments

- The current doctoral project focused on specific processing conditions and explored the effect of
a limited set of variables, which were in this case the concentration of added fat and the cooling
rate, and studied such effects on the properties of the related oleofoams. As the research on
crystal-stabilized oleofoams is still in its infancy, an extended study on the stabilisation of the
air/oil interface with different crystal properties (e.g. polymorphism, morphology) would be
relevant to obtain oleofoams with different properties. These would include different bubble size
distributions, different types of stabilizing fat networks in the bulk, with consequent novel

rheological behaviour. This diversity could be achieved also by exploring other aeration
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parameters, such as the geometry of the stirrer, and aeration speed. Moreover, the presence of
an air/oil interface may be exploited to affect crystallization of fat crystals, as recently
demonstrated by Mishra et al. (2020).

Having developed the method for imaging soft, microporous matter, it would be relevant to
attempt tomography experiments at higher resolution, such as the nanoscale, to visualize
individual crystals adsorbed at the bubble interface, and to couple such experiments with external
stimuli. In this way, precise arrangement of the fat crystals at the air/oil interface could be studied,
which is currently lacking due to the complexity of the microstructure in oleofoams. At present,
only the orientation of the stabilising crystals was investigated, using synchrotron radiation micro
beam X-ray diffraction (SR-u-XRD) (Mishima et al., 2016). This type of analysis may be applied to
other soft multiphasic materials stabilized by particles, such as emulsions or aqueous foams, for
which information about the adsorption of particles at the interfaces, in three-dimensions and in
the native state, is also lacking.

The use of pulse ultrasonic spectroscopy to characterize the properties of oleofoams has been
attempted during this doctoral project, but it was not possible to obtain a robust correlation
between acoustic data and, for example, sample density. Variations in density may be correlated
to the increase in overrun during aeration, which is the main parameter used to describe the
foamability of an oleogel. So far, foam density (and overrun) can be measured through gravimetric
methods, or with tomography techniques. However, both methods require sample collection or
off-line analysis. Hence, developing a hardware solution able to estimate the density of oleofoams
in a non-invasive, non-destructive fashion could be a useful addition to the set of PAT tools

available during manufacturing.
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Appendix A: supporting information for Chapter 3

The solvent-subtracted diffraction patterns of crystallizing CB/HOSO mixtures were obtained by
the following steps. In order to account for the relative amount of the liquid and solid phase, the
baseline of the molten phase was corrected prior to being subtracted from the signal of the

crystallized samples.

For the SR-XRD experiments, the integral of the diffraction patterns between q=0.05 Atand q =

0.09 Aland q=1.0 Atand q = 1.3 AL were calculated for SAXS and WAXS, respectively.

The integrals of the crystallized samples Intmixwre (i.e. at 10 and 7°C) were then divided by the

integral of the molten phase Intmeri: (25°C or 20°C) to obtain a correction factor k (Equation Al):

1 Nlmixture =k

Eq. Al
Intmelt

The intensity of the melt of each experiment was multiplied by the corresponding k factor

(Equation A2), after which the subtraction of the background was carried out (Equation A3):
Imelt X k == Ir’nelt Eq. A2

— !
Isubtracted - Imixture - Imelt Eq' A3

The X-Ray diffraction patterns were also plotted according to the Lorentzian representation (q
plotted against 1g2) in order to investigate further the presence of additional peaks. For the
benchtop X-Ray experiments, the integrals between g =0.5 At and q = 0.9 A1 (SAXS) and q = 11.0
Al and q = 13.0 A (WAXS) were instead evaluated, due to the different resolution of the

instrument.
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Figure A1 Polarized light image of a 22M oleogel, highlighting a single CB spherical aggregate and its diameter.
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Figure A2. Oscillatory rheology of medium and slow-cooled oleogels crystallized in the lab-scale vessel. Elastic modulus (G’) and

viscous modulus (G”) are plotted as a function of strain (%). The flow point (tf) is highlighted with a red arrow.
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Table Al. Onset temperature and peak melting temperature of oleofoam samples after 30 minutes of aeration measured using

differential scanning calorimetry.

Sample (oleofoam)

T ynset 0leofoam (°C)

T,, oleofoam (°C)

15F

15M

15S

22F

22M

22S

30F

30M

30S

21.68+0.04

21.40+0.43

21.28 £0.27

21.15+0.69

20.34 £ 0.08

22.43 +0.52

21.87+0.82

22.01+0.02

21.38+0.17
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25.01+0.18

24.87 +0.25

24.98 + 0.67

26.30+£0.33

25.80+0.08

26.28 +0.21

27.30+0.08

27.35+0.20

27.39+0.13
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Figure A3. XRD patterns of oleofoams after 5 minutes of aeration (top row) and after 30 minutes of aeration (bottom row).
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Figure A4. CryoSEM images of an oleofoam sample (15S). CNPs can be seen on the air/oil interface exposing their side (shown by

arrows), as well as in the oleogel phase.
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Figure A5. CryoSEM images of an oleofoam sample (30F). Stacked layers of CNPs appear in the continuous oleogel phase, and

inside the air bubble in the centre where CNPs expose their large facet to the air/oil boundary
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Figure A6. CryoSEM images of an oleofoam sample (30F), with higher magnification compared to Figure A5. A CNP is highlighted

within the yellow circle
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Figure A7. CryoSEM images of an oleofoam sample (30F), focused on the inside of an air bubble. CNPs are visible on the air/oil

interface.
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Figure A8. PLM image of a diluted 22F oleofoam with HOSO. Large air bubbles (diameter ~ 100 um) and small bubbles ( < 10 um)

are visible. The image contrast was enhanced using a full-wave plate
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Figure A9. Oscillatory rheology of medium and slow-cooled oleofoams (grey) compared with their oleogel analogues (black).

Elastic modulus (G’) and viscous modulus (G”) are plotted as a function of strain (%).
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Figure A10. Oleofoams 15F, 15M and 15S after 3 months of storage at 20°C.
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Figure A11. CryoSEM images of a fresh 15S foam (left, a and b) and a sample aged 3 months old at 20°C (right, c and d). Aged

samples contain fewer air bubbles in the bulk (c) however still show CNPs at the air/oil interface (d).
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Appendix B: supporting information for Chapter 5

The overrun for each volume of interest (VOI) was calculated from XCT data (ORxcr) starting from

the definition of overrun as calculated from the cup method (ORcur) (Eq. B1)

w, - W
OR(;UP (%) — 100 x oleogel oleofoam Eq. B1

Woleofoam

Where Woleogel and Woleofoam are the weight of a cup of fixed volume (30 mL) of the oleogel and
the oleofoam, respectively. The weight can be expressed as the product of the volume (V) and

the density (p), resulting in Equation B2:

pgelVgel - pfoameoam

ORCUP(%) =100 x Eq B2

pfoameoam

One assumption is that the oleofoam can be considered as comprising two phases, the oleogel

and the air phase (Equation B3)

pgelVgel - (pair¢airvfoam + pgel(1 - ¢air)Vfoam)
(paird)aieroam + pgel(l - d)air)vfoam)

ORCUP(%) =100 X Eq B3

ORxcr is calculated from VOI having the same volume, hence Vgel = Vfoam. The density of air at 20°C
is 1.20 kg m3, whereas fats and oils display density values two orders of magnitude higher (ca.
973 kg m?3). Therefore, the term puirPairVroam < Pgei(1 — Pair)Vroam and it can be cancelled

out from the equation. Hence, Equation B3 simplifies to Equation B4

¢air

OR %) =100 X —mM8M8—
xer(%) = ba)

Eq. B4
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Figure B1. Tomography slice of a 15S fresh sample, using 10 milliseconds exposure time per projection. Slight deformation of the
sample in the reconstruction is highlighted with red circles. Artefacts caused by the limited field of view, instead, are marked with

an asterisk.
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Figure B2. Tomography slices of sample 2 155 30 Min (a) and sample 2 30F 30 Min (b) highlighting the presence of large air

bubbles, with comparable size with the sampling VOI.

Table B1. Overrun values calculated from sample 15S 30 Minutes, using different thresholding methods in the post-processing

workflow.

Method Otsu Huang and Wang Renyi’s Entropy
VoIl 153.1 146.4 213.1
VOI2 145.2 124.5 237.9
VOI3 150.3 133.3 244.0
Vol4 159.5 133.4 264.8
VOI5 145.3 133.2 198.8
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VOI6 160.5 137.7 290.7

Mean (%) 152.3+6.7 134.7+7.2 241.5+33.5
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Figure B3. Comparison of different thresholding methods on the calculated sample overrun. Top left, grayscale image of one VOI

of sample 15S, 30 minutes; top right, Otsu method; bottom left, Huang and Wang method; bottom right, Renyi's Entropy method.
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Figure B4. XRR i-th frame (a), i+1th frame (b) and the resulting difference image (c), showing the outline of a large bubble formed

between the two frames. The frames were taken while heating sample 30F Fresh, from 293K (20°C) to 300K (27°C) at 1 K/min rate.
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Figure B5. Frames of the difference image stack for sample 30F Fresh during heating. Each frame is separated by 0.667 seconds
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Figure B6. First principal component (PC) score of the PCA analysis of the difference image stack (solid line), and temperature

profile (—) plotted against frame number for the XRR heating experiment of the 30F Fresh sample.

1r 0.2 1 5
S 0.15 g b 25
% 3 ?
- 05 0.1 5 0.5 15
£ £ ’
- - 1
o 005
o 2 0.5
0 : : : 0 : : : '
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Elongation Index (b/a) Elongation Index (b/a)
] 30F Fresh ] 30F Heated
& nocnre 0P
= o 02 . ° 6008 : 5
Q © 9 e 2 00
2 o ° 0.15 S 4
5 o 3 a>f
o] 05+ o] 05 CO o) 8 3
2 o 5 01 < 0 00
5 o S % ® o9 2
[ 0.05 o e - o oo 1
0 ‘ : 0 :
0 0.2 04 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Elongation Index (b/a) Elongation Index (b/a)

Figure B7. Air bubbles' shape distribution for samples 15S Fresh (a), 15S Heated (b), 30F Fresh (c) and 30F Heated (d). Objects with

¢/b and b/a ratios larger than 2/3 are classified as spheroidal.
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Appendix C: supporting information for Chapter 6
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Figure C1. Evolution of the bubble sphericity during aeration for sample 15S (a) and 30F (b).
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Figure C2. Waterfall plots displaying the evolution during aeration of the oleogel phase distribution for sample 15S (a) and sample

30F (b).

209

30F Bubble Sphericity
—5 Min
=10 Min
<4 ——15Min
= 20 Min
83 25 Min
§ 30 Min
Lot
g AP
z 4 AN
A%
b) =
o e g . . n
05 0.6 0.7 0.8 0.9
Sphericity @
30F Aeration

Volume Fraction (%)

oo

Oleogel Thickness (um) 100 O Whipping Time (min)



Figure C3. Sample 15S after three months of storage at 20°C. The magnification shows the internal fracture in the sample, with

consequent loss of the air phase.
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100 ym

Figure C4. Polarized light images of oleofoam samples at different storage times: 15S fresh (a), after 3 months (b) and after 15

months (c); sample 30F fresh (d), after 3 months (e) and after 15 months (f).
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Aged oleofoam samples were investigated with oscillatory rheology with an amplitude sweep

experiment. The measurements were carried out on a MCR 302 stress-controlled rheometer

(Anton Paar, Austria) using a 25 mm parallel plate, and a sample gap of 1.0 mm. The amplitude

sweeps were applied between 0.001% and 10% strain, with a fixed frequency of 1 Hz. The

temperature was set to 20°C and maintained using a Peltier hood connected to a F25-HE water

circulator (Julabo, Germany). The samples were investigated after 15 months of storage at 20°C,

in triplicate. Data analysis was carried out in the Rheocompass version 1.21 software (Anton Paar,

Austria), and compared with the results from fresh oleofoam samples.
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Figure C5. Elastic modulus (G') and viscous modulus (G") of 15S samples fresh and aged 15 months (left), 30F samples fresh and

aged 15 months (right).
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