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Abstract

any particle-based consumer foods are in compacted or tableted form and contain lipids
M such as fats, oils and greases for nutritional, organoleptic, and technical functionali-
ties. Driven by sustainability goals, consumer goods manufacturers aim to implement flexible
paper-based packaging which however is more susceptible to lipid absorption due to its porous
structure. Seasoning tablets or bouillon cubes are popular culinary condiments composed of
compacted powders and lipids, wrapped individually in increasingly paper-based wrappers and
often produce undesired lipid stains on the packaging. Research in lipid migration from foods
has so far focused on chocolate. For the first time, a holistic approach is now taken to under-
stand, characterise, and mitigate oil and fat migration from seasoning tablets into paper pack-
aging. A literature review revisits fundamental mass transfer phenomena of lipid migration in
particle-based food systems focusing on measurement, modelling and control approaches. The
method of Raman chemical imaging and magnetic resonance imaging are further developed and
applied for the first time to effectively quantify lipid mobility in seasoning food structures. As
a migration mitigation strategy, interstitial pore size restructuration was performed by particle
size variation of the salt fraction in the seasoning formulations. Capillary flow and diffusion
modelling and experimental validation were performed. It was found that lipid migration out of
the seasoning tablet into paper packaging was reduced in tablets with smaller pore microstruc-
tures, achieved with finer salt fractions. Lipid migration behaviour was explained by thermo-
dynamic driving force being the relative difference of capillary suction between the food and
paper matrices, and by kinetic resistance due to flow channel size in the food and paper porous
media. This work for the first time investigated lipid migration from seasoning tablets into pa-
per packaging, reviewing literature, developing advanced characterisation methodologies, and
fundamentally describing and applying innovative migration mitigation strategies based on food
microstructuration.

(300 words)
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Chapter 1

Introduction

any particle-based consumer foods are in compacted or tableted form and contain lipids
M such as fats, oils and greases for nutritional, organoleptic, and technical functionalities.
Driven by sustainability goals, fast moving consumer goods manufacturers aim to implement
flexible paper-based packaging which however is more susceptible to lipid absorption due to its
porous structure. The ultimate aim in lipid migration research and the concerning industries has
been to mitigate this undesired phenomenon. This necessitates understanding of the fundamen-
tal mass transfer mechanisms, which are still debated in literature, and knowledge of the food
microstructure, formulation and lipid type, as well as of the packaging structure. As lipid stains
manifest on packaging but originate from the food, characterisation techniques are required to
locate and quantify lipid migration within the food matrix as well as in the packaging. Finally,
predicting the performance of mitigation strategies requires appropriate modelling techniques.

Seasoning tablets, bouillon cubes or compacts (used interchangeably) are staple culinary
condiments in many markets and contain majoritarily salt, sugar, starch, herbs and spices, and
vegetable or animal lipids, in liquid and/solid form. During manufacturing, the food powders
and lipids are mixed and compressed in tablet presses at up to 20 kPa pressure. The tablets
are then wrapped in individual wrappers, increasingly of paper-based fibrous material. As com-
monly available seasoning tablets contain from 3 to 20 w/w% fat or oil depending on the market
and recipe, lipid migration into paper packaging is of critical concern. Figure 1.1 shows a typ-
ical seasoning tablet in contact with paper and the resulting lipid stain after storage at 20 °C,
40 % relative humidity for 12 h. However, literature on lipid migration in seasoning tablets
and into paper packaging is limited, as are industrially applicable solutions towards this unde-
sired phenomenon. Hence, the present work aims to advance knowledge by first reviewing and
proposing mitigation strategies based on microstructuration of the tablet particle and pore struc-
ture. Further by also developing high-end characterisation techniques applied for the first time
to this food particle system, while first-principle modelling is applied in an attempt to predict
lipid migration behaviour.

This thesis is structured as a Publication format thesis according to the University of Sheffield
guidelines, which states that chapters either need to be published, in the process of publishing,
or with the intention and quality to be published https://www.sheffield.ac.uk/rpi/pg
r/examination/formats

The thesis follows a clear storyline in order to advance knowledge in the field of oil migra-
tion from particle-based compacted foods into paper packaging.
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Figure 1.1: Lipid stain developing from a typical seasoning tablet on paper during storage at
20 °C, 40 % relative humidity for 12 h. Left hand photograph shows seasoning tablet resting on
paper. Right hand photograph shows resulting fat lipid stains after lifting the tablet.

An extensive published literature review revisits prior public literature of lipid migration
in particulate foods, focusing on current understanding of mass transfer mechanisms, reported
characterisation techniques and their applicability to various lipid-particle food systems, first-
principle and empiric modelling approaches, and physical strategies for lipid stabilisation and
hence migration mitigation. (ii) Next, a pre-print published methods paper explains in detail
Raman chemical imaging, the major characterisation technique employed in this work. The
hardware and software setup to acquire and reconstruct images of the lipid profile on seasoning
tablets is described. (iii) Further, a published article describes for the first time the mitigation
approach of reducing particle size and thereby generating a microstructure that physically sta-
bilises sunflower oil in a model salt and oil seasoning compact. Raman chemical imaging is
used for the first time to accurately depict surface oil concentration as a function of particle size
and temperature in a shelf-life test. (iv) To advance understanding of the fundamental physical
mass transfer mechanism, an published manuscript attempts modelling of the liquid fat migra-
tion flow in a salt and fat compact. It is hypothesised that both the seasoning compact and paper
packaging are porous bodies in contact with each other, and thus fat migration depends on the
relative capillary pressure and permeability differences between the two media. A mechanistic
capillary flow model is built and validated with a physical shelf-life experiment replicating the
model and using Raman chemical imaging and optical imaging for quantification. (v) While the
type of lipid was changed from sunflower oil to palm fat to show universality of this research,
the particle matrix remained unchanged as salt. To further show applicability of this work to
real seasoning tablets, the last chapter uses a more complex 7-component formulation. In this
unpublished manuscript, sunflower oil migration in more realistic formulations is assessed on
the surface via Raman chemical imaging and inside the tablet by employing magnetic reso-
nance imaging for the first time to seasoning tablets, given that the tablets are opaque to Raman
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surface techniques. As the microstructure is similarly more complex, diffusion modelling was
applied to relate diffusivity with particle size changes of the formulation.

As such, this thesis in publication format follows a coherent storyline building scientific
understanding from prior art, advanced experimental techniques and theoretical models, starting
with model salt-oil systems and finishing with applied formulations.

Literature review

The thesis begins with an extensive published literature review titled Particle-based food sys-
tems subject to lipid migration — A review of measurement, modelling, and mitigation ap-
proaches. It is revisiting prior public literature of lipid migration in entirely particle-based
foods or soft-matter systems containing particles. The focus is on current understanding of
mass transfer mechanisms, reported characterisation techniques and their applicability to vari-
ous lipid-particle food systems, first-principle and empiric modelling approaches, and physical
strategies for lipid stabilisation and hence migration mitigation.

For this purpose, the literature review is formed of four main sections: (i) A fundamental
section discussing the origins of lipid migration being thermodynamic instability but some ki-
netic deceleration effects, resulting in metastability. The two main mass transfer phenomena
diffusion and capillary flow are described. (ii) A full review section is dedicated to charac-
terisation techniques for lipid migration described in literature. From this section is it learned
that most techniques have been developed for surface characterisation in 2D, mostly with gravi-
metric or optical techniques, with limited used of spectroscopic techniques. In addition, 3D
characterisation of lipid migration is limited due to the need for tomographic equipment. (iii)
As the aim of characterisation is to explain and predict, the third section is entirely dedicated
to modelling approaches for lipid migration described in literature. Systems such as chocolate
with complex microstructure and ingredient formulation are preferably modelled with a diffu-
sion approach, as little structural and compositional information is required. Only few systems
are modelled with a more fundamental capillary approach. (iv) As another objective is to find
practical solutions to prevent lipid migration, literature-sourced physical approaches to lipid
stabilisation are classified into their technologies and described. An outcome of the review here
is that many lipid structuring approaches exist for emulsified systems but only few for mostly
solid systems, especially for tablets. The literature review was thus used to find gaps in the
literature and direct the following research.

Methodology

Following from the literature review, the methodology is described in a methods manuscript
titled A Method for Raman Chemical Imaging from Point Probes: Hyperspectral Characteri-
sation of Food Powder Structures. The literature review identified Raman spectroscopy as a
powerful technique for 2D surface characterisation, yet it has not been used for lipid migration
studies or compacted consumer foods.

This chapter describes the two approaches employing hyperspectral characterisation: dis-
tribution Raman chemical imaging, aiming to visualise the location of individual ingredients,
and global intensity imaging, aiming to assess the spatial concentration of a single component
over a surface. Raman spectroscopes for imaging are often prohibitively expensive and thus
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a hardware and software setup were developed by the author and are described herein making
them open-source. The relationship between particle size and resolution is described to obtain
optimal results and the Matlab code for Raman signal processing is shared. Due to the novelty
of this method and application, Raman imaging was used as the main characterisation tech-
nique in this thesis, and therefore this chapter solely concerns this application. Method details
on the tablet composition and other experimental techniques as well as modelling are described
in separate chapters, as is the nature of a thesis by publication.

Mitigation strategy

One conclusion of the literature review was the novelty of Raman imaging for lipid migra-
tion characterisation. In terms of mitigation strategies for lipid migration, a literature gap was
identified for lipid stabilisation in particle compacts such as tablets. In particle beds the Young-
Laplace equation predicts increasing capillary pressure for smaller interstitial pore sizes, ef-
fected by smaller particles. This theory was used to propose a tablet structure from smaller
particles as a strategy to reduce lipid migration from the food tablets into paper packaging.

This chapter on the mitigation strategy is a published article titled Food vs packaging: Dy-
namics of oil migration from particle systems into fibrous material and presents the first work
on mitigating sunflower oil migration from pure salt tablets of varying particle sizes. Raman
imaging described in the methodology chapter is applied to trace the oil leaking on the tablet
surface, while automated oil stain measurement on the packaging paper is used to quantify the
resultant stain. It was shown that oil migration was reduced to almost O cm? on paper with little
detectable changes of oil concentration on the tablet surface, when particle size was reduced
from 500 to 50 um. This reinforces the applicability of Raman imaging and stain imaging
on paper as complementary methods to characterise the migration behaviour in both the food
and packaging bodies. Further, this proof of concept was successful in suggesting that pore
microstructuration is an effective method to reduce lipid mobility while enabling powder com-
paction into tablets.

Modeling

The methodology and mitigation strategy chapters showed suitable characterisation techniques
and a successful mitigation stategy for lipid migration. The literature review further showed that
capillary modelling is underutilized for lipid migration modelling due to frequent microstruc-
tural and compositional complexity of food bodies. To explain and predict mathematically the
mass transfer behaviour observed in the prior mitigation chapter, a dedicated modelling chapter
follows. Pursuing the thesis format in publication style, the chapter is titled Fat migration from
a particulate food system into fibrous material via capillary flow — first-principle modelling and
experimental validation and is a published article.

This chapter thus builds a theoretical mathematical model based on capillary flow for the
same lipid-salt model system as the previous Mitigation strategy chapter to allow a one-to-one
translation. Palm fat was used here instead of oil to use a lipid that is solid at preparation
temperature but liquid at experimental conditions. Material characteristics (density, viscos-
ity, surface tension), the thermodynamic system properties (capillary pressure), and the system
kinetic properties (permeability) were evaluated in auxiliary measurements and fed into the
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model. Those supporting experiments were washburn sorption type tests for fat-free salt tablets
to assess fat sorption properties, and x-ray tomography to measure pore size. As microstructure
was modulated by particle size, fat-salt tablets with particle size of dsp = 5 um, dsy = 250 um,
and dsp = 500 um were evaluated systematically. An underlying ternary design of experiments
was constructed by varying the quantity of the three size fractions into single, dual and ternary
blends. The model predicted fat migration in the tablet assuming a 1D flow, and in the packag-
ing paper assuming a 1D radial axisymmetric flow. For thorough experimental comparison, the
model was validated in an exact physical replicate. Fat migration in the cube was measured as
in prior chapters via Raman chemical imaging, and fat migration in the packaging paper as pre-
viously with automated image quantification. Model and experiments compared well for large
particle sizes in which model parameters were easily measured, but failed for the prediction in
the tablet for very fine fractions. It was hypothesised that the 1D assumption does not hold as
fat rapidly migrated into the tablet core away from the surface.

Application

The prior chapters built a coherent storyline from literature review over methodology and strat-
egy, to modelling. As a start, prior chapters discussed simple lipid-salt systems; sunflower oil
and palm fat based with different salt size fractions. The preceding modelling chapter partly
predicted the effect of microstructure on lipid migration from lipid-salt tablets into paper pack-
aging. Yet, it was hypothesised that the lipid disappearance of surface fat from the tablet surface
was due to capillary flow into the tablet core. While a novel and powerful technique, Raman
imaging is a surface characterisation method, and does not enable tomographic imaging of the
tablet core. In order to visualise tablet core and assess lipid migration in a more complex real
system as opposed to lipid-salt only, the last chapter covers the application. Following from
prior chapters, this is a manuscript currently submitted and unpublished titled Surface and core
effects in oil migration from particulate seasoning tablets into paper packaging via Raman and
Magnetic Resonance Imaging.

Instead of two-component lipid-salt tablets, genuine 7-component seasoning tablets were
prepared from salt, sunflower oil, sugar, starch, maltodextrin, and monosodium glutamate. In
addition to Raman chemical imaging for tablet surface characterisation, nuclear magnetic res-
onance (NMR) tomography was used for lipid visualisation in the tablet core. As previously,
lipid characterisation of the tablet was complemented with automated fat stain quantification.
It was shown that migration profiles of surface (Raman) and core (NMR) are congruent for the
7-component tablets which would justify a 1D vertical flow. However, the 2-component fat-salt
tablet and 7-component seasoning tablet showed different migration profiles, suggesting that
formulation differences between the two tablets result in different mass transfer behaviours. As
the 7-component system’s microstructure is complex to evaluate, a 1D diffusion model was es-
tablished. It is novel as it omits simplifications described so far in oil migration literature and
instead uses a numerical solution to Fick’s second law.

This thesis builds a wholistic storyline from a prior art review, develops application-specific
characterisation techniques, innovates with a modern physical mitigation strategy, and applies
fundamental mass transfer modelling techniques alongside experimental results. This work
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therefore advances knowledge in understanding, mitigating, measuring and modelling lipid mi-
gration in compacted particle-based food structures.
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Chapter 2

Literature Review
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quality defects such as fat bloom on chocolate or oil stains on fibrous paper-based wrappers. This review revisits

Chocolate the factors influencing lipid migration and the generally accepted transport mechanisms diffusion and capillary
flow. The most common measurement methods and modelling approaches described in the literature are dis-
cussed and assessed. Modern mitigation strategies to control lipid mobility are reviewed, with discussion on
applicability to different particle-based food types and structures. Current trends towards healthier diets, clean-
label recipes and sustainable packaging challenge traditional methods to stabilise lipids in food. As such a
fundamental understanding, and measurement, modelling and mitigation strategies of lipid migration are highly
relevant for a wide range of lipid-containing particulate foods.

Nomenclature m Mass concentration (kg m~3)
M Oil mass (kg)

A Migration cross sectional area (mz) M, Equilibrium oil mass (kg)

Astain 0il stain area (m?) M, Oil mass at time t (kg)

a Colour space a-axis n Number of terms (—)

b Exponent (—) Pggs Gas-side pressure (Pa)

b* Colour space b-axis Piiq Liquid-side pressure (Pa)

Bo Bond number () R? Correlation coefficient (—)

C Mass fraction (kg kg’l) Teap Capillary radius (m)

Coo Equilibrium mass fraction (kg kg™!) Teff Effective radius (m)

Ca Capillary number (—) Tm Molecular radius (m)

D Diffusivity (m?s™1) Tmen Meniscus radius (m)

Dy Effective diffusivity (m? s™) T Temperature (K)

Dso Median particle size (m) t Time (s)

d Times (s) to Midpoint time (s)

d, Particle diameter (m) ti/2 Recovery half-time (s)

Eping Electron binding energy (J) y Flow velocity (m s™1)

Exin Electron kinetic energy (J) w Bleached area radius (m)

G Magnetic field gradient amplitude (T m ™) x Migration distance (m)

g Acceleration due to gravity (m s™2) B Avrami index (—)

h Jurin’s height (m) Y Gyromagnetic ratio (—)

h, Planck’s constant (J s) A Diffusion time (s)

I Intensity (au) AP Pressure difference (Pa)

Iy Intensity at 0 T m~' magnetic field gradient (au) S Pulse duration (s)

Line Integral spectral intensity (au) € Voidage (-)

i Intensity (au) at each Raman shift @ 0 Contact angle (°)

J Mass flux (kg m?s 1 u Viscosity (Pa s)

k Rate constant (s~ %) o Surface tension (N m™%)

kp Boltzmann’s constant (J K™1) p 0il density (kg m~3)

ke Crystallisation rate constant () T Tortuosity (—)

km 0Oil migration rate constant (kg s~%-°) v Frequency (Hz)

ks Dissolution rate constant (s~ 1) w Raman shift (cm™1)

L Capillary length (m) o Lower spectral limits (cm ™"

l Food body length (m) Wn Upper spectral limits (cm™!)

L Lightness (—)

1. Introduction

An estimated 70% of all dry fast moving consumer goods (FMCG) for
humans and pets are sold in particulate form, either as powders, gran-
ules, tablets, or particle-based dispersions [1]. A significant proportion
of FMCG contain oils, greases, or fats added for food texturing, mouth-
feel, flavour enhancement, health benefits from addition of essential
oils, for purposely increasing calorific energy content, or for technical
reasons such as dust control during manufacturing [2].

Generally, fats, oils, and greases (FOGs), amongst other components
like lecithins, are classified as lipids. Oils are usually considered liquid at
room temperature, whereas fats are solid, although many exceptions
exists and thus a distinction based on their structure is more helpful.
Fatty acids are aliphatic carboxylic acids and can contain from 4 to 24
carbon atoms in foodstuffs. Melting points for fully saturated fatty acids
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range from about 0 to 90 °C, whereas their unsaturated homologues do
not tend to exceed 70 °C in melting temperature, owing to the alkene
group. The absence of double bonds in saturated fatty acids generally
results in a crystalline packing arrangement upon solidification, whereas
in unsaturated structures the packing is less efficient due to the non-
linearity induced by the double-bond, especially in the cis configura-
tion [2].

When fatty acids are esterified with glycerol, mono-, di-, or triacyl
glycerides (MAG, DAG, TAG) are formed, that solidify at room tem-
perature. A given TAG molecule can crystallise in different polymorphs
which bear different stabilities and thus melting points [2].

Greases are generally considered a biphasic mixture of liquid oil
dispersed in a stabilising gelator matrix such as fats or waxes [3]. In
particulate food systems, the lipid phase is essentially dispersed and in
direct contact between particles, which for food products generally
consist of crystalline or amorphous material. Crystalline particles are
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generally inert to oil and humidity below their critical relative humidity
(RH) due to their rigid crystal structure, but undergo deliquescence at
higher atmospheric water content (75 %RH for table salt, 85 %RH for
sucrose) [4]. Amorphous materials do not have a characteristic point
beyond which they absorb water. Instead they gradually take up water
and undergo sintering at rising environmental humidity due to an in-
crease in free volume as small molecules such as water mobilise clusters
of molecules [5]. Accordingly, various physicochemical phenomena in
the lipid, crystalline, and amorphous phase can induce mobility of the
lipid phase within, and out of the particulate food structure to its sur-
rounding packaging. This metastability often referred to as fat, oil, or
grease migration, release, or leaking [6], has serious implications for
consumers and manufacturers alike, such as in fat bloom in chocolate
confectionary [7-10] or in grease proofness of food packaging [11,12].

One of many consequences, oil leaking out of its protective food
matrix is exposed to the oxygen containing environment and more prone
to oxidation, responsible for the rancid off-flavour influencing taste
perception of consumers [13]. For example, fat oxidation in dried dairy
powder beverages is the main reason for rancid taste [14] and increase
of surface fat is known to enhance powder caking and impede
conveying, dispensing, and dissolution in manufacturing and vending
settings [15].

Chocolate is also considered a particulate system majoritarily con-
sisting of sugar and cocoa powder dispersed in a continuous cocoa butter
or other fat matrix. Notorious fat bloom on chocolate implies a reduced
quality in consumer preference [16,17] and it has been shown that vi-
sual opinionation influences taste perception of confectionary products
[18]. Beyond organoleptic and hedonistic effects, hardness of chocolate
has been shown to reduce as a result of oil migration due to lack of oil
acting as a plasticizer, rendering the chocolate more brittle [19].

With the rising trend in food packaging paperisation, further tech-
nical implications on barrier properties are increasingly gaining
importance. Paper and other fibrous packaging are porous media and
thus generally have high affinity towards oils and greases compared to
conventional packaging such as plastic, metal, or glass [20-22]. Fibrous
packaging is thus more prone to lipid imbibition producing undesired
visible stains on the exterior side of packaging. Visual packaging defects
are a major reason for consumers rejecting food products, associating
packaging damage with qualitatively inferior food [23]. Additionally, it
has been shown that oils migrating into printed paper or cardboard can
dissolve petrochemical-based inks and other oleosoluble coatings and
contaminants, potentially entering into contact with food [24,25].

Other challenges within oil migration stem from current consumer
trends in FMCG such as healthy diets, sustainable packaging, and shelf-
life extension to reduce food waste. Classical approaches to prevent oil
migration have been based on chemical transformations such as hy-
drogenation or interesterification that lead to higher fat viscosity at
ambient temperature or fat crystallisation, thus rendering the lipid
phase immobile. Substitution of fully saturated hard fats with unmodi-
fied (poly)unsaturated oils for health benefits results in a less viscous
lipid phase, thus being more mobile to conditions driving oil migration
[26,27]. Similarly, incorporating less processed but more whole foods
into food structures means less structural modifications of the food
microstructure for oil stabilisation can be undertaken [28,29]. Lastly,
manufacturers’ clean-label policies and legislative frameworks restrict
certain additives in oil retention strategies [30]. For example, a clean-
label approach would avoid artificial amphiphilic emulsifiers such as
polysorbates and instead favour natural lecithin-based ones, that can
however be less effective in lipid stabilisation [31] and allergenic due to
residues from the plant they were derived from. In terms of packaging,
comparisons of surveys show consumers rate paper as the most sus-
tainable packaging type over plastic, metal, and glass [32-34], for which
oil imbibition into its fibrous structure remains a challenge for oil
migration control due to paper’s strong capillary driven imbibition.

It is clear that lipid migration in particulate foods is a major quality
concern in human and petfood alike. A fundamental understanding, and
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measurement, modelling and mitigation strategies are thus timely and
relevant in the face of challenging consumer preferences on food and
packaging. After having set out the motivation for oil migration control
in particulate foods, this review revisits the current understanding of oil
migration in particulate food systems (section 2), before describing
recent measurement techniques (section 3) and modelling approaches
(section 4) and discussing modern advances in mitigation strategies
(section 5).

2. Oil migration in particulate food systems

As most multiphasic materials derived from nature that consist of
more than a single pure compound, food containing particles and lipids
is inherently thermodynamically metastable. The instability arises from
concentration gradients due to localised concentration of material (e.g.
liquid oil dispersed a fat matrix), due to pressure gradients (e.g. air in
capillaries), or due to surface energy differences (e.g. small particles
with large surface area) [35]. Kinetic constraints prevent the food from
destabilisation immediately after preparation and in fact thermody-
namic equilibrium is rarely reached [36]. Yet, microstructural and
external phenomena such climatic conditions, interaction with pack-
aging, porosity changes, material transitions, and even gravity can
accelerate the destabilisation kinetics and result in enhanced mobility of
the lipid phase. Lipid migration has generally been accepted to occur via
three main routes: diffusion, capillary flow, or advection (convective
mass transfer), whereby multiple processes are possible in the same
system due to the typical complex structure of particulate food systems
[8]. Lipid migration then manifests itself in various forms such as white
fat bloom on chocolate, glossy greasy surface as in seasoning cubes, or
oil stains on pet food paper packaging, besides secondary organoleptic
effects as rancidity and reverse migration of packaging components into
food [8,24,25,37,38].

2.1. Metastability

Metastability in particulate lipidous foods arises because the ther-
modynamic drive towards equilibrium and phase separation is slowed
via kinetic effects [36]. Yet, mobile lipid fractions are subject to
migration, of which several mass transport mechanisms are possible,
either acting individually or combined.

Oils and fats are influenced by temperature and heat transfer be-
tween the environmental temperature and the food product, as for many
fats used in foods the melting point is in the range of the ambient tem-
perature on the planet and of the human mouth. With increasing tem-
perature, oils become less viscous and more mobile, thus flow easier
through a particle system and may be subjected to diffusion, capillary
flow or advective flow [8]. Fats are generally composed of a mixture of
multiple triacylglycerides and melt gradually from entirely solid to
entirely liquid upon heating, with the range characterised by the solid
fat content (SFC). Thus, increasing temperature increases the liquid
fraction of the fat and its mobility for fat migration. Many fats exist in
multiple polymorphic forms that can be achieved via controlled cooling
or tempering from an initial molten state, and enhanced by seeding of
the liquid fat with solid fat particles [39]. For cocoa butter tri-
acylglycerides in chocolate for instance, six forms have been identified
with different physical characteristics. Forms I to IV have the looser
double chain packing, whereas forms V and VI have a denser triple chain
packing, which also have a higher SFC at a given temperature, compared
to looser less stable polymorphs [8,9]. Eutectic fat mixtures are mixtures
of two or more fats that show incompatibilities between different fat
phases and de-mix or segregate. This phase separation can cause fat
migration by freeing the mobile fraction from a binding interaction with
the less mobile fraction [40]. Multiple studies directly correlate viscos-
ity, SFC and polymorph structures of cocoa butter and other fats with
migration phenomena in chocolate [8,9].

Filled confectionary systems differ from the above single fat phase
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systems by containing a core rich in liquid oils, such as cream, ganache,
wafers or nuts, enrobed with a chocolate shell, that in itself contains a
continuous fat phase. While there is evidence of fat migration leading to
surface bloom in single triacylglyceride fat phase chocolate [41], most
research focusses on oil-induced fat bloom. The suggested mechanisms
inducing metastability are a dissolution of triacylglycerides in oil at the
filling-chocolate interface, and diffusive transport of oil and tri-
acylglycerides to the chocolate surface, driven by the concentration
gradient between the oil-poor chocolate surface and oil-rich filling.
Recrystallisation of triacylglycerides then occurs at the surface
completing the migration pathway [42].

Many particulate food systems also occur as emulsions, either water-
in-0il (w/0) or the reverse (o/w), or oil entrapped in fat. Metastability
here is mostly induced by surface energy effects and insufficient inter-
facial stability between segregated phases. In emulsions, Ostwald
ripening causes larger droplets or particles to grow at the expense of
smaller ones [43], which in extreme cases leads to phase separation and
thus frees any previously emulsified and stabilised phase to migrate,
possibly via diffusion or capillary migrative flow. Similarly, in solid-
liquid food systems such as chocolate, solid crystalline and amorphous
particles can aggregate either due to moisture forming solid bridges
between crystalline particles upon dissolution-recrystallisation, or due
to sinter bridges between amorphous particles upon sintering [5]. While
entrapment of oil into porous cocoa agglomerates seems plausible, hy-
potheses of pressure gradients for example induced by particle aggre-
gation and oil displacement, leading to advective oil migration have also
been proposed [10].

2.2. Diffusivity

Diffusion is defined as the transport of molecules of a mobile primary
phase through a continuous stationary secondary phase, macroscopi-
cally driven by a concentration gradient, and microscopically by
Brownian motion [44]. It was formalised into Fick's law by first
assuming a constant concentration gradient between the rich diffusant
and the depleted stationary phase [45,46]. At any instant in time dt, the
mass flux J (kg m? s~1) in and out of the interfacial area A is proportional
to m(x — )l and m(x + )l respectively, where m is the diffusant con-
centration (kg m_3), x is the diffusion distance, and l is the length of the
food body through which diffusion occurs (m). (Fig. 1). The net flux is
the difference of the two

A
Diffusant phase
l
v « A4
A
l
v

Fig. 1. Schematic of mass transport via diffusion.
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®

However, m changes with location along the diffusing path, that is,
there is a concentration gradient m = 9%, Hence,

J=m(x—Dl-m(x+)l=mx—mP® -mx—-ml = —2ml®

dm

dx

J— —opdm_

ax @

which is Fick’s first law in 1 dimension for constant concentration
gradient ‘fEm across the cross sectional area A. The diffusivity D absorbs
2[2 in a proportionality constant.

Diffusive migration of oil in most food products can be regarded as a
batch process. This is because the amount of diffusant oil phase [ and the
size of the stationary phase [ are limited, without constant influx or
outflux. As a result, the concentration changes with distance x, yielding
Fick’s 2nd law

dm d*>m
d T T de

From the above derivation it follows, that the stationary phase needs
to be permeable to the mobile phase. In particulate food products such as
chocolate, the diffusion approach has been especially used to explain
migration of oil through the fat phase, such as from an oil-rich filling or
nuts through a chocolate coating to its surface, developing fat bloom.
Explanations of fat permeability to oil have been proposed as a
dissolution-recrystallisation or swelling process. In the dissolution-
recrystallisation pathway, oil dissolves the fat upon its contact, allow-
ing migration followed by recrystallisation and precipitation of the fat
on the chocolate surface [42]. In the swelling mechanism, oil-induced
imbibition of fat crystals and consecutive expansion increase the free
volume in the fat matrix, allowing diffusive passage of oil, akin to
moisture diffusion in polymer networks [47]. The free volume approach
is supported for the chocolate system by the ability to reduce oil
migration through the cocoa butter phase in chocolate by polymorph
selection. Cocoa butter crystals of form I to IV are less dense owing to
their double-chain structure compared to the denser triple-chain V and
VI forms, resulting in less oil induced fat bloom. Additionally, D is
affected by temperature as the thermal energy increases according to
Einstein’s relation D = kT /6xur,, where kT is the thermal energy (J), u is
the viscosity (Pa s) and r;, is the molecular radius (m) [48]. Generally,
diffusion is considered a slow process compared to bulk flow of liquids
via capillary action or advection [49].

€))

2.3. Capillarity

While diffusion explains well transport in continuous biphasic sys-
tems, it does not fundamentally explain transport in triphasic solid-
liquid-gas systems. Especially particulate food systems can contain
porous voids either as interparticle or intraparticle space. For example,
roasted cocoa particles contain up to 25 v/v% void space [50], while
mercury porosimetry studies revealed a pore volume of up to 4 v/v% for
chocolate overall [51]. An energy-dispersive x-ray spectroscopic study
on fat migration in chocolate showed rapid oil transport that could not
be explained by the slower diffusion time scales, but rather by taking
into account the microstructural capillarity [52].

A liquid column held in a tube or particle system of sufficiently small
diameter develops a meniscus and pressure gradient across the liquid/
air interface, with high pressure on the air side and low pressure on the
liquid side, given by the Young-Laplace equation [53,54].

20 20cos0
P, gas — P lig = =

4

T'men Teap

where ¢ is the surface tension, ry,, is the radius of the meniscus-tube
curvature, and rqp is the radius of a perfectly spherical capillary tube.
In a monodispersely distributed spherical particle system (Fig. 2), an
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Fig. 2. Schematic of mass transport via capillary flow.

effective capillary radius r.s (m) can be approximated by the voidage ¢
(-) and particle diameter d, (m) [55,56].

ed,

=31 ®

¢ denotes the volume of space between particles that might for
example, be filled by lipids or air. In real particulate food systems,
measuring r.s is challenging and requires advanced techniques such as
gas adsorption or microtomography. In chocolate, pore diameters were
estimated via atomic force microscopy to be 2 to 8 pm in diameter [57].
In a different study on chocolate employing synchrotron x-ray tomog-
raphy, pore diameters of between 7 and 125 pm and several millimetre
length were measured [58].

The pressure difference across the meniscus makes the liquid travel
through the porous medium, in a vertical geometry until gravity bal-
ances the capillary suction, and in a horizontal or downwards flow until
viscous forces balance. The maximum capillary rise h is given by Jurin’s
law [59,60].

ho 206c0s6
P8l cap

©

where p is the liquid density, in the present case for example oil. Given
that capillary rise is affected by gravity and viscosity, the question arises
which force dominates. The transition from a capillary dominated to
gravity controlled flow is suggested at a Bond number of Bo =
(208reap) /o = 1; and similarly the switch from capillary controlled to
viscous effects dominated flow is given as in the capillary number Ca =
uv/o = 1075, where v is the oil flow velocity [61,62]. In order to model
the dynamics of liquid flow driven by the Laplace pressure, the flow
regime is safely assumed to be laminar in the case of oil migration
through food structures given the relatively long timescales required,
and hence the Hagen-Poiseuille equation is applicable [63,64].

_ r2,AP
8 uL

)

Neglecting inertial and gravity forces, the pressure gradient is then
replaced with the Laplace pressure, yielding the Washburn equation,
linking the fluid flow distance with time, or mass transported with time
[65].
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Because of the heterogenous nature of many porous media with
different pore sizes, a combined mechanism for cellulose foams for
example has been suggested to consist of fast initial capillary suction to
reach Jurin’s height, followed by slow diffusion. In such a system of
parallel diffusion and capillary flow, the relative favour of capillary
controlled flow over diffusion is generally given if the Péclet number
Pe = v L/D is larger than 1.0 [62].

3. Oil migration measurement in particulate food systems

The need to understand, predict, and mitigate oil migration and its
adverse effects in particulate food systems has led to the development of
multiple experimental monitoring techniques, illustrated in Fig. 3. They
are direct measurements of oil migration such as the amount of oil
released, the oil stain area on a contacting absorbing paper, or the
amount of whiteness on a chocolate surface as a result of fat recrystal-
lisation. In addition, the increased need to not only measure oil migra-
tion directly, but to also understand fundamental material properties,
has led to additional measurement techniques that help understand
microstructural metastability. While these techniques are indirect
measurements of oil mobility, direct links between oil migration and for
example differential thermograms, rheology, magnetic resonance, and
x-ray scattering and diffraction patterns have been established. In the
following sections, only key references are discussed to illustrate the
different techniques but further examples of each measurement tech-
nique have been comprehensively tabulated in Table 1 in the same
consecutive order.

3.1. Gravimetry

One of the most popular direct measurements of oil migration is the
gravimetric weight determination of oil released (Fig. 3a). In order to
measure the oil fraction migrated, the leaked oil needs to be separated
from the food structure either in a filter paper or as the supernatant by
centrifugation, and as such this technique is especially applicable to
particulate food systems with high mobile oil fraction and permeable
structures that leak oil fast, with rather capillary-controlled oil transport
as opposed to diffusion. For example, multiple studies investigated
formulation composition, amount of emulsifier, and the effect of edible
fibre addition on oil release via gravimetry in the popular confectionary
called halva [69]. As halva is made from sesame paste containing high
amounts of liquid sesame oil in between sesame seed particles, oil
migration into paper wrappers is of considerable concern in warm
climate. To accelerate the gravimetric measurement, samples were
centrifuged at up to 2000 g, allowing faster measurements. Centrifuga-
tion followed by gravimetry has also been used for ready-to-eat thera-
peutic food with high mobile oil fraction [72]. The disadvantage of
centrifugation is that comparison with typical shelf-life conditions and
packaging interactions is not possible, as normal gravity is only 1 g.
Further examples are listed in Table 1.

3.2. Solvent extraction

Fats that are solid at room temperature don’t readily flow into
absorbing paper or phase-separate from the particle structure during
centrifugation, and hence measuring oil migration is difficult, yet
important. The fat migrating to the exterior surface in chocolate results
in fat bloom, and fat migration into interparticle space of milk or cocoa
powder causes caking, lumping, and poor reconstitution by rehydration
and dissolution in water due to a hydrophobic fat layer. The fat con-
tained in such particulate foods can be extracted by placing the sample
into a bath of aliphatic or halogenated straight or cyclic hydrocarbons or
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a) Gravimetry b) Solvent Extraction c) Paper Staining
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Fig. 3. Methods for measuring oil migration: a) gravimetry, b) solvent extraction, c) paper staining, d) whiteness and gloss, e) polarised light microscopy, f)
fluorescence recovery after photobleaching, g) optical spectroscopy, h) x-ray photoelectron spectroscopy, i) scanning electron microscopy and energy-dispersive x-
ray spectroscopy, j) nuclear magnetic resonance spectroscopy, k) magnetic resonance imaging, 1) x-ray and neutron computed tomography.
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alcohols (Fig. 3b). Gentle and short stirring at ambient temperature containing high porosity or prone to disintegration, and thus the pro-

generally only dissolves surface free-fat, whereas the total fat content tocol needs adjusting for different food materials. Jacquot et al. [73] and

(surface and encapsulated) can be extracted by vigorous longer stirring Petit et al. [74] used solvent extraction into petroleum ether for surface

at elevated temperatures [75]. The dissolved fat is then recovered free and total fat quantification to evaluate fat migration in cocoa

gravimetrically after solvent evaporation. A clear separation of surface powder. Over 60 days at 20 and 40 °C, the surface free fat content

and encapsulated fats becomes difficult however with samples increased from 6 to 9 w/w% of total cocoa powder mass, but still
6

22
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Table 1
Common measurement techniques of oil migration in particulate food systems.
Measurement Food material Investigation Ref
Effect of phytostyrol/
Phytosterol- HOSO ratio on oil [66]
sunflower oil oleogel migration into paper
substrate
Effect of fat/oil ration
Fat blend (Saturated/ . /
and emulsifier type on
unsaturated soybean I Lo [67]1
. oil migration into paper
oil)
substrate
Effect of emulsifiers and
Halva (sesame paste, corn fibres on oil [68]
sugar, corn fibres) migration into filter
paper by centrifugation
Effect of emulsifiers,
Halva (sesame paste,
sugar. sesame testac sesame testae and date
gar, fibres on oil migration [69]
(sesame hull waste), into filter paper b
Gravimetric date fibres) . p per by
centrifugation
Hal t
ava (sesam(? paste, Effect of additives on oil
sugar, palm ofl, citric migration into paper [70]
acid, glycerol, CMC, 8 pap
R substrate
gelatine etc)
Effect of type of
Halva (sesame paste, emulsifier on oil 711
sugar) migration into paper
substrate
Ready-to-use
th tic food
erapeutic 100 Effect of emulsifier type
(ground peanuts, and quantity on oil
palm oil, soybean oil, q ty [72]
. release upon
sugar, milk, . .
: . centrifugation
micronutrients,
emulsifiers)
Effect of storage
Cocoa powder temperature on fat [731
migration to surface
Effect of cocoa type and
Solvent storage temperature on
v . Cocoa powder g X P . [74]
extraction fat migration into
interparticle voids
Effect of st ti
Skimmed, whole and e . © s.orage lme. on
. fat migration to particle [75]
cream milk powder
surface
1 fi t
Model pet food (Silica Grease‘ re (.sase .rom pe
food via oil stain extent [38]
gel and greases)
on paper
Effect of high-intensity
Palm kernel fat ultrasound on oil [76]
migration into paper
Oil migration from
Oleogel (rapeseed oil, 8 .
oleogel via growth of
. . . Myverol, sunflower . [771
Optical oil stain . . grease stain extent on
oil, candelila wax)
area on paper paper
Effect of crystalline
Model stock cube phase particle size on oil [37]
(salt, sunflower oil) migration via extent of
oil stains on paper
Fat blend R
at blen -(cocoa- Effect of oil viscosity on
butter, tricaprylin, oil migration through [78]
flaxseed oil, safflower 8 . i
. . fat matrix
oil, peanut oil)
Dark chocol
ark chocolate (cocoa Effect of tempering and
butter, cocoa, . . .
. seeding on fat migration [79]
sucrose, lecithin,
to chocolate surface
cocoa butter seeds)
Eff f packagi
Whiteness index ect of pac .a ging
Chocolate-enrobed wrapper on oil
and surface . .
loss cream-filled wafer migration from cream [80]
8 cookies filling to chocolate
coating surface
Dark chocolate (cocoa  Effect of sucrose particle
butter, cocoa, size on fat migration to [81]

sucrose, lecithin)

chocolate surface

Table 1 (continued)
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Measurement Food material Investigation Ref
Dark chocolate (cocoa Effect.o.f phospholipid
emulsifiers on fat .
butter, cocoa, . [82]
o migration to chocolate
sucrose, lecithin)
surface
Chocolate (cocoa Effect of temperature
mass, cocoa butter cycling on fat migration [41]
seeds) to chocolate surface
Dark chocolate (cocoa Effec.t of phySl'C ?l b%ends
and interesterification
butter, palm fat, [83]
on surface fat
mango kernel fat) -
crystallisation
Model chocolate E'ffect of S anq par'tlcle
size on oil migration to [84]
(cocoa butter, sand)
chocolate surface
Dark chocolate (cocoa Effect of stea'ra'lte and .
storage conditions on oil
butter, cocoa, K R [85]
migration to chocolate
sucrose, stearates)
surface
Effect of storage
Chocolate filled with pressure and
white chocolate temperature on oil [86]
ganache cream migration from filling
and into chocolate
Chocolate (cocoa
butter, cocoa nib, Effect of sweetener on
s L [871
lecithin, sucrose, fat migration to surface
maltitol, tagatose)
Fat blend (soft palm Effect of liquid oil
mid fraction, high fraction on surface fat [88]
oleic sunflower oil) crystallisation
Effect of high-intensity
Palm kernel fat ultrasound on surface [76]
fat crystallisation
Chocolate (cocoa Effect of temperature
mass, cocoa butter cycling on surface fat [41]
seeds) crystallisation
Dark chocolate (cocoa Effec.t of PhySI.c ?l b%ends
and interesterification .
butter, palm fat, [83]
on surface fat
mango kernel fat) L.
crystallisation
Polarised light Fat blend (palm/ Effect of TAG
microscopy peanut oil layer on composition on surface [89]
cocoa butter layer) fat crystallisation
Palm kernel fat/ Effect of TAG/fat ratio
soybean fat blend on surface oil [90]
with triolein crystallisation
Effect of phytosterol/
Phytosterol-. HOSO ratio on surface [66]
sunflower oil oleogel R o
oil crystallisation
Effi f filli
Cream filling (peanut ect O, 'cream . lflg
o R composition (lecithin,
oil, interesterified
sugar) and shear rate of
hydrogenated palm . [91]
‘ A shear-crystallised cocoa
oil, lecithin, sugar),
butter on surface fat
cocoa butter L
crystallisation
Effect of pre-
Chocolate (sugar, crystallisation and ;
. s . [92]
cocoa butter, cocoa) particle addition on oil
Fluorescence diffusion
recovery after Eits:tls;dte(dsact:;zzd/ Effect of SFC on oil (93]
photobleaching oil) diffusion through fat .
Fat blend (palm Effect of TAG/fat ratio
kernel fat, soybean R, [90]
L oil diffusion through fat
fat, triolein)
Surface composition
. and pore morphology of
9
White chocolate white chocolate linked (4]
Ontical to fat bloom
P Effect of crystalline
spectroscopy hase particle size on oil
Model stock cube p . p . . ¥
migration via surface oil [37]

(salt, sunflower oil)

concentration chemical
imaging

(continued on next page)
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Table 1 (continued)
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Table 1 (continued)

Measurement Food material Investigation Ref Measurement Food material Investigation Ref
Effect of packaging via combined x-ray and
Chocolate-enrobed wrapper on oil neutron ray tomography
cream-filled wafer migration from cream [80] Effect of formulation
cookies filling to chocolate composition on
coating surface Starch and spirulina mechanical and [103]
Dark chocolate (cocoa  Effect of sucrose particle extrudate morphological °
butter, cocoa, size on surface fat [81] properties via neutron
sucrose, lecithin) crystallisation computed tomography
Dark chocolate (cocoa  Effect of phospholipid
butter, cocoa, emulsifiers on surface [82]
sucrose, lecithin) fat crystallisation
Chocolate (cocoa Effect of temperature
. mass, cocoa butter cycling on surface fat [41] .. .
0,
Scanning electron seeds) crystallisation remaining below the total fat content of 10.5%, thus suggesting that 1.5
microscopy Chocolate (cocoa w/w% of fat remained encapsulated within the cocoa powder. Fat
butter, cocoa nib, Effect of sweetener on 1871 migration was more pronounced at elevated temperatures and resulted
lecithin, sucrose, fat migration to surface in increased unwanted powder caking, which is highly undesirable for
maltitol, tagatose) .. .
Effect of type of oil beverages containing cocoa powder such as hot chocolate. Kim et al.
Silicone ol /canola oil .o o through [75] investigated fat migration in skimmed, whole, and cream milk
;Izgrsfrl?:i;:gon chocolate to opposite (521 powders with 1, 27, and 72 w/w% fat contents over 6 months. Surface
side via EDX free-fat was extracted with a brief hexane wash over filter paper,
Chocolate (cocoa, Effect of tempering and whereas total fat extraction was carried out with 50 °C water and hex-
cocoa butter, milk storage conditions on [95] N 1 mi for 30 min. T f dth f ; ;
powder, sucrose) fat migration to surface ane/isopropano .rmxture or 30 min. It was oun t at. surface free- .ats
_ Effect of storage almost doubled in percentage over the shelf-life period, highlighting
ph};toelectron Cocoa powder temperature on fat (731 that even fats solid at ambient temperature undergo significant migra-
spectroscopy migration to surface tion dynamism. The works discussed are summarised in Table 1.
Effect of cocoa type and
storage temperature on .
Cocoa powder fat migration into (741 3.3. Paper staining
interparticle voids
Fat blend (soft palm Effect of liquid oil In the case of oil migration from particles structures into paper
mid fraction, high fraction on diffusion [88] . . . .
. . A substrate, it was shown for model seasoning cubes that gravimetric
oleic sunflower oil) through fat matrix R K K R .
oleosel (sunfl Effect of wax and measurements are equivalent to evaluation of oil stain area. This
. eogel (sunflower emulsifiers on oil equivalence is given as long as the fibrous structure is isotropic and of
Nuclear magnetic ~ wax, hazelnut oil, diffusion through [96] . . . . .1
resonance MAG, DAG) fhusto gl constant thickness, as the volume of oil in the oil stain on paper is lin-
olegoel ) early related its mass by the oil density [37]. Due to this, monitoring oil
Effect of oil-gelator ratio . . . fib b b . il . .
Fat blend (tricastin and SFC on oil m1grat}on into . rous su strates. y n.u?asgrmg oi sta.ln area is an
and tristearin) migration through fat (971 attractive technique to evaluate oil stability in contact with food pack-
blend aging, especially with the increasing trend of packaging paperisation
Fat blend (palm oil, fiﬁ“to‘;ft;ﬁ(*m il often resulting in porous fibrous materials in direct contact with foods
peanut oil layer on migiﬁon through fat [891 (Fig. 3c). Notably oil migration measurements for greasy foods such as
cocoa butter) matrix pet nutrition [38], stock cubes [37], or foods based on oil gels (oleogel)
Chocolate layer emulsions [3,77] have been reported by oil stain migration. Simple
I()Cocoa liquor, cocoa Effect of sugar and manual area estlmatm{l as well as sophisticated automated imaging via
utter, icing sugar, sweeteners combination photography or scanning were employed. Because of refractive index
stevia, sucralose, . . [98] . ) 1 P o1 s .
maltodextrin) in on oil migration matching of paper fibres and oil, light transmission of oil-imbibed paper
contact with hazelnut  iroush chocolate layer is augmented in contrast to oil-free paper with more scattering, and thus
Magnetic paste resulting in different grey values [37]. By calibrating the ratio of pixel to
_r:;)“;nce Cream filling layer fcf,iCtoZift'c;:a(lmegltE?f actual distance on paper, the number of darker pixels can be thresholded
imaging (hazelnut oil, Sug:;) an'd chear rate of and quantified in area units via an image analysis software such as
Entderesteriftieg 1 shear-crystallised cocoa  [91] imagej/fiji [104]. The observed elliptical elongation of oil stains on
YEIOBEHALEE Pat butter on oil migration rolled paper is due to the fibre orientation along the machine direction
oil, lecithin, sugar) on through cocoa butter duri £ . hich b . d b . d
cocoa butter layer 1g] uring manu a}cturmg, which can be c1rc.umvente y usmg presse
matrix paper or blotting paper. Table 1 summarises the studies using paper
Effect of different taini t
Almond cream filling almond filler stalning measurements.
layer on dark formulations on [99,100]
chocolate layer diffusion through 3.4. Whiteness and gloss
chocolate
Effect of oleofoam . . .
formulation In particulate food systems with dense structures and little to no
Oolz‘;f;’;‘;lirx‘:r l;iifh composition, whipping | - porosity, oil migration is slower and rather diffusion controlled and may
X-ray and and cocoa butter time, and storage time involve other phenomena such as dissolution/recrystallisation, and
neutron on bubble morphology hence gravimetric and paper substrate methods may not be useful. A
computed ) via x-ray tomography prominent technique for such types of particulate foods like chocolate is
tomography Couscous grains . .
exposed to high Effect of storage time measurement of the amount of white colour formed due to surface fat
humidity and humid air flow rate  [102] recrystallisation as a result of oil entrained migration (Fig. 3d).
. on grain morphology
environment Compared to the smooth glossy surface of fresh chocolate, fat crystals
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deposits are coarse and rough, causing incident light diffraction into the
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full spectrum leaving a white appearance on the chocolate surface.
Spectrophotometry or colorimetry of chocolate samples is able to mea-
sure L" a” b" as either specular reflectance included (SCI) and specular
reflectance excluded (SCE), where L" is the lightness, and a” and b" are
the axes in the CIELAB colour space [105]. The white appearance on
chocolate can then be expressed using the colour parameters as white-
ness index, WI [106]

WI = 100 — \/ (100 — Lyey)® + (as)” + (Byce)” )
Closely related to WI is the surface gloss, SG, defined as [107].
SG = \/(L;CE - L;cl)z + (a;CE - a;a)z + (b;cs - b;a)z (10)

It is less prominent than WI but has been used alongside it to measure
the decrease in surface glossiness as migrated fat crystals increasingly
diffract light, hence SG showing an inverse trend to WI [79]. Further
literature of particle systems, especially chocolate, employing whiteness
measurements are summarised in Table 1.

3.5. Polarised light microscopy

Another measurement technique to assess fat crystallisation as a
result of oil migration is polarised light microscopy (PLM) (Fig. 3e). It
has been applied mostly qualitatively for crystallised cocoa fat blends
[88] and chocolate containing crystalline sugar particles [91]. In this
contrast enhancing technique, light is passed through a linearly polar-
ising filter and then through the sample, which rotates the incident light
depending on the extent of crystallisation. The light is recombined by a
second polarising filter, creating an image where the birefringent nature
of crystalline material allows passage of light as opposed to non-
birefringent material, blocking the light leaving a black contrast.
When analysing fat blends, crystalline sugar particles interfering with
the fat crystals can be washed out with deionised water [83]. PLM is thus
similar to WI as it allows measurement of surface fat crystallisation
induced by oil migration, with the disadvantage of PLM to require thin
samples to avoid visible light opacity. Also, during PLM the sample is
sandwiched between two glass slides, which in most cases is different to
the native state of the product. Further works employing PLM are listed
in Table 1.

3.6. Fluorescence recovery after photobleaching

While the above optical methods allow to quantify surface effects of
oil migration, it is also beneficial to measure mass transport properties to
explain and model oil migration. An optical technique developed for this
purpose is Fluorescence Recovery After Photobleaching (FRAP), within
a Confocal Laser Scanning Microscope (CLSM) [108] (Fig. 3f). A dye that
exhibits fluorescence when exposed to the laser wavelength of the CLSM
is used as a tracing agent within the sample. A localised spot of the
fluorophore on the sample surface is destroyed or bleached by a strong
laser pulse, and the optical density during closure of the spot monitored.
Closure of the patch depends on the mobility of the dye, which can be
expressed by the formula developed for a Gaussian distribution of the
bleaching laser beam, to account for diminished laser intensity towards
the edges of the spot [108].

~0.88w?
ti/2

D

(1)

where w is the bleached area radius, and t; ), the recovery half-time.
FRAP has been used to measure diffusivity of oil during migration pro-
cesses in particulate food samples. As listed in Table 1 for example,
Svanberg et al. [92] used the fluorescent fatty acid BODYPY FL Cy as oil
in model chocolate containing cocoa butter as the fat phase, cocoa and
sugar particles. Diffusivities between 1 x 10 3t0 7 x 10712 m?s~! were
reported. Green and Rousseau [93] and Chai et al. [90] used lipophilic
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fluorchromes fluorofol yellow 088 and Nile Red mixed with the liquid
fraction (canola oil, or triolein), in fat blends with saturated canola oil or
saturated palm fat respectively as gelators, assuming that the dye mi-
grates at the same rate as the oils, which is a reasonable assumption if
molecule shape and molecular weight are similar. Measured diffusivities
ranged from 1 x 10713 to 1.5 x 1072 m? s~ 1. As all surface techniques,
also CLSM and FRAP capture only surface phenomena, which may be
different to the behaviour within a particulate system.

3.7. Optical spectroscopy

Besides photographic or spectrophotometric techniques, also optical
spectroscopic methods for oil migration measurement have been re-
ported, such as Raman and Near Infrared spectroscopy (Fig. 3g). Raman
spectroscopy is a technique in which a monochromatic light, e.g., from a
laser source, is shone on a specimen and the inelastic backscattering
(stokes scattering) is quantified by counting the number of photons
excited or absorbed in a charge-coupled device camera, expressed as
intensity for a certain wavelength, customarily expressed as wave-
number (cm ™). For a sample to exhibit a Raman effect, the molecules
must be polarisable, which is generally the case in covalently bonded
samples such as organics, but not in purely ionic species without shared
electrons. It is thus possible to differentiate between organic and inor-
ganic substances, as well as between multiple organic materials as
different functional groups exhibit different Raman signatures. Near
infrared techniques are similar to Raman with the difference that NIR
cameras capture the infrared absorption, but similarly exhibit finger-
print regions with peaks characteristic of certain molecules. For analysis
or imaging scenarios, it is generally aimed to identify non-overlapping
spectral peaks for each material, which essentially depends on the res-
olution of the acquisition equipment. If peak separation is possible, in-
tegral intensity can be calculated as the area under the characteristic
peak, approximated as [37].

", @n
L = l, = § Ly
wo
o

where [ is the integral intensity (au), o and w, are the lower and upper
spectral limits respectively (cm’l), and i, is the intensity (au) at each
Raman shift ®.When acquiring spectra not only at single point but in a
2D array, resolving the integral intensity in the x-y map can provide a
visual representation of the sample’s chemical nature as a chemical
image, which is otherwise invisible to optical or photometric techniques.
Both Raman and NIR spectroscopy have been applied for measurements
of oil migration. In cream-filled wafer chocolate, Fourier transform NIR
(FT-NIR) was used to obtain spectra of the chocolate surface under
different packaging materials, enabling to link fat migration and bloom
with packaging type and storage time [80]. Spatial Raman measure-
ments were performed on white chocolate generating chemical images
of the surface composition and fat distribution [94]. In a study on model
stock cubes in contact with paper packaging, spatiotemporal Raman
chemical imaging was performed rendering quantitative images of
sunflower oil concentration at 1 day time intervals. Augmentation of
chemical imaging by a time dimension allowed to visualise the oil
dynamism on the food surface, which was not achieved previously [37].

12)

3.8. X-ray photoelectron spectroscopy

Instead of using visible or infrared light, also x-rays can be used for
spectroscopy. X-ray photoelectron spectroscopy (XPS) or electron
spectroscopy for chemical analysis (ESCA) makes use of the photoelec-
tric effect in which electrons are emitted from a sample due to incident
x-rays of a fixed energy, for example 1486.7 eV for an Al Ka source [109]
(Fig. 3h). If the binding energy Ep;,q holding the electrons with atoms in
less than the incident energy hv (where h is Planck’s constant and v the
frequency), then the kinetic energy of the Ej;, of the released electron
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follows Einstein’s photoelectric relation [110].

Eyin = hv — Eping (13)

By measuring Ey;, for example via a hemispherical energy analyser,
Eping can be found and plotted against its detection intensity, yielding an
XPS spectrum. Ey;,q is dependent on the atom itself and on neighbouring
atoms that share valence electrons across covalent bonds. Thus, each
atomic element and group of two to three bonded atoms has a charac-
teristic Eyyg, giving rise to fingerprint XPS spectra that can be used to
determine surface composition, and thus also lipids. Due to x-rays finite
energy the sampling depth is usually limited to 5-10 nm below the
sample surface, and ultra-high vacuum is required to avoid interaction
of x-rays with matter excluding the sample.

James and Smith [95] investigated fat bloom on chocolate surfaces
as a result of fat migration and recrystallisation over 30 days for choc-
olate prepared under different tempering conditions. XPS profiles were
generated for pure material based on the prominent covalent bonds in
the material (e.g. O-C-O in sucrose, O=C-OH in cocoa butter), allowing
to monitor the development of surface composition over time. This
technique is however laborious for complex formulations as detailed
preliminary information on the ingredients chemical structures is
required. For particulate foods containing less complex compositions,
simple aggregation of atoms is sufficient. For example, lipids have a
relatively higher carbon © content than carbohydrates, which tend to
contain more oxygen (O), whereas proteins are characterised by the
presence of nitrogen (N). As such, the C/O ratio and percentage of N
were used to characterise fat migration in different types of cocoa
powder stored under temperatures of 20 to 40 °C [73,74]. Fat migration
into interparticle spaces in cocoa, such as in powdered beverages, are
major reasons for caking, visual quality defects, and difficult reconsti-
tution. Over time, especially at higher storage temperatures, the XPS
showed an increasing C/O ratio, whereas the surface N percentage
decreased, as a result of fat gradually covering carbohydrate and protein
areas on the cocoa particles. Increased powder caking was attributed to
formation of interparticle fat bridges as a result of fat migration.

3.9. Scanning electron microscopy

Another classical surface characterisation technique applicable to oil
migration measurements in particulate foods is scanning electron mi-
croscopy (SEM), in which an electron beam accelerated by a certain
voltage and guided by an electromagnetic field is targeted at the surface
of a bulk sample and the backscattered or secondary electrons detected
(Fig. 3i). SEM can also be used to spatially map materials of different
chemical natures by employment of energy-dispersive x-ray spectros-
copy (EDX), in which photons of individual chemical elements are
emitted at specific acceleration voltages, a process termed Bremsstrah-
lung. The characteristic peaks on an x-ray emission spectrum can thus be
used to identify different materials based on key chemical elements
contained within them, akin to chemical imaging with other spectro-
scopic methods. SEM has been employed to monitor surface fat crys-
tallisation in chocolate as a result of oil migration, while EDX was used
to identify the surface composition over time of a silicon enriched oil-
filled chocolate sample during oil migration events [52]. While oil
migration is usually considered a relatively slow diffusion driven pro-
cess, spots of oil from the filling on the chocolate surface were identified
surprisingly fast after preparation of the chocolate, which the authors
attributed to capillary flow through or adjacent to porous cocoa parti-
cles. Table 1 lists further works employing SEM.

3.10. Nuclear magnetic resonance

While the adverse effects of oil migration such as fat bloom or grease-
imbibed packaging are affecting the food surface, there is an increasing
interest to measure and understand oil migration phenomena within
particulate food structures. Thus, methods that not only probe the food
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surface but similarly the interior structure are necessary. Nuclear mag-
netic resonance has been used as a non-destructive technique in various
experimental configurations to monitor various aspects of oil migration
(Fig. 3j). Magnetic nuclei in molecules enter into resonance when sub-
jected to strong electromagnetic fields, which’s oscillation frequency
can be measured to obtain spectra. In the simplest free induction decay
(FID) setup, 'H NMR spectra for different materials give rise to peaks at
different chemical shifts, characteristic of the proton(s) in the analyte’s
functional groups, giving rise to a molecular fingerprint [88,96,97].
NMR relaxometry moves beyond mere analytical characterisation and
enables estimation of molecular mobility based on the relaxation process
to equilibrium. This transverse relaxation is commonly induced by
sequencing the pulses of radio frequency (RF) in a multi echo sequence
according to Carr, Purcell, Meiboom and Gill (CPMG) [111]. The
measured spin-spin relaxation time, Ty, is linked to the molecular mo-
tion: large T, corresponds to fast molecular motion and short T, corre-
sponds to slow molecular motion. NMR diffusometry allows quantitative
evaluation of the mobility by expression as diffusivity, D, from pulsed
field gradient stimulated echo experiments (PFG-STE). D is obtained
from the Stejskal and Tanner equation [112].
22 g2 3
enl P07 (s-2)0)

Lo a4
where the signal intensity I at the magnetic field gradient amplitude G =
0 T m ™" is given by Iy, y is the gyromagnetic ratio, 5 the pulse duration,
and A is the diffusion time. All three NMR techniques were used to
measure liquid oil migration in solid fat matrices in fat blends or oleo-
gels. Trapp et al. [96] analysed hazelnut oil-based oleogels with sun-
flower seed wax or mono- and diglycerides, the latter found in chocolate
confectionary. First, FID was used to obtain NMR spectra for each raw
component of the oleogel formulations, followed by relaxometry
(CPMG) and diffusometry (PFG-STE). Adam-Berret el al. [97] and Nelis
et al. [88] also applied the latter two techniques to tricaptrin and
tristearin blends, and sunflower oil-palm fat mixtures respectively.
Representations of I/, against —y>G?5*(A — §/3) in the Stejskal and
Tanner equation yield steep negative exponential curves for the mobile
phase such as oil, and flatter negative exponential curves for the gelator
phase, such as wax or glycerides, while oleogels or fat blends lie
inbetween. NMR diffusometry measurements gave diffusivity values in
the range 1 x 107! to 1 x 1071% m? s7! across all three studies.

3.11. Magnetic resonance imaging

While NMR gives measurements as spectra and discrete data, the
application and detection of RF frequency in multiple axes enables
magnetic resonance imaging (MRI) or tomography (Fig. 3k). Just as in
'H NMR, MRI relies on relative proton densities and spin-spin (Ts)
relaxation times to generate contrasts between components in mixtures.
In particulate food formulations such as chocolate, dry components have
low proton densities due to lack of water and can thus be differentiated
from organic phases rich in hydrogen-containing hydrocarbons. In the
lipid phase, liquid oil can be discerned from solid fat given that the
larger triacylglyceride molecules generally have T, relaxations of 9-17
ms, while the shorter fatty acids have timescales around 6 ms [10]. MRI
was used in several particulate food systems to evaluate oil migration
such as palm and peanut oil migration through cocoa butter [89],
hazelnut oil filling in contact with chocolate [98], or almond cream
layers in contact with dark chocolate [99,100]. While NMR was pri-
marily used on soft matter samples, MRI is suitable for particulate matter
inclusions due to the ability to visually discern phases. In contrast,
diffusivity is not evaluated directly from detected intensities, but rather
from image analysis of reconstructed MRI images. MRI diffusivity values
of the mobile oil phase were found to be similar to NMR values across
different food systems, between 1 x 10713 to 8 x 10710 m? s71. A
disadvantage of MRI techniques are the generally the low spatial
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resolutions of tens of microns and long acquisition times due the low RF
intensity, such that rapid migration phenomena cannot be captured
[113].

3.12. X-ray and neutron tomography

Two other prominent tomographic techniques are x-ray computed
tomography (XCT) and neutron computed tomography (NCT). While
lipid migration techniques employing XCT and NCT are absent, it can
provide valuable information on the food microstructure, which in turn
aids understanding and model development. Both XCT and NCT are
similar in their operation principles (Fig. 31). X-rays or neutrons are
emitted from x-ray or spallation sources aimed at the sample. While x-
rays interact with an atom’s electrons, neutrons interact with the nu-
cleus. XCT is therefore useful to image hard particulate matter from
heavier atoms. Conversely neutrons are more sensitive to atoms with
less electrons, such as hydrogen, which makes it more useful for soft
fluidic food samples rich in oils and water [113]. To achieve similar
imaging contrasts with XCT, contrast agents can be added such as water-
soluble potassium iodide for watery phases, or oil-soluble 1,4-diodoben-
zene for lipid phases. The recorded attenuation of the x-rays or neutron
rays are reconstructed in 2D slices that can be rendered in 3D volumes
for visual representation of the microstructure. Frequently, further
quantification for parameters such as porosity, density, particle size,
shape, and surface area is undertaken. Depending on the sample field of
view (usually between 0.5 and 5 cm), voxel resolution is in the range of a
few 100 nm to a few microns.
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XCT has been employed in various food microstructure studies.
Reinke et al. [58] simulated stress distributions in chocolate after
different tempering conditions by feeding tomogram images to a finite
element analysis. Haedelt et al. [114] used XCT to image chocolate with
bubble inclusions produced by different foaming gases, leveraging
tomographic analysis to correlate bubble size and number with sensory
properties. Application and advanced analysis of XCT for edible oil
foams (oleofoams) has been extensively covered by Metilli et al. [101].
Neutron tomography on the other hand has been less reported in the
literature. Vego et al. [102] harnessed the strength of both XCT and NCT
by simultaneous tomographic measurements on a physical two compo-
nent mixture: couscous particles exposed to humid air. XCT was used to
image the solid particulate phase, while NCT was better suited to
monitor the hydrogen-rich vapour phase and absorbed water in the
food. Spatial and temporal water uptake by the hygroscopic food was
thus enabled. The sensitivity of NCT towards water makes it also suitable
to analyse drying phenomena. Defraye et al. [115] employed 2D NCT
studying the effect of natural and forced convective and radiative drying
of apple slices, in presence and absence of the apple peel. Beyond water
transport, NCT characterisation of semi-solid starch and spirulina
extrudates [103] has been reported. The relatively long exposure times
necessary of up to several hours for a single scan make x-ray and neutron
ray tomography rather useful for imaging static samples, and less so for
dynamic transport phenomena like lipid migration. Synchrotron facil-
ities offer higher performance XCT and NCT infrastructure and may
enable future work on more dynamic food systems.

Table 2
Mathematical modelling approaches for oil migration in particulate food systems.
Food system Model Fit Ref
Diffusion
Cream filling (peanut oil, interesterified hydrogenated palm oil, lecithin, M 4 Dt 1 LSE 0 to 0.02 [91]
sugar), cocoa butter M, \xl?
Fat blend (cocoa butter, tricaprylin, flaxseed oil, safflower oil, peanut oil) M, /Dt R? 0.71 to 0.96 [78]
M, 1
Fat blend (fully hydrogenated soybean oil, soybean oil, emulsifiers) M, Dyt R% 0.5 to 0.97 [67]
M, 1
Fat blend (palm oil+peanut oil layer on cocoa butter with different TAGs) Doy(2qt1) A R2 0.5 to 0.99 [89]
Moy ge 8\
M, "0 (2q +1)2n2
Fat blend of palm kernel fat and soybean fat with triolein, prefer to use Do — 0.88w? SD 0 to 10% [90]
diffusion of 4ty
Chocolate layer (cocoa liquor, cocoa butter, icing sugar,stevia, sucralose, k 1 R?0.81 to0 0.91 [98]
maltodextrin) in contact with hazelnut paste C(x,t) 1 klcosx D
& O ° (k)4 -
cosl{
( D(Zn-l)2n2t>
i
16k o (=1 (2n+ 1)mx
T Z":‘) 2 2 2\ 21
(2n+ 1)(4kl —Dr2(2n+1) )
Chocolate layer (cocoa liquor, cocoa butter, icing sugar,stevia, sucralose, aC 0*C R? 0.91 to 0.99 [98]
maltodextrin) in contact with hazelnut paste o o
Co
IC: C(l,t) = [P
aC
BC:—-(x=0) =0
BC: C(Lt) = Ce|l —e k]
Cocoa butter from different geographical locations, tempered vs non- M, = C(efkct” _ e—k;ﬁ’) T ki R? 0.33 t0 0.96 [42]
tempered, solubilisation, recrystallisation, diffusion
Capillary
Sunflower oil penetration with emulsifiers into chocolate crumb beds 12 — t(re// ocost) + AP ) R%0.99 [116]
202
Empirical
Ol 1 d oil, M 1, Vil il, delil: igrati
eoge (rapes-ee oil, Myverol, sunflower oil, candelila wax) migrating Ay — ktt R — 0.99 771
into contacting paper substrate
Cream filling (peanut oil, interesterified hydrogenated palm oil, lecithin, M R? =0.98 t0 0.99;
sugar), cocoa butter; Fat blend (palm oil+peanut oil layer on cocoa butter FL =(1-e*) SSE = 0.06 to [89,91]
with different TAGs) ® 0.39
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4. Modelling of oil migration in particulate food systems

There have been many attempts to model and predict lipid migration
in particulate foods as a result of lipid metastability. Depending on the
adverse result intended to monitor, such as fat bloom, oil staining on
packaging, or the fundamental mass transfer phenomena, different
models have been employed. As Tabulated in Table 2, literature can
generally be divided into first-principle diffusion and capillary methods,
and additional empirical methods that do not emerge from fundamental
physical laws.

4.1. Diffusion models

By far the most extensively used models are based on Fick’s second
law of diffusion. This is mostly due to the mathematical simplicity of
basic equations yielding acceptably accurate correlations with experi-
mental results, but also due to the few required input data, compared to
capillary models. Diffusion-based models are applicable to fundamental
molecular diffusion problems, such as oil migration through a fat matrix,
but also allow macroscopic modelling of transport phenomena when the
food microstructure is too complex. Particulate systems are complicated
and the microscopic flow between multiphasic formulations is generally
not purely diffusional transport, especially not in the presence of cap-
illaries. Yet, lumping the effect of different physical phenomena together
into a single term and measuring overall properties, an effective diffu-
sivity Dy can be evaluated to feed into diffusion models. Exact Dy
measurements depend on the definition of the modeller and the subject
microstructure, but for particulate food formulations is generally
expressed as

Dy = D; (15)
where ¢ is the void fraction of the structure and 7 the tortuosity of the
diffusion path. 7 is subject to various definitions but is generally the
length of the tortuous flow path divided by the straight line connecting
its ends [117]. Thus, for a straight path 7 = 1, for a semi-circular flow
path 7 = z/2, and for a circle 7 = .

Ziegleder [118-120] was the first to comprehensively report the use
of Fick’s law to model oil migration in chocolate, on which many works
have been based to this date, listed in Table 2. Using the simplest form

M;/My = (Deg t)o,s /1 the only parameters required to evaluate the
diffusivity are thus a measure of oil concentration after a few intervals of
time ¢, for example the concentration, spectral intensity, or mass M, the
mass or equivalent measure of oil after equilibrium or saturation has
been reached M, and the superficial path length [ of diffusive transport.
It should be noted that here D is used and the superficial path length or
height of food item - the real diffusivity might be well lower and much
more difficult to evaluate, while the real path length might be longer if
accounting for void fractions and tortuosity. The attractiveness of
diffusion models to bulk food system was used to model peanut oil and
palm oil migration through cocoa butter with different lecithin emulsi-
fier ratios and sugar powder by magnetic resonance imaging [91]. The
diffusion equation proposed by Peppas and Brannon-Peppas [121] was
used, with least squares errors between 0 and 0.02, and yielding diffu-
sivities between 2 x 10714 to 4 x 10713 m? s~

Ziegleder’s model was similarly used to model coloured soybean,
flaxseed, safflower and peanut oil diffusion through cocoa butter fat
blends measured by tracing the coloured oil front with a flatbed scanner
[78] and to model soybean oil migration out of a fat matrix into filter
paper [67]. The models fitted with correlation coefficients R? of 0.5 to
0.96, generally showing the applicability of the diffusion equation in
this mostly oil-fat biphasic scenario, yielding diffusivities from 1 x
1071 to 4.5 x 10711 m? s~!. A more elaborate model to Ziegleder’s was
used to evaluate diffusivities of palm and peanut oil through cocoa
butter with different TAG blends via magnetic resonance imaging, also
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listed in Table 2 [89]. R? statistics of 0.5 to 0.99 were reported with
diffusivities of 5 x 10714 to 6 x 1013 m? s1, similar to previous work
for oil/fat systems, showing again the applicability of Fick’s law. In a
different work, a diffusion model adapted to the output of the analytical
technique was used to evaluate the diffusivities from FRAP measure-
ments [90]. While no fitting statistics of the model were reported, dif-
fusivities of the range 2 x 1013 to 4 x 102 m? s ! were found, similar
to findings employing different acquisition techniques. Cikrikci and
Oztop [98] used an advanced analytical solution to Fick’s second law
derived by Crank [122] to model oil migration from hazelnut paste in
contact with chocolate via MRI. Diffusivities of 7 x 107! to 2 x 10710
m? s~ and R? of up to 0.9 were reported.

A commonality of most previous diffusion models was the discrep-
ancy between model and experimental data especially at early time-
scales, resulting in poor fits of around R?> = 0.5. Cikrikci and Oztop [98]
addressed this issue by using an empirically found logistics model as
boundary condition in the diffusion model. The numerically solved so-
lution fitted each experimental data set well with R? > 0.95 in all cases
over the entire timescale.

Besides Fickian diffusion, other models were developed. For
example, a solubilisation-recrystallisation-diffusion model was pro-
posed by Marangoni for the migration of the liquid fraction of fats
through the solid fat matrix, finding a rate constant for both the sol-
ubilisation and recrystallisation. While no formal diffusivity was used, a
migration rate constant k;, was incorporated ranging from 0.2 to 1.2 kg
505, resulting in R? goodness-of-fit values between 0.33 and 0.96.

4.2. Capillary models

By the higher amount of published work it is apparent that diffusion
models are popular for modelling oil flow through the fat phase in
particulate systems, yet frequently fail to capture fast liquid transport
characteristic of capillary flow. While diffusion seems suitable for
capturing the rather slow migration processes in chocolate systems,
multiple works suggest that oil migration may also involve capillary
flow [8]. This has been supported by fast migration measurements in
early timescales via EDX that defies the typically longer time scales of
diffusion [52]. A recent review highlighted the fallacy of simplifying
food transport models to diffusion, showing evidence that many food
manufacturing processes such as deep fat frying are more fundamentally
explained by capillary action [123]. Many works on liquid imbibition
flowing into particulate food structures, as in reconstitution, use capil-
lary models [124]. However in lipid migration studies in which liquid is
leaking out of particle structures, capillary models are
underrepresented.

Within the area of oil migration under storage conditions, as listed in
Table 2, Carbonell [116] used the classical Washburn eq. 8 to model
sunflower oil penetration into D5y 14-20 pm chocolate crumbs, varying
surface tension and viscosity of the penetrating oil. Despite angular
nonspherical crumbs it was found that White’s equation for effective
pore radius r.y yielded predicted void space, while e of the bed was
found by nitrogen gas adsorption. R? values of 0.99 showed applicability
of Washburn’s theory to this scenario.

Clearly, research on lipid migration investigating capillary flow is
underrepresented. Powerful measurement techniques described earlier
such as x-ray tomography now offer means to use more microstructural
data and encourages a more granular analysis of lipid migration
phenomena.

4.3. Empirical models

The complexity of oil migration processes in particulate foods has
also led to the employment of empirical equations not based on funda-
mental physical understanding but statistical data regression. For
rapeseed oil migrating out of a wax oleogel into paper, an exponential n-
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th order equation was fitted that modelled the area of expanding oil
stain on the packaging substrate, matching with an R? of 0.99 [77].
Interestingly, similar to the diffusion and capillary flow models that
have an exponent of ', the exponent here was 0.5 £ 0.001. This suggests
oil flow through the oleogel matrix could be modelled as diffusive flow
in analogy to the fat cases earlier [67,78,91], while the expanding oil
stain on paper could be modelled as capillary flow through a porous
medium. Indeed, many authors describe imbibition of liquid into paper
via capillary flow approaches, as summarised in this review [22]. Two
further works concerned with peanut and palm kernel oil migration
through a system of cocoa butter and sugar particles employ an expo-
nential model with goodness-of-fit of R? > 0.98 [89,91]. While empirical
models for oil migration are useful for complex systems that can not
readily be analysed with first principle methods, findings are less
transferable between food systems and offer less understanding on
migration processes and possible mitigation strategies.

Overall, it is evident that diffusion models have attracted the most
attention in modelling oil migration, yielding for chocolate systems
generally similar diffusivity results across different studies. Capillary
models are seldom employed, which is attribute to the additional
microstructural data required [123].
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5. Mitigation of oil migration in particulate food systems

The adverse sensorial, textural, and technical effects of oil migration
have led to an increasing interest in strategies to control and prevent it.
Mitigation of oil migration has been approached from multiple di-
rections, such as stabilisation of the oil within the food, such as via
oleogelation, pickering emulsification, particle size reduction and
capillary suspensions, or encapsulation; enclosing the entire food in an
edible coating; or by protecting fibrous packaging to avoid oil staining,
illustrated in Fig. 4 and comprehensively summarised in Table 3. Each
strategy bears its own advantages and disadvantages, and depending on
the approach and final goal, different measurement (and modelling)
methods were applied, revealing different success rates in controlling oil
migration. With increasing consumers seeking healthy natural diets and
moving away from saturated fat intake [28], conventional chemical
approaches to oil stabilisation such as esterification and hydrogenation
have been omitted, discussing only modern techniques of physical oil
stabilisation without chemical modifications.

a) Organo-/oleogelation b) Pickering Emulsification c) Oleofoaming
Gelator
dbmains Lipid phase L|p|d lamella
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Fig. 4. Strategies for mitigation of oil migration: a) organogelation or oleogelation, b) oleofoaming, c) pickering emulsification, d) particle size reduction, e) capillary

suspension, f) encapsulation, g) edible coating, h) packaging grease proofness.
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Table 3
Modern oil migration mitigation strategies.
Method Description Amount of oil leakage Advantages (+), disadvantages (-) Ref
Organo—/ Wax-oleogelation of tahini halva with < 7% gravimetrically via absorption (+) Applicable in melted, molded, extruded and pressed [125]
oleogelation suflower wax, beeswax, shellac between 1 onto filter paper products as preparation is a melting-colling process,
and 5 w/w% crystallisation can be influenced by tempering and shearing;
Chocolate with hybrid hydro-oleogel bigel No reduction in WI compared to (-) subject to labelling, regulatory landscape unclear for bulk
from grape seed oil, beeswax, sodium control sample P products beyond confectionary coating [126]
alginate dispersion P
Chocolate with Lycium barbarum seed oil . .
. . < 1.2% gravimetrically after
gelated with beeswax, rice bran wax and R . [127]
centrifugation
lacquer wax
High internal phase Pickering oil/water < 6% gravimetrically after [128]
emulsion of corn oil stabilised by proteins centrifugation
Pickerin Chocolate ganache emulsion from < 15% eravimetrically after (+) Particles for pickering stabilisation can be native to
emulsigo 0 chocolate and whipped cream, with cocoa centri;ugation Y recipe; (-) only applicable to emulsified products, melting [129]
powder particles 8 and pressing damages pickering structure
Plcker{ng t.nl/water emuls'l'on fmm, 50-90% by ethanol extraction [130]
camellia oil, water, and silica particles
leof fi b high olei
Oleofoam r‘om .soy .ean and ‘? orele 0-100% by visual inspection [131]
sunflower il with diacylglycerides (4) Health benefits from replacement of lipids with air.
Oleofoam from sunflower oil and fatty 2-8% gravimetrically after . o p .p L I
Oleofoaming alcohols and fatty acids centrifugation particles for foam stabilisation can be native to recipe; (-) [132]
Oleofoam from sovbean oil. glycerol foam cannot be mixed or compacted into other products after
Y L &Y 0-100% volumetrically in measuring formation due to bubble collapse
monostearate, soy protein isolate, and . [133]
cylinder
K-carrageenan
hocol i i icl ~10% 1 igrati ia WI
;Z::o ate with various sucrose particle and(; C(; ower migration rate via Wi () No foreign particle introduction required, high oil [81]
. . . . . . . . retention possible, applicable for molten and pressed
Particle size Chocolate with various sucrose particle ~ 10% lower migration rate via WI X . . . . .
reduction sizes and SG products; (-) particle size reduction requires energy intensive [134]
illi icle si i infl; bulk physical
Model seasoning cube from salt particle 0-50% via gravimetry, optical n;lo l:rgt’i fs article size reduction can influence bulk physica [37]
and sunflower oil scanning, and Raman spectroscopy prop
Oleogel from zein particles dispersed in 0% by visual inspection of inverted [135]
soybean oil with water capillary bridges tests o
% based i i il
Capillary gels/ Oleogel from wheat middlings dispersed in 30(]) di:?ﬁzg;;ﬁ?:i;aﬁ;zum of (4) No foreign ingredients necessary, only water by capillary [136]
suspensions sunflower oil, with water capillary bridges middlines. gravimetr bridges required; (-) water migration can impact amorphous
P . . &5 & Y and crystalline material
Oleogel from zein, whey, and soy protein . .
. . e 40-10% by centrifugation and
dispersed in corn oil, with sinapine . [137]
. . gravimetry
acqueous solution bridges
Cinnamon a“q paprika oleoresnr}s 2-30% by dispesing in ethanol and
encapsulated in hard palm fat via spray [138]
P, R spectrophotometry
chilling and from saturated gas solutions
R. officinalis, L. angustifolia, and 10-45% by dispersing in ethanol (+) Potential for controlled release of essential oils; (-)
Encapsulation C. aurantium volatile oil encapsulated in followeZl by heZane eitraction energy-intensive spray drying or other encapsulation [139]
B-cyclodextrin Y processes
Chia seed oil with vitamin D3 encapsulated
in soy protein isolate, maltodextrin, inulin 0-15% by cold hexane extraction [140]
via spray drying
Oilve oil in pouches from chitosan, gelatin, 5 . . .
141
and allic acid films 0% by visual inspection of pouches [141]
Pectin and starch films with eggshell waste . " . .
. . particles, in contact with oil (no type Poor, only qualitative data available ,H) Poten'tlal f'0r addm.o nal moisture and .oxygen barrler' [142]
Edible coating specified) included in edible coating; (-) frequently introduces foreign
Fli)lm from sunflower oil cake. sodium ingredient as coating agent; influences visual appearance
alginate and glycerol in contact with 18-34 mg mm m 2d! [143]
sunflower oil
Sodium carboxymethyl cellulose and
cellulose nanofibrils coated molded pulp Kit test 12 [144]
t for fruit: kagi o
Packagin ;fky Sl l:r;ﬂ ;ilxjr"li:r :g:;igﬁe d sodium (+) Food product unaffected; (-) often difficulties of label
g g y Kit test 6 rinting and appealing visual appearance on shelf with [145]
strategies alginate coated 60 gsm paper p g PP g PP
Chitosan and sodium carboxymethyl porous material
cellulose coated pizza cardboard box and Kit test 12 [146]

molded pulp tray

5.1. Organo—/oleogelation

Organogelation or oleogelation is an attractive strategy to stabilise
the lipid phase in particulate food products, combining high volume
fractions of up to >90 w/w% liquid oil with small volume fractions
down to <10 w/w% of a gelator via melting and cooling, trapping the oil
domain in the gelator matrix [147] (Fig. 4a). Rheological studies have
shown that even at small gelator loads, the olegeol adapts viscosities
higher than the pure oil, thus creating hindrance to oil diffusion. The

crystal structure of the gelator can also be influenced by the cooling rate,
applied shear during cooling, and ultrasound, influencing the crystal
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packing density [148,149]. Due to the melting and cooling process in
oleogel preparation, this strategy is attractive for molten, molded, tab-
leted or extruded foods, compared to emulsion techniques, offering
great potential for oil migration control and saturated fat reduction. Yet,
many gelator materials such as waxes require declaration on the
ingredient list and as such are scrutinised from a regulatory perspective,
hampering wide-spread commercial adoption [30]. In its latest research
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applications to chocolate, oleogels prepared from grape seed oil and
lyceum barbarym oil, gelated with beeswax, rice bran wax, and lacquer
wax, achieved oil retention of up to 98.8 w/w% (i.e. 1.2 w/w% oil
released from oleogel). Despite reduced oil migration, a decrease in the
whiteness index due to fat bloom on chocolate was not measured, sug-
gesting yet more effective oil retention is required [126,127]. In Tahini
halva, sunflower oil was oleogelated with beeswax and shellac, reducing
oil release to a maximum 7 w/w% [125].

5.2. Pickering emulsification

Qil stabilisation from melts is not suitable for heat sensitive foods, for
which other strategies are necessary. Pickering emulsification involves
small solid particles in dosages as low as 1 w/w% to stabilise the oil-
water interface, creating a particle shell around oil or water droplets
at the interface [150,151] (Fig. 4b). While elevated temperature or
pressure damage the interfacial microstructure, the added particles can
be ingredients native to the recipe, or alternatively foreign particles like
fat powder [152], amphiphilic particles such as proteins [153], or even
janus particles tailored to the lipid and aqueous phases [154] or
enhanced interfacial stability. Recently. high internal phase corn oil in
water was emulsified by albumin protein, and an oil leakage of <6 w/w
% was reported [128]. For chocolate, water-containing whipped cream
was stabilised with cocoa particles, resulting in oil leakage of maximum
15 w/w%, exemplifying use of a native material for Pickering stability to
reduce oil migration [129]. Involving foreign added particles, camellia
oil was stabilised with silica particles, yet oil leakage was higher than in
previous works with 50-90 w/w% oil leakage [130].

5.3. Oleofoaming

When the aqueous phase in pickering emulsion is inverted and
replaced with air, an oil foam or oleofoam is formed (Fig. 4c). Generally,
oleofoams are prepared from oleogels by whipping or sparging with gas.
Bubble entrapment then occurs by cooling and solidification in the case
of solid fats, by addition of surfactants in the case of liquid oils, or by
particle inclusion. Particles can be prepared ex-situ and added to the
oleogel, such as proteins or polysaccharides [133], or crystallise from
the oleogel in-situ upon cooling, such as for diacyglycerides [131]
(Table 3). Stabilisation of the gas-oil interface then occurs by particle
adsorption at the interface, reducing the surface energy of the bare
particles and bubbles by clustering. Partial oil and gas wettability is thus
important to prevent immersion of the particles in either pure phase.
Further, interparticle van der Waals and intermolecular hydrogen bonds
form a 3D network, stabilising the entrapped bubbles. Destruction of the
foam occurs either due to liquid oil drainage out of the lamella, due to
dissolution of the gas in the liquid, or due to bubble Oswald ripening
[155]. Measurement of this instability is usually quantified as the
amount of oil drained by storage under gravity or centrifugation. For
microstructural bubble analysis, tomographic techniques have proven
useful [101]. Oleofoams have gained importance as a means to partially
replace lipids with air, yet adoption outside of niche confectionary or
dairy products is limited. The risk of foam collapse makes it less suitable
for mixed or compacted products. A study by Ribourg-Birault also found
that lipids in oleofoams tend to oxidise faster than in oleogels due to
more exposure to oxygen in the bubbles [156]. This issue could be cir-
cumvented by air replacement with inert gases such as Ng, COq, or N3O.
Oil retention within oleofoams has been reported ranging from 0 to
100% depending on formulation and environmental conditions [155].

5.4. Particle size reduction

Another particle-based strategy in oil migration control is particle
size reduction (Fig. 4d). By lowering the particle size but retaining the
same mass, surface area of the particles increases while reducing the
interparticle distance, thus creating narrower flow channels for the oil
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and thereby increasing the pressure drop of the oil flow [157-160]. If
not advective flow but mass transport via diffusion is expected, particle
size reduction creates a more tortuous path, increasing the tortuosity
parameter in eq. 15 [161], leading to a reduction in diffusivity. In
addition to the dynamic effects of reduced oil flow velocity (advective
migration) or diffusion (diffusive migration), the thermodynamic effect
of capillarity can be affected. As the inter particle pore size is reduced
with smaller particles, capillary radii reduce, increasing the capillary
pressure according to the Young-Laplace Eq. 4, suggesting more oil is
retained within the food structure. On the other hand, a net increase of
surface area results in an increase in particle surface energy, attracting
particles towards each other to reduce surface area, which may desta-
bilise the system if particles are sufficiently mobile [35]. Again, this
technique is attractive for manufacturing routes involving melting or
tableting, as a delicate food structure prone to thermal or mechanical
degradation is absent. Moreover, a rigid final structure is desired over a
fluid state, to prevent phase separation into solids and liquids induced by
the high surface energy particles. Equal to pickering emulsions, the
smaller particles can simply be native to the original recipe and do not
need to be foreign. Hence particle size reduction of sugar in chocolate
systems was tested and oil migration monitored via the whiteness index
and surface gloss. As expected, whiteness index formation rate and
surface gloss reduction rate was slower for smaller particles, and faster
for large particles, thus suggesting a rate decrease for smaller particles.
Interestingly, WI and SG reached plateau values that were the same
across all particle sizes after 7 days, suggesting that no oil was statically
retained but that the rate reduction was rather dynamic. Mechanisti-
cally, this rather suggests a decrease in diffusivity by creation of a more
tortuous path caused by the smaller particles, as opposed to an increase
in capillary suction pressure that would have retained more oil as the
particle size was reduced. Particle size of salt in model sunflower oil-
stock tablets was reduced down to 5 pm, achieving 0 w/w% oil
release, measured gravimetrically, by scanning, and Raman spectros-
copy. Due to the liquid nature of sunflower oil and the absence of a fat
phase, as was the case in chocolate, oil retention was attributed to
capillary action and liquid holdup rather than diffusion [37].

5.5. Capillary suspension

A similar particle-technological approach harnessing capillary action
but in a suspended form is termed capillary gels or capillary suspensions
involving one solid and three liquid phases. The solid particles are
dispersed with tightly controlled ratios of a preferentially wetting liquid
and a non-preferentially wetting liquid [162] (Fig. 4e). Depending on
the relative ratios of the three phases, ternary mixtures ranging from the
pendular state with majoritarily non-preferentially wetting liquid, to the
capillary state with majoritarily preferentially wetting liquid are pro-
duced. In the latter case, food particles could be native to the recipe
avoiding addition of non clean-label components, and the major liquid
phase could be oil, while minor amounts of water, < 0.5%, have been
reported sufficient to induce capillary stability. Being a soft matter
strategy, this technique is less suitable for products undergoing thermal
manufacturing due to microstructure collapse. Moreover, the effect of
water migration into neighbouring crystalline and amorphous particles
needs assessing with regard to crystalline bridge formation or amor-
phous sintering. Previous reports employed zein or wheat middling
particles, suspended in soybean, sunflower, or corn oil stabilised by
water or other aqueous solutions. Oil migration measured gravimetri-
cally or by centrifugation ranged from poor 40 to excellent 0 w/w%
percent [135-137].

5.6. Encapsulation
A complete enclosure of the lipid phase and thus oil migration

mitigation is attempted by encapsulation, consisting of the lipid core and
a wall substance (Fig. 4f). Various wall materials from CaCly-crosslinked
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sodium alginate to solid fats, sugars, and proteins have been reported
[163]. While wall properties can be tuned for controlled release of
essential oils for instance, generally the produced capsules are unsuit-
able for compaction or extensive further processing due to the risk of
breakage of the shell. Thus, encapsulated lipids are rather suitable in
free-flowing bulk particulate form. Report of cinnamon and paprika
oleoresin encapsulated in solid fat via spray drying and saturated gas
solution achieved 2-30 w/w/% of oil leakage [138]. For essential oils
R. officinalis, L. angustifolia, and C. aurantium encapsulated in p-cyclo-
dextrin, oil migration was reported between 10 and 45 w/w%, while for
chia seed oil enclosed in soy protein, maltodextrin, or inulin, oil
migration was measured as 0-15 w/w%, using ethanol and hexane
extraction methods [139,140].

5.7. Edible coating

A further development of encapsulation as oil mitigation strategy is
to not only coat on a microscopic particle or granule level, but to wrap
the entire macroscopic food item in an edible wall material, often bio-
polymers based on proteins or polysaccharides (Fig. 4g). Edible pack-
aging or wrapping has been the subject of many research works, with the
potential for additional moisture and oxygen barriers. In fact, for edible
packaging moisture and oxygen barrier properties are more frequently
investigated than oil barrier performance [164]. The aqueous solutions
are usually applied as a spray, curtain, or dip coating, with the disad-
vantage of large moisture ingress into the hygroscopic food, damaging
the microstructure. Additionally, application of a layer usually results in
significant visual changes of the food appearance, potentially affecting
consumer acceptance. Recent work on edible coatings and packaging
specifically to mitigate oil migration reports the use of chitosan, gela-
tine, and gallic acid mixes to create oilproof pouches, achieving 0% oil
leaking [141]. Other works on packaging for human consumption report
pectin and starch films with eggshell waste as oil barrier packaging
[142], or sunflower oil cake and alginate to package sunflower oil [143].
Yet generally, very little data is reported of the oil barrier properties of
the edible coatings.

5.8. Packaging grease proofing

Mitigation of oil migration by stabilising the oil within the food is
beneficial to avoid the adverse textural changes within the food due to
oil loss (e.g hardening), sensorial effects on the food (e.g. fat bloom) or
to avoid food packaging interactions such as oil staining or ink disso-
lution into oil (Fig. 4h). Yet, in some instances the packaging wrapper
might be the last barrier of defence to oil migration. Pressured by con-
sumers and stricter legislation, more sustainable alternatives to con-
ventional plastic, metallised plastic or paper, or per- and polyfluoroalkyl
treated paper are required [11]. Most modern particle-technological
alternative techniques for use in disposable packaging apply fine
cellulose-derived fibres or particles in a dry coating process or
biopolymer dispersion in a wet coating process in order to create oil-
repulsive barriers on the paper surface [165]. Advantages of pack-
aging modifications are of course that the food product remains un-
changed, which is beneficial for consumer fidelity, while paper, board or
card bear their own challenges such as reduced water and oxygen barrier
properties, printability and marketability, and oftentimes higher cost
[11]. Applying particle technology, in a recent work, molded pulp trays
for fruit packaging was dry coated with sodium carboxymethyl cellulose
and cellulose nanofibrils, achieving the highest kit test barrier value of
12 [144]. The same oil barrier performance was achieved when dry
coating pizza cardboard boxes with chitosan and sodium carboxymethyl
cellulose [146]. For 60 gsm paper, kit test values of 6 were achieved
when wet coating with alkyl keter dimer-modified alginate [145],
demonstrating that an oil migration barrier is also achievable on the
paper side of particulate food-packaging systems.
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6. Final remarks

Particle-based consumer foods comprise the majority of fast moving
consumer foods, of which many contain lipids in the form of oils, fats,
and greases. Multiple factors influence lipid metastability, resulting in
lipid migration within, or out of the food structure. This review revisited
the factors inducing lipid migration and the most common transport
mechanisms diffusion and capillary flow. The ease of application of
diffusion models make it the predominant mechanism investigated.
Many works on liquid imbibition flowing into particulate food struc-
tures, as in reconstitution, use capillary models. However in lipid
migration studies in which liquid is leaking out of particle structures,
capillary models are underrepresented. Compared to Fickian diffusion
models, Washburn-type capillary flow models necessitate more data on
the food microstructure, making them challenging to implement. The
most common oil migration monitoring methods were revisited,
showing the trend towards advanced spectroscopic and tomographic
methods. Many macroscopic techniques such as oil stain analysis on
paper are performed manually, leaving scope for more objective and
efficient measurements using automated imaging tools. Modern miti-
gation strategies for oil migration control were discussed, with a focus
on physical stabilisation approaches as opposed to unpreferred chemical
stabilisation. The use of different strategies for different food types and
structures is discussed, emphasising the relevance of oil migration issues
beyond chocolate, but also for other confectionary and culinary food
products consisting of particle-based systems.
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Corrigendum for Chapter: Literature Review

e A is the lipid migration cross-sectional area (m?) and is hence 2D.

e In the literature review chapter, it says the mass flux J is proportional to m(x — [)/ and
m(x + [)l. However, the proportionality constant was not stated in Eqn. 1. Instead, the
correct version should be:

J = K[m(x — DI — m(x + DI] = —2Kml?

where K is a proportionality constant with units (m?s™!)

dm dm
J=-2KP— =-D—
dx dx

The diffusivity D absorbs 2K/? in a proportionality constant.

e Fig. 2 is a representation of a zoomed-in view into a porous bed in which lipid is rising
due to capillary action. The zoomed-in view is to be regarded as a small section of a
larger powder bulk. On average, the flow is therefore rising homogenously, even if in the
zoomed-in section the flow seemed converging.
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Abstract

A technique to generate images from Raman spectra collected from fibre bundle point probes is presented. Raman
spectroscopy from single-beam laser systems is the most common Raman technique, and by scanning sample surfaces
in point-by-point array patterns, 2D images can be generated revealing spatial information of sample surface
composition. A coherent methodology for hyperspectral Raman chemical imaging is presented for particulate food
structures, beginning with hardware setup for mapping and automated spectra acquisition. For the first time, an open-
source Matlab code is described for signal processing, background and baseline corrections, and image reconstruction.
The workflow is exemplified in two case studies reflecting the two major imaging scenarios:

e Distribution map: A method is presented for high-resolution microscopic spatial mapping of multicomponent
food powders and species identification assisted by the first of two program scripts. Raman chemical images
were reconstructed depicting each food species with a pre-allocated colour, thereby visualizing the ingredient
distribution.

e Global intensity map: A method is presented for macroscopic spatial mapping of a single species in a
multicomponent food mix, relating spectral intensity with physical concentration using the second script.
Raman chemical images were reconstructed representing concentration with a colour gradient, showing
species migration during food shelf life.
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Subject area

Food Science

More specific subject area

Raman spectroscopic chemical imaging

Name of your method

Hyperspectral Raman chemical imaging for distribution maps and global
intensity or concentration maps of powder-based food structures

Name and reference of original method

L. Dewulf et al., Food vs packaging: Dynamics of oil migration from particle
systems into fibrous material, Powder Technology. 439 (2024) 119721.
https://doi.org/10.1016/j.powtec.2024.119721

This paper describes a Raman chemical imaging method to monitor oil
distribution within a food compact and measure oil migration from foods
into fibre-based packaging during an accelerated shelf-life test [1]

Resource availability

Laser source (e.g. diode laser LCX, Oxxius S.A., Lannion, France)
Spectrometer and CCD sensor (e.g. iHR320 and Synapse, Horiba,
Longjumeau, France)

Micrometer stage (e.g. (SM 3.25, Méarzhauser, Wetzlar, Germay)
Micrometer stage controller (e.g. Tango Desktop, Marzhauser, Wetzlar,
Germay)

Power Automate (https://www.microsoft.com/power-
platform/products/power-automate)

Matlab (https://matlab.com)
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Background

Many globally produced consumer foods are in particulate form such as powders, granules or compacts.
Frequent examples include coffee, dairy powders, seasoning compacts or chocolate. Understanding and measuring
ingredient distribution of the food during manufacturing, shelf-life and consumption is key to ensure intended product
performance, storage stability and food safety. Optical techniques have proven useful due to generally rapid
acquisition times at relatively low cost [2]. However, visible light-based methods can be challenging due to color
similarity of many ingredients, and infrared techniques generally suffer from interference with water [3].

In Raman laser spectroscopy a monochromatic light, as from a laser, is targeted at a sample and the inelastic
backscattering (stokes scattering) is quantified by measuring the number of photons emitted at a shifted wavelength,
expressed in units of intensity. Functional groups in polarizable organic molecules give rise to vibrational modes at
specific wavelengths (or Raman) shifts, termed fingerprint regions. With sufficient spatial resolution of the probing
laser beam, differentiation of individual food particle components is possible. Purely noncovalent structures such as
inorganic salts or metals do not display any Raman scattering and can therefore also be differentiated in mixtures with
covalently bonded species.

Of major interest is the ability to generate 2D photos of food systems from Raman spectra, resulting in spatial
Raman chemical images or maps in a process termed hyperspectral imaging. In shelf-life tests for instance, this can be
augmented to a temporal map by measuring at selected time steps. Commercial 2D wide-field Raman cameras or 1D
line probes are often expensive and software for conversion of spectra to images are frequently proprietary, limiting
its implementation. Instead, most commonly available Raman systems are zero-dimension (0D) fibre bundle or point
probes, meaning a single laser beam is used, necessitating to mechanically displace the probe or sample over the
desired probing area. Information extracted from the spectrum at each probed point (or pixel) can then be translated
into the corresponding pixel in the reconstructed image at the exact same spatial location. Coupled with an open-
source software implementation to reconstruct spectra into maps, a low-cost Raman chemical imaging system can be
realised.

A Raman chemical imaging system is presented consisting of a hard- and software component. The setup was
an original equipment manufacturer (OEM)-type Raman spectrometer with self-built additions for spatial mapping.
Two Matlab-based codes were written for Raman spectra post-processing and chemical image reconstruction. Imaging
is enhanced by colour, with generally two main scenarios of colour-coding being of interest. Depending on the
purpose, it is suggested to make the distinction between so-called distribution maps and global intensity maps [4]. (i)
In distribution maps, the spatial distribution of ingredients, e.g. in a powder mixture is desired. For example to assess
mixing homogeneity, each species is encoded in a different color, thereby providing a visual representation of spatial
ingredient distribution. It follows that adequate spatial resolution of the image can only be guaranteed if the laser
beam probing diameter is less than the particle size. Resolution of the point probe can be calculated from the Rayleigh
criterion in which the probing spot follows the point spread function. To avoid convolution, probing points should lie
at distances d (m) exceeding

0.611
T NA
where A is the laser wavelength (m) and NA the numerical aperture (unitless) of the focusing lens employed [5]. It

1

should also be noted here that surface roughness, e.g. due to the sample consisting of different particle sizes,
contributes to Raman scattering and influences the signal intensity, a phenomenon described by Kubelka and Munk
[6] and Schrader and Bergmann [7]. In addition, as colour represents species, representing microscopic concentration
of the species at the probing pixel is challenging. (ii) Instead, in global intensity (or concentration) maps, it is often
desired to quantitatively monitor the concentration variation of a single species across the area of interest, for which
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probing diameters larger than the particle size are more suitable as surface roughness is averaged. As less resolution
is required, larger samples can be analyzed faster and the species concentration directly represented with a color
gradient. It follows that confusion would arise if colour represented different species as well as concentration
simultaneously, hence why the distinction between distribution maps and global intensity maps is maintained in this
work.

Method details

Raman spectrometer setup

The Raman spectrometer setup (Fig. 1) consisted of a 532 nm green continuous wave diode laser (LCX, Oxxius
S.A., Lannion, France) connected to a fibre bundle point probe (Superhead, Horiba, Longjumeau, France) with
exchangeable objective lenses (Epiplan, Zeiss, Jena, Germany) and an integrated video camera for focus. Acquired
Raman signal was analysed in a spectrometer (iHR320) with CCD camera (Synapse Plus), controlled via the LabSpec6
software (all Horiba, Longjumeau, France). As the probe is a single point probe, a stepper motor driven micrometer
stage to displace the food powder sample was integrated (SM 3.25, Marzhauser, Wetzlar, Germay). The maximum
displacement in xyz was 25 mm with a step resolution of 100 nm. The stage was controlled via the Marzhauser
software (Tango Desktop, Marzhauser, Wetzlar, Germay) that is capable of reading an xyz coordinate list in order to
displace the sample over a grid of pre-defined area. In high-precision applications as here, backlash control is crucial.
Backlash is the lost motion due to clearance or gaps, in this case due to the lead screw in the micrometer stage.
Backlash compensation techniques exist such as using magnetic or optical rulers, zero positioning at a fixed position
(e.g. with a laser sensitive photodiode), or unidirectional scanning instead of more efficient serpentine scanning used
here. In the present case, backlash control was built-in via the micrometer stage stepper motor controller (Tango
desktop, Marzhauser, Wetzlar, Germay). In previous work using the same setup [1], the same features were observed
on repeated scans at the same location, giving confidence in the accuracy of the scanning position in this hardware
setup.

Depending on acquisition parameters, recording a spectrum usually requires a few seconds. Over a scanning
grid of several 100 points, the time requirement rapidly exceeds several hours of experimental time. To automate the
repeated signal acquisition and stage movements, Microsoft Power Automate (Microsoft, Redmont, WA, USA) was
deployed as a desktop automation tool accessing execution buttons on the LabSpec6 and Marzhauser software in a
pre-defined workflow. The probe and sampling stage were housed in a lightproof box made from black anodized metal
panels to prevent signal interference from the environmental light.
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Fig. 1. Raman spectrometer setup for chemical imaging consisting of a laser source, a probe head with magnification
lens, motorized micrometer stage with sample holder, spectrometer and CCD sensor.

Program for distribution map Raman chemical imaging

The aim in distribution maps is to identify the species in a mixture at any sampling point or pixel, assign it a
color, and reconstruct the scanning map into a colored image displaying the spatial distribution of the different species.
A three-component food powder mix consisting of salt, sugar and palm fat is used as an example and was scanned in
a map array. At each probing pixel, acquired Raman spectra were stored separately in a tab-delimited .txt file with
Raman shift (cm™) in the first and corresponding Raman intensity values (arbitrary units) in the second column
respectively.

First the files are located in the PC using the folderPath command, before listing their names with
dir (fullfile (folderPath, '*.txt"')) ;. natsortfiles applies a natural ordering of the file names in
sequence of increasing number. This is important in order to analyse the files in the probing order and for correct pixel
placement in the reconstructed image. The background scan is loaded and the intensity values selected as the second
column in the . txt file with (:, 2). As the sample probing and background were acquired with the same settings,
the Raman shift in the background file is used for all samples with shift=bckgr (:,1) ;. The final image is
composed of coloured pixels in the same grid arrangement as the probing pattern, which is preallocated with
map=zeros (height,width), where height are the number of pixels in the vertical and width in the horizontal
direction.

fileIndex=1 starts the calculation loops by assigning the first map entry the number 1. Thus, the image
limits will be from 1 to 61 horizontally, and from 1 to 60 vertically. The choice of one more horizontal pixel has been
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made deliberately to ease distinction for the reader between map height and width. During Raman scanning, the most
efficient probing pattern is achieved by moving the probe or sample in a meandering S-shaped pattern. In this case,
the probing sequence started on the top-left corner, moved across to the right, then down a row, across to the left
and so on. By default, Matlab populates arrays from left to right and top to bottom. Hence, the meandering pattern
needed to be coded by accounting for odd and even rows. This was achieved by specifying that for odd rows, evaluated
by mod (row, 2) ==1, the column indices colIndices run left to right (colIndices = 1:61), whereas when
the rows are otherwise even, colIndices runrightto left (colIndices = 61:-1:1).To stop the entire loop
when all files have been analysed, the loop is asked to break once the fileIndex outgrows the number of files
counted by length (files).

Once the meandering filling pattern for the map array is defined, calculations for background removal and
baseline corrections are applied. In a new for loop, for each colIndices the filePath is constructed with
filePath=fullfile(folderPath,files(fileIndex) .name) and the data in the file loaded with raw
= data(:,2). The raw Raman intensity data is extracted from the second column with raw=data (:,2). To
remove signal interference from background radiation, the background intensity extracted earlier in the script is
subtracted from the raw Raman signal at the specific scanning point, obtaining the background corrected
bckgr corr intensity. As the spectra showed fluorescence, a common approach is to apply a baseline correction
by fitting a polynomial [4]. In this case a 4™ order fit obtained with bs1in removed the majority of fluorescence and
displayed distinct peaks, yielding the baseline-corrected spectrum bslin corr.

A clean Raman spectrum allows discrimination of species as long as their peaks are not convoluted or
overlapping. In this case, a prominent peak for palm fat is in the Raman shift region from 1050 to 1065 cm™, for which
the indices of these shift values are evaluated by indices=shift>=loweré&shift<=upper, where the lower
and upper values are the shift boundaries. The set of baseline-corrected intensity values in this range is then found by
bslin corrInRange=bslin corr (indices). The palm fat peak in this region is characteristic of the C-C
stretch in fatty acids, which neither of the other two components have [8]. As such, if the maximum max () of the
peak is larger than the noise (estimated at 100 intensity counts), the spectrum in question is palm fat and the pixel can
be coloured accordingly. This condition is encoded with an i £ command, assigning a dummy variable of 0 for palm fat
in map. If this condition was unmet, the peak within the region 1110 to 1135 cm™ is evaluated, characteristic of the
C-OH deformation in sucrose and gauche conformation of C-C in fatty acids [9, 10]. This scenario demonstrates a case
of overlapping peaks, yet by logic any species not fulfilling the first condition but the second one must be sugar, hence
assigning an entry of 1 to map to designate sugar. A cutoff value of > 1000 was used to avoid noise. If neither conditions
1 or 2 at peaks were met, the spectrum was considered to be salt due to its absence of Raman scattering, and assigned
a variable of 2 in map.

The logical species discrimination based on peaks allows the map array to be populated for plotting. While
plotting the discrete values of 0, 1, and 2 is possible, it was chosen to smooth the map for a less abrupt transition
between individual species, employing ‘cubic’ interpolation in x and y, resulting in new coordinates FineX, FineY,
and FineZ. The finer coordinate grid was plotted as a surface with surf, and the colormap (jet) used to encode
for the FineZ axis. To indicate pure components instead of the dummy variables 0, 1, 2, the colorbar was annotated
with palm fat, sugar and salt respectively with the colorbarHandle. A square pixel arrangement in the resulting
plot is ensured by setting axis equal. While surf results in 3D plots, it is customary to display Raman chemical
images in 2D, for which the view was set to view (0, 90). An implementation of the code is shown in the method
validation section.

%% Load and prepare files

folderPath = 'distributionmap spectra/'; % define folder containing spectra
files = dir(fullfile(folderPath, '"*.txt')); % get list of all .txt files
files = natsortfiles(files); % sort file names in natural order

bckgr = load('background 950-1350.txt'"); % background spectrum

shift bckgr(:,1); % Raman shift data
bckgrI = bckgr(:,2); % background intensity data
map = zeros (60, 61); % allocate matrix of map size (60 rows, 61 columns)
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%% Calculation loop

fileIndex = 1; % initialize index to track current file
for row = 1:60
if mod(row, 2) == 1 % odd rows: left to right

colIndices = 1:61;
else % even rows: right to left
colIndices = 61:-1:1;
end
for col = colIndices
if fileIndex > length(files) % check if there are more files to process
break; % stop if there are no more files
end
filePath = fullfile(folderPath, files(fileIndex) .name); % file path
data = load(filePath); % loads spectrum data
raw = data(:, 2); % extract the 2nd column

o

bckgr corr = raw - bckgrI; % background correction

bslin = polyfit(shift, bckgr corr, 4); % fit baseline

y = polyval (bslin, shift); % evaluate baseline y's

bslin corr = bckgr corr - y; % baseline correction

indices = shift >= 1050 & shift <= 1065; % 1st range for conditions

bslin corrInRange = bslin corr(indices); % get values in this range

maxValue = max(bslin corrInRange); % calc. max peak in given range

if maxValue > 100 logic: if maxValue is > 100
map (row, col) 0; % then assign 0 (is palm fat)

else
indices = shift >= 1110 & shift <= 1135; % 2nd range for conditions
bslin corrInRange = bslin corr(indices); % get values in this range
maxValue = max(bslin corrInRange); % calc. max peak in given range
if maxValue > 1000 % logic: if maxValue is > 1000

map (row, col) 1; % then assign 1 (is sugar)

I oe

else
map (row, col) = 2; % then assign 2 (is salt)
end
end
fileIndex = fileIndex + 1;

end
end
%% Smoothing + plotting
[x, y] = meshgrid((l:size(map, 2)) * 0.05, (l:size(map, 1)) * 0.05); % meshgrid
(mm)

scale factor = 3; $ smoothing factor
fine x = linspace(0.05, size(map, 2) * 0.05, size(map, 2) * scale factor); %
fine x
fine y = linspace(0.05, size(map, 1) * 0.05, size(map, 1) * scale factor); %
fine vy
[FineX, FineY] = meshgrid(fine x, fine y); % fine scale on meshgrid
FineZ = interp2(x, y, map, FineX, FineY, 'cubic'); % interpolation cubic method
figure; % create surface plot

h = surf (FineX, FineY, FineZ);

colormap (jet); shading interp; view(0, 90); axis equal;

colorbarHandle = colorbar;

colorbarHandle.Ticks = [0, 1, 2];

colorbarHandle.TickLabels = {'palm fat', 'sugar',6 'salt'};
xlabel ('Sample width (mm) '); ylabel ('Sample height (mm) ") ;
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x1im([0.05, size(map, 2) * 0.05]); ylim([0.05, size(map, 1) * 0.05]);

Program for global intensity Raman chemical imaging

The aim of global intensity maps is to depict the spatial density or concentration distribution of a single species
with a colour gradient. Similarly here, the fingerprint region of the species of interest needs to be identified from the
acquired spectra at each probing point. The maximum intensity value or area under the intensity curve (integral
intensity) can then be correlated to physical species quantity via a calibration equation and the concentration thus
represented on the reconstructed coloured map. This time, a two-component food compact consisting of salt and
palm kernel T is used as an example and was scanned in a map array.

File loading and preparation followed the same sequence as the distribution map code above. A sum array is
allocated to store the integral intensity of the species in the calculation loop. As previously, the acquired raw spectra
are background corrected with data=data-bckgr. As in the present case the sample consisted of only salt and
palm kernel fat, the integral intensity under the entire fat curve is used by subtracting an average salt signal
data=data-salt avg. The area under the remaining palm kernel fat signal is numerically calculated with the
trapz trapezoidal method according to [11]

b 1 N
1= [ i@do =3 Y @ = ol + i) 2
a n=1
where [ is the integral intensity (au), i is the intensity (au) at each Raman shift w (cm™), and a = w; < W, < +++ <
wy < Wys1 = b, and (w,41 — wy) is the spacing between each consecutive Raman shift interval. This step is carried
out for each probing point of the map and the results stored in the sum array. To relate Raman intensity to physical
concentration c of palm kernel fat on the probing surface, a least squares regression calibration curve was constructed
with equation
1 =9.1062 x 10°c 3

which is implemented via conc = sums/9.1062E+6.

Now the physical concentration profile needs to be overlayed onto the sampling map, which
followed the same S-shaped meandering probing pattern as in the distribution map above. To do this, the
coordinates array is populated with x and y coordinates of the probing pattern, achieved by filling rows
in the meandering pattern. coordinates and sums are then concatenated in the map array. To achieve
a smoother surface of the final global concentration image, the mapping grid is divided into a finer
meshgridandanatural interpolation method applied. The finer data was then plotted as a surface with
the colormap ('jet ') representing the z values, or palm kernel fat concentration. Equal distance between tick

marks and hence square pixel size is ensured with axis equal. An implementation of the code is shown in the
method validation section.

%% Load and prepare files

folderPath = 'globalintensitymap spectra/'; % define folder containing files
files = dir(fullfile(folderPath, '*.txt')),; % get list of all .txt files
files = natsortfiles(files); $ sort file names in natural order

bckgr load ('background 0-4000.txt'); % background spectrum

bckgr = bckgr(:,2); % background intensity data

salt avg = load('salt average 0-4000.txt'); % average salt spectrum

salt avg salt avg(:,2); % average salt spectrum intensity data

number of files = numel (files); % get number of files
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sums = []; % allocate array to store sums
%% Calculation loop
for i = l:number of files % loop through each file
data = load(fullfile(files (i) .folder, files (i) .name)); % load as matrix

data = data-bckgr; % background correction
data = data-salt avg; % salt signal subtraction
area = trapz(data(:, 1), data(:, 2)); % calc. area under curve using trapz
sums = [sums; area]; % append result to sums array
end
conc = sums/9.1062E+6; % calibration curve
rows = 11; % number of vertical probe points 11
cols = 12; % number of horizontal probe points 12
X = zeros(rows * cols, 1); % initialize array for x
y = zeros(rows * cols, 1); % initialize array for y
index = 1;
for j = l:rows
if mod(j, 2) == % odd row: left to right
for k = 1l:cols
X (index) = k-1;
y (index) = j-1;
index = index + 1;
end
else
for k = cols:-1:1 % even row: right to left
X (index) k-1;
y (index) = j-1;
index = index + 1;
end
end
end
%% Smoothing + plotting
coordinates = [x, yl; % combine x and y into a single array
map = [coordinates conc]; $ combine map with coordinates in single array
x = map(:, 1l); % extract plotting data from map array
y = map(:, 2);
z = map(:, 3);
[X, Y] = meshgrid(unique(x), unique(y)); % create a meshgrid for x and y
fine x = linspace (min(x), max(x), 500); fine y = linspace(min(y), max(y), 500);
% fine
[FineX, FineY] = meshgrid(fine x, fine y); % Interpolate the 'z' data onto
finer grid
FineZnatural = griddata(x, y, 2z, FineX, FineY, 'natural'); % 'natural'
interpolation
figure;
h = surf (FineX, FineY, FineZnatural); % surface plot
colormap ('jet'); shading interp; wview(0,90);
lims = clim; clim manual; clim ([0 7]); x1im ([0 11]); ylim([O 10]);

axis equal; grid off;
xlabel ("Map width (mm) '); ylabel ('Map height (mm)'); yticks(0:2:12);
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Method validation
Both case studies in the previous section are exemplified with acquired experimental data.

Distribution map Raman chemical imaging

The aim in distribution maps is to identify the component in a mixture at any sampling point, assign it a color,
and reconstruct the scanning map into a colored image displaying the spatial distribution of the different species. Fig.
2 shows the sequential methodology applied to a typical three-component food powder mix consisting of 25 w/w%
salt (Josal, Sidwestdeutsche Salzwerke, Heilbronn, Germany), 70 w/w% sugar (Cuisine Noblesse, Offenburg, Germany)
and 5 w/w% palm fat (Ertilor PK 40 SG, Fuji Oil, Osaka, Japan), each species having been sieved to 425-600 um (Retsch,
Haan, Germany). The powder mix was gently pressed into a Raman inactive aluminium sample holder onto the
micrometer stage. As the aim was to locate species bearing diameters of 500 um, a resolution of 1/10™ of this size, 50
um, was chosen for sufficient spatial detail, setting the micrometer stage step size of 50 um in the coordinate list. The
laser beam was focused with a 20x lens with numerical aperture 0.4 (Epiplan, Zeiss, Jena, Germany), resulting in a
probing point resolution of d = 0.81 um according to the Rayleigh criterion (equation 1). As d is less than 50 um, there
is no risk of overlapping probing points. The resulting array of 61 x 60 points resulted in a 3.05 x 3 mm? map (Fig. 2a).
The choice of one more horizontal pixel has been made deliberately to ease the distinction between map height and
width for the reader. For efficient mapping, a meandering S-shaped pattern was constructed starting on the top-left
corner, moving across to the right, then down a row, across to the left and so on.

During Raman scanning on the sample surface (Fig. 2b), laser power was set to 100 mW, exposure time to 1
second with single accumulation, achieving sufficient signal-to-noise ratio while minimizing risk of sample degradation
at higher power and longer exposure. A full Raman shift range scan, background and baseline corrected, from 0-4000
cm™! on the pure components salt, sugar and palm fat yielded a shorter bandwidth of interest from only 950-1350
cm™ (Fig. 2 ¢). Raman scanning of the powder mix sample was thus performed on the shorter bandwidth allowing time
reduction to approximately 10 s for signal acquisition and stage movement to the consecutive probing pixel. As the
time requirement amounted to 61 X 60 X 10 s = 10.2 h, Microsoft power automate was used to iteratively access
scanning and displacement buttons on the LabSpec6 and TangoDesktop control software. Acquired spectra were
automatically saved in tab-delimited .txt files and exported for processing with the Matlab distribution-map.m code
described above. An exemplary background scan and three other typical sample scans from the powder mix identified
as salt, sugar and palm fat, are shown in Fig. 2d.

The Matlab script applies a background correction by subtracting the background spectrum from the sample
spectrum at each probing point, shifting the spectra somewhat lower on the intensity scale. Another reason for
spectrum correction is fluorescence. Both stokes Raman scattering and fluorescence results in emission induced by
incident radiation. While Raman scattering is the excitation of a molecule to a virtual state and relaxation to an energy
level higher than the ground state, fluorescence is the excitation of a molecule to a higher energy level than for Raman,
and relaxation to the ground state. This larger magnitude relaxation results in a higher intensity photon emission than
a Raman photon, hence fluorescence is often matching or even masking Raman spectra and is henceforth undesired.
The extent of fluorescence emission is dependent on the incident light energy. As energy and wavelength are inversely
related to each other, low wavelength lasers such as green 532 nm generally result in large extents of fluorescence
emission. Long wavelength, lower energy lasers such as red 785 nm lasers generally exhibit less fluorescence, as the
excitation is lower, albeit also generating weaker Raman emissions. It is often desirable to mathematically subtract
fluorescence from spectra by baseline correction.

A multitude of baseline correction methods from simple polynomial fitting to sophisticated iterative methods
have been suggested [4], with a 4™ order polynomial regression successfully removing fluorescence in the present
case. The three exemplary background corrected and baseline corrected sample spectra (dotted lines) are plotted
together with the pure species spectra (continuous lines) for comparison, showing that the exemplary sample spectra
from the powder mix are either salt, sugar or palm fat (Fig. 2e).

Discrimination of the species being probed in a given pixel in the map could now be performed by logical
conditions, given the peaks for the two organic components occured at different locations, and that salt showed
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unpronounced peaks. As a first condition, if a peak occurred within the band 1050-1065 cm™ the species was palm
fat, as this vibrational mode is attributed to the C-C stretching in fatty acids, which neither occurs in sugar not salt [8].
If this first condition was unmet, a different peak was selected, such as in the band 1110-1135 cm™?, characteristic of
the C-OH deformation in sucrose and gauche conformation of C-C in Ity acids [9, 10]. Despite the overlapping fat and
sugar spectra, the discrimination is now only between sugar with a large peak, and salt with a shallow peak attributed
to noise, palm fat or sugar traces on the salt particle. A cutoff value of 1000 intensity counts was chosen to distinguish
between the two. The selected species at each probing point was stored in an array in the Matlab script, which was
used to reconstruct a 2D distribution map (Fig. 2f) of the three species, assigning the colours red to salt, green to sugar,
and blue to palm fat. Over the scanned area of 9.15 mm?, the distribution map allows visualization of the species
location, showing discrete clusters of palm fat and sugar particles in a continuous matrix of sugar as the major
component in the formulation, approximately in line with the formulation composition.
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Fig. 2. Methodology for generation of distribution maps Raman chemical images from point probes: a) Coordinate
pixel list of the mapping array, b) Raman spectra acquisition at each pixel on predefined map array, c) background
corrected and 4™ order polynomial baseline corrected pure species reference spectra, d) raw acquired exemplary
background and sample spectra, e) background corrected and baseline corrected sample spectra plotted with
reference spectra for species identification, f) probing pixels were coloured with specie-specific colour, resulting in the
distribution map.
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Global intensity Raman chemical imaging

The aim of global intensity maps is to measure the spatial density or concentration distribution of a single
species and reconstruct the scanning map into a coloured image where the colour represents physical concentration.
Fig. 3 shows the sequential methodology applied to a typical two-component food powder mix consisting of 95 w/w%
salt (Josal, Stidwestdeutsche Salzwerke, Heilbronn, Germany) and 5 w/w% palm kernel fat (Isega, Aschaffenburg,
Germany). The salt was sieved to 425-600 um (Retsch, Haan, Germany), mixed with palm kernel fat, and pressed into
a 4 g cubic compact in a universal testing machine (3367, Instron, Norwood, MA, US) before being placed on a sheet
of wicking paper (3MM CHR, Whatman, Marlborough, MA) for one week shelf life testing at 30°C/40%RH to mimic a
typical food body undergoing oil migration into wrapper packaging material. The aim was to visualize the special palm
kernel fat distribution after one week over the side-surface of the sample body.

As global concentration was required, resolution is less dependent on microscopic particle size of the powder
substrate, but rather on the spatial resolution desired over the macroscopic sample area. A 2x magnification lens with
numerical aperture 0.19 was used resulting in a minimum required displacement greater than resolution d = 1.7 um
according to the Rayleigh criterion equation 1. 12 x 11 steps in increments of 1 mm were chosen in the coordinate list,
sampling an area of 11 x 10 mm? on the food sample (Fig 3a).

During Raman scanning on the sample surface (Fig. 3 b), laser power was set to 100 mW, exposure time to 1
second with single accumulation, achieving sufficient signal-to-noise ratio while minimizing risk of sample degradation
at higher power and longer exposure. As in global intensity or concentration maps only the single species palm kernel
fat was measured, which showed a larger Raman activity than salt, no specific peak selection at certain bands was
required as in distribution mapping. In addition, the relationship between intensity and physical palm kernel fat was
not established on maximum peak height, which is susceptible to sensor spikes and outliers, but on integral intensity,
measured as the area under the intensity curve. The integral intensity of the full spectrum at each probe point was
hence evaluated at a broad bandwidth between 0-4000 cm™, shown in Fig 3c with the background signal, the average
background-corrected salt, and an exemplary palm kernel fat signal. To obtain the fat signal only, the Matlab script
subtracted the background and an average salt signal from the signal at each probe point, as well as performing
baseline correction with a 6™ order polynomial.

To correlate global Raman integral intensity to physical palm kernel fat concentration on the food surface, a
5-point linear calibration curve was constructed by preparing and scanning 5 samples at 0, 1.25, 2.5, 3.75 and 5 w/w%
palm kernel fat over the same map area, depicted as intensity plots in Fig. 3d. Constructing calibration curves from a
sample area with many probe points instead of a single measurement is especially important in particulate samples,
where sample heterogeneity can be significant, and thus can be averaged by spatially distributing the measurements.
To avoid bias from outliers, it is suggested to evaluate median as opposed to mean integral intensity at each pixel [4],
which was correlated to calibration sample palm kernel fat concentration by linear regression with R? value of 0.98
and gradient 9.1062 x 10° au/w/w% (Fig. 3e). The large errors bars represent in-sample standard deviation and
reflect the heterogenous nature of liquid media distribution in particle systems, as in the present case of palm kernel
fat with salt.

The calibration curve encoded in the Matlab script converted integral intensity into concentration between
the minimum and maximum concentration detected in the map. A conventional linear colour map with 0 w/w% palm
kernel fat set as blue, and 7 w/w% set as red was used to reconstruct the map into a continuous colour gradient (Fig.
3f). As can be seen from the visual representation of the food body surface after one week shelf life testing, palm
kernel fat concentration varied from top to bottom, with concentrations in the top third between 1-2 w/w%, increasing
to 4-6 w/w% in the bottom third, with local hotspots of up to 7 w/w% palm kernel fat.
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Fig. 3. Methodology for generation of global intensity maps Raman chemical images from point probes: a) Coordinate
pixel list of the mapping array, b) Raman spectra acquisition at each pixel on predefined map array, c) integral intensity
of acquired palm kernel fat spectra evaluated as the area under the curve, corrected for background and salt and the
fluorescence via 6™-order polynomial baseline correction, d) chemical images of the calibration samples acquired
under the same conditions, e) least squares regression calibration curve correlating palm kernel fat concentration with
integral Raman intensity, f) palm kernel fat concentration at each pixel is represented with linear colour gradient
between 0 w/w% (blue) and 7 w/w% (red).
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Limitations

The nature of Raman vibrational spectroscopy limits this technique to Raman active species, or to some extent to
differentiate between Raman inactive and active species. A limit on the maximum achievable resolution is the
maximum maghnification of the lens on the probe head, usually commercially available up to 150%, and the smallest
step displacement of the motorized stage, in the present case 100 nm. Discretization of species is simplest for non-
overlapping or convoluted spectra, and under the condition that fluorescence can be corrected by baselining. Finally,
a 785 nm or 830 nm laser would have been more appropriate than the 532 nm laser used in this work, as longer
wavelength lasers generally strike a better balance between minimizing fluorescence due to less incident energy, yet
producing strong Raman signals.

Abbreviations

0D - zero dimensional (point)

1D — one dimensional (line)

2D — two dimensional (area)

3D - three dimensional (volume)

au — arbitrary unit

CCD — charge-coupled device

OEM - original equipment manufacturer
RH — Relative humidity (%)

w/w% — weight per weight %

Symbols

d - laser resolution (m)

A —laser wavelength (m)

NA — numerical aperture of objective (-)
I — signal intensity (au)

¢ — fat concentration (w/w%)
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ABSTRACT

Paper packaging for compacted or tabletted foods is seen as a key sustainable packaging of the future. Yet its
fibrous structure is susceptible to absorb oils, fats, greases and other small molecules from the contacting food.
Underlying phenomena associated with oil release from compacted food on fibre-based packaging, such as
viscous liquid flow, capillarity, and gravity from compacted particle systems into fibre networks are not fully
understood yet. As such, oil stain mitigation on packaging remains a challenge. Using model food tablets of 95%
500 and 50 pm particle size with 5% sunflower oil as the liquid phase, this work employed for the first-time
quantitative Raman spectroscopic chemical imaging (RCI) coupled with automated image quantification for
comparison of oil flow dynamics between food compacts and contacting paper packaging. The extent of de-oiling
from the compact and imbibed into paper showed similar exponential decay with time for both porous systems.
For the first time, oil migration dynamics on the food compact surface was 2D visualised via Raman spectroscopy
and showed markedly different trends with varying environment climatic conditions and compact microstruc-
ture. The larger particle system leaked up to 50% of oil into paper, whereas the 50 pm system retained 100% of
its oil, creating an effective internal oil barrier. This novel technique opens the way for further understanding
liquid transfer between porous food media and harnessing microstructure engineering to increase food and
packaging performance.
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1. Introduction

Pressured by changing consumer behaviour, fast moving packaged
goods companies around the world pledge to become more environ-
mentally sustainable by reducing conventional packaging, especially
plastic and metal [1]. Due to its comparatively high tensile strength,
paper is currently used to reinforce multilayer sandwich packaging, with
plastic or metal layers to provide necessary barriers against small mol-
ecules migration. However, the absence of moisture or oxygen barrier
properties of paper limit its use in the food sector to products that are
less susceptible to environmental conditions. Paper packaging enjoys
high consumer acceptance due to its biodegradability, potential carbon
neutral sourcing, and psychological effects related to haptics and optics
[2]. Yet, a significant disadvantage of paper or indeed of any other
fibrous food-contact material is its propensity to absorb mobile sub-
stances from the food, such as oils, fats, and greases [3]. With increasing
employment of paper as a food-contact wrapping material, attempts to
understand, model, and control oil and fat migration from food to
packaging is timely and relevant.

Food systems in powder, granular, tableted, or compacted form and
fibrous packaging materials resemble each other in the sense that both
are porous media in contact with each other, and thus fundamental
phenomena apply to both systems. A food system (such as a seasoning
compact) comprising particulate ingredients and a liquid component
(such as oil) in contact with a fibrous packaging material (such as paper)
undergoes a transport phenomenon whereby the mobile substance
transfers from the food into the paper, which is often referred to as oil
release [4], oil migration [5], or de-oiling, where the three are used
synonymously. Regarding oil release, the commonality is thus that the
particle-based food system and fibre network packaging are both sta-
tionary porous media with oil migrating from one porous phase to the
adjacent.

Literature makes proof of considerable work having been conducted
on liquid transport into porous material. Washburn pioneered the
explanation of liquid transport into porous beds via capillary suction
formulating the Washburn Eq. [6]. The work was then extended from
powder systems to other porous structures, such as fibrous media like
fabric or paper, which have been well reviewed [7-9]. Relating to
packaged consumer foods, the process of oil imbibition into paper via
wetting and capillary suction is therefore fundamentally rather well
understood.

On the other hand, considerably less work has been conducted on
liquid flow out of porous media or between porous phases. Literature
shows that the flow of liquid out of particle systems shows time-
dependent behaviour, affected by liquid saturation, capillarity, and
gravity, as was demonstrated for the case of glass spheres in a packed
bed [10]. In their study, the amount of liquid holdup within the bed was
measured during natural gravity drainage. The amount of liquid
retained was larger in a capillary dominated regime, and thus the liquid
outflow was larger in a gravity-dominated regime.

From the literature on liquid flow processes in porous and fibrous
bodies it can be summarised that the extent of liquid phase transfer
between bodies depends on gravity, viscous flow, and capillarity effects
in both particle and fibre system, schematically summarised in Fig. 1.
During imbibition, diffusion is rather considered a slow process occur-
ring after capillary suction [11] and therefore unlikely to play a role in
immediate oil imbibition into paper, although in long-term food shelf-
life tests disagreement still exists over which processes dominate [5].

Real food compacts are wrapped in packaging from all sides with
potential contact between food and paper on all faces. For experimen-
tation however, simplification into a 1D system is appropriate and
confines the oil flow direction to the vertical, either up or down akin to a
tug competition for oil between food and paper. Attraction due to the
earth's gravitational acceleration always acts as a downwards force, in
the current setup favouring imbibition into paper. Pressure drop due to
viscous laminar flow is theoretically present in both porous materials,
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but is more pronounced in food as the smaller pore size in paper can
overcome the viscous pressure loss. For a basic pipe flow geometry, this
can be modelled with the Hagen-Poiseuille Eq. [12]. In the competition
for oil, a larger viscous flow resistance would result in a prolonged
retention of oil in the food structure. While viscous effects act as a
resistance to oil flow, capillarity is the driving force in porous media,
stemming from the pressure drop across the meniscus in the solid-liquid-
gas region, calculated for a simple capillary geometry from the Laplace-
Young Eq. [13]. Depending on the relative magnitude of the resulting
capillary forces, the oil will be drawn into the paper or possibly retained
in the food.

In order to better understand this dynamic behaviour of liquid
outflow from porous material, it becomes clear that sophisticated
experimental methods are required. Recently, advanced imaging, non-
invasive and non-destructive techniques for particle system micro-
structure have been developed [14]. Microscopic techniques have rapid
acquisition times, but capture processes on the sample surface, while
tomographic methods reach the internal structure but suffer from
acquisition times possibly much longer than the timescales of the
transport processes within the sample. A potentially powerful analysis
method yet underutilised for liquid-particle systems is Raman laser
spectroscopy. Raman spectroscopy is a spectroscopic technique in which
a monochromatic light, e.g., from a laser, is shone on a sample and the
inelastic backscattering (stokes scattering) is quantified by measuring
the number of photons excited or absorbed, expressed as intensity. For a
sample to exhibit a Raman effect, the molecule must be polarisable,
which is overwhelmingly the case in covalently bonded samples such as
in most organics, but not in purely ionic species without shared elec-
trons. As such, Raman spectroscopy is suitable to monitor temporal and
spatial behaviour of an organic phase migrating through an inorganic
phase.

Raman-based techniques have been used widely across the food
science domain for analytical purposes of food safety and authenticity
control [15-17]. In these cases, measurements at a single point in
location and time of the bulk material is often sufficient. Much less re-
ported in the food sector is quantitative Raman chemical or hyper-
spectral imaging (RCI) or mapping. Few previous examples exist, such as
RCI to map the distribution of nutrients in fruit and vegetables [18] and
of different tissues in meat [19] and other frozen foods [20]. For food
powder systems, mixing efficiency of corn-flour and icing sugar was
evaluated via RCI [21]. Application of RCI techniques in tablets and
compacts has only been reported for pharmaceutical tables, not yet in
the food domain. In pharma, main objectives were spatial mapping of
active pharmaceutical ingredient distribution [22,23], disintegrant

Food tablet

Food
particle

A
, Oil_

Fibre Network Capillarity in

. particle system

Viscous flow

Fig. 1. Schematic of different drive (fibre capillarity, gravity) and resistance
(food capillarity, viscosity) processes occurring during oil release from particle
food systems to fibre-based packaging.
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[24,25], and impurities [26], or the differentiation between polymorphs
[27,28]. The common difficulty in Raman scanning of irregular surfaces
was addressed in a study on convex tablets [29], and coverage of tablet
coating [30]. Yet, as in previous studies, all systems were solid-phase
and static, whereby RCI of dynamic liquid-solid systems have been un-
reported in food and pharma. For such systems, few examples exist such
as in two-component liquid mixing in aerospace flows [31], or the
coupling of RCI with seed particles for particle image velocimetry
[32-34]. However, the application of RCI for profiling fluid transport in
particle-based compacted food systems remains unreported.

Similar to particle-bed systems, imbibition of liquid into fibrous
material such as paper has been shown to be a dynamic time-dependent
system. While due to the small interstitial pore size between fibres the
flow regimes are more influenced by capillarity than gravity, the finite
medium thickness (i.e. paper thickness) and sheet size, as well as fibre
swelling results in an unsteady system (i.e. non-constant with time)
[35]. Previous work aiming to establish the dynamics of oil imbibition
into paper, on a fundamental level [36,37] or specifically for food
packaging [38], used photographic oil stain measurements, that are still
often evaluated manually. In addition, oleogels were used and as such
reports of the interaction between particulate systems in contact with
fibrous material remain little reported.

Conclusively, while work on the individual processes and the
resulting dynamic behaviour for liquid transport into porous bodies has
been reported previously, the complexity of mass transfer between two
porous bodies, specifically between particulate food systems and fibrous
packaging is less well described in literature. This work will contribute
towards a better understanding of the dynamic behaviour of liquid
migration between particulate food powder systems and fibrous pack-
aging, ultimately aiming to control this unwanted phenomenon in the
consumer foods industry. Raman laser spectroscopy is applied for the
first time to evaluate dynamic liquid flow distribution in particle sys-
tems, and self-written automated imaging software is used for evalua-
tion oil flow dynamics in fibre networks.

2. Materials and methods

To model a typical food system prone to de-oiling, a model food
compact was created using 95 w/w% table salt and 5 w/w% sunflower
oil manually mixed in 100 g portions a beaker by adding first the salt and
then oil. Table salt was obtained from Stidwestdeutsche Salzwerke AG
and sieved to a fraction of 500-600 pm for sample A and B, and 50-60

Experimental design
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pm for sample C using sieves (AS 200 Basic, Retsch, Haan, Germany).
High oleic sunflower oil was obtained from Olam, Singapore, and vis-
cosity measured rheometrically as 73 mPa.s at 20 °C and 59 mPa.s at
30 °Cat a shear rate of 0.1 s~* in the bob and cup geometry (Kinexus Pro,
Malvern, UK).

After mixing, for each food compact 4 g of salt+oil mixture were
compacted in a 14 x 14 mm square die to a height of 13.5 mm using a
universal testing machine (3367, Instron, Norwood, MA), resulting in a
compact density of 1.5 g/cm®. Salt+oil compacts were subjected to oil
release measurements within 30 min of compacting by placing on a
paper substrate at 20 °C (sample A) and 30 °C (sample B and C) envi-
ronment temperature. To model fibrous packaging material, blotting
paper (3MM CHR, Whatman, Marlborough, MA) was used, with true
density 1.55 g/cm®, and cut to squares of 8 x 8 cm. The procedure is
summarised in Fig. 2.

2.1. Quantitative Raman chemical imaging

Raman measurements of the compact surface were carried out once
per day over 4 days by scanning a grid of 14 x 13.5 mm at 0.5 mm
increments, resulting in 812 individual spectra. The compact was moved
to each position by an xyz micrometer stage (SM 3.25, Marzhauser,
Wetzlar, Germany). To avoid focus errors, the compact was kept in the
experimental setup over the 4 days, resulting in a single compact sub-
jected to Raman imaging per sample A, B, and C. The laser source was a
green 532 nm diode continuous wave laser (LCX, Oxxius S.A., Lannion,
France) at the minimum possible setting of 94 mW power to avoid
heating the sample. The beam diameter was measured as approximately
700 pm by measurement with the integrated photographic camera. The
surface temperature of the compact when exposed to laser light was
measured as 30 °C with a handheld infrared laser. Raman signal was
acquired with a spectrometer (iHR320) with 1800 groves/mm, 500 nm
blaze grating, and CCD camera (Synapse Plus, Horiba, Longjumeau,
France). Signal acquisition time was 5 s and accumulated over 3
repeated measurements. The integral peak intensity was then calculated
at each time and location point in order to trace the oil flow dynamics
according to

“n o
1= fi=>i M

o1
o 0

where I is the integral intensity (a.u.), wo and w, are the lower and upper

Sample preparation Analysis

»—Food

compact
=
»__ Paper

substrate
n

Optical

Compression

Gravimetric

Fig. 2. Summary of experimental design, sample preparation and analysis of oil release from food compacts into paper.
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spectral limits respectively (cm’l), and i, is the intensity (a.u.) at each
Raman shift . The measured peak intensity was then converted to oil
concentration based on a calibration curve constructed by performing
Raman imaging on three compacts each of a set of 15 compacts with 0,
2.5, 5,7.5, and 10 w/w% oil and the balance salt. Oil concentration was
then mapped on the initial measurement grid to construct 2D images of
the local surface oil distribution of the compact with a resolution of 812
pixels on a 0.5 x 0.5 mm raster. In addition, the surface oil concentra-
tion averaged over the entire sample image was evaluated by

Pn

PpCp

Tn

Po

Pn
2Py
_ P
T
2P

Po

(2)

where ¢ is the average surface oil concentration (w/w%), po and p,are
the first and last pixel in the image respectively, and ¢, is the oil con-
centration (w/w%) evaluated at each pixel p,.

2.2. Optical oil stain quantification

Optical measurements of the oil stain on paper were carried out
every 12 h over 4 days from the underside of the paper in triplicate
measurements. The compacts were removed only during the rapid op-
tical scanning and then placed back on exactly the same positions on the
paper substrate with the help of reference points printed on the top side
of the sample paper. Due to refractive index matching of oil and paper
fibres, light transmission of oil-imbibed paper is greatly enhanced in
contrast to oil-free paper with more scattering, and thus resulting in
different grey values [36]. By calibrating the ratio of pixel to actual
distance on paper, the number of darker pixels was converted to oil stain
area in cm?, filtered for noise in samples with obvious oil stains, and
unfiltered for sample with no obvious oil stains.

2.3. Gravimetric measurement

Gravimetric measurements of oil imbibed into paper were similarly
carried out every 12 h over 4 days in triplicates on an analytical balance
(Precisa 125 A, Mettler Toledo, Nanikon, Switzerland). For each mea-
surement, the food compact was removed from the paper substrate and
the paper weighted, tared to its initial weight without oil at the begin-
ning of the experiment.

3. Results and discussion
3.1. Raman calibration

In a first step, Raman spectra of pure salt and sunflower oil were
acquired over the range 0 to 3500 cm ™! and the peaks annotated with
values generally accepted in literature (Fig. 3). As high oleic sunflower
oil is a mixture of mostly oleic- and linoleic acid-derived tri-
acylglycerides, there is no unique spectrum but instead different peaks
associated with molecular vibrations occurring in the functional groups
of the different oil components (Table 1) [39,40]. As expected, the
spectrum of pure salt is free of peaks and close to the baseline, allowing a
clear discrimination between salt and oil. Moreover, the experimental
peaks are congruent with reported literature peak values, giving confi-
dence in the acquisition method [39,40]. To avoid lengthy measure-
ments over the entire spectrum, spectra were only collected between
2800 and 3050 cm ™Y, as this region has three prominent peaks of the
sunflower oil fingerprint, as shown in the inset of Fig. 3.

For the quantification of the surface oil concentration on the compact
in terms of concentration and not solely Raman intensity, a calibration
curve was constructed for each salt+oil compacts made from coarse salt
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Fig. 3. Acquired full range Raman spectrum of pure salt (blue line) and sun-
flower oil (red line) with annotated literature peaks [39,40]. Inset shows the
selected range from 2800 to 3050 cm ™! chosen for further quantitative Raman
chemical imaging. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 1
Generally accepted major Raman peaks in edible oils, adapted from [39,40].

Raman shift (cm 1) Vibration mode Functional group

868 C—C stretching —(CH)—
968 C = C bending trans RHC=CHR
1008 CHj3 bending HC-CH3
1150 C-C stretching —(CH)—
1265 =C-H bending (scissoring) cis RHC=CHR
1300 C-H bending (twisting) -CH,
1440 C-H bending (scissoring) -CHy
1525 C=C stretching RHC=CHR
1650 C=C stretching cis RHC=CHR
1750 C=O0 stretching RC=00R
2850 C-H symmetric stretching -CH
2897 C-H symmetric stretching —CH3
2924 C-H asymmetric stretching —CH,
3005 =C-H symmetric stretching cis RHC=CHR

for samples A and B, and salt+oil compacts made from fine salt for
sample C. Fig. 4 shows the calibration spectra of the coarse samples. As
expected, the 0 w/w% oil sample is parallel to the baseline, while
increasing oil concentrations in the calibration compacts resulted in
increasing spectral intensities, with almost equal distance between
spectra for each 2.5 w/w% oil concentration increase. Fig. 5 shows the
resulting calibration curve of integral intensity calculated with Eq. (1)
against compact oil concentration. While the large error bars result from
the large variations in spectra for each sample, it is still possible to
evaluate a linear trend by least squares regression given as I = 2.142 x
10° ¢ + 4.255 x 10° with R? = 0.97.

Fig. 6 similarly shows the calibration spectra for compacts from fine
salt particles. The intensities are generally about 5 times as large and
converge for the 7.5 and 10 w/w% samples. This could be due to the fact
that dispersing oil homogenously in fine powder is less efficient
compared to coarse powder, some clumps and agglomerates were
observed in the fine compacts. Fig. 7 shows the calibration curve for the
fine samples given as I = 2.2446 x 10° ¢ + 2.513 x 105, with R = 0.87
reflecting the larger variations in the fine sample calibration.
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Fig. 4. Acquired Raman calibration spectra for salt+oil compacts made from
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Fig. 5. Calibration curve for salt+oil compacts made from coarse salt.

3.2. Quantitative Raman chemical imaging

After calibration, salt+oil compacts were prepared according to the
procedure in Fig. 2 and placed on paper substrate for analysis. The
Raman spectra of the compact surface, converted to surface oil con-
centration and reconstructed in 2D quantitative Raman chemical images
are shown in Fig. 8, where the x and y axes represent width and height of
the compacts respectively, and the z axis is represented as a colour scale
from 0 to 100 w/w% oil concentration. Generally, all three samples
exhibit an overwhelmingly blue colour, indicating a concentration
around 0 to 10 w/w% oil, as expected due to the 95 w/w% salt and 5 w/
w% initial oil concentration. Sample A and B contain distinct spots of
high oil concentration up to 100 w/w% oil (red colour), which could be
attributed to the larger particle size and thus larger liquid bridges
formed, which contain a high oil concentration, in addition to variability
induced by manual mixing. The fact that the high concentration clusters
are in the same locations over the 4 days confirms that they are not
artifacts. Conversely, the surface colour of sample C appears more ho-
mogenous, likely due to the smaller particle size and smaller oil bridges.
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Fig. 7. Calibration curve for salt+oil compacts made from fine salt.

While some areas show 1-2 mm diameter agglomerates with higher oil
concentration, the overall concentration is more evenly distributed than
in the coarse samples with individual pixel-sized hotspots. The
increasing homogenous distribution of liquid between coarse and fine
particle systems was previously described for liquid imbibition into
tablets and powder beds [41,42], but is likely also applicable to the
reverse process of liquid release in this study. Comparing the samples
over time, changes in particle size (sample B vs C) have a much more
drastic effect than temperature at a fixed particle size (sample A vs B).
This is manifested by the fact that the oil concentration changes little in
the 4 days of sample C, suggesting more oil is retained. On the other
hand, sample B shows stark changes from areas of up to 40 w/w% down
to 0. Colour comparison between sample A and B shows that for the
same particle size but different temperature, the concentration drop is
only marginally slower in sample A compared with sample B.

In addition to the novel Raman chemical imaging for picturing pre-
viously unknown surface oil dynamics, average and normalised average
(to = 100 w/w%) surface oil concentration against time, calculated from
Eq. (2), was plotted in Fig. 9. Comparison of the three samples shows
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Fig. 8. Quantitative Raman chemical images of sample A, B, and C showing the dynamic behaviour of surface oil concentration on the faces of salt+oil compacts in

contact with paper substrate.

that all three food compacts have reducing surface oil concentrations,
with samples A and B having the most drastic change from 6.5 and 9.5
w/w% initially to 2 w/w% after 4 days for both samples. As expected,
sample B has a minimally faster oil release of in total (9.5-2)x100/9.5 =
80%, compared to 70% for sample A, owing to the higher temperature
and resulting lower oil viscosity of 59 mPa.s for sample B compared to
73 mPa.s for A. Sample C loses oil slowest from 3 to 0 w/w%. Although
the nominal initial oil concentration was 5 w/w% in all samples, the
variations in initial concentrations could be due to the time lag between
compaction and sample measurement, due to the Raman analysis
duration of 5 h until all 812 data points were sampled, or due to the
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Fig. 9. Average and normalised average (to = 100 w/w%) surface oil con-
centration obtained from Raman chemical images using Eq. (2) for each sample
over 4 days.
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phenomenon that liquid is forced to the sides of a tablet during
compaction, which has previously only been reported for extrusion [43].
The latter argument is supported by hotspots in Fig. 8 being mostly
located at the edges of compact samples A and B. The large spread in
data for samples A and B indicated by the large error bars reflects the
local variation from 0 to 100 w/w% in both samples in Fig. 8, whereas
sample C has less concentration variation in Fig. 8 (0-30 w/w%) and
thus less data spread in Fig. 9. Given the measured laser beam diameter
of approximately 700 pm, the probing beam is similar in size to the
particles in the coarse compact, and hence in extreme cases either an oil
pocket or salt crystal was probed, resulting in stark differences in surface
oil concentrations. In the fine compact, the ratio of laser beam diameter
to particle size is larger and the additional smaller oil bridges mean more
averaged local salt+oil mixtures are probed, and the event of sampling
pure oil pockets or pure salt particles occurs seldom.

3.3. Optical quantification

Techniques to measure oil transport in paper and other fibrous ma-
terials are much more established [36,37] and were used to validate the
Raman chemical imaging measurements. Optical images of the under-
side of paper in contact with food compacts were taken and quantified
via automated image analysis (Fig. 10). The increasing oil stain on paper
for the coarse salt and oil compact (sample A, B) in contrast to the clear
paper for the fine compact (sample C) confirm the trend seen previously
in Raman chemical imaging. Similarly, the comparison of the same
particle size at different temperatures seen in Raman chemical imaging
is reflected by the larger oil stain at 30 °C compared to 20 °C. Fig. 11
shows the variation of quantified oil stain area over time in graphical
representation, depicting the same trend seen previously. The same
tendency of oil stain increase at early contact times and plateauing at
later times has been previously seen for in the domain of echanical
Engineering with lubrication grease blobs on blotting paper [36,37].
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Fig. 11. Area of expanding oil stain over time measured via optical imaging
and automated image quantification.

3.4. Gravimetric analysis

Fig. 12 shows the mass of oil transferred from the food compacts into
paper measured as the mass gain of the paper sample. Assuming a fixed
paper grammage with isotropic porosity and constant thickness, the
mass gain should follow the trend of automated oil stain imaging, in
accordance with previous reports [36,37]. Indeed, sample A and B show
increasing mass gain with time, showing a faster oil release at 30 °C
compared to 20 °C and reaching similar final values of 0.1 g after 4 days,
both observations being in accordance with the Raman chemical images
in Fig. 8. and optical imaging in Fig. 10. Mass gain for Sample C is
negligible following the trend of only minor changes from the spectro-
scopic and optical imaging. Given that each compact contained 5 w/w%
= 0.2 g oil, the liquid hold-up of the coarse samples is only about half of
the initial oil quantity (0.1 g), compared to almost the full 0.2 g oil for
the fine samples.

The observed trend of increasing oil release at higher temperatures
can be explained with the decreasing oil viscosity and thus easier
flowability of oil from the food into paper at elevated temperatures. The
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Fig. 12. Mass of oil transferred to paper over time measured gravimetrically.

observed trend of reduced oil release in food compacts of fine particles
compared to large ones can be explained by the smaller inter-particle
spacing in fine compacts, resulting in smaller radii of curvature and
thus larger capillary forces according to the fundamental Young-Laplace
Eq. [13]. The larger suction forces in small particle systems results in a
higher retention of liquid in the system, which was confirmed in mul-
tiple works in the Chemical Engineering domain on water flow through
separation columns packed with glass beads. For instance, liquid
retention in a monodisperse 3 mm glass sphere bed was 3.1 w/w% of the
initial fully saturated water content before drainage [10]. In another
work employing 500 pm glass spheres, matching the particle size of
sample A and B in this work, water retention was 5 w/w% [44]. The
discrepancy to the 10 w/w% retention in the present work is therefore
not only due to the reduced particle size, but also other parameters such
as contact angle and viscosity. Another packed bed work employing an
aqueous xanthan solution of 100 mPa.s viscosity, similar to the 75 mPa.s
of sunflower oil used herein, achieved a maximum 4 w/w% liquid
retention, albeit for 10 cm glass spheres [45]. Besides the thermody-
namic effect of particle-size induced capillarity, the dynamic effect of
increased fluid-wall friction plays a role [46]. As shown by reduced
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dynamism in the Raman images for smaller particle sizes, the narrower
inter-particle channel reduces the available hydraulic diameter and thus
increases the viscous pressure drop according to the fundamental
Hagen-Poiseuille equation, thereby slowing the flow [12]. In packed bed
process flow applications, this phenomenon has been previously
described with the Carman-Kozeny equation [47,48].

4. Conclusion

For the first time, it was achieved to concurrently measure oil release
from a food compact into a fibrous packaging substrate by imaging the
oil dynamics in both the food sample via quantitative Raman chemical
imaging, and the paper substrate via gravimetry and optical imaging and
automated quantification. Oil release from the food compact into paper
was slightly reduced when the temperature was decreased from 30 to
20 °C, attributing this effect to the reduced oil viscosity. Oil release was
almost completely stopped when the particle size was reduced from 500
to 600 to 50-60 pm, attributing this effect to the larger capillary suction
and narrower channel diameter in the finer compact. The advantage of
Raman spectroscopy was the ability of monitoring the oil release process
locally and continuously or ‘on-line’, while paper-based techniques were
discontinuous and only showed overall results. The analytical tech-
niques developed in this work have been demonstrated by the findings
to be highly useful in quantifying oil release from food into packaging.
The results further show that an edible internal oil barrier can be created
by reducing the particle size of the solid food fraction. This enables
consumer food research to understand and develop more sustainable
paper-based packaging compatible with oil containing foods. The next
step of this research is suggested to be predictive modelling of the oil
flow based on the physical properties of the porous and liquid systems.
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Corrigendum for Chapter: Mitigation Strategy

e Prior to characterisation, the uniformity of the salt mix was assessed by eye. As the
Raman characterisation was carried out over a macroscopic area of the compact, nonuni-
formity of a few particles are average out. No obvious nonuniformity over an area larger
than the scanning interval of 0.5 mm was observed. As stated in the methodology sec-
tion, the characterisation of the compacts carried out were: quantitative Raman chemical
imaging, optical oil stain quantification, and gravimetric measurements.

o First order kinetics fitting was performed to obtain the characteristic time for Fig. 11 and
12. The first order kinetics model used was

Y=yl - e_kt)

where y is the ordinate oil stain area on paper (Fig. 11) or mass of oil transferred to paper

(Fig. 12), y is the final y-value, k is the rate constant, and 7 is the time on the abscissa.

The characteristic time, representing the time to reach about 63.2% of the final value, is
1
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Fig. 11 with first-order kinetic modelling. Area of expanding oil stain over time measured via
optical imaging and automated image quantification.
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Fig. 12 with first-order kinetic modelling. Mass of oil transferred to paper over time measured

gravimetrically.

e 100 mW laser power was only used in this work. All other chapters used 50 mW or less.
100 mW was the lowest powder setting of the laser source. After a fault due to a power
outage at university the laser had to be reconfigured to half the previous power, and there
50 mW was the minimum now. Besides the limitations set by the equipment, prior work
on Raman for lipids cited in the chapter above used similar power ranges e.g. [39, 40].
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ARTICLE INFO ABSTRACT
Keywords: Fat migration from compacted particulate foods into fibrous paper-based wrappers causes undesired fat stains on
Fat migration packaging and is a major concern for food manufacturers that are increasingly moving towards more sustainable

Lipid migration
Capillary

Mechanistic modelling
Food microstructure
Paper fibre packaging

paper-based packaging. While fibre-based materials are prone to absorb fats by capillary sorption, mechanisms of
fat migration from the food matrix are dependent on the underlying food microstructure and full understanding
is still lacking. Here, we developed a first-principle capillary flow model predicting liquid fat flow from model
seasoning compacts (95 w/w% salt, 5 w/w% palm kernel fat) into contacting blotting paper. Compacts with
systematic variations in salt particle size from 5 < dsg < 500 um were produced in ternary design of experiments
assessing the pore microstructure effect on capillarity and permeability. Measurements from x-ray micro-
tomography and fat wicking kinetics were used to evaluate microstructural information for model parameters.
Model validation was then performed in a physical set up characterising the fat migration behaviour on the
compact side via Raman chemical imaging and on the paper side via optical stain imaging. Experiment and
model were in better agreement (RZ up to 0.96) for compacts from coarse particles than for compacts with small
porosity features. Yet, the model directed development towards using smaller particle sizes achieving almost 0 %
fat migration into paper packaging for optimal samples.

1. Introduction et al., 2024a), the main research focus of lipid migration in particulate
food systems has been on continuous food matrices, especially choco-
The majority of consumer foods are dry solids in particulate form late, with modelling approaches restricted to Fickian diffusion and
such as beverage powders, seasoning compacts, or moulded chocolate. empirical models. Diffusion is the migration of components driven by a
Many such products contain lipids such as fats or oils for enhanced concentration difference between a phase poor and rich in lipids, where
texture, mouthfeel and flavour. As most multiphasic food systems, also the stationary medium is continuous. This modelling approach is espe-
particulate foods are inherently thermodynamically unstable and tend cially attractive when limited information about the food microstructure
towards physical equilibrium by phase separation. Physical stability of and only few spatial and temporal sampling points are available for
food is thus attempted by kinetic stabilisation via food micro- determination of the migrant concentration. Ziegleder et al. were the
structuration or ingredient formulation to extend the equilibration time, first to implement simplified diffusion models for chocolate (Ziegleder
giving rise to metastability (Aguilera, 2011). In lipid containing foods, et al., 1996a, 1996b; Ziegleder and Schwingshandl, 1998), until more
phase separation of fat or oil from the food matrix is termed lipid elaborate and complex models for confectionary followed (Cikrikci and
migration or leakage, and manifests itself in quality defects on the food Oztop, 2018; Harshe et al., 2023).
surface as in fat bloom in chocolate or grease stains on paper-based Much less attention has been put to lipid migration in triphasic food
packaging. systems consisting of gas-liquid-solids. Porous media are inherently
As we comprehensively summarised in our recent review (Dewulf more difficult to model due to the requirement for knowledge of the
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microstructure such as pore size and more extensive information of the
migrant physical properties such as surface tension and viscosity. With
modern characterisation techniques available, implementation of more
challenging but realistic models on capillary flow as opposed to diffusion
has been advocated (Shah and Takhar, 2023).

Models in which oil migration in food is modelled as liquid flow in
capillaries are still limited to liquid imbibition into the porous medium,
e.g. during deep frying (Verma et al., 2025) or for the case of sunflower
oil imbibing into cocoa powder (Carbonell et al., 2004). Oil migration
driven by capillary action in the direction out of the macroscopic food
body was first described by us for the case of model seasoning cubes in
contact with a fibrous packaging substrate, resulting in oil staining on
the paper (Dewulf et al., 2024b). It was suggested that oil migration
between the two porous bodies, seasoning compact and paper, is driven
by the relative magnitudes of capillary suction. Unwanted oil stain
extent was reduced from several tens of cm? to virtually zero by
modulating the capillarity of the seasoning compact in favour of oil
retention in the compact which was achieved by reducing the particle
size.

Outside of the food domain, liquid mass transfer driven by capillarity
amongst other forces between two porous bodies is relevant in other
processes including leaf filtration where the filter cake is one, and the
filter leaf the other porous body (Sutherland, 2008); in the felt wicking
process in paper manufacturing (Biermann, 1996), and in enhanced oil
recovery (Siyal et al., 2023). An especially synonymous system is the
process of wick debinding in ceramics and powder sintering, in which a
liquid binder is transferred from the green powder body into a receiving
powder bed (Lin and Hourng, 2005). Bao and Evans constructed a model
for the volume transferred with time using the capillary pressure dif-
ference between the two porous bodies and Darcy permeability pa-
rameters, however assuming an infinite supply of binder (Bao and
Evans, 1991). Somasundaram et al. accounted for a decreasing binder
concentration, but employed a purely 1D model without a swelling
phase (Somasundram et al., 2008), different from the thin paper used
herein and radially expanding liquid.

The aim of this work is to advance understanding of capillary
induced fat migration from seasoning compacts into paper packaging by
assessing flow behaviour in the compact and paper to provide a pre-
dictive first-principle physical model. The remainder of this article first
establishes the model before describing auxiliary experimental methods
to measure model parameters, terminating with model validation from a
mimicking physical experimental setup.

2. Materials and methods
2.1. Experimental design

To investigate and model the effect of microstructural changes on fat
migration behaviour in seasoning compacts, model formulations were
prepared from 95 w/w% salt (Siidwestdeutsche Salzwerke AG, Heil-
bronn, Germany) and 5 w/w% red-stained palm kernel fat (Isega,
Aschaffenburg, Germany). Palm kernel fat was fractionated at 30 °C by
centrifugation to obtain the liquid fraction. Sample preparation carried
out at 20 °C prevented migration occurring before testing at 30°C. 7
different formulations with varying size fractions in the particle size
range 5 < dsp < 500um and different mass fractions were prepared ac-
cording to the ternary design (Fig. 1). dso is the volume-based median
particle size of a distribution, meaning that for each of the three distinct
size classes dsop =5, dsp = 250,anddsy, = 500um, 50 % of the particle
volume (or mass) lie above and below the median, as shown in Fig. 2 for
the initial (dashed line) and formulated (solid line) particle size classes.
Coarse and medium size fractions were obtained by sieving (Retsch,
Haan, Germany), and the fine fraction was obtained by jet milling
(Tecnologia Meccanica, Treviolo, Italy). While particle shape influences
particle packing and channel morphology, resulting parameters such as
permeability or pore size distribution were evaluated in the final
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Fig. 1. Ternary design for the 7 seasoning compact formulations and paper
sample with varying particle size and mass fractions (colour coding is consistent
with graphs throughout this work).
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Fig. 2. Normalised differential (dashed lines) and cumulative (solid lines)
particle size distribution of the initial three particle size fractions and resulting
samples 1-7 by physical mixing.

compact, not individually as a function of particle shape. 4 g of salt mix
of each sample were compacted to a fixed height of 13.5 mm in a square
14 x 14 mm die (Instron, Norwood, MA, US) resulting in different
compaction loads for each formulation, and were placed on blotting
paper (Whatman 3MM, Maidstone, UK) to mimic packaging paper for 1
week undergoing fat migration testing. Commercially available
seasoning compacts are usually in rectangular tablet or cube shape, and
the cubic shape was used in this work for relevance to an applied
product. Blotting paper tests in which the lipid matrix is in contact with
a wicking paper are common and standardised practice from pet food to
lubrication research (Lange et al., 2002; Zhang et al., 2020; ISO, 2008).
While the interface between lipidous matrix and paper may have an
impact on channelling and preferential flow paths, cosistency of the
paper, of the sample mass (solid samples) or contact force (paste or
liquid samples), and of the contact area enable minimisation of the error.

2.2. Fat migration model

Commercially available seasoning compacts are usually in rectan-
gular tablet or cube shape and packaged in folded wrappers from all 6
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sides. To reduce model complexity, our setup described previously was
used (Dewulf et al., 2024b) placing the compact salt + fat compact with
one side onto a sheet of packaging substrate resting on a glass slide,
reducing the setup to 1D flow downwards in the compact, and 1D radial
axisymmetric flow in the paper; a setup termed quasi 2D (Fig. 3). For
mathematical simplification to avoid direction changes from vertical to
horizontal in the paper, the model assumes the compact to sit inside the
paper material. This is resulting in a small deviation from the physical
model at early time scales, yet experiments not shown suggested that
vertical breakthrough of fat through thin paper is much faster than
radial horizontal flow, justifying this simplification. Even for the slowest
migrating sample 3, the vertical breakthrough was estimated as a 1D
slab from data below to be about 1 day, a small error in relation to the
small fat stain magnitude. Further, the compact-paper interface is
assumed to be circumferential, for which the cubic compact with side
lengths S and cross-sectional area A, is converted to an interfacial radius
rivia A, = S? = ar?.

The real fat flow pattern through the porous medium during fat
migration is likely channelled due to pore connectivity. Instead, a simple
drainage setup is assumed with initially isotropic fat distribution in the
compact and a fat-free paper. Atmospheric pressure py surrounds the
setup. The fat front in the compact is assumed to be level at all times,
with the compact-side pressure just inside it denoted p.. Fat migration
measurements showed that at such small capillary sizes, gravity is
negligible, and thus the compact-side pressure just inside the compact-
paper interface remains p. as well. The possibility to neglect gravity
was further confirmed with the Bond number from Bo = R2?Apg/oc,
where R is the particle radius, Ap is the pressure difference between air
and fat, g is the gravitational constant, and ¢ is the fat surface tension.
Because Bo= 0.02 <1 for the coarsest particle radius of 250 pm,
gravitational effects were neglected (Willett et al., 2007).

The paper-side pressure at the interface is p; and the paper-side
pressure at the fat front in the fibrous medium is termed p,. By conti-
nuity of pressure, the pressure differentials must balance with the at-
mosphere according to

Po+ (Pc —Po) + (i —Pc) + (pp —pi) + (po —pp) =Do (€))

Side view
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As proposed in our previous work (Dewulf et al., 2024b) the ther-
modynamic driving force is the difference in capillary pressure or suc-
tion between the paper and compact, which hence needs to be
quantified. Capillary pressure is defined as the pressure difference across
the liquid-gas meniscus surrounded by a solid wall, which applies in this
scenario where salt particles create interstitial capillaries or pores partly
saturated with fat. The smaller the pore size, the larger the capillary
suction. Summing over the entire cross-sectional area and assuming a
concave meniscus (higher gas pressure), the compact-side capillary
pressure p,, . is thus

@

Analogously, the paper-side capillary pressure p.q,, is the difference
across the fat-air meniscus in paper, similarly assuming a concave
meniscus

Dc —DPo = Piig — Pgas = — DPcap.c

€]

While thermodynamic feasibility depends on the direction of net
capillary pressure, fat migration kinetics towards equilibrium depends
on the resistance to fat flow, which is similarly affected by the pore size.
The smaller the pores, the larger the wall friction that the fat is exposed
to. Capillarity and Kinetics thus operate in juxtaposition where capillary
suction and thus thermodynamic driving force increases with smaller
pores, yet the kinetic resistance also increases with reduced channel size.

Resistance or its reciprocal, the permeability K is frequently used to
describe the resistance to flow passage according to Darcy (1856). For
fat migration in the compact, the pressure differential dp over the su-
perficial flow distance dl is proportional to the fat viscosity y and the
superficial velocity v(l) divided by a proportionality constant K., the
permeability of fat in the compact (for Newtonian fluids).

%:%m>

Do —Dp = Pgas — Plig = Pcapp

4

Integrating between the interface and the compact-side fat front at
length [ yields the pressure loss due to resistance for fat flowing with
velocity v.. v, is independent of the fat length [ in the compact.
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Fig. 3. Setup of quasi-2D axisymmetric capillary flow model for fat migration from model seasoning compact into fibrous paper substrate. A, - compact cross-
sectional area, ¢, — compact voidage, ¢, — paper voidage, h - paper height, I — length, I. — fat length in compact, [; — fat length in compact at interface, L —
compact length, py — atmospheric pressure, p. — fat pressure in compact, p; — fat pressure at interface, p, — fat pressure in paper, r — paper fat stain radius, r; — fat stain
radius at interface, r, — fat stain radius at fat front, S — compact side length, v(I) — superficial fat velocity in compact, v(r) — superficial fat velocity in paper, v, —
superficial fat front velocity in compact, v; — superficial fat velocity at interface, v, — superficial fat front velocity in paper.

495

69



L. Dewulf et al.

Pi—Pc = ﬂvclc 5)

K.

Analogously the pressure loss between the paper-side fat front and
the compact-paper interface is calculated from the permeability in paper
K, for fat flowing at superficial velocity v(r).

dp _p
—=—v(r 6
dr K, ") ©)
Due to 2D radial expansion, fat velocity in paper v(r) varies with the
fat stain radius r, but can be written in terms of constants parameters at
the paper-side fat front as v(r)r = v,r,, resulting in an expression for the

paper-side pressure loss

U r
Pp—pi= ?pvprpln (fi)

As the pressure balance (Eq. 1) now depends on two interdependent
lengths, I and r,, mass conservation can be used to represent one length
in terms of the other, where the true fat mass flow rate v.e.p entering the
interfacial area must be the same as the mass flow rate at the fat front in
the paper. ¢, and ¢, are the compact and paper voidages respectively.

(®

(7)

Veecparih = vpepp2ar,h

where h is the paper thickness. Also, by conservation of mass, the initial
total mass of fat in the cube at time t = 0 is equal to the sum of fat in the
cube and paper at any time t > 0

LeJiZ = lcecr? + heprﬁ 9

Substituting into Eq. 7 therefore yields an expression for the paper-
side pressure drop in terms of compact-side fat length [..

ln< L-1) )

Similarly, for the case in which the pressure balance (Eq. 1) needs to
be written in terms of fat stain radius in the paper, using the same
substitution (Eq. 5), the compact-side pressure loss can be written in

HVeecr?
K, 2he,

€c
hep

Pp—DPi = (10)

terms of r,,.
o _ i 2eprph Lgcriz - hgprf,
Dbi—Dc 7Kcvp cer? r? 1D

In the continuity of pressure relation (Eq. 8) the individual terms can
now be populated to express fat migration in the cube and paper. Solving
the pressure relation with substitutions made, yields the relationship for
the compact-side fat superficial velocity v, as a differential equation in
terms of L. It is again visible that velocity is the ratio between thermo-
dynamic driving force, being the net capillary pressure in compact and
paper, divided by the sum of kinetic resistances in both porous media.

V. = % _ Pcapc — Peapp a2
dt cer? -
%lc-s-KLP%;Pln( ﬁ(L—lJ)

While the model assumes a simple level drainage flow out of the
compact, the true flow pattern may be different. Yet, a concentration c at
each time point, averaged over the entire compact length can be found
from the initial fat concentration of 5 w/w% as ¢ = 5(I./L).

Expressing the paper-side fat superficial velocity v, as a differential
equation in terms of r, yields a similar relationship

dry _

v = _ pcap‘c _pcap,p
PTar

Leerf ~hepr [ 3
( s >+Kprp1n 2

While the relationship is in terms of the radius r,, the corresponding

13

u 2eprph

K ecr?

fat stain area A, in the paper is then found from A, = ar?.
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2.3. Capillary sorption

Physical sorption tests have previously been used to evaluate
microstructural parameters such as capillary pressure and permeability
of fibrous structures as in resin moulding (Pucci et al., 2015), or in
beverage powder beds for reconstitution (Kammerhofer et al., 2019,
2018). Liquid imbibition into a powder bed however flows in the
opposite direction to oil migration or leakage out of a powder structure,
which is much less reported in literature. It is known that particle
structures with rough surfaces or chemical heterogeneity cause velocity
variations of the contact line of the wetting liquid. This results in a
contact angle hysteresis during between advancing and receding contact
angles, a phenomenon reported when the particles are moving (Willett
etal., 2003). The capillary sorption setup here is for liquid fat imbibition
into a stationary medium, and the evaluated parameters from the
sorption tests are therefore also used for leaking fat flow in the migration
model.

For imbibition into fat-free compact, for each sample, 1 g of salt was
compacted to the same density of 1.5 g/cm? as for the cubic samples in a
hollow aluminium cylinder of cross-sectional area 78.5 mm? (Fi g.4). In
a tensiometer (Kriiss, Hamburg, Germany), the sample holder was
lowered at a rate of 5 mm/min onto a free surface of liquid fat at an
environmental temperature of 30 °C until contact was made, and the
mass?, m2, of imbibed fat recorded against time t until full pore satu-
ration. Spontaneous fat imbibition due to capillary suction in paper was
measured the same way on a 10 mm wide strip of paper. Experiments
were repeated with (Merck, Darmstadt, Germany) and tared for the
empty sample holder.

To link the fundamental microstructural properties with parameters
obtained mathematically, the simplified Washburn equation is derived.
When considering the liquid fat in a single capillary tube of radius r g
(Fig. 4a), the advancing contact angle between the meniscus and
capillary walls is 0, and the pressure difference across the meniscus can
be calculated from the Young-Laplace equation (Young, 1805; Laplace,
1805)

20c0s6
Deap =

Dgas — Piig = (14)

Teap

The frictional pressure loss Ap for fat with viscosity y to flow a
certain distance [ through the capillary, safely assuming a laminar flow
regime, is taken from the Hagen-Poiseuille equation (Hagen, 1839;
Poiseuille, 1839)

rrpAP

8ul

d_
dt

(15)

Washburn was the first to combine Eqs. 14 and 15 by substituting p.q,
for Ap to obtain an expression for flow velocity dl/dt for capillary rise
from a free surface (Washburn, 1921)

dl  206cos0r.,
a 16
dt 4ul (16)

In the above experimental sorption setup, the porous media are
considered bundles of capillary tubes with varying radii, and hence the
apparent advancing contact angle 6, is used (Fig. 4b, c). Replacing the
length with the mass equivalent, the simplified Washburn equation
yields

p?ocosf,
H

m? _ €*A’r.q, p*oc0sl,

= =C
t 4 u

a7

where m is the fat mass, A is the cross-sectional area of the sample
holder, p is the fat density, and C is called the geometric porous medium
factor, which groups variables that are purely dependent on the porous
medium microstructure, but independent of the migration substance.
The form of Eq. 17 is convenient as it results in an initially straight line
when plotting m? against t unless microstructural changes such as
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Fig. 4. Sorption test setup for imbibition from free surface into a) single capillary tube, b) salt compact and c) paper sample.

swelling occur. By performing a sorption experiment with a liquid of
virtually O contact angle, such as hexane, the geometric porous medium
factor can be determined from the sorption line gradient.

Eq. 4 earlier defined the permeability according to Darcy in terms of
flow path length L. Writing the mass equivalent and replacing Ap with
Deqp yields Darcy’s equation resembling the Washburn sorption profile
from which Kp.q, be found.

m?  plelA?

t u

Kpcop (18)

2.4. Microtomography

As the factors in Kp.q, cannot be deconvoluted from each other, it is
practical to complement sorption measurements with other techniques,
such as x-ray microtomography. X-ray scans were acquired for each
sample at 70 kVp, 114 pA, 8 W with 0.5 mm Al filter and exposure time
1000 ms per acquisition (ScancoMedical, Briittisellen, Switzerland). The
field of view was 7 mm diameter with a stack height of 500 ym at 1.5 ym
voxel size. To obtain the pore size distribution, thresholded and binar-
ized tomographic images were analysed with the Miinch algorithm in
Fiji/ImagJ (Miinch and Holzer, 2008), which essentially fills pores with
the largest possible spheres and populates a pore size distribution. Pore
size class intervals were set from 1.5 pm to 1000 pym in 10 um intervals,
and the median pore size evaluated from the cumulative pore size graph.
Capillary pressure was then calculated from the Young-Laplace Eq. 14,
using parameters evaluated from the sorption tests.

2.5. Fat migration tests

Model validation was performed by a physical setup of the model in
Fig. 3 by placing sample food compacts onto paper substrate at 30 °C for
1 week and evaluating the surface fat concentration and fat stain area at
time 0, 0.5, 1.5, 2.5, 4.5, and 6.5 days.

2.5.1. Raman chemical imaging

To measure fat concentration ¢ on the compact surface, the method
of Raman chemical imaging was employed described previously (Dewulf
et al., 2024b) (Fig. 5a). As palm kernel fat and salt have similar refrac-
tive indices, differentiation by visible light imaging is unsuitable.
Techniques targeting the lipid phase such as staining with fluorescent
nile red are possible solutions (Greenspan et al., 1985). Instead, to avoid
changing the fat properties, Raman chemical imaging was used as a new
technique in food fat migration studies. Due to the use of a single point
Raman laser probe, it was possible to control incident laser beam in-
tensity better than using white light, leading to more consistent mea-
surements. Compared to bulk techniques such as gravimetry, imaging
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Fig. 5. Raman chemical imaging setup for model validation: b) Raman chem-
ical imaging of compact surface, b) optical scanning of fat stain on paper.

techniques provide additional spatial granularity.

Briefly, a Raman laser point source (532 nm, continuous wave diode,
94 mW, Oxxius, Lanion, France) was used with a focal point resolution
of 1.7 um estimated from the Raleigh criterion R = 0.611/NA where R is
the resolution, A the laser wavelength, and NA is the numerical aperture
of the 2 x lens of 0.19. The compact sample surface was scanned in a
10-12 mm grid at 1 mm increments, by moving the sample on a
motorized stage (Marzhauser, Wetzlar, Germany), resulting in 132 in-
dividual spectra of the sample surface acquired between Raman shifts of
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0 and 3000 cm™!. Spectra were acquired for 3 x 5 s for each probing
point in a spectrometer (iHR320) with 1800 groves/mm, 500 nm blaze
grating and CCD camera (Synapse, Horiba, Longjumeau, France).

2.5.2. Optical stain imaging

To measure the extend of fat stain area A, in the paper, the method of
optical stain imaging and quantification was employed described pre-
viously (Dewulf et al., 2024b) (Fig. 5b). A flatbed scanner (LiDE300,
Canon) was used at 1200 dpi resolution to scan the underside of the
paper substrate. The area of fat stain was automatically quantified via a
Fiji/ImagJ macro by discrimination between the red fat stain and white
paper. Paper samples were only placed on the scanner bed for the short
minute-long duration of imaging. In addition, perimeter of the fat stains
was calculated and the roundness calculated by O = 474, /P? where O is
the fat stain roundness and P is the fat stain perimeter.

3. Results and discussion
3.1. Capillary sorption

Sorption tests were performed to evaluate microstructural parame-
ters required for the capillary model Eqs. 12 and 13. Fig. 6a shows the
sorption profiles of mass? against time for palm kernel fat at 30 °C for all
7 salt compact samples and the paper sample. All samples reached full
saturation after at most 2500 s, beyond which a plateau indicates no
more fat uptake. Different final plateau masses indicate varying void
fractions ¢ due to different salt particle sizes in each formulation. The
gradient of the initial straight section was obtained as m?/t and is
tabulated in Table 2. Samples 1, 2, and 4 with coarse and medium salt
particles imbibe fat equally within a few seconds of contact with the free
surface, indicating rapid flow of fat between pores. For samples
formulated with a fine salt fraction, the fat uptake rate to saturation is
significantly reduced. Sample 5 consisting of a 50/50 w/w% coarse/fine
fraction reaches saturation only after 1000 s, and with a medium/fine
ratio (sample 6) equilibrium time extends to 1500 s. The 1/3 coarse/
medium/fine mix (sample 7) lies between the former, while with purely
fine salt as in sample 3, the gradient is the shallowest and reaches
equilibrium after only 2000 s. Initial uptake of fat by the fat-free un-
saturated virgin paper sample SP is fast initially, and a plateau is only
reached at longer time scales beyond ~ 2500 s (42 min). The steady
increase in fat uptake is attributed to the fibres swelling and inducing a
capillary suction by newly created free volume (Pucci et al., 2016; Vo
et al., 2020). Approaches to extract microstructural information from
swelling samples differ in literature: one approach is to account for fast
uptake at early timescales into the unsaturated pores, and accounting for
a saturated uptake at longer timescales, more representative of the slow
migration process occurring in the present setup (Pucci et al., 2016; Vo
et al., 2020). As measurement timescales in the fat staining tests were in
12-hour increments, the effect of swelling at several minute time scales
was expected negligible, also reported in the inkjet printing literature
(Wong et al., 2023).

Sorption experiments and acquisition of the capillary rise gradient
m?/t were also repeated for hexane (Fig. 6b) in order to calculate the
geometric porous medium factor C from Eq. 17, assuming 6, = 0 for
hexane (Table 1). As C depends on microstructure only and not on liquid
properties, a clear trend is visible of decreasing C with smaller micro-
structural features from 5.3 mm® for the coarse salt sample to
7.5 x 1072 mm® for fine sample, reducing to 2.9 x 10~3 mm?® for paper.
The apparent advancing contact angle of palm kernel fat on the other
hand is predominantly dependent on the fat properties and thus varies
between 73° and 82° across all samples. The void fraction of each
compact was calculated from the final mass of fat imbibed. The overall
trend across samples is that ¢ increases with decreasing particle size
fractions from approximately 0.3 for sample 1-0.5 for samples 3. Satu-
rated paper contained about 60 v/v% voidage (Table 2). Using the
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Fig. 6. Sorption profiles for a) hexane, and b) molten palm kernel fat imbibi-
tion into salt compact and paper samples. Single line is average of tripli-
cate repeats.

Table 1
Hexane and palm kernel fat properties measured at shelf-life test conditions of
30 °C.

Density (kg/ Surface tension (N/ Viscosity (mPa.

m?) m) s)
Hexane 658 0.018 0.3
Palm kernel 900 0.03 6

fat

evaluated physical and microstructural properties, the convoluted
capillary pressure-permeability Kp.,, was found from Eq. 18.

3.2. Microtomography

Fig. 7 shows 3D views of the reconstructed microtomographic images
for the salt + fat compacts, and paper samples, where the fat-free un-
saturated paper sample was analysed after rapid fat uptake from sorp-
tion test, and the saturated sample after a week from actual validation
experiments. Salt, porosity, and paper fibre phases were digitally colour
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Table 2
Microstructural parameters obtained from microtomography and sorption tests.
Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 Paper Paper
unsaturated saturated

(M2 /) hexane (g%/s) 1.38x 107! 1.06 x 107! 1.95x 1073 1.96 x 107! 2.85x 10723 2.53x 1073 3.00 x 1073 7.65 x 1075 2.11x 1076
(m? /t) gy (g%/s) 4.05x 1073 4.80x 1073 4.06 x 105 6.55 x 1073 6.89 x 105 6.22 x 1075 7.35x 1075 2.11x 107 1.13x 1077
C (mm®) 5.30 4.06 7.46 x 102 7.48 1.09 x 107! 8.99 x 102 1.15x 107! 2.89 x 1073 8.06 x 105
O (°) 79.4 73.3 82.3 77.5 80.1 79.8 80.9 79.8 69.7
rso (Lm) 93.1 49.1 3.5 54.2 7.3 6.5 7.2 11.6 3.1
Peqp (Pa) 118 350 1350 240 810 1050 1320 1350 13500
e(-) 0.33 0.37 0.48 0.28 0.43 0.48 0.34 0.60 0.50
K (m?) 3.7 x 10710 1.2x 10710 1.6x 10713 4.1x 10710 5.6 x 10713 3.2x 10713 5.8x 10713 4.8x 10712 2.33x 10714

Salt
phase
TR Void/
Y . porosity
Paper
' phase
1 mm

1 mm

h) sP
unswollen

i) SP
swollen

Fig. 7. Reconstructed x-ray microtomography images of a) -g) compact (S1-S7), unswollen (h) and swollen (i) paper samples depicting the salt, porous, and paper
fibres phases. While the entire samples were scanned, only cutout sections of 1 mm are shown for clarity. Salt and fat compacts illustrate the different microstructures
resulting from varying the salt particle size and fraction. Qualitatively, salt particles are rounded with some angularity. X-ray tomography imaging was used to

evaluate pore size distribution.

coded and rendered translucent at 50 % opacity for better differentia-
tion compared to the original black/white image.

For the salt + fat compacts, visual inspection can give qualitative
indication of the microstructure and pore size. For S1 consisting of a
coarse salt fraction, large solid particles (grey) are visible that resulted in
large interstitial channel size (beige). This trend is maintained for
sample 2 consisting of a purely medium salt fraction. In S3 pore size is
much narrower owing to the smaller salt particles, yet due to increasing
surface energy, finer particles disperse less and tend to stick to each
other more due to larger van der Waals forces, which explains the larger
agglomerates in samples containing a fine 5 um salt fraction. Expectedly
in S4, the 50/50 coarse/medium salt fractions result in somewhat nar-
rower porosity than S1 due to more efficient packing as smaller particles
can fill the gaps between larger ones. S5 being a mix of coarse and fine
salt fractions has distinct visible coarse particles but a pore structure
similar to S3, suggesting that the fine particles are dispersed between the
larger ones. Comparing the opacity of the void phase in S1 with S5, the
latter void phase is less transparent as in the 3D representation grey
pixels from dispersed salt interrupt the continuous void phase in smaller
space intervals, rendering it opaque, a trend also observed in S6. The
ternary salt fraction mix S7 shows a packing regime with features of
S1-3 with clear large, medium, and finely dispersed small salt particles.
Comparison of the unswollen and swollen paper samples shows that
pore sizes seem larger in the fat-free unsaturated sample, explaining the
rapid fat uptake as frictional resistance in larger channels is low, as
quantified in Fig. 6b. As the paper swells and saturates, pores visibly
narrow and create higher resistance to interstitial fat flow, decreasing
the uptake rate at longer sorption times.
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Fig. 8 shows the normal and normalized cumulative capillary pore
radius distribution of the porous phase evaluated from the 3D micro-
tomography images. Cumulative pore size distributions allow for better
comparison when normalized, as shown on the secondary ordinate. The
area under the curve of the normal pore size distribution represents the
total pore volume. Due to the logarithmic abscissa, curves are shallower
towards the large end of pore radii of r,gp > 20pm, which is the case
for S1, 2, and 4 consisting of wide interstitial channels. Samples 3, 5-7,
and paper on the other hand have distinctively more pores in the small
radius range reqy < 20um.

Pore size decreases with increasing fines fraction causing the S-sha-
ped cumulative curves to move leftward following the same trend as
discussed qualitatively from the 3D tomograms. Median pore rso values
were evaluated at 0.5 cumulative normalized pore volume and are
tabulated in Table 2. Based on median radii, capillary pressures were
calculated for each sample from the Young-Laplace Eq. 14 and also
populated in the table, with the assumption that the median pore radius
is a valid representation when the particulate sample is simplified into a
bundle of capillary tubes. S1 with the largest proportion of coarse salt
particles contains the largest median radius of rso = 93um and therefore
the smallest capillary pressure of 117 Pa. In line with previous trends, S2
and S4 produce the next smaller pore radii of 49 and 54 um resulting in
350 and 239 Pa capillary pressure. Interestingly S4 with an expectedly
more efficient particle packing due to a bimodal particle size distribu-
tion has a larger median pore radius than monomodally distributed S2,
which could be attributed to particle shape effects playing a role in
packing beyond mere particle size. Following the same trend as in the fat
sorption tests, S5 is next slowest owing to a coarse/fine particle mix,
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Fig. 8. (a) Normal and (b) cumulative capillary pore radius distribution of
porous phase in compact, unsaturated and saturated paper samples measured
by 3D microtomography.

yielding an rso = 7.3um and p.q, = 810 Pa. Replacing the coarse with a
medium salt fraction in S6 resulted in the next smallest pore radius of 6.5
with p.g, of 1047 Pa. The ternary coarse/medium/fine mix S7 is ex-
pected to show an efficient packing regime and thus results in r5p =
7.2um, giving rise to a capillary pressure of 1320 Pa. S3 from purely fine
salt yields the smallest interstitial pores at 3.5 um radius which are close
to the ds particle size of 5 um. The resultant capillary pressure is hence
largest in S3 with 1348 Pa. Fat-free unsaturated virgin paper was eval-
uated to have an rso of 11.6, similar to compact S5, resulting in a pcgy of
1348 Pa, while the swollen saturated paper was found to have a smaller
150 of 3.1 um resulting in a much larger pq, of 13.5 kPa. The theoreti-
cally opposite trend of sorption flow rate and capillary pressure is thus
reflected experimentally.

3.3. Raman chemical imaging

Raman chemical imaging of the compact surface was performed to
physically validate the fat concentration ¢ on the compact-side of the
mathematical capillary model. Raman spectroscopy is especially appli-
cable in biphasic systems such as salt and fat, where crystalline salt is
Raman inactive, yet covalently bonded atoms in palm kernel fat produce
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a Raman signal, which can be differentiated from each other as con-
trasted in Fig. 9a. As palm kernel fat is generally a mixture of mostly
lauric, myristic, and oleic acids, there is no single spectrum but instead
multiple peaks with molecular vibrations associated with the different
functional groups (Fig. 9b). Annotations on the spectrum indicate lit-
erary accepted Raman shifts and their origins in palm kernel fat (De Géa
Neves and Poppi, 2018; Souza et al., 2019), giving confidence in the
acquisition method. The raw spectrum is corrected by subtracting the
background, salt and 2nd order polynomial baseline correction for
fluorescence, and the remaining integral intensity is evaluated (Fig. 9c).
The surface palm kernel fat concentration at each probing point of each
sample at each time point is evaluated via the calibration curve (Fig. 9d).

Fig. 10 shows the calibration curves for each compact formulation.
As an optical technique, Raman spectroscopy is extremely sensitive to
rough surface morphology as explained in the Munke-Kubelka theory
(Kubelka, 1931; Miranda et al., 2014; Schrader and Bergmann, 1967). In
the present case, as the laser beam resolution (1.7 ym) is much smaller
than even the smallest particle size of 5 um, light diffraction heavily
depends on the compact formulation from different salt particle size
fractions. To control for different extents of diffuse reflection as a result
of the various microstructures prepared from differing salt particle sizes,
a separate calibration curve was constructed for each sample at 0, 1.67,
3.33, 5 and 6.67 w/w% palm kernel fat, with linear trendlines. For five
calibration points it is customary to employ a linear as opposed to a
non-linear or polynomial calibration curve due to the risk of overfitting.
In order to obtain the Raman fat spectrum without background or salt
signal interference, the background and salt signal were subtracted, as is
customary in literature (El-Abassy et al., 2009). This was performed by
acquiring a Raman signal of air and of a fat-free salt compact, and
subtracting both intensities at each shift from each acquired Raman
sample signal.

General trends observed earlier can also be seen in the calibration
curve. S1, 2, and 4 have the shallowest gradients meaning Raman in-
tensity increases slower with increasing fat concentration. The two
reasons for this are that with larger particles and pores, the likelihood of
the beam probing not a particle but an interstitial pool of pure fat is
larger. Also, larger particles cause more diffuse scattering, reflecting less
Raman signal into the probe in the same beam path as the incident
signal. With increasing fines fraction the compact surface becomes
smoother as smaller particles fill the void between larger ones. Conse-
quently, S3 and 5-7 have distinctively higher calibration gradients as
more pore sizes tend towards beam resolution as well as an increase in
specular signal reflection. Error bars here show standard deviation of
Raman intensity over the compact surface and thus rather represent the
inhomogeneous nature of surface morphology.

Raman acquisition at each of the 132 probing points of each of the 7
samples at each time point 0-6.5 days were thus converted to a fat
concentration. By interpolation between probing points, the full original
field of view was reconstructed into a chemical image with fat concen-
tration on the compact surface color-coded between 0 (blue) and initial
5 w/w% (red). For all samples, S1-7 at day 0, the fat concentration is
generally isotropically distributed around 5 w/w%. Image artifacts
throughout the time series of S2 and S6 exist due to minor misalignment
of the initial sample position resulting in some background being
captured.

Markedly different trends and thus fat migration patterns occurred
for the different compact samples. For S1 with coarse particles the
concentration profile decreased from 0 to 6.5 days, where the fat con-
centration at 0.5 days starts to decrease from the bottom at the contact
with paper. The bottom fat drainage continues until at about 2.5 days
half the compact has leaked out fat, resulting in the bottom half to have a
remaining fat concentration of about 2 w/w% while the top half remains
at 3-5 w/w%. At 6.5 days, almost all fat has leaked and the overall
surface concentration is 0.5 w/w% fat. S2 follows a similar pattern of
bottom leakage with slower gradient than for S1. This is expected as S2
has a higher capillary pressure (350 Pa) and lower permeability
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Fig. 10. Calibration curves of Raman intensity with surface fat composition for
each sample. Error bars represent + 1 standard deviation from the mean of the
entire acquired image of triplicate samples.

(1.2 x 1071° m?), thus acting by retaining more fat in the compact in
competition with paper. The gradient of S4 is even slower and the
sample does not leak out all fat at the end of the 6.5 day period with a
remaining surface fat concentration of 2 w/w%. For S3, Raman chemical
images show an unexpected fast disappearance of surface fat without
any clear anisotropic or gradient to essentially 0 w/w% at 2.5 days.
Following the trend of S1, 2, 4 a higher p.q, and lower K should have
resulted in slower fat migration. The observed opposite phenomenon
could be explained by the increased p.q drawing fat from the surface
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into the inside core of the compact, instead of fat migration down into
the paper. As Raman is a surface technique the exact location of the fat
deeper inside the core cannot be measured. The unexpected fat migra-
tion pattern was also observed for S5, 6 and 7 that contained a fine salt
fraction. Both compacts lost their surface fat concentration to virtually
0 w/w% after 1.5 days, while for S7 fat migration to 0 w/w% lasted 6.5
days, albeit also with a homogenous and not stratified pattern.

3.4. Paper stain imaging

Paper stain imaging of the paper substrate was performed to physi-
cally validate the extent of fat stain area A, on the paper-side of the
mathematical capillary model. While fat stain area was quantified by
automated image analysis, it also allows direct qualitative analysis of the
quality defects on paper packaging that cause consumer rejection of the
food product. Fig. 12a Shows the paper stains for S1-7 at each time
0-6.5 days, analogous to Fig. 11, allowing direct comparison between
fat migration in Raman chemical images on the compact surface and the
resultant migration behaviour in paper.

S1 shows the largest radial fat stain growth from initially 0 cm? at
0 days to 65 cm? after 6.5 days. This trend is in line with the migration
pattern in the Raman chemical images in S1 where surface fat migration
is rapid and the fat drainage profile towards the bottom suggests
migration into the paper sheet below. Fat stains on paper of S2 and 4
develop slower with final stained areas of 55 and 56 cm?, similarly in
line with the slower migration pattern on the compact surface. S3 con-
sisting of the smallest salt size fraction develops barely any visible fat
stains on paper after 6.5 days (cm?). This observation is in contrast with
the Raman chemical images for S3 that indicate a rapid migration of
surface fat. As the surface fat clearly does not migrate into the contacting
paper as in S1 and 2, it is likely that migration from the compact surface
into the vicinity with the compact core occurs, driven by high capillary
suction. The same phenomenon of little fat migration in paper but rapid
migration in the contacting compact was observed for S5 and 6 con-
taining 50/50 w/w% fine and coarse/medium salt fractions
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Fig. 11. Surface Raman chemical images of compact samples during fat migration tests over 6.5 days. Underside of compacts rested on paper throughout the

migration test duration. FOV - field of view.

respectively. S7 shows some fat stain growth up to 3.9 cm? at 6.5 days,
while Raman chemical images show a concentration decrease to 0.5 w/
w%. By conservation of mass the fat stain should be much larger if all the
fat migrated into the paper, suggesting that even with 1/3 of the fine salt
fraction some fat is retained within the compact.

Fig. 12b shows the perimeter of the fat stains on paper, which was
used to calculate the roundness tabulated in Table 3. Together with the
Fig. 12 b a qualitative assessment of the fat stain images is thus possible.
Fat stains of compacts of coarse salt fractions are generally rounded. The
anisotropy of the macroscopic stain is stemming from migration pref-
erably in the machine direction of the paper along the fibre direction,
and slightly less in the cross direction (Wong et al., 2023). Fat stains
produced by compacts from fine salt are irregular in shape, while also
being smaller than the compact footprint. As such, the model assump-
tion of radially axisymetrically expanding fat stains on paper is more
applicable to larger stains than smaller ones. Roundness assess the ir-
regularity of the circle edge, and is unity for a perfect circle, while highly
irregular edges have values tending towards 0. Exemplarily for S1,
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roundness decreased between near perfect 0.98 at 0.5 days to 0.51 at 6.5
days, indicating a roughening of the stain edge suggesting some
fingering of the fat front. On average however, stains are qualitatively
circular and suitable for an approximation as a circle. Samples produc-
ing only minor fat stains such as S3 and S5-S7 have roundness closer to
0, very likely as a combined effect of fingering and the naturally irreg-
ular stain shape.

3.5. Model validation

Fig. 13a shows the surface fat concentration over time on the
compact, measured via Raman chemical imaging, together with the
corresponding compact-side fat migration model Eq. 12. Similarly,
Fig. 13b shows the fat stain area on paper over time, measured via op-
tical stain imaging, together with the corresponding paper-side migra-
tion model Eq. 13. Overall, both models validate the experimental trends
of decreasing surface fat concentration on the compact surface and
increasing fat stain area on paper over 6.5 days.
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Fig. 12. Fat stain development on paper during fat migration tests over 6.5
days. a) Raw images, b) analysed circumference for roundness calculation.
Compacts rested centrally on paper throughout the migration test duration.

For S1, experimental and model values for both surface fat concen-
tration and fat stain area are almost congruent with R? values of 0.92
and 0.96 respectively. A similarly good fit exists between experimental
and model values in S2 for both fat concentration (R? = 0.95) and stain
area (R?> = 0.94). For the 50/50 coarse/medium salt formulation S4, the
model slightly overpredicts fat migration in the compact, while a more
realistic prediction is made for fat stain area with (R> = 0.82). The
generally acceptable model predictions for compact formulations with
only coarse and medium salt fractions suggest that the physical
modelling assumptions are acceptable. For all three samples, the low
capillary pressure on the compact-side (117.7-350.1) and higher p.q, of
swollen paper of 13.5 kPa results in the driving force tending towards
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Table 3
Roundness of fat stains on paper, measured from the area and circumference by
image analysis.

Time 0 0.5 1.5 2.5 4.5 6.5
(days)
Sample 1 0.98 0.95 0.64 0.37 0.51
+ 0.08 + 0.05 + 0.03 +0.01 +0.01
Sample 2 0.85 0.94 0.63 0.40 0.27
+ 0.05 + 0.04 + 0.03 + 0.02 +0.01
Sample 3 0.04 0.03 0.03 0.03 0.02
+0.03 + 0.02 + 0.01 + 0.02 +0.01
Sample 4 0.65 0.78 0.86 0.42 0.36
+ 0.04 +0.03 + 0.03 + 0.01 +0.01
Sample 5 0.24 0.10 0.07 0.06 0.04
+0.09 + 0.05 + 0.03 + 0.02 +0.01
Sample 6 0.44 0.19 0.30 0.67 0.83
+0.39 +0.20 + 0.39 + 0.74 + 0.96
Sample 7 0.37 0.24 0.19 0.15 0.13
+0.27 +0.09 + 0.07 + 0.05 +0.02
a) 8r - , , .
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Fig. 13. Experimental (exp.) data and model (mod.) prediction of a) surface fat
concentration and b) fat stain area on paper. Error bars represent + 1 standard
deviation from the mean of triplicate samples.

the paper, thus making fat migration out of the compact into paper
thermodynamically feasible. As permeability of the compacts is
comparatively high (1.2 x 10710 to 4.6 x 10710 m?), little kinetic resis-
tance to fat leakage exists and thus fat outflow is observable and large fat
stains form. Further, on the compact side, the model simplifies fat to be
distributed isotropically across width and depth (but not length) of the
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compact with globally uniform superficial velocity. As Raman imaging
only characterises the compact surface, model and experimental
agreement suggests that the core and surface fat compositions are equal
and fat migration occurs from both regions simultaneously. In addition,
as the model is based on mass balance principles (Egs. 8, 9), the
assumption that all migrated fat from the compact is imbibed by the
paper is generally valid for the coarse and medium salt particle size
range.

For S3, 5-7, containing a fine salt fraction, experimental and model
values are starkly different to each other, as are fat migration patterns in
the compact and paper. S3, 5 and 6 with 100 % and 50 % fine salt
fraction show a rapid surface fat decrease (Fig. 13a), which is slightly
less steep for S7 with a 33 % fine salt fraction. The model however
predicts very shallow fat migration gradients or virtually no fat release
from the S3 compact. Conversely for fat stain area on paper, model
values agree better in experimental results: for S3 and 7, the model
predicts low fat stain areas, with overestimates of fat stain area for S5
and 6. Negative or correlation coefficients larger than unity essentially
signify that the model performs worse and prediction than a simple
average, highlighting the model’s unsuitability for fine particle samples.

The discrepancy between model and experimental values for samples
containing a fine salt fraction can be explained with the drastically
modified microstructure upon introduction of 5 um salt particles. The
model assumes that fat migration from the compact into paper is ther-
modynamically feasible if p.qpp > Pcpc, Which is the case for all samples
as the capillary pressure in unsaturated paper is always larger than for
the compact. In addition to the thermodynamic driving force, kinetic
resistance influences the fat migration rate. Due to the model obeying
conservation of mass, the model predictions on the paper-side in
Fig. 13b are equivalent. The large capillary suction induced by the fine
salt likely draws surface fat away from the surface closer to the compact
core, thus showing a fast concentration drop in S3, 5, and 6, in a process
akin to paper with a similar capillary pressure absorbing liquids towards
its core. In addition, for samples with fine salt, only small fat stains on
paper are produced, suggesting that the low permeability induced by
fine salt additionally reduces the quantity of fat reaching the paper. The
observation that smaller particles and thus smaller interstitial channels
reduce fat migration has similarly been concluded from other work.
Static liquid holdup in packed beds of spherical spheres has been re-
ported higher for smaller particles owing to the larger specific area in
contact with liquid and increased capillary pressure (Van Der Merwe
et al.,, 2004; Schwidder and Schnitzlein, 2010; Saez et al., 1991).
Throughflow of liquid through packed beds has been well-predicted for
particle sizes of defined spheres by the relation of Carman and Kozeny,
essentially a more specific Darcy equation, and similarly predicts a
increasing pressure drop and thus flowrate decrease of the mobile phase
for decreasing particle size and interparticle void size (Carman, 1937;
Kozeny, 1927).

As the model for the compact-side is only one dimensional vertically,
but does not account for horizontal fat distribution, it fails to capture fat
migration in the compact width or depth. Rapid tomographic techniques
such as MRI could be used to visualise the surface core fat distribution,
as well as 2D or 3D modelling approaches that capture the horizontal fat
flow, as opposed to the 1D approach limiting this work.

4. Conclusion

The aim of this work was to model liquid fat migration of a seasoning
compact comprising salt and palm kernel fat into an underlying paper
sheet to investigate and predict the effect of salt particle size on fat flow
dynamics. A 1D first-principle model was constructed with capillary
pressure as the thermodynamic driving force and permeability as the
kinetic resistance evaluated by microtomography and sorption studies,
and validated with a physical setup. Fat migration was experimentally
measured on the compact surface via Raman chemical imaging to
compare with model predictions of flow behaviour in the compact,
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while fat migration on the paper was measured via optical stain imaging
for comparison with fat stain growth predicted by the model. Experi-
ments and model agreed well for coarse compact samples with R? up to
0.96, and agreed less for fine salt fractions, in which migration behav-
iour was suggested to not solely be one-dimensionally towards the paper
but also horizontally into the compact core. Across all variations of
different mass fractions of different particle sizes, samples with small
particle sizes retained more fat and resulted in less undesirable fat stains
on packaging due to a high capillary suction of the compact relative to
paper, and high kinetic resistance due to small flow channels in small
interstitial pores.

Nomenclature

Latin

A — Cross-sectional area (mz)

C - Geometric porous medium factor (m®)
D - Diameter of sorption test cylinder (m)
h — paper height or thickness (m)

K - Darcy permeability (m?)

L — Cube length (m)

[ - Length (m)

m — Fat mass (kg)

O — Fat stain roundness (-)

p — Pressure (Pa)

P — Fat stain perimeter (m)

r — Fat stain radius (m), capillary pore radius (m)
R — Particle radius (m)

S — Cube side length (m)

t — Time (s)

v — Fat flow velocity (m/s)

w — width of paper strip in sorption test (m)
Greek

Ap — Pressure difference (Pa)

Ap - Density difference (kg/m?)

¢ — Voidage (-)

6 — Contact angle (°)

u — Viscosity (Pa.s)

7 — Constant (3.1415)

p — Density (kg/m%)

o — Surface tension (N/m)

Subscripts

o — atmosphere-side

50 — 50th percentile, median

o — apparent

~ cube-side

cap— capillary

fat — fat

gas — gas-side

hexane — hexane

i — cube-paper interface in the model

lic— liquid-side

p — paper-side in the model
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Corrigendum for Chapter: Modelling

Tabulated salt particle size fractions and median (ds) particle size of each sample.

Fine fraction Medium fraction Coarse fraction
Sample (dso = 5 um) (dso = 250 pum) (dso = 500 pm) Sample dso
- - - mm
S1 1 0 0 5
S2 0 1 0 250
S3 0 0 1 500
S4 0.5 0.5 0 63.75
S5 0.5 0 0.5 126.25
S6 0 0.5 0.5 187.5
S7 0.33 0.33 0.33 83.05
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Abstract

Oil migration from oil-containing food tablets into fibre-based packaging causes undesired oil
stains on the packaging, necessitating effective preventive strategies. Seasoning tablets are
popular culinary condiments wrapped in individual wrappers, increasingly made from paper.
The oil migration behaviour into packaging is dependent on the food formulation and
microstructure, but oil migration characterisation to guide mitigation and control strategies have
been limited. In this study, model seasoning tablets from salt (55 w/w%), sunflower oil (10
w/w%), and the balance sugar, starch, maltodextrins and MSG, with systematically varying salt
particle size from 5 to 500 um were prepared in a ternary design of experiments. Oil migration
behaviour over a shelf-life study of 8 weeks was evaluated on the tablet surface via Raman
Chemical Imaging, in the tablet core via Magnetic Resonance imaging, and on the paper via
optical stain imaging. The migration process was modelled as 1D Fickian diffusion in a semi-
infinite body and matched experimental data. Image quantification showed that surface oil
concentration is lower by 1-2 w/w% than core oil concentration, likely due to reduced
entrapment of oil in interstitial pores at the external tablet surface. Oil migration is reduced with
a higher fraction of fine salt than coarse salt particles, resulting in different porous
microstructures characterised by x-ray microtomography. Thus, for the first time extensive oil
migration characterisation and modelling was applied to seasoning tablets suggesting particle
size reduction as an effective mitigation strategy.

1. Introduction

Many consumer foods are dry solid macrostructures made from smaller particles with lipids.
An example of such bulk structures is chocolate containing a cocoa powder, sugar and milk
particles in a continuous cocoa butter phase. Filled chocolate products contain additional oils
in ganache or fondant fillings enrobed by a chocolate layer. Other lipid macroscopic particle
structures are seasoning or bouillon tablets consisting of typical ingredients in the 100 pm
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particle size range such as salt, sugar, and carbohydrates mixed with 5 to 30 w/w% oil or fat
[1]. Compared to solid dry ingredients that undergo physical phase changes at higher
temperature, oil and fats have melting points around the typical ambient storage, transport and
consumption temperature of foods of 20-35 °C. As with many liquid-solid food systems, lipid-
containing foods suffer from physical instability induced by temperature or humidity. This
phase separation between lipids and solids is termed oil or fat migration [2]. In macroscopic
food structures, lipid migration results in quality defects on the food surface such as fat bloom
on chocolate induced by the solubilisation and recrystallisation of fat on the outer surface. For
seasoning tablets, lipid leakage from the food result in stains on the packaging especially with
increasingly used sustainable fibre-based paper wrappers. As consumers perceive surface
quality defects on food or packaging as inferior products, an increasing interest exists to
measure and predict lipid migration on the food surface but also in the core structure. A recent
review comprehensively summarises measurement, modelling and mitigation strategies for
particle-based food structures [2].

Surface techniques to quantify lipid migration are generally experimentally easier than
tomographic techniques to measure core fat content. To evaluate fat migration in chocolate for
example, whiteness or gloss, as an indirect result of diffuse light reflection from fat crystals has
been used [3]. Techniques such as scanning electron microscopy are rather qualitative as the
scanning area is often too small to capture the entire macroscopic sample [4]. Surface methods
that directly quantify chemical fat composition are based on spectroscopic techniques such as
near infrared (NIR) for chocolate [5] or Raman spectroscopy for model seasoning tablets [6].

In Raman spectroscopy, the sample surface is illuminated by a laser at a specific
wavelength. Raman active, that is, polarisable molecules, are excited by the incident light and
relax emitting photons at a shifted wavelength to the incident beam. The emitted signal is
diffracted in a spectrometer and analysed by a charge-coupled device, yielding spectra where
peak intensity is related to molecule concentration. As the relationship between a substance’s
concentration and Raman intensity is however not linear, quantitative Raman spectroscopy,
especially for 2D imaging (Raman chemical imaging), is still underreported.

Lipid migration effects on the food surface are inevitably linked to the core structure of
the food, which is experimentally more difficult to measure as it is opaque to optical radiation.
X-ray tomography has been used to visualise chocolate microstructure [7], the field of view
(FOV) is however often smaller than the entire food product, and differentiation between
different ingredients is challenging due to often similar density and resulting grey values in
images. Instead, magnetic resonance imaging has proven an effective technique to visualise
solely the lipid fraction in multiphasic foods [8].

In 'H (proton) magnetic resonance imaging the sample is exposed to repeated radio
frequency (RF) emission by a magnetic coil, which induces a nuclear spin of the hydrogen
nuclei, measured by receiving RF antennas as the echo. By varying the repetition (TR) and echo
(TE) time sequences, and measuring the signal intensity when magnetization recovers (T1) or
relaxes (T2) the resonance of the 'H nuclei can be measured. As such, components from
molecules with high hydrogen content such as lipids can be differentiated from material with
low hydrogen density such as salt, sugar, or carbohydrates. When measuring T> relaxation
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times, signal intensity not only depends on relative concentration of 'H, but also on molecular
mobility of the hydrogen-containing molecules, and therefore formulations with small
microstructural pores or particles yield lower intensities than large features with little spatial
constraints. Current reviews [6, 9] show that for lipid migration analysis, MRI has almost
exclusively been used in chocolate research with a variation of experimental setups and
sequences.

Beyond mere imaging, previous studies modelled lipid migration kinetics, predominantly
using Fickian diffusion models, which are easily applicable for multi-ingredient foods with an
unknown or complex microstructure, as only information of migrant concentration with time is
required, and little spatial information. The first simple diffusion models for lipid migration
were developed by Ziegleder et al. who measured concentration initially and at one location
with time [10, 11]. As MRI renders concentration gradients inside the food structure, diffusion
models became more refined, eased by higher computing power to solve more complex models
analytically [12, 13].

As previous work focuses on chocolate and lipid migration to the food surface, there is a
lack of understanding of lipid migration in other food systems, especially culinary products
with markedly different microstructure to chocolate. Further, understanding of lipid stain
formation on packaging is required, especially with the increasing drive towards fibre-based
packaging. This work aims to advance understanding of oil migration from seasoning tablets
into paper packaging and employs Raman chemical imaging coupled with MRI to visualise and
model for the first time surface and core effects on oil migration.

2. Materials and Methods
2.1 Experimental design

Salt was obtained from Siidwestdeutsche Salzwerke AG (Heilbronn, Germany), and processed
into three size fractions: coarse (dso = 500 pm) and medium (dso = 250 pm) size fractions were
obtained from sieving (Retsch, Haan, Germany), and the fine fraction (dso =5 pm) was obtained
by jet milling (Tecnologia Meccanica, Treviolo, Italy). Sugar (dso = 649 um) was obtained from
Cuisine Noblesse (Offenburg, Germany), maltodextrin IT6 (DE6) (dso = 316 um) and
maltodextrin IT47 (DE47) (dso = 198 pm) were obtained from Rouquette (Lestrem, France),
corn starch (dso = 30 um) was obtained from Cargill (Diisseldorf, Germany), monosodium
glutamate (MSG) (dso = 78 um) was obtained from Kwan Yik (Guangdong, China). ds is the
volume-based median particle size of a distribution, meaning that 50% of the particle volume
(or mass) lie above and below the median. Apart from salt all dry ingredients were without
further modification. High oleic sunflower oil was obtained from Nestrade (Vevey,
Switzerland), mixed with 1% fat brown B (Santa Cruz Biotechnology, Dallas, TX, US) and
paper-filtered (Whatman 595, Maidstone, UK) to obtain a brown sunflower oil for better stain
contrasts on fibre packaging.
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To evaluate the impact of salt particle size, 7 formulations with varying salt size fraction
and amount were prepared according to the ternary design in Fig. 1 and Table 1. 500 g seasoning
powders were prepared for each formulation 1-7 by high shear mixing (EL1, Eirich, Hardheim,
Germany) using a pin-type agitator. Ingredient addition and mixing sequences were aligned to
prior studies [14, 15]. First, crystalline components (salt, sugar, MSG) dry mixed at 1000 rpm
for 30 seconds, followed by sunflower oil addition over 30 s, and further mixing for a minute,
before addition of the amorphous components and final mixing for 2 minutes. Samples were
kept at 20 °C and 40% relative humidity (RH) in sealed bags for 48 h for moisture to equilibrate
before tabletting. 4 g of seasoning powder of each formulation were compacted to a fixed height
of 13.5 mm in a square 14x14 mm die (Instron, Norwood, MA, US), and were placed on blotting
paper (Whatman 3MM, Maidstone, UK) to mimic packaging paper for 8 weeks undergoing oil
migration testing at 25 °C and 50% RH shelf-life test conditions. Oil concentration
measurements on the tablet surface, core and on packaging paper were taken at time 0, 1, 4, and
8 weeks as explained below.

Table 1. Formulation recipe for the 7 seasoning tablet formulations. Quantities are given as

w/w%.
w/w% F1 F2 F3 F4 F5 Fo6 F7
Salt (coarse) | 55 0 0 27.5 27.5 0 18.3
Salt 0 55 0 27.5 0 27.5 18.3
(medium)
Salt (fine) 0 0 55 0 27.5 27.5 18.3
HOSO* 10 10 10 10 10 10 10
Sugar 10 10 10 10 10 10 10
Maltodextrin | 10 10 10 10 10 10 10
IT6 (DE6)
Maltodextrin | 5 5 5 5 5 5 5
IT 47
(DE47)
MSG' 5 5 5 5 5 5 5
Corn starch | 5 5 5 5 5 5 5

* HOSO = high oleic sunflower oil, "TMSG = monosodium glutamate
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Fig. 1. Ternary design for the 7 seasoning tablet formulations with varying salt particle size
and mass fractions (colour coding consistent with graphs throughout this work).

2.2 Microtomography

To obtain 3D representations of the seasoning tablet’s internal microstructure, Xx-ray
microtomography scans were acquired for each formulation at 70 kVp, 114 pA, 8W with 0.5
mm Al filter and exposure time 1000 ms per acquisition (ScancoMedical, Briittisellen,
Switzerland). The field of view was 7 mm diameter with a stack height of 500 um at 0.8 um
voxel size. The region of interest was cropped to 2000x2000 pm, and the three main phases
recoloured digitally according to their contrast and threshold, and the voidage calculated from
the void pixel count by image analysis (3D slicer software) [16].

2.3 Raman chemical imaging

To measure oil concentration changes on the compact surface, the method of Raman chemical
imaging was used described previously [6]. In brief, a Raman point laser (532 nm, continuous
wave diode, 94 mW, Oxxius, Lanion, France) was used with a focal point resolution of 1.7 pm
estimated from the Raleigh criterion R = 0.611/NA where R is the resolution, A is the laser
wavelength, and NA is the numerical aperture of the 2x lens of 0.19. The tablet surface was
scanned in a 2020 mm grid at 1 mm increments, by moving the sample on a motorized x-y
stage (Méarzhduser, Wetzlar, Germany), resulting in 441 individual spectra of the tablet surface
acquired between Raman shifts of 0 and 3000 cm™!. Spectra were acquired for 10 seconds and
accumulated 3 times for each probing point in a spectrometer (iHR320) with 1800 groves/mm,
500 nm blaze grating and CCD camera (Synapse, Horiba, Longjumeau, France). Spectral
signals were processed for baseline corrections and 1% derivative, before evaluation of the tablet
surface oil concentration via calibration curves.

The reason for spectrum correction is mostly fluorescence. Both stokes Raman
scattering and fluorescence results in emission induced by incident radiation. While Raman
scattering is the excitation of a molecule to a virtual state and relaxation to an energy level
higher than the ground state, fluorescence is the excitation of a molecule to a higher energy
level than for Raman, and relaxation to the ground state. This larger magnitude relaxation
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results in a higher intensity photon emission than a Raman photon, hence fluorescence is often
matching or even masking Raman spectra and is henceforth undesired. The extent of
fluorescence emission is dependent on the incident light energy. As energy and wavelength are
inversely related to each other, low wavelength lasers such as green 532 nm generally result in
large extents of fluorescence emission. Long wavelength, lower energy lasers such as red 785
nm lasers generally exhibit less fluorescence, as the excitation is lower, albeit also generating
weaker Raman emissions.

2.4 Magnetic resonance imaging

Magnetic resonance imaging was used to measure oil concentration changes in the core of the
seasoning tablets. Samples were scanned in a 9.4 T vertical bore MRI scanner (Advance III,
Bruker, Ettlingen, Germany) with 25 mm diameter radio frequency volume coil. Each cube was
carefully placed in a glass vial with the same orientation for each time point (0-8 weeks). Glass
beads covered the cube to hold it in place during image acquisition. Images were acquired with
a RARE spin-echo sequence (RARE factor 2) with a TR/TE ratio of 8/1000 ms. The whole
cube volume was imaged with a FOV of 20x20 mm and 100 pm isotropic in-plane resolution,
and with 17 slices of 1 mm in the coronal direction. Images were acquired and processed using
Paravision 5.1 (Bruker). Image analysis was performed in Matlab (Mathworks, Natick, MA,
US).

2.5 Optical paper stain scanning

To measure oil stain area on the paper packaging, the method of optical stain quantification was
used described previously [6]. A flatbed scanner (LiDE300, Canon) was employed at 1200 dpi
resolution to scan the underside of the paper. The area of fat stain was automatically quantified
via a self-written ImageJ/Fiji macro by discriminating between the brown sunflower oil stain
and the white blotting paper based on black/white thresholding.

2.4 Diffusion modelling

To model oil migration from the seasoning tablets into the packaging paper substrate, a 1D oil
flow vertically down without oil gradient in the width or depth of the tablet is assumed, based
on Fick’s 2" law [17]
d’c _1dc !
ax2 Dot
where c is the oil concentration, x the location along the vertical migration axis, t is the time
after placing the tablet on paper and start of the migration test, and D is the diffusivity of oil
in the seasoning tablet matrix. The problem now resembles a semi-infinite slab (tablet) in
contact with an infinite sink (paper packaging), where the contact between the two occurs at
x = 0. Solving the partial differential equation yields the expression [18]

c(x,t) —c(0,t) _ erf( X )
c(x,0) —c(0,t) 2\/Dt

where c(x, t) is the oil concentration at time x and t, c(0, t) is the oil concentration at the
tablet-paper interface at any time t, c(x, 0) is the initial oil concentration, and erf is the error
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function. When at a given time point the average concentration of the entire tablet, that is,
over x is evaluated, the diffusion model is an integral

X
—|dx
ZVDt>

where L is the overall height of the tablet surface, i.e. x extends between 0 < x < L. The
models Eq. 2 and 3 were solved with Matlab.

&(t) = c(® ) = c(0,1) + (c(x, 0) — (0, t))% f erf(

3 Results and discussion
3.1 Microtomography

Fig. 2 shows reconstructed and recolored 3D x-ray tomographic images of sections of the
seasoning tablets. In raw tomographic images (not shown), salt crystals with a high lattice
density result in a strong image contrast and can easily be discerned from the remaining
components oil, sugar, starch, maltodextrins, and MSG, which are less dense and result in more
grey contrast. The density of air gas is lower than of solid or liquid matter so that void pixels
appear black. Images were recoloured according to their phases, and because only the size
fraction of salt was changed while all other components remained constant, it is still possible
to group the components into their three most relevant phases.

Formulation 1 (Fig. 2a) composed of coarse salt fractions has clearly visible large salt
particles dispersed in a continuous matrix of amorphous, sugar, and oil particles, with visible
air pockets occupying 13.4 v/v%. F2 (Fig. 2b) composed of the same excipients but with a
medium sized salt fraction has visibly smaller particles, with a similar void fraction of 15.8
v/v%. F4 (Fig 2d), in which the salt is a half/half mixture of coarse and medium particles, has
expectedly similar morphology with similar voidage of 17.4 v/v%. The microstructure changes
drastically with smaller salt particles in F3 (Fig 2c) in which the salt fraction consists of fine
salt only. Particles appear much more dispersed, with some salt agglomerates due to larger
surface energy in smaller particles causing coherence. As finer particles tend to pack less
efficiently due to interparticle friction and Van der Waals forces, while the bulk density is
dictated by tablet compression, the void fraction is starkly reduced to 5.9 v/v%. F5 (Fig. 2e),
composed of coarse and fine salt, shows distinct large salt particles with interspersed fine salt.
F6 (Fig. 2f) from medium and fine salt shows a similar morphology as F5 with similar void
fraction. F7 (Fig. 2g), being a ternary mix of coarse, medium, and fine salt fractions shows a
mix of all three morphologies. The slightly higher void fraction of 9.3 v/v% suggests a more
efficient packing, which is expected for multimodal particle size distributions, thus leaving
more open space unoccupied by particles.
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Fig. 2 Reconstructed x-ray microtomographic images of sections of the seasoning tablet
formulations.

3.2 Raman chemical imaging

Raman chemical imaging was used to image oil concentration on the tablet surface for each
formulation and each time point. Prior studies for Raman chemical imaging for lipid migration
of seasoning tablets were performed only on biphasic salt-lipid systems, which are relatively
simple as crystalline salt is Raman inactive but covalently bonded atoms in lipids are Raman
active [6]. The seven-component formulation in the present work is thus a complex case,
however the aim was to only trace the oil fraction necessitating to separate the oil signal from
the remaining components signals. Figure 3 Shows the raw materials spectra for each
formulation component. The annotated high oleic sunflower oil spectrum of interest is
comparable to literature and with characteristics peaks tabulated in Table 2 based on the
molecular vibration origin [19-21]. Generally the HOSO spectrum is approximately an order of
magnitude larger than the remaining ingredients profiles, however exhibiting large
fluorescence. For this reason, acquired spectra of seasoning tablet samples were baseline
adjusted by a second order polynomial and signal intensity was enhanced by obtaining the
moving average of the first derivative according to standard procedures in Raman signal
processing [22]. Raman intensity of sunflower oil was taken as the resultant peak height.
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Fig. 3. Raman spectra of raw materials comprised in the formulations, annotated for
sunflower oil. HOSO = high oleic sunflower oil, MSG = monosodium glutamate.

Table 2. Generally accepted Raman peaks in high oleic sunflower oil, adapted from [19-21].

Raman shift (cm™) Functional group Vibration mode
1440 —CH2 C—H bending (scissoring)
1650 cis RHC=CHR C=C stretching
2500 - 2700 Overtones and combinations
2850 —CH2 C—H symmetric stretching
3005 cis RHC=CHR =C-H symmetric stretching

To convert Raman peak intensity to concentration on the compact surface, a calibration curve
was constructed (Fig. 4). Raman spectroscopy is extremely sensitive to surface roughness and
has been the subject of numerous studies and theories [23, 24]. In the present work, as the laser
beam resolution (1.7 um) is about the same size as some amorphous fines such as starch, but
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smaller than the smallest particle size of salt of 5 um, the diffraction patterns of reflected Raman
signal heavily depend on the compact formulation from different salt particle size fractions.

For this reason, a separate calibration curve was constructed for each sample at 0, 3.33,
5, 6.67, 10, 13.33, and 16.67 w/w% sunflower oil concentration prepared in the same way as
formulations 1-7, and fitted with 4™ order trendlines. Concentrations above the initial sunflower
oil concentration of 10 w/w% was chosen to be able to quantify potential oil accumulation or
locally higher concentration regions. The nonzero Raman signals at 0 w/w% sunflower oil
concentration signify that the tablet excipients other to oil also contribute to a small extent to
the Raman intensity. Error bars show the standard deviation of Raman intensity over the entire
tablet surface and thus rather represent the inhomogeneous surface morphology. General trends
can be observed in the calibration curves: for all formulations, the intensity gradients are
steepest at low concentration between zero and 8 w/w% sunflower oil. For formations prepared
from caarse particles the intensity quickly reaches a plateau with increasing sunflower oil
concentration. On the other hand, formulations F3, F5 and F7 with fine fractions have
monotonically growing ingredients with increasing oil concentration. The reason for this is
likely that in coarse salt tablets the likelihood of probing a large pure salt crystal without oil is
higher than in formulations with fine salt as can be seen from the x-ray images (Fig. 2). In
addition, formulations with large voidages hold more oil in the tablet core whereas formulations
with small void fractions contain more surface oil as it is pushed to the surface during tabletting,
manifesting in higher intensities. In addition, coarser particles and larger pores cause more
diffuse reflection, diffracting less Raman signal into the probe in the same beampath as the
incident light. With an increasing fines fraction the tablet surface becomes smoother.
Consequently, F3 and F5-7 have distinctively higher calibration gradients as more surface
features tend towards beam resolution resulting in increased specular signal reflection.
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Fig. 4. Experimental calibration points with 4™ order polynomial calibration fits for each
formulation. Error bars are standard deviation over the entire tablet surface. Error bars of the
calibration curves represent + 1 standard deviation from the mean, where the mean was
evaluated over the entire tablet surface. The error bars therefore rather represent the
inhomogeneity of the table surface.

Raman acquisitions at each of the 441 probing points of each of the 7 formulations at each time
point 0-8 weeks were converted to surface oil concentration (Fig. 5). First, a second order
polynomial was fitted to each spectrum to correct for fluorescence (Fig. 5a). The baseline
corrected spectrum was obtained by subtracting the fitted baseline from the raw spectrum (Fig.
5b). To enhance signal peaks, it is customary to obtain the first derivative of the baseline-
corrected spectrum (Fig. 5¢). The peak between 2630-2700 cm’!, recurrent in all sample spectra,
was selected and the maximum peak intensity determined (Fig. 5d). This maximum peak was
converted to the corresponding tablet surface oil concentration via the calibration curve (Fi. 5e),
and repeated for all spectra for all formulations at each time point. By interpolation between
probing points, the full original field of view was reconstructed into a chemical image with oil
concentration on the tablet surface color-coded between 0 (blue) and initial 10 w/w% (red) (Fig
6). For all samples, F1-7 at time 0, the oil concentration is generally isotropically distributed
around 10 w/w%. As the oil migration test proceeds, markedly different oil migration patterns
occur for different formulations.
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Fig. 5. Procedure for obtaining tablet surface oil concentration from Raman spectra,
exemplified for a spectrum of F3. a) 2" order polynomial is fitted to raw spectrum for
baseline correction, b) baseline corrected sample obtained by subtracted the fitted baseline
from the raw spectrum, c¢) spectrum of the first derivative, d) zoom into the peak area between
2630 and 2700 cm! used throughout all samples, highlighted in red, €) peak intensity
converted to surface oil concentration by calibration curve for each formulation. Error bars of
the calibration curves represent + 1 standard deviation from the mean, where the mean was
evaluated over the entire tablet surface. The error bars therefore rather represent the
inhomogeneity of the table surface.

Formulation 1 with a coarse salt fraction exhibits a patchy oil concentration pattern on
the tablet surface at time 0, due to the large oil-free salt particles and larger oil-rich pools in the
interstitial spaces, compared to the small Raman probing beam. While oil-rich areas have oil
concentrations exceeding 10 w/w%, the low concentration of depleted patches results in an
overall initial oil concentration of 10 w/w%. While being a rectangular tablet surface, the edges
seem oil-free, suggesting oil migration to have started immediately with poor oil retention
capabilities. After 1 week, the overall oil concentration has markedly reduced with a lower oil
concentration closer to the bottom against the contacting paper of 2-3 w/w%, while the tablet
top is still oil rich at about the initial oil concentration. Oil migration continues until in week 4
global surface oil concentration is 2-3 w/w% with localised hotspots of up to 10 w/w%, likely
due to interstitial oil entrapment, which can also be seen at 8 weeks. A similar pattern is visible
for F2 comprised of a medium salt fraction with rapid oil leakage into paper within a week,
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resulting in a constant global oil composition of 1-3 w/w% until week 8. The slightly larger
void fraction in F2 (15.8 v/v%) over F1 (13.4 v/v%) suggests that while being able to hold more
liquid oil, oil flow due to larger pores is fast with little resistance to oil migration. F4 composed
of coarse and medium salt fractions shows a similar behaviour to F1 and 2, with rapid oil
migration occurring within a week of contacting the paper packaging.

Markedly different migration trends occur for formulations with fine salt. F3 composed
of a purely fine salt fraction shows a relatively homogenous surface pattern with defined edges,
suggesting oil retention throughout the matrix without edge effects. In fact, the initial
concentration is maintained constant throughout 8 weeks at a global surface average of 10
w/w% This suggests that a microstructure comprised of low voidage with small pores performs
better at retaining oil than structures of large voidage with large pores. F5 and 6 composed of
coarse and fine, and medium and fine salt fractions expectedly show behaviours of purely
coarse and purely fine samples. As the surface topography in F5 is not fully smooth, a patchy
structure is visible with an overall oil concentration decreasing from initially 10 w/w% to 9
w/w% after 8 weeks, as an average between oil rich and poor regions on the tablet surface. In
F6, the surface oil concentration reduces to globally about 8 w/w% at t8 with similar patchy
areas. Thus, a mixture of fine and coarse/medium particles retains oil less well, owing to slightly
higher voidage, but likely also larger pores than purely fine particles. F7, in which the salt
fraction is a mix of all 3 size fractions, results in a homogenous surface topology due to efficient
particle packing of the multimodal size distribution. Overall concentration reduces to 8.5 w/w%
after 8 days, also suggesting that the microstructure retains oil well.
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Fig. 6. Raman chemical images depicting oil for each time point for each sample.
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3.3 Magnetic resonance imaging

As prior studies of lipid migration in seasoning tablets solely focused on the tablet surface,
magnetic resonance imaging was used to visualise oil concentration in the core of the seasoning
tablets. The intensity was obtained from the T2 relaxation times and thus is affected by the
relative proton density and molecular mobility of the sunflower oil. While proton density (and
thus oil concentration) at times zero was equal across all samples and varied with oil migration
behaviour, molecular mobility was dependent on the tablet microstructure. The tablets from
coarse salt fractions with large interstitial pores and low molecular inhibition showed higher
intensity than formulations with fine salt fractions restricting the oil in the interparticle pores.
As such, intensity for each formulation had to be normalised to the same mean intensity at t =
0 via a calibration function (Fig. 7). The calibration equation was constructed relating arbitrary
intensity to oil concentration using seven samples equally spaced between zero and 20 w/w%
oil prepared in the same way as formulations F1-7. In comparison to Raman imaging, the
calibration equation was linear with R? = 0.99, so that intensity normalisation for all samples
allowed a single master calibration curve to be used. For image analysis, the grayscale of each
magnetic resonance images was linearly scaled between 0 (black) and 256 (white) proportional
to the core oil concentration.

20.00 w/w%

1

140

£
E
21
2
>
°
4

16.67 w/w%

T

10.00 w/w%

20

120

1
£
£
S
2
>
<]
e

100 ¢ 6.67 Ww% I
= o °
L .
— 807 -
42-; 00 5 10 15 20
B 60+ OO0ww% T v
S ) e
7
c 40 + 7 3.33wiw% 6.0173c

5

£
£
3
210
2
>
o
2

N
o

) k
- . R2 0.9915
FOV dh(mm) . 51
/ e .

/ \/ FO\/w\dh[mmi
e

OO/ L ! |
0 5 10 15 20

Oil concentration, ¢ (W/w%)
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While in Raman imaging the concentration scale varied between 0 and 16 w/w%, it varied
between 0 and 40 w/w% in MRI images, owing to the smaller voxel resolution of 100 pm? x 1
mm, compared to the pixel resolution of 1 mm? in Raman imaging. Therefore, the pixel signal
in MRI images acquired the oil intensity over a smaller area than in RCI, resulting in a more
granular map and possibly locally higher intensity and thus oil concentration.

Fig 7 shows the resultant MRI images. The MRI images of F1 (coarse salt fraction) at
time 0 shows a marble-like oil distribution across the core of the seasoning tablet. Some bright
patches of several mm diameters suggest clusters of high oil concentration, present in the larger
interstitial void spaces between large salt particles. After 1 week, overall brightness decreases
from initially 10 w/w% to a global oil concentration of 4.5 w/w%, while some oil-rich clusters
remain. Oil migration reached an equilibrium at this stage as global oil content plateaus after 4
and 8 weeks, with some oil remaining trapped locally. F2 (medium salt fraction) exhibits a finer
grain structure due to smaller pore sizes. The oil concentration reduces similarly rapidly as in
F1 to reach 3.5 w/w% after 8 days, with the notable difference that the oil is more evenly
distributed and only one hotspot is visible compared to F1 with multiple clusters of oil. This is
expected in porous media with smaller pores causing the oil to be more evenly distributed. The
resemblance of F1 and F2 with F4 from x-ray tomography and RCI is also valid for MRI,
showing a similar speckled oil distribution with similarly rapidly decreasing global oil
concentration over 8 weeks, owing to higher voidage and larger pores.

F3 (fine salt fraction) exhibits a considerably finer grain structure due to a finer
microstructure forcing the oil to be more evenly distributed. Some darker patches of low oil
concentration are likely areas of fine poorly mixed particle agglomeration, characteristic of fine
dry particle mixing as fine particles have higher surface energy [25]. Throughout the shelf-life
test, overall concentration decreases only marginally by 0.5 w/w%. F5 from coarse and fine salt
fractions shows an intermediate grain structure decreasing from initially 10 w/w% to about 8
w/w% in global oil concentration after 8 weeks. Interestingly, a vertical concentration gradient
can be discerned with a lower oil concentration in the tablet on the side contacting the paper,
growing in concentration towards the tablet top, suggesting that the oil is first drawn from the
tablet underside, akin to a diffusion process. F6 from medium and fines salt fractions shows
some distinct oil-poor areas surrounded by more homogenous oil distribution. The oil-free
patches are much larger than pure salt particles and therefore likely agglomerated fine salt or
amorphous material. Global oil concentration decreased from 10 w/w% to 9 w/w%. F7 from all
salt size fractions shows a mixture of all behaviours with some oil-free patches and oil-rich
patches, while the concentration decreases to 8 w/w%.
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Fig. 7. Central slice in coronal orientation of the final normalised magnetic resonance images

for each sample at each time point with grayscale coherent across all samples.
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3.4 Optical stain imaging

Optical paper stain of the resultant oil stains during the shelf-life test underneath the tablets
showed direct links with migration patterns by Raman chemical imaging and magnetic
resonance imaging (Fig. 9). Oil stains on paper for the tablets from coarse particles in F1, F2,
and F4 grew from initially 0 to 70 cm?. This observation is correlating the rapid oil migration
patterns via RCI and MRI suggesting that the oil from the seasoning tablets migrates into the
paper. Similarly, for F5 to F7 with fine salt fractions, oil stains are relatively smaller at each
time point due to reduced or migration on the tablet surface and core. From the oil stain images
on paper is also suggests that the oil stain growth rate directly depends on the oil leakage
behaviour in the tablet surface and core.
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Fig. 9. Thresholded optical stain images of oil in paper for each sample at each time point.

As the samples analysed with each technique are not identical, localised effects such as hotspots
or clusters cannot be compared, yet overall similar trends on the surface and core of the tablets
can be identified. Rapid oil migration out of the seasoning tablets as in F1, F2, and F4
characterised by rapid colour changes to blue is congruent with the rapid brightness loss in
MRI. Formulations with slow oil leakage measured on the tablet surface such as F3, F5-7 also
showed slow concentration reduction in the grey value of MRI images. Moreover, MRI does
not show significant concentration discrepancies across field of view width of the tablet. This
suggest that the one 1D vertical migration assumption without horizontal flow in the width or
depth of the tablet is acceptable.

99



19

The observations of the 7-component mix with 55 w/w% salt, 10 w/w% oil and the
balance sugar and amorphous components in this study differ from a previous study with 95
w/w% salt and 5 w/w% palm kernel fat. While in the present work migration testing was done
over 8 weeks and in the prior study 7 days, the ternary design (Fig. 1) between the two studies
was identical, thus the difference lies in the tablet composition. For formulation with coarse or
medium salt fractions, RCI in the previous study yielded a clear oil migration gradient on the
tablet surface, with low oil concentration near the bottom and high concentration at the top,
leaking over time in a drainage pattern. In this present study on the other hand, coarse particle
formulations yielded fairly isotropic oil leaking pattern on the tablet surfaces, without top-to-
bottom gradients. The difference between the two studies could be due to the shorter
measurement intervals in the previous study capturing a more precise time resolution compared
to the longer time intervals and reduced time resolution for this study. For formulations with
fine salt particle fractions, the previous study indicated rapid and homogenous fat decrease to
near 0 w/w% surface fat within a few days, however with minimal fat stain development on
paper substrate, suggesting fat migration into the core of the tablet. In the present study, surface
oil migration is much more gradual and decreases at about the same rate as core oil content to
generate visible oil stains. Comparing their x-ray images, in the previous study it was suggested
that the fine particle structure absorbs fat further towards the table core via capillary suction,
yet preventing migration into paper due to low permeability of fat flow as the channel size is
reduced. In the present study, it can be seen from the XCT images that the additional sugar and
amorphous phase significantly fills the pore space between salt particles, thus reducing the
porosity. As such, oil content on the tablet surface is not drawn horizontally into the cube core
but migrated vertically in a 1D fashion at the same rate as the core oil fraction.

3.5 Diffusion modelling

As surface and core migration patterns in the seasoning tablet are similar, the diffusion model
was simplified to 1D vertically from the tablet top into the underlying paper packaging.
Diffusivity D was evaluated from Eq. 3 using the average oil concentration ¢(t) over the tablet
surface or tablet core at each time point t. Assuming a semi-infinite sink with nonzero tablet-
paper interfacial concentration, c(0,t) was taken to be constant at each time point at the
equilibrium concentration at t = 8 weeks, c(X, t) was taken as the average ¢(t) att = 0. Fig
10 shows the experimental and model fit of the average oil concentration against time for (a)
surface oil via RCI and b) core oil via MRI. Error bars show the standard deviation of Raman
intensity over the entire tablet surface and thus rather represent the inhomogeneous surface and
core morphologies. Comparing experimental data between surface and core measurements,
tablets from coarse and medium salt fraction, the surface oil concentration is approximately 2
w/w% lower for all time points t > 0 than the core oil concentration. This was attributed to the
surface oil exposure to the environment and hence less entrapment than the core oil. In addition,
capillary suction into the tablet core, observed more pronouncedly in a similar study, is likely
to cause surface oil reduction. For tablets from fine salt fractions, the concentration difference
between surface and core is about 1 w/w%, owing to closer entrapment and reduced
permeability of oil and thus higher stability of oil on the tablet surface.
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The diffusivities evaluated globally above were also used to predict the local oil
migration profiles across the height of the tablet. Profiles from experimental data were
evaluated in the FOV height and width for both surface and core by averaging concentration at
each acquired pixel in the rows and columns respectively (Fig. 11). The profiles confirm prior
observations from Fig. 6 and 8 such as rapid concentration decrease for coarse and medium salt
formulations and slower concentration decrease for fine salt formulations. While coarse
formulation bared a top-to-bottom concentration gradient, especially for surface oil, fine
formulations only showed a shallow gradient, suggesting again that surface oil in larger porosity
formulations is highly mobile and migrates fast compared to core oil in fine formulations being
highly stabilised in the finer microstructure. Width profiles show larger variability for RCI
samples due to lower acquisition resolution compared to MRI samples, and are generally more
variable for coarse formulations due to occasional oil clusters that are absent in more evenly
distributed fine formulations. Obvious stratifications in the width profiles can not be detected,
reinforcing the earlier assumption of predominantly 1D migration. The diffusion profiles based
on equation 2 overall match the experimental profiles while differing locally, especially for
coarse formulations. For samples at t = 0, the model assumes a constant profile at the global
initial concentration with a concentration decrease close to the interfacial concentration at x =
0. Especially coarse formulations leaked immediately before acquisition completion and thus
show a gradient instead of a constant profile. For further time points the model assumes profiles
of decreasing gradients with time. While the experimental profiles demonstrate some gradient
behaviour, the experimental gradients are shallower than the model. At further time points 4
and 8 weeks the model gradient flattens and is more congruent with the experimental profiles.
Comparing to the capillary flow model suggested previously, both capillary and diffusion
models are able to explain some lipid migration behaviour.
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Fig. 10. Experimental data and model curve for oil migration in the seasoning tablet a) on

the tablet surface measured via Raman chemical imaging, and b) in the tablet core
measured via magnetic resonance imaging. Error bars are standard deviation over the

entire tablet surface or core.

103



— 0 wk exp.
— 1 wk exp.
4 wk exp.
8 wk exp.

-------- 0 wk mod.
-------- 1 wk mod.
4 wk mod.
8 wk mod.

Surface profiles (RCI)

_ o Height profile _ Width profile

£

E, 10

51

3 5

N -

3

Q O] A——
0 10 20

FOV height (mm)

-
o

[$2]

0
E2
Eis E: 10
5 &
_%10 \,} 5
£ 7
> 5 &
o =
— 0 0

0 5 10

€
£ 10
5
© 5
N -
3
e 0

FOV height (mm)

-
o

[$2]

o

Qil conc. (w/w%) Qil conc. (W/w%) Oil conc. (w/w%) Qil conc. (w/w%) Qil conc. (w/w%) Oil conc. (W/w%) Oil conc. (W/w%

3
E 10
£ L
© 5
<
3
i 0
0 10 20

T
E 10
- "
.g’ = a%\
© 5
<
3 \
— 0

0 5 10 0 10 20

Qil conc. (W/w%)

FOV width (mm)

Core profiles (MRI)

Height profile

—_

Width profile

_—

—_
o

[$3]

o

-
(4)] o
=
—

iy

—_
o

Qil conc. (w/w%) Oil conc. (w/w%) Oil conc. (w/w%) Qil conc. (w/w%) Qil conc. (w/w%) Oil conc. (w/w%) Oil conc. (W/w%

£ 10

S10

3 5

3 ° i

o 00— 0
0

£20-

E1s 10

510

E 5

3 °

g 0!

0
0 5 10
Oil conc. (Ww/w%)

0 10 20
FOV width (mm)

23

Fig. 11. Height and width profiles of oil concentration in seasoning tablet surface and core

1. Conclusion

The aim of this work was to characterise oil migration in seasoning tablets into an underlying
paper sheet to investigate the effect of salt particle size on flow dynamics on the tablet surface
and in the tablet core. Tablet formulations were prepared from salt (55 w/w%), oil (10 w/w%),

and the balance sugar, starch maltodextrins and monosodium glutamate, with salt fraction
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particle sizes from 5 to 500 um. Characterisation was performed with Raman chemical imaging
(surface) and magnetic resonance imaging (core), and modelled as 1D Fickian diffusion.
Imaging methods confirmed prior observations for simple salt-lipid systems that oil retention
is higher in formulations with smaller pores, as a result of smaller salt fractions inducing higher
capillary suction and higher frictional resistance in flow channels. Analogously, oil stains on
packaging resulting from coarse salt tablets are larger as capillary pressure is reduced and
permeability in large interstitial port increases. Oil concentration on the surface was lower by
2% than in the tablet core, likely due to oil being less stable in interstitial pores at the surface
than in the core surrounded by neighbouring particles.
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Chapter 7

Summarising discussion

n this work, for the first time, lipid migration from seasoning tablets into paper packaging
I was investigated. A systematic approach was undertaken starting with a literature review,
followed by a methodology chapter, an experimental chapter exploring the migration mitiga-
tion strategy, a modelling chapter, and concluding with an application chapter. The thesis was
written in publication style with each chapter consisting of a published paper or submitted
manuscript, in which each article already contains a thorough discussion. As such, this discus-
sion serves to briefly link each chapter and conclude the comprehensive storyline of the thesis.

The literature review revisited the fundamental mass transfer mechanisms of lipid migration
in particulate systems being capillary flow and diffusion, and the interplay between thermody-
namic driving force and kinetics giving rise to metastability. Characterisation techniques from
literature were described and their advantages and disadvantages discussed for different pur-
poses. Raman chemical imaging was identified as a potential yet never used technique for lipid
migration studies. The literature review also discussed physical lipid stabilisation techniques
for particulate systems. Pore microstructuration was identified as a novel strategy never used
for seasoning tablets before. Modelling approaches described in literature were reviewed and it
was concluded that capillary flow models are more realistic than diffusion models yet require
abundant microstructural data and are thus underutilised. Overall the extensive literature review
was used to guide the succeeding work of this thesis.

The methodology chapter described in detail the major characterisation technique Raman
chemical imaging that was developed for the first time for lipid migration analysis. Specifi-
cally the two major Raman imaging techniques are discussed: distribution imaging and global
intensity imaging. A detailed description of the self-built hardware for signal acquisition and
self-coded software for signal processing is provided for 2D image generation from spectra. Ex-
planations of resolution of laser point probes and how to handle multiple Raman active species
are described as a groundwork for the subsequent chapters.

The literature review and methodology chapters are followed by three original research
chapters. In the first of these, the novel strategy to mitigate lipid migration in food tablets
via microstructuration was successfully tested. Additionally, the two major characterisation
techniques for lipid migration measurement in the table (Raman chemical imaging) and in the
packaging paper (automated stain quantification) are used complementarily. This chapter thus
proved the concept that changing the tablet microstructure to yield smaller interstitial pores by
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reducing particle size enables to retain more lipid in the tablet, resulting in visibly less lipid
stains on the paper. With a particle size of dsy = 50 um there were no visible lipid stains on the
paper packaging, essentially fulfilling the desired outcome to entirely suppress lipid migration
from food into packaging.

While the prior chapter was a successful initial application of the novel mitigation strategy
and characterisation techniques used in this thesis, the underlying mass transfer mechanisms
were unexplored and thus a mathematical description was needed. The second original research
chapter was therefore a modelling chapter. The literature review identified models based on
capillary flow as gaps in literature and hence a detailed quasi 2D first-principle model that
captures both lipid migration in the tablet and in the contacting paper packaging was established.
The model was built from the Young-Laplace equation for capillary suction and the Darcy
equation for permeability and was validated with a series of physical experiments replicating the
theoretical model. Different particle sizes and thus capillary pressures and permeability values
were explored by systematically varying salt particle size from dsy = 5 um to dsp = 500 um in a
ternary mixture design of experiments.

Model and experiments compared well for coarse salt particles as the predicted lipid con-
centration in the tablet was congruent with the measured values, and predicted lipid area in
paper packaging was similar with measured data. Thus the proposed capillary flow transport
phenomenon was applicable and valid. The model predictions failed to predict lipid concen-
tration on the tablet surface for formulations with very fine particle sizes and thus very narrow
pores. While the model predicted slow concentration changes, the lipid concentration dropped
very fast to almost 0 w/w% on the tablet surface as measured via Raman chemical imaging. As
the lipid on the tablet structure is not trapped in interstitial pores, it was suggested that the high
capillary suction draws this unstabilised surface lipid towards the tablet core, or at least into
the inside vicinity of the tablet surface, rendering it free of lipid. The assumption that globally
lipid is more stabilised and migrates less towards a contacting paper packaging in fine tablet
microstructures was still valid. Lipid stains on paper packaging decreased with a decrease in
salt particle size. In fact, lipid stains on packaging were almost non-existent for tablets made
from 100% of the particle fraction consisting of dsy = 5 um particles. As such, the 1D model
assumption was partly valid for this simplified lipid-salt system.

The prior chapters identified the gap in literature, explained self-developed characterisation
techniques, demonstrated a successful lipid migration mitigation strategy and detailed an elab-
orate capillary flow model capable of explaining most of the observed mass transfer behaviour.
As in the modelling chapter it was proposed that for fine tablet structures lipid migrates into the
tablet core, it was desired to investigate not only the tablet surface with Raman chemical imag-
ing, but also the internal tablet structure via nuclear magnetic resonance (NMR) tomography.
Additionally, the model system so far was a lipid-salt tablet only. For a more complex and re-
alistic food system, a 7-component seasoning tablet mix was desired. Modelling via a capillary
approach is difficult for complex formulations, therefore diffusion modelling was appropriate
for the more complex seasoning structure.

The third original research chapter was thus an applied chapter due to its use of a real
seasoning formulation comprising 7 components. It also enabled visualisation of the tablet cross
section and thus lipid distribution in the core, which was not possible previously with surface
Raman characterisation. The diffusion modelling approach omits simplifications described so
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far in lipid migration literature and instead uses a numerical solution to Fick’s second law.
Similarly to the two previous chapters, the salt particle size was changed according to the same
systematic design of experiment.

Comparisons of 7-component samples within the study showed the same expected be-
haviour on the tablet surface as on the resulting packaging paper. Fast concentration reduction
of surface lipid was observed for coarse salt particles, congruent with large resulting lipid stains
on packaging. Conversely, surface concentration changed slowly for samples from fine salt
fractions and resulted in small lipid stains on paper, meaning more lipid is retained in the tablet.
NMR tomography confirmed results for this 7-component study that surface and core lipid con-
centration change at the same rate with only maximum 2 w/w% difference. These observations
support the assumption of a 1D lipid flow vertically out of the tablet and into the paper. It
also reinforces the modelled hypothesis from the prior chapter that a fine tablet microstructure
results in high capillary suction retaining more lipids in the tablet structure, ensuing less lipid
stains on paper packaging.

Comparison of the 7-component samples with the prior 2-component lipid-salt modelling
samples showed stark differences. In both types of formulations the general lipid migration mit-
igation strategy to reduce lipid staining on paper packaging by particle size reduction was valid.
In the 7-component samples however, lipid in the tablet core and on the tablet surface migrated
at approximately the same rate. In the 2-component samples, lipid concentration on the tablet
surface in fine salt formulations decreased much faster than for coarse formulations of the same
modelling study, and also decreased much faster than for fine formulations of the 7-component
study. In the 2-component modelling study it was suggested that surface lipid migrates rapidly
into the tablet core away from the surface. This migration into the core was not observed for
the 7-component study. It thus can be said that observations from a lipid-salt binary system
are not directly comparable with a seasoning tablet system containing multiple components.
In addition, the 7-component formulation behaved much more as a 1D system, whereas the
inconsistent deviation from experiments for fine microstructure in the 2-component samples
suggest some 2D horizontal behaviour. The 1D assumption used for diffusion modelling in the
7-component study likely valid as little deviation between core and surface lipid concentration
was observed. Additionally, in both systems, the underlying design of experiment framework
was the same and showed that a particle size reduction, effecting narrower pore channels (con-
firmed with 3D x-ray tomography images), is able to significantly reduce lipid staining on paper
packaging.

Despite a holistic attempt at advancing knowledge on lipid migration from compacted food
particle matrices, more learnings could be obtained from future work. For example, the partic-
ulate food formulations in this work did not undergo phase change. It would be interesting to
investigate physical phase changes, for example deliquescence of crystalline materials or glass
transition of amorphous ingredients in the compacts, and their effect on lipid mobility and hence
migration. Further, to obtain higher resolution Raman chemical images, a higher spatial pixel
density could be acquired with longer experiment running time. Modelling could be improved
by expanding the 1D vertical flow approach taken in this work to include 2 or 3D horizon-
tal lipid migration within the compacts. Finally, different paper packaging substrates could be
investigated with various different fibre networks and grease permeability parameters.
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Chapter 8

Conclusion

his thesis in publication-style aimed to advance knowledge in the field of lipid migration

from particle-based compacted consumer foods into paper-based packaging. Specifically,

it aimed at understanding the current state of the art described in literature, developing a ap-

propriate lipid migration mitigation strategy, build powerful analytical techniques, and model

mathematically the mass transport phenomenon to understand the fundamental mechanisms.

The target food structure was a lipid-containing seasoning tablet in contact with paper packag-
ing. This work was successful in all aims. Specifically:

e A published literature review summarised prior published literature on the fundamen-
tal mass transfer mechanisms proposed in literature, previously reported characterisation
techniques for lipid migration assessment, modelling approaches described in the open
literature, and mitigation strategies for particle-containing food systems. Most impor-
tantly, the literature review enabled to identify gaps in the prior art and select and direct
the future research of this thesis.

e A method paper manuscript described in detail the analytical technique of Raman chem-
ical imaging from point probes, a technique identified from the literature review as pow-
erful for surface characterisation yet unreported for lipid migration studies. The self-
developed laser hardware and signal processing software are described for this novel ap-
plication to generate 2D images of lipid concentration on the food tablet.

e A published original research paper described the new stategy to mitigate lipid migration
in seasoning tablets, a microstructure restructuration approach identified as novel dur-
ing the literature review. Building on the theory of capillary suction described by the
Young-Laplace equation, lipid-salt tablets with narrow interstitial pores were prepared
by reducing salt particle size. The first implementation of Raman chemical imaging and
automated stain quantification of paper packaging showed that reducing the particle size
from dsp = 500 um to dsp = 50 um almost fully prevented lipid stains on contacting paper
packaging. This was a successful proof of the characterisation techniques and the lipid
immobilisation technique

e A second original research article describes a mathematical model constructed to explain
the transport phenomena occurring in the model system of the previous chapter from
first principles. The model is based on capillary flow, a modelling approach identified
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as underutilised due to the requirement of microstructural data, which was acquired here
via lipid sorption profiles and x-ray microtomography. The model is built by accounting
for thermodynamics (capillary pressure) and kinetics (permeability) of both tablet and
paper packaging and was able to predict the lipid migration behaviour validated in an
experiment by Raman chemical imaging and automated stain quantification.

o A third submitted original research manuscript expanded on the previously used 2-component

lipid-salt tablets and utilised an applied 7-component mix, varying the salt size fraction
in a systematic design of experiments. In addition to surface characterisation via Ra-
man chemical imaging and automated stain quantification on paper, nuclear magnetic
resonance tomography was used to characterise lipid migration in the tablet core. As
multi-ingredient formulations are complex to characterise microstructurally, a numeri-
cally solved diffusion model was established linking the effect of formulation changes to
lipid diffusivity.

Conclusively, this thesis has achieved experimentally and mathematically to advance knowledge
and understanding of lipid migration from model and applied seasoning tablets formulations
into paper packaging, and developed advanced characterisation techniques, novel modelling
approaches, and successful mitigation strategies to an academically challenging and industrially
highly relevant subject.
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Appendix A

Additional data of application chapter

Based on the ternary Design of Experiments in chapter 6
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Appendix B

List and links of publications

Chapter 2 Literature Review: Particle-based food systems subject to lipid
migration — A review of measurement, modelling, and mitigation approaches

https://doi.org/10.1016/j.powtec.2024.120097

Chapter 3 Methodology: A Method for Raman Chemical Imaging from Point
Probes: Hyperspectral Characterisation of Food Powder Structures

https://dx.doi.org/10.2139/ssrn.5163406

Chapter 4 Mitigation Strategy: Food vs packaging: Dynamics of oil migra-
tion from particle systems into fibrous material

https://doi.org/10.1016/j.powtec.2024.119721

Chapter 5 Modelling: Fat migration from a particulate food system into fi-
brous material via capillary flow — first-principle modelling and experimen-
tal validation

https://doi.org/10.1016/j.cherd.2026.02.012

Chapter 6 Application: Surface and core effects in oil migration from par-

ticulate seasoning tablets into paper packaging via Raman and Magnetic
Resonance Imaging
https://drive.google.com/drive/folders/1xz1JeM_ChhJgGhnxxSjMCMGimbmX11dR?usp=share_link

Patent: A filed but yet unpulished patent (application number: EP24190622)
emerged from PhD work of the author, and for which the author is first inven-

tor. While not directly linked to lipid migration in seasoning tablets, the aim
was still to control oil content in consumer foods, specifically noodles. The
entire experimental work and writing of this patent was undertaken during
the author’s PhD at the University of Sheffield.
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https://doi.org/10.1016/j.powtec.2024.120097
https://doi.org/10.1016/j.powtec.2024.120097
https://dx.doi.org/10.2139/ssrn.5163406
https://dx.doi.org/10.2139/ssrn.5163406
https://doi.org/10.1016/j.powtec.2024.119721
https://doi.org/10.1016/j.powtec.2024.119721
https://doi.org/10.1016/j.cherd.2026.02.012
https://doi.org/10.1016/j.cherd.2026.02.012
https://drive.google.com/drive/folders/1xzlJeM_ChhJgGhnxxSjMCMGimbmX1ldR?usp=share_link
https://drive.google.com/drive/folders/1xzlJeM_ChhJgGhnxxSjMCMGimbmX1ldR?usp=share_link
https://drive.google.com/drive/folders/1wf0o616gvSNp6C0swUr6Zyw2TiMa1Op_?usp=share_link

https://drive.google.com/drive/folders/1lwf00616gvSNp6COswUr6Zyw2TiMalOp_7usp=share_link

Conference: 10th International Granulation Workshop, Sheffield, UK

Conference: American Institute of Chemical Engineers Annual Meeting,
San Diego CA, US

Conference: 27th International Congress of Chemical and Process Engineer-
ing, Prague Czech Republic

Conference: 11th International Conference on Conveying and Handling of
Particulate Solids, Edinburgh, UK

Conference: European Federation of Chemical Engineering, European PhD

Workshop on Food Engineering and Technology, Athens, Greece

https://drive.google.com/drive/folders/1zAH75LV7nS1gnveEeNzE_jJoSNaWZqc87?usp= share 11nk
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https://drive.google.com/drive/folders/1wf0o616gvSNp6C0swUr6Zyw2TiMa1Op_?usp=share_link
https://drive.google.com/drive/folders/1ROqjmZM62AgqNrAIduWBOira7p_F4MbQ?usp=share_link
https://drive.google.com/drive/folders/1ROqjmZM62AgqNrAIduWBOira7p_F4MbQ?usp=share_link
https://drive.google.com/drive/folders/1qmPRR3fUzQ3VlHzUBWw1FKGo3l12orWf?usp=share_link
https://drive.google.com/drive/folders/1qmPRR3fUzQ3VlHzUBWw1FKGo3l12orWf?usp=share_link
https://drive.google.com/drive/folders/10b85TaqD6HIL29P1704zteTIspDgsj8Y?usp=share_link
https://drive.google.com/drive/folders/10b85TaqD6HIL29P1704zteTIspDgsj8Y?usp=share_link
https://drive.google.com/drive/folders/10b85TaqD6HIL29P1704zteTIspDgsj8Y?usp=share_link
https://drive.google.com/drive/folders/10b85TaqD6HIL29P1704zteTIspDgsj8Y?usp=share_link
https://drive.google.com/drive/folders/1wkckbST0yudWMgxkMvyoN6JkLKY_LHwT?usp=share_link
https://drive.google.com/drive/folders/1wkckbST0yudWMgxkMvyoN6JkLKY_LHwT?usp=share_link
https://drive.google.com/drive/folders/1106SperES_HCYiIFNxph99ti36ziy1rW?usp=share_link
https://drive.google.com/drive/folders/1106SperES_HCYiIFNxph99ti36ziy1rW?usp=share_link
https://drive.google.com/drive/folders/14bKbpwy_P1i2dlVx5b6LyAkMl4AgGfET?usp=share_link
https://drive.google.com/drive/folders/14bKbpwy_P1i2dlVx5b6LyAkMl4AgGfET?usp=share_link
https://drive.google.com/drive/folders/1zAH75LV7nS1qnveEeNzE_jJoSNaWZqc8?usp=share_link
https://drive.google.com/drive/folders/1zAH75LV7nS1qnveEeNzE_jJoSNaWZqc8?usp=share_link

Appendix C

Evidencing Development Summary

It is a University of Sheffield requirement for each PhD student to submit an Evidencing Devel-
opment Summary along with their thesis as stated here: https://www.sheffield.ac.uk/
rpi/pgr/ddp/evidencing-development
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https://www.sheffield.ac.uk/rpi/pgr/ddp/evidencing-development
https://www.sheffield.ac.uk/rpi/pgr/ddp/evidencing-development

A University of

Shefﬁeld

Evidencing Development Summary

Process for submitting this form

Completion of this Evidencing Development Summary (EDS) is required to meet the DDP
Regulatory requirement and obtain a doctoral award.

You should complete it around two to three months before the end of your normal registration
period (or four to six months if you are a part time student).

Once completed, this form should be approved and signed by your supervisor. Please note this
cannot be a typed signature. You should then submit it to Research, Partnerships & Innovation
(RPI) via ddpsummary@sheffield.ac.uk, who will take it forward for Faculty approval.

If you are a student in the Faculty of Health who has completed your EDS in PebblePad, you
need only obtain your supervisor’s signature on the first page of this form and can disregard
the rest. However you must still forward this signed form on to RPI for Faculty approval. From
academic year 24/25 onwards the Faculty of Health will no longer use PebblePad. Therefore
students commencing their programme on or after this date are required to fill in all sections
of this form.

Guidance for completing this form

Use the following table to write a 100-200 word reflection on your development of each of the eight
core competencies. You should refer to your TNA document to draw out examples, and you may
wish to give your answer in the style of a job application using examples. See below for advice on
using STAR examples:

In cover letters, application forms and interviews, using the STAR approach (Situation, Task, Action,
Result) can help give a clear structure for your examples:

e Situation you were in
e Taskyouhadtodo
e Actions you took, explained clearly and specifically

e Result - positive outcome and/or what you learned

Name: Luc Dewulf

Registration Number: | 210116834

Department: School of Chemical, Biological and Materials Engineering
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Personal skills (time management, resilience, problem-solving, critical thinking)

While speaking French and German as mother tongue, | wished to improve my language skills and
took up Spanish by taking the Spanish Level 1 Module comprising 3 contact hours per week with
continuous assessment and a formal written and oral examination. By engaging with the course and
meeting with Spanish speakers outside of the course | achieved the module and can now speak and
write some basic Spanish, which is useful given its wide reach as an international language. This
required me to be resilient while managing my other PhD commitment such as the PhD research.

Communication, networking and collaboration

Being driven by providing outstanding research required me to go beyond our laboratory
capabilities and seek external research infrastructure and input and did this for each of my 3
chapters. For Raman spectroscopy | visited Prof. Arnulf Materny in Bremen, learning in his
specialised Raman lab the fundamentals of what would become the main characterisation
technique in my thesis; for fluid-mechanical modelling | sought assistance from Dr. Jordan
Maclnnes, with whom | have kept in touch since him being my foundation year tutor; and lastly for
magnetic resonance imaging | leveraged my network to access the preclinical MRI scanner at
Hallamshire Hospital at a reduced cost. Thus, | strongly built on my previous communication,
networking and collaboration skills and deepened them to strengthen the scientific excellence in
my PhD work.
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Professional skills (academic defence, academic writing, project/resource management)

The novel experimental techniques that | developed during my PhD, especially for Raman Chemical
Imaging, required me to do extensive hardware modifications to build my own sampling setup.
Instead of offloading this work to the department technicians, | decided to proactively seek access
to the workshop and machine my own parts, and as such gain professional skills. As part of this
route | attended a 2-week machining course provided by the AMRC to which | was invited through
my network of the technical staff at the university. Accomplishing this course (see certificates
below) enabled me to freely access and use any machine in the workshop which resulted in
accelerated hardware construction to my specific needs which would not have been possible by
outsourcing to the department technicians. In fact, my workshop skillset became unique in the
research group so that other PhD students from our group asked me to design and manufacture
items for them.

ety fAIMRC

¥
' Sheriaa. # Training Centre

%ﬁ'versity A M RC

» thetiaa. # Training Centre

Certificate of Attendance Certificate of Attendance
The University of Sheffield AMRC Training Centre The University of Sheffield AMRC Training Centre
is pleased to present this course certificate is pleased to present this course certificate
for the successful completion of for the successful completion of
Introduction to Manual Milling Techniques Introduction to Manual Turning Techniques
Awarded to Awarded to
Luc Dewulf Luc Dewulf

Date: 8th - 11th July 2024
ration: 4 days
Venue: AMRC Training Centre, Rotherham

I

o o
Growth Fund 88 Regional Growh Fund
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Leadership, i.e. autonomy and influence

Besides the mechanical workshop mentioned above, | needed access to more modern and rapid
manufacturing techniques such as laser cutter and 3D printers. To be able to use these tools, |
became active in the iForge Makerspace, a student-led workshop at the university. Beyond mere
design and making | became active in the leadership team that runs the iForge. Running the iFroge
Operations Team, | learned to lead a team of up to 10 iForge reps, running daily operations tasks
in the iForge such as health and safety supervision, restocking the space, all the way to motivating
the team to come for a weekend cleanup to to get engaged in outreach activities such as the
“Science Alive fair” for primary school children or the “If | were an Engineer” challenge for
secondary school children. In a further step of leadership development | was a recruiter for the
iForge, recruiting students to run the makerspace according to strict expectations and assets that
we aim to have in recruits. This then required to select candidates and finally recruits to match
the desired skillsets and that we sought. Beyond iForge work, | have also been a passionate GTA
each of the 4 years of my PhD, tutoring and lecturing two modules (Science of formulated
products, and Continous pharmaceutial manufacturing and process optimization).

rimary Engineer Programmes - ™
i oo AMRC/ T

plore the

IF You
JERE

iForg,

» @ =" gineering
oran ! and
. TR

k/stem

stem
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Ownership and understanding of the scope for career development options

In a sign of ownership | published multiple research papers during my PhD. One of them was based
on work | did for another PhD student during my masters thesis, unrelated to my current PhD, thus
requiring me to work in parallel. Another paper was a literature review by invitation, going beyond
basic requirements for a PhD student, and thus shows my awareness and ownership of my career
development in an R&D setting. In fact, due to my outstanding academic performance and
deliverables in my PhD, | was offered a position in the worlds larger food R&D organisation as an
Associate R&D Scientist.

Understanding the importance of Impact & translation (public engagement, enterprise &
IP)

In a great sign of impact | developed a patent in our lab that is now in the process of filing with the
company co-sponsoring my PhD. This required the technical skillset underlying the technical
innovation, for which the previously mentioned acquired skills were of essential support. Beyond
mere technicalities, | pitched the idea to key company stakeholders and convinced them of the
value added for their company in filing the IP. Following their go-ahead | interacted constructively
with external patent lawyers on the draft patent publication and subsequent defence against the
search report of the European Patent Office. Successfully passing the EPO the patent is now in the
process of being filed at the World Intellectual Property Office for global protection. This showed
my innovative capacities as well as the impact and entrepreneurship in developing an idea in
parallel to my PhD research.

Responsible Research and Innovation (ethics and data management)

As PhD students we are required to complete Professional Behaviour and Ethical Conduct module,
teaching me professional and ethical research conduction and publishing. This taught me how to
acknowledge intellectual and professional contributions to my PhD work correctly so that every
contributing member is rightfully credited for their work. Further, the requirement to develop a
data management plan taught me secure and accessible data storage and archiving.

Qualitative skills and/or quantitative and digital skills, depending on discipline

The novel experimental techniques that | developed during my PhD, especially for Raman Chemical
Imaging, not only required me to do extensive hardware creation, but also required me to write my
own MATLAB code for spectral analysis and image generation. As such, | taught myself extensive
numeracy and programming skills, such that other PhD students from the group asked me to write
code for them and analyze their data. Hence, | ended up writing code to analyse roller compactor
particle size, and compare between angle of repose and the normal distribution, and analysis of x-
ray tomographic images to translate gray value into tablet density. Thus, | self-initiated and self-
taught myself quantitative skills for computational data analysis.
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Supervisor Signature: Date:

— Signatures blacked-out for data protection | 25/06/2025

Faculty Officer: Date:
— Signatures blacked-out for data protection | 57 97 2025
/ ’

*Please note, students do not need to obtain the signature of the Faculty Officer - this will be
actioned by RPI.
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Luc Dewulf

Luc Dewulf

Luc Dewulf
Signatures blacked-out for data protection

Luc Dewulf
Signatures blacked-out for data protection


Nationality:

Date of birth:
ORCID

D Linkedin
ResearchGate

Education

Luc Dewulf

German, French

21% February 1997, Essen, GER
https://orcid.org/0000-0001-9376-447X
http://www.linkedin.com/in/lucdewulfl
https://www.researchgate.net/profile/Luc-Dewulf-2

2021 - 2025

2020 - 2021

2016 - 2020

2015 - 2016

2013 -2015

PhD, Chemical Engineering, University of Sheffield, Sheffield, UK, with the Nestlé Institute
of Packaging Sciences. Topic: On Lipid Migration from Particle-based Compacted Consumer
Foods into Paper Packaging

MSc (Research) Physics, Soft Matter and Functional Interfaces Programme University of
Edinburgh, Edinburgh, UK, with Crover Ltd., Edinburgh, UK. Topic: Granular rheology and
locomotion in bulk cereal grains for drones immersible in grain storage silos.

First Class MEng (Hons) Chemical Engineering with Chemistry, University of Sheffield,
Sheffield, UK.

First of class in first year, best Design Project (Bachelor thesis) in 3rd year, and best Research
Project (Masters thesis) in 4th year. Topic: Green synthesis of porous nanosilica particles for
drug-delivery use.

Interdisciplinary Science and Engineering Foundation Year, University of Sheffield,
Sheffield, UK, First of class with final grade 88 %.

International Baccalaureate Diploma, Plymouth College, Plymouth, UK, final grade of 37 out
of 45 points, 82 %.

Achievements and Awards

EPSRC Doctoral Training Partnership (DTP) Scholarship (2021-2025)
Fully funded stipend for the entire duration of the PhD at the University of Sheffield

EPSRC Studentship (2020-2021)
Fully funded MSc by Research stipend within the Soft Matter and Functional Interfaces (SOFI) Programme
between Durham University, University of Leeds, and University of Edinburgh

Best MEng Research Project Report (2020)
Awarded for the highest ranking 4th year research project report

Kenneth Littlewood Memorial Award (2019)
Awarded for the highest ranking 3rd year design project report, when judged both on the overall mark
awarded, which must be at least first class, and on the excellence of its presentation

Sheffield Undergraduate Research Fellowship Prize (2018)
Awarded as the best student researcher in the highly competitive summer research placement scheme

Chemical and Biological Engineering First Year Student Prize (2017)
Awarded for the best examination performance by a student in the first year of study

Ede and Ravenscroft Prize (2017)
Awarded for the best overall performance by a student in the first year of undergraduate study

Newson Gale Scholarship (2017 - 2020)
Awarded for four years to recognise academic excellence

Interdisciplinary Programmes Foundation Year in Science and Engineering Prize (2016)
Awarded for outstanding performance across all modules in the Science and Engineering Foundation Year
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