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Abstract

Essential oils, such as lemon oil, are highly utilized in the food industry as flavorings.
Lemon oil, is rich in unsaturated and oxygen functionalized terpenes making it
susceptible to oxidation caused by oxygen, light and heat. Manufacturing and
storage processes, packaging materials and ingredients in foods often cause
modifications in overall flavor by reducing aroma compound intensity or producing
off-flavor components. To limit aroma degradation or loss during processing and
storage, encapsulation of essential oils prior to use in foods or beverages is a
common practice. Also, encapsulation through microencapsulation and
emulsification facilitates the incorporation of lemon oil into foods.

In this thesis, lemon oil-in-water emulsions were produced by means of a novel
dynamic membrane of tunable pore size system and stabilized by a protein-
polysaccharide electrostatic complex.

To produce stable emulsions, many factors are to be controlled including the type
of emulsifier. First, using a protein-polysaccharide electrostatic complex, the
impact of electric surface charge and the interfacial thickness on the physical and
chemical stability of the emulsions was studied. Although an increase in droplet
size was observed after 2 weeks, the color of the original emulsion as well as the
aromatic profile were maintained in comparison with the emulsions stabilized with
only a protein layer. The reason behind that might be the thickness of the
emulsifier and the increased viscosity of the emulsion.

Aiming for producing emulsions with high-throughput, conventional emulsification
technologies are highly energy intensive, causing damage to shear and heat
sensitive products. Therefore, the a high-throughput low-energy emulsification
system based on micro-structured nickel sieves to produce food-grade lemon oil in
water emulsions was assessed. Results showed that emulsification is possible
however certain limitations makes it difficult to maintain the integrity of the micro-
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sieves and refine emulsions with oil fractions higher than 5%wt. The cleaning
protocol was optimized to reduce the amount of wear caused on the micro-sieves.

A layer of silica glass beads was then added on top of the nickel micro-sieves to
form what is called a dynamic membrane of tunable pore size (DMTS). This new
system allowed to overcome the limitations pre-mentioned with the nickel micro-
sieves, and by that stable lemon oil emulsions were produced with 40%wt oil
fraction. Tuning the height of the silica beads layer and the size of the beads, allow
to easily control the size and dispersion of the oil droplets in the emulsions. Also, a
modified version of the DMTS system, produced emulsions with narrow size
distribution (span <1). Also, results obtained with the modified DMTS showed that
major cutbacks in the system energy requirements can be done without
compromising the quality of the emulsions (droplet size and dispersion, stability,
flux).

Results from the DMTS system and those from emulsions stabilized with the
protein-polysaccharide electrostatic complex encouraged testing the combined
effect. For that reason, the effect of a protein-polysaccharide emulsifying complex,
as compared to standard dairy proteins, on lemon oil emulsions properties and
stability, using a DMTS system was assed. In addition to that, a modified DMTS was
also tested for emulsification. Unlike the standard DMTS system, the modified
DMTS contained two superimposed layers of silica beads of different sizes. First,
results showed that using the DMTS system, and the modified DMTS in particular,
resulted in the lowest reported droplet break-up for premix membrane
emulsification (0.05 < d3, / dyv < 0.2). Also, emulsions stabilized with the complex
had the lowest reported span value of 0.82. Similarly with the results from
emulsions produced with conventional membranes, the emulsions produced with
the DMTS system and stabilized with the protein-polysaccharide complex
conserved the initial color of the emulsion.
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Resumen

Los aceites esenciales, como el aceite de limdn, son muy utilizados en la industria
alimentaria como aromatizantes. El aceite de limdn es rico en terpenos insaturados
y funcionalizados con oxigeno, lo que lo hace susceptible a la oxidacién causada
por el oxigeno, la luz y el calor. Los procesos de fabricacién y almacenamiento, los
materiales de envasado y los ingredientes en los alimentos a menudo causan
modificaciones en el sabor general al reducir la intensidad del compuesto
aromadtico o producir componentes de sabor desagradable. Para limitar la
degradacion o pérdida de aroma durante el procesamiento y el almacenamiento,
la encapsulacion de aceites esenciales antes del uso en alimentos o bebidas es una
practica comun. Ademas, la encapsulacién a través de microencapsulacion vy
emulsificacion facilita la incorporacién de aceite de limén en los alimentos.

En esta tesis, se produjeron emulsiones de aceite de limon en agua por medio de
una nueva membrana dindmica de sistema de tamafio de poro regulable y
estabilizadas por un complejo electrostdtico de proteina-polisacarido.

Para producir emulsiones estables, se deben controlar muchos factores, incluido el
tipo de emulsificacién. Primero, usando un complejo electrostatico de proteina-
polisacarido, se estudid el impacto de la carga superficial eléctrica y el grosor
interfacial en la estabilidad fisica y quimica de las emulsiones. Aunque se observé
un aumento en el tamafio de gota después de 2 semanas, el color de la emulsidon
original asi como el perfil aromdtico se mantuvieron en comparacién con las
emulsiones estabilizadas con solo una capa de proteina. La razén detrads de esto
podria ser el grosor del emulsionante y el aumento de la viscosidad de la emulsién.

Con el objetivo de producir emulsiones con alto rendimiento, las tecnologias de
emulsificacion convencionales requieren mucha energia, causando dafios a los
productos sensibles al calor y al cizallamiento. Por lo tanto, se evalud un sistema
de emulsién de baja energia y alto rendimiento basado en tamices de niquel
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microestructurados para producir emulsiones de aceite de limén en agua de
calidad alimentaria. Los resultados mostraron que la emulsificacidn es posible; sin
embargo, ciertas limitaciones dificultan el mantenimiento de la integridad de los
micro tamices y el refinado de las emulsiones con fracciones de aceite superiores
al 5% en peso. El protocolo de limpieza fue optimizado para reducir la cantidad de
desgaste causado en los micro tamices.

Seguidamente, se agregd una capa de esferas de vidrio de silice en la parte superior
de los micro tamices de niquel para formar lo que se llama una membrana
dindmica de tamafio de poro regulable (DMTS). Este nuevo sistema permitid
superar las limitaciones mencionadas anteriormente con los micro tamices de
niquel, gracias a los cuales se produjeron emulsiones estables de aceite de limdn
con una fraccion de aceite del 40% en peso. Ajustar la altura de la capa de esferas
de silice y el tamafio de las esferas, permite controlar facilmente el tamafio y la
dispersion de las gotas de aceite en las emulsiones. Ademads, una versién
modificada del sistema DMTS produjo emulsiones con una distribucién de tamafio
estrecha (span <1). Los resultados obtenidos con el DMTS modificado mostraron
gue se pueden realizar importantes recortes en los requisitos de energia del
sistema sin comprometer la calidad de las emulsiones (tamafio de gota y
dispersidn, estabilidad, flujo).

Los resultados del sistema DMTS y de las emulsiones estabilizadas con el complejo
electrostatico proteina-polisacarido alentaron a probar el efecto combinado. Por
esa razén, se evalud el efecto de un complejo emulsionante de proteina-
polisacarido, en comparacion con las proteinas lacteas estandar, sobre las
propiedades y la estabilidad de las emulsiones de aceite de limén, utilizando un
sistema DMTS. También, se probd un sistema DMTS modificado para la
emulsificacion. A diferencia del sistema DMTS estandar, el DMTS modificado
contenia dos capas de esferas de silice de tamafios diferentes. Primeramente, los
resultados mostraron que el uso del sistema DMTS, y del DMTS modificado en
particular, resultd en la ruptura de gotas mas baja reportada para la emulsificacién
con membrana de premix (0.05 <ds, / dy <0.2). Ademads, las emulsiones
estabilizadas con el complejo tuvieron el valor de dispersién mas bajo reportado
de 0.82. De manera similar con los resultados de las emulsiones producidas con
membranas convencionales, las emulsiones producidas con el sistema DMTS vy
estabilizadas con el complejo proteina-polisacarido conservaron el color inicial de
la emulsion.
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Introduction

1.1. General introduction

Emulsions are a mixture of two immiscible liquids in which one is present as
droplets, called the dispersed phase, distributed in the other the phase, that is
referred as continuous phase. In that sense, simple emulsions would be in the form
of oil-in-water (O/W) emulsions or water-in-oil (W/O) emulsions. Emulsions are not
spontaneously formed. They require energy inputted into the system so the
dispersed phase would break into microscopic sized droplets and suspend in the
continuous phase. However, emulsions are thermodynamically unstable and they
are bound to separate, which is referred to as the destabilization of an emulsion.
A crucial element for the formation and kinetic stabilization of an emulsion is the
emulsifier or surfactant. This latter is soluble in the continuous phase and contains
a hydrophilic and a lipophilic group. For instance, for the production of an O/W
emulsion, the emulsifier will dissolve in water and arrange its lipophilic site around
and towards the oil droplets while leaving the hydrophilic site towards the water.
The emulsifier layer around the oil droplets forms a protective layer stopping said
droplets from coalescing that ultimately leads to the destabilization of the
emulsion. Another function of the emulsifier is to reduce the interfacial tension
between the two immiscible liquids and by that facilitates breaking up the
dispersed phase into fine droplets.

Factors that affect an emulsion’s stability include the dispersed phase droplets’ size
and size distribution, the mass/volume fraction of the dispersed phase, the type
and amount of the emulsifier, the viscosity of the continuous phase and the
emulsion’s storage conditions.

1.1.1. Membrane emulsification

Emulsions can be produced by several methods such as rotor stator mixers, colloid
mills, high-pressure homogenizers and ultrasonic homogenizers. These
technologies, however, have some limitations controlling the dispersion of the final
droplet size of the emulsion and use much higher energy input than required for
droplet break-up, thus submitting the product to high shear stress and over-
heating. Membrane emulsification (ME) is a dispersion technique that has gained
advantage over traditional methods. It involves, depending on the type of ME, the
permeation of either a pure dispersed phase through the microporous system into
a continuous phase forming monodispersed suspended droplets, or the
permeation of a coarse/premix emulsion through the micro-channels to reduce the
size and size distribution of the preformed droplets. The main advantage of ME is
that it requires lower energy input 1. Besides, this technique allows the control of
the final droplet size of the emulsion by selecting the pore size, geometry and
morphology of the membranes?. To prepare O/W emulsions, a hydrophilic
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membrane is required and for W/O emulsions a hydrophobic membrane is
required. In any case, for successfully producing the emulsion, the membrane must
remain well wetted by the continuous phase during the emulsification process. If
the membrane becomes wetted by the continuous phase large droplet size
distributions can be expected.

Comparing high-energy emulsification methods with ME, a microfluidizer for
instance, which passes a coarse emulsion under high pressure through an orifice
and breaks droplets by shear, impact and cavitation forces, produces emulsions
with large droplet size dispersions while membranes are very efficient at refining
an emulsion 3. With such broad size distribution, a later addition of more stabilizers
might be needed to make the emulsions more stable kinetically *.

More importantly, ME requires much less energy than the traditional
emulsification methods. The energy input per unit volume in high-energy
emulsification methods is about 5-20 kJ/dm? while in membrane emulsification it
is about 0.05-5 kJ/dm? >. It has been shown that in systems like high pressure
homogenizers more than 99.9% of the energy is mostly converted into heat
causing an increase in temperature °, therefore potentially damaging some of the
emulsion’s components. A recent study 7 showed that no substantial degradation
to heat sensitive nutrients occurs in the short time that the emulsion pass through
the valve of a high pressure homogenizer; however the authors did recommend a
rapid cooling step after emulsification to avoid degradation downstream. In food
emulsions, the loss of volatile compounds is highly possible with the sudden
increase of temperature caused by the extra energy introduced in the system by
conventional emulsification methods.

In brief membrane emulsification allows to control of emulsions’ droplet size and
obtain narrow droplet size distribution. Also, less energy is invested and low shear
values are registered resulting in no raise in emulsion temperature. These strong
points are clearly advantageous for applications demanding stable emulsions with
shear or heat sensitive compounds, such as food aromas.

1.1.2. Premix membrane emulsification

Membrane emulsification is a low-energy technology that branches into two types:
direct 81 and premix #%2%-26 ME. Direct ME is when a pure disperse phase is passed
through a membrane into a flowing or agitated continuous phase (Figure 1.1a).
Control of droplet formation is achieved by passing a low amount of disperse phase
through the membrane, resulting in low productivity and limiting scale-up of the
process.
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Premix ME, on the other hand (Figure 1.1b), is the passage of a premix or a coarse
emulsion through a membrane to refine it resulting into a stable monodispersed
emulsion. The advantages of premix ME over direct ME are in small droplet sizes
and higher throughput for a given pore size ¥, even though this might be related
with a lower degree of monodispersity in the final product. Also, in general, a
premix ME setup is simpler and easier to operate and control and the energy
needed is one order of magnitude lower than in direct ME %.

Premix ME is a well-established emulsification technique where many types of
microstructured systems have been utilized. Corn ? and sunflower oil *%
emulsions have been produced by conventional membranes like the Shirasu
porous glass (SPG) membranes. These membranes were first used for direct
emulsification in 1988 2° and for premix emulsification in 1996 *°. Because of their
low-energy consumption and simplicity, they have gained popularity and the
studies that use SPG membrane emulsification are innumerable 2*27:283131-37,
However, SPG membranes are expensive and have an extensive and time-
consuming cleaning and regeneration procedure. Moreover, although the SPG
membranes have large effective areas (3.2 - 30.7 cm? 3), the fluxes (flow rate per
unit area) obtained with these membranes lie on the low range of the fluxes
obtained with high-throughput ME systems.

More studies include other types of membranes used in premix ME. Trentin et al.
(2009)* also have produced sunflower oil emulsions but using commercial
polymeric microfiltration membranes (polycarbonate, nylon, polyethersulfone and
nitrocellulose). These authors concluded that not all polymeric membranes are
suitable to produce stable emulsions and factors like emulsifier type and emulsion
pH could strongly control this aspect. This is a disadvantage when it comes to the
production of food emulsions because they contain proteins at specific pH and that
is difficult, and sometimes impossible, to change. Other polymeric membranes
reported include polytetrafluoroethylene %%, polyethylene *° and cellulose acetate
141 Also, ceramic 2 and glass *** membranes were reported to be used in premix
membrane emulsification. Although emulsification was possible with these
membranes, fluxes remained low (0.45 - 13 m3m=2h) and the setup was not simple
or easily manipulated. In addition, these membranes have interconnected
channels and foul easily especially when using proteins and they are difficult to
clean 2. For that reason it would be useful to utilize membranes with straight-
through pores such as nickel membranes 2%,

Nickel micro-engineered membranes, a.k.a. nickel sieves, are produced by the
galvanic deposition of nickel onto a substrate that is fabricated by
photolithography and etching. This technique is highly cost effective and accurate,
producing highly porous nickel sieves with homogenous pore size distribution &*°.
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Figure 1.1. Scheme of a direct membrane emulsification

Unlike conventional membranes which have a deep and intricate network of pores,
nickel sieves have straight-through pores that can be easily cleaned when fouled.
Moreover, their metal properties allow them to be used under pressures to 500
kPa 2!, which would otherwise break more vulnerable membranes (e.g. flat ceramic
membranes) having the same shape and dimensions. Thus, nickel micro-sieves
combine mechanical resistance and pores in the micron range that make them
suitable for emulsification.

Nickel micro-sieves have been employed in both direct and premix ME. Table 1.1
summarizes the studies that have used nickel micro-sieves to produce emulsions
and the experimental conditions. In direct emulsification, a Micropore Dispersion
Cell is reported to be used where the to-be-dispersed phase is pumped up through
the micro-sieve into a tank containing the aqueous phase. This tank contains a
rotating paddle, right above the nickel micro-sieve, which agitates the continuous
phase thus helping in the break-up of the oil droplets. Dragosavac et al. (2012)*2
have prepared pumpkin oil double emulsions using this technique attaining fluxes
up to 3.2 m.m2.hl. Kosvintsev et al. (2005)** and Egidi et al. (2008)"’ reported the
possibility of producing sunflower oil emulsions with fluxes of 0.9 and 2.64 m3.m"
2 h? respectively. All these studies also mention that the produced emulsions have
monosized droplets. Santos et al. (2015)8 produced lemon oil emulsions with fluxes
between 0.1 and 1 m3.m2.h?, while the emulsions obtained were polydisperse. In
all cases the authors agree that nickel micro-sieves require surface modification to
change them from hydrophobic to hydrophilic to be used in the production of O/W
emulsions.
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A stirred cell has also been used in a premix ME setup to refine a coarse emulsion.
Santos et al. (2015)® produced lemon oil in water emulsions using a stirred cell with
a hydrophilic nickel micro-sieve. The stirred cell module has low fluxes and the
authors reported that emulsification and droplet break-up was possible only when
nickel micro-sieves’ surface properties were previously modified, resulting in
polydisperse emulsions. Moreover, nickel micro-sieves have also been used in
premix ME with high-throughput system. In this system, the coarse emulsion is
pressed through the micro-sieve at higher pressures than in the stirred cell, and
droplet break-up mainly occurs in the membrane channels. This system has been
used without any surface modification of the nickel micro-sieve to produce n-
hexadecane/water emulsions %2126 and sunflower oil/water emulsions #2. For n-
hexadecane/water emulsions, Nazir et al. (2011)® reported fluxes up to 1500
m3.m=2.h?at 200 kPa. As far as the author knows there are no other previous
applications for the production of food grade O/W emulsions with nickel micro-
sieves using a high-throughput premix ME system.

1.1.3. Dynamic membrane emulsification

A new system, named dynamic membrane, DM, was first reported by Van Der
Zwan et al. (2008)%. This membrane is made of a bed of hydrophilic silica glass
micro-beads supported by a nickel micro-sieve (Figure 1.2) and it is referred to as
“dynamic” because the micro-beads size and bed height may be selected to tune
the porosity and the thickness of this microporous system, respectively.

Packed bed ""“‘
1 0000000

Nickel sieve —

Figure 1.2. Dynamic membrane of tunable pore size system
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The DM system is cheap and easily disassembled, cleaned and reused. This system
is reported to vyield high throughput (= 1000 m3.m<2Zh?) and produce
monodispersed emulsions “°. Dynamic membranes have been reported for the
production of both non-food 22264043 and food grade emulsions #>#4%¢, Sunflower
oil simple O/W 2% and W/O/W double * emulsions were reported in the literature
to be produced with the DM system. Also, DM have been used for the production
of food foams 6. From this point forward this system will be referred to as dynamic
membranes of tunable pore size (DMTS) to stress the fact that microporous
structure can be tailored. Table 1.2 shows the summary of all the emulsions
produced with the DMTS system, reporting the characteristics of the bed, and
operating conditions used in literature. As it is clear, silica beads sizes used ranged
from 30 to 90 um with only one case going up to 1000 um and the most common
bed height was that of 2mm. As for the applied emulsification pressure, the highest
pressure used was 600 kPa %°, in the same range as the highest pressure of 500 kPa
% used for emulsification with the nickel micro-sieves alone. Studies that used the
DMTS systems for food applications report transmembrane fluxes that range
between 65 - 800 m3.m2.h*depending on the beads size used, the bed height, the
applied pressure and also the composition of the emulsion, knowing that food
emulsions can be quite viscous. Only one study *?, reported using a protein, whey
protein in particular, to stabilize sunflower oil-in-water emulsions. These emulsions
were successfully refined at 300 kPa using a DMTS (72 um beads size and 2 mm
bed height) with little to no signs of bed fouling. This shows that the DMTS can be
used for the production of food emulsions whose constituents are complex.

11
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1.1.4. Essential oil encapsulation

Essential oils, such as lemon oil, are highly utilized in the food industry as flavorings.
Manufacturing and storage processes, packaging materials and other ingredients
in foods often cause modifications in the overall flavor by reducing aroma
compound intensity or producing off-flavor components. To limit aroma
degradation or loss during processing and storage, encapsulation of essential oils
prior to incorporation in foods or beverages is a common practice.

Lemon oil (LO), widely used in the food industry to flavor many products, from
baked goods and soft drinks to dairy and confectionery products, is easily degraded
by oxidation, heat and/or light “®. For those reasons, lemon oil emulsions and
capsules have been produced as means to protect and facilitate the handling of
this volatile oil #*53 as well as allow its dispersion in aqueous foods like soft drinks.
Additionally, studies on LO emulsification are becoming more relevant since, d-
limonene, one of its major constituents, is an environmental friendly chemical that
has been assessed in the production of green emulsions with applications in
agrochemical products >**, Also, recently an interest in the antimicrobial,
antifungal and antioxidant properties of lemon oil has been rising .

As for LO emulsification, a study of the literature shows that both high energy
(shear intensive) as well as low energy techniques were used (Table 1.3). The latter
techniques, which require low energy inputs, are microchannel emulsification >3,
membrane emulsification with a stirred cell module ® and spontaneous
emulsification . Since LO, contains many volatile compounds that are heat
sensitive, it will benefit of using a low energy — low shear membrane emulsification
technique. However, these systems used in the literature so far, are far behind
industrial requirements. Microchannel emulsification, for instance, applies a direct
emulsification technique with very low flow rates (5 mL.h?). The stirred cell
module, and although it works for premix emulsification, rendered fluxes that are
still low (0.1 - 1 m3.m2.h!) and the emulsions produced were polydispersed. As for
spontaneous emulsification, it needs high concentrations of emulsifiers and still
the emulsions are not stable for more than 24 hours. All these drawbacks point
towards the need of a low energy — low shear membrane emulsification technique
for lemon oil emulsification that can produce stable emulsions with narrow size
distributions and at industrial fluxes. This is important not only for scaling up
purposes but also for post-emulsification processes like spray drying that gives the
best results with monodispersed stable emulsions &,
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Table 1.3. Techniques used to encapsulate lemon oil

Polymer microcapsules 52,59

(7]

g

2 Spraydrying 48,50

o

§ B — Cyclodextrin capsules 51,60-63

(3]

2 Freeze drying 64
Shear homogenizer 65-67

@ High pressure homogenizer 68-71

-g Microfluidizer 49,72,73

g Microchannel emulsification 53

w  Stirred cell 8

High intensity ultrasonic processor 7475

1.1.5. Emulsifiers

Lemon essential oil emulsions in literature, have been stabilized with sophorolipids
%5 (a surface active glycolipid), non-ionic (e.g.: sucrose monopalmitate , Span80
74 Tween20 °2 and Tween80 %7%) and anionic (Sodium dodecyl sulfate 3)
surfactants, polysaccharides (e.g.: gum Arabic, corn fiber gum and beet pectin )
and milk protein (bovine serum albumin 3 and sodium caseinate ).

Polyoxyethylene (20) sorbitan monolaurate, commercially known as Tween20, is a
conventional emulsifier used to prepare O/W emulsions (Table 1.2). This nonionic
surfactant is FDA approved for human consumption as a food additive (Code of
Federal regulations, Title 21, Chapter 1, Subchapter B, Part 172, Subpart F, Sec.
172.515). However, in aim of improving interfacial structures and chemical
stability, a different stabilizer is required to better stabilize the lemon oil emulsions
and protect the oil from oxidation. It was reported that whey protein (WP)
significantly lowered B-carotene emulsions degradation compared to Tween20”’.
Also, other authors stress that WP at controlled pH, whether acidic or basic) can
control the chemical stability of the emulsions 787°. Besides, the presence of
proteins themselves, present an added nutritional value to emulsions.

Traditional food grade emulsifiers are dairy proteins like whey protein and sodium
caseinate (NaCaS). Proteins are considered as good emulsifiers because of their
amphiphilic nature. The main components of WP are the globular proteins B-
lactoglobulin and a-lactalbumin forming 50% and 20% respectively of the total
protein content. NaCa$S contains a mixture of asi-, asz-, B- and k-casein proteins in
a weight proportion of 4:1:4:1 881,
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Proteins contain hydrophobic parts that adsorb onto the oil phase while their
hydrophilic parts remain in the aqueous phase forming a bulky barrier at the
interface #. However proteins have their limitations due to their complicated
structures, the interactions they have between their own molecules and the way
they adsorb to the interface changes resulting in a less coherent protein layer
structure %,

Therefore, other studies have reported using mixtures of proteins and
polysaccharide that forms a bulkier complex 88 One kind of complexation is
electrostatic where the oppositely charged biopolymers interact. For example,
Berendsen, Giiell, Henry, & Ferrando, (2014) & have successfully produced a water
soluble 0.5%wt whey protein — 0.25%wt carboxymethyl cellulose complex (WP-
CMC) at a pH of 3.8. Below its isoelectric point (pH = 5.2), WP is positively changed
and the polysaccharide (CMC) is negatively changed. Upon mixing, an over-all
negatively changed complex is formed. In addition to having a thicker layer
protecting the oil droplets and preventing their coalescence in O/W emulsions,
CMC increases the viscosity of the continuous phase making it more difficult for
droplets to move and retarding creaming. Another advantage of WP-CMC
electrostatic complex is the possibility, in the presence of CMC, to reduce the
concentration WP needed to stabilize an emulsion. Moreover, it has been reported
that the WP-CMC complex increases the stability of emulsions 8%’

To the author’s knowledge, only two studies used another type of protein-
polysaccharide covalent complexation known as a Maillard conjugate (sodium
caseinate-lactose and soy protein-gum acacia) to stabilize lemon oil emulsions 7%
and no studies report the use of the WP-CMC electrostatic complex.

Nevertheless, a recent interest in plant-based proteins has been on the rise. With
the increase of the global human population to 9.5 billion by 2050, the demand for
protein is expected to double. For that reason, research is turning to plant proteins
as another protein source. Plant proteins are safer for human consumption (low
allergenicity) and more sustainable, not to mention they are a preference for
people following a vegan or vegetarian diet. A downside to plant proteins is their
strong taste and low solubility in water. In the last year alone more than fifteen
studies have reported using plant proteins as emulsifiers to stabilize O/W
emulsions. Some of these studies are reported in Table 1.4.

One kind of plant protein that stands out in Table 1.4, is pea protein (PP). PP’s
major components (65-80%) are the globular proteins: 11S legumin, 7S vicilin 829,
Compared to other plant proteins like soy, PP have lower allergenic potential and
higher nutritional value. Similarly to milk proteins, PPs are amphiphilic and by that
can be used to stabilize emulsions as it is clear in Table 1.4. Burger & Zhang, (2019)
8 report that the process for PP to stabilize an oil/water interface starts by
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migration of the protein to the interface, adhesion, partial denaturation and
reorientation (the hydrophilic portion facing the water and the hydrophobic one
inside the oil) and finally the formation of a viscoelastic film at the interface. This
film stabilizes oil droplets through electrostatic repulsion and steric hindrance.

Table 1.4. Literature review on the use of plant proteins as emulsifiers.

0O/W Emulsions

Emulsifier

Ref.

10% wt. sunflower oil

Whey-pea protein blends

Sodium caseinate-pea protein blends

90

2% wt. corn oil

Pea protein-gum Arabic maillard conjugates

91

5% wt. rapeseed oil

Fava bean protein isolate

92

5% wt. flaxseed oil

Flaxseed protein

Flaxseed protein-flaxseed mucilage complex

93

10% wt. sunflower oil

Brown rice protein

Hemp protein

Pea protein

Soybean protein

Sunflower seeds protein

94

10% wt. soybean oil

Rice protein-chlorogenic acid complex

95

5% wt. medium chain
triglyceride oil/flaxseed oil
mixture

Quillaja saponin protein

Gum arabic

96

25% vol. corn oil

Cumin protein isolate

97

10% wt. sunflower oil

Sunflower seeds derived complexes

98

15%wt sunflower oil

Pea protein

Soy protein

Milk- pea protein and milk-soy protein
mixtures

99

2.5% wt. caprylin oil

Flaxseed protein

Flaxseed protein-flaxseed mucilage complex

100

10% wt. corn oil

Lotus seedpod proanthocyanidin-whey protein
complex

101

5% wt. canola oil

Pea protein

102

50% wt. canola oil

Lentil protein

Lentil protein-carboymethyl cellulose complex

Lentil protein-gum Arabic complex

Lentil protein-alginate complex

Lentil protein-t-carrageenan complex

103

10% vol. rapeseed oil

Soy protein

Peanut protein

104
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Objectives

2.1.Objectives

The purpose of this work is to assess the use of novel low-energy high-throughput
emulsification techniques, based on microporous systems, to encapsulate lemon
oil in stable and narrow droplet size emulsions. The effect on the performance of
the emulsification system and emulsion stability of several emulsifiers, from a low
molecular weight non-ionic surfactant to biopolymers, is studied. These general
goals can be reached by fulfilling the following specific objectives:

e To use a protein-polysaccharide electrostatic complex to stabilize lemon
oil emulsions produced with a conventional premix membrane
emulsification system, based on inorganic membranes, and to assess the
improvement in the chemical stability of target volatile compounds of
lemon oil.

e To produce lemon oil emulsions, stabilized with Tween 20, with nickel
micro-sieves and ascertain advantages and limitations of this microporous
system.

e To test a novel microporous system based on a bed of silica beads
supported by a nickel micro-sieve (dynamic membranes of tunable size,
DMTS) to produce lemon oil emulsions with oil fractions of 20 and 40%,
stabilized with Tween 20.

e To evaluate the effect of the DMTS characteristics, thickness and
interstitial void fraction, and the porosity of the nickel micro-sieve support
in droplet break-up, emulsion productivity and emulsion stability for
Tween 20 stabilized emulsions.

e To determine if the DMTS system enables to produce lemon oil emulsions
stabilized with biopolymers such as whey protein, sodium caseinate and
whey-protein — carboxymethyl cellulose electrostatic complex. The effect
of the DMTS characteristics on droplet break-up, emulsion productivity
and emulsion stability are studied.

e To implement modifications in the DMTS system, by tuning the
microporous structure, to obtain stable and narrow droplet size
distribution lemon oil emulsions stabilized with Tween 20 or biopolymers,
while reducing the energy input to the system.

e To use microfluidics to study the use of a plant-based protein, pea protein,
as an alternative to dairy proteins to stabilize food emulsions.
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3. Emulsifying lemon oil with
inorganic membranes: Impact of

interfacial properties on the
volatile profile

This chapter has been submitted as:

Kaade, W., Sdnchez, C.M., Guell, C., De Lamo-Castellvi, S., Mestres, M.
and Ferrando, M., “Emulsifying lemon oil with inorganic membranes:
Impact of interfacial properties on the volatile profile”, Food Chemistry
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3.1.Introduction

Essential oils are known to deteriorate quickly producing off-flavors and by that
reducing their shelf-life 7. Lemon oil, a natural flavoring and food additive, which
consumers nowadays highly seek, is rich in unsaturated and oxygen functionalized
terpenes making it susceptible to oxidation caused by oxygen, light and heat. The
main components of lemon oil are d-limonene, y-terpinene, B and a — pinene and
the isomers of citral, neral and geranial (Table 3.1). These two latter, dominate the
over-all flavor profile of fresh lemon oil over more than 130 volatiles found in
lemon oil 1%,

Table 3.1. Principal compounds present in lemon essential oil 1°5:%7
Quantities in fresh

lassificati
Compound cold-pressed LO (%) Classification
d-Limonene 45.0-80 Cyclic monoterpene
y-Terpinene 2.9-15.6 Cyclic monoterpene
B-Pinene 2.2-15.0 Cyclic monoterpene
a-Pinene 0.4-5.3 Cyclic monoterpene
B-Myrcene 0.9-12.7 Linear monoterpene
E-Citral
.6-2. Aldeh
(Geranial) 0.6-2.3 dehyde
Z-Citral
4-1. Aldeh
(Neral) 0 9 dehyde
Sabinene 0.5-1.7 Bicyclic monoterpene
Terpilonene 0.6-1.3 Cyclic monoterpene
Neryl acetate 0.1-0.9 Acetate ester
Geranyl acetate 0.1-1 Acetate ester
B-Caryophyllene 0.3-0.8 Bicyclic sesquiterpene
a-Terpinene 0.7 Cyclic monoterpene
p-Cymene 0.6-1.1 Cyclic monoterpene
a-Terpineol 0.2-0.5 Monoterpene alcohol
Linalool 0.08-0.2 Terpene alcohol

d-Limonene, is the main constituent of lemon oil making up 45-80% of it. This cyclic
monoterpene is susceptible to degradation by acid-catalyzed hydration-
dehydration and oxidation reactions. By-products of these reactions include
carvone, carveol, 2,8-menthadiol and limonene oxide (Figure 3.1) % Likewise,
citral, a monoterpene aldehyde and key contributor to citrus flavor, decomposes
rapidly during storage at acidic pH by a series of cyclization and oxidation reactions
(Figure 3.1). As a result of citral degradation, the level of fresh lemon-like aroma
decreases and off-flavors are generated. To reduce the occurrence of these
reactions and extend the self-life of lemon oil, a protection technique is needed.
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Figure 3.1. Degradation pathways of d-Limonene and citral 71%%

Lemon oil, and citrus oils in general, have been used for flavoring purposes of soft
drinks, dairy products and confectionaries. Because citrus oils are not fully water-
soluble, they are added to many food and beverages as oil-in-water (O/W)
emulsions, which in turn become a way of protecting volatile and/or active
ingredients. Many studies have examined some of the major factors influencing
the production and stability of O/W emulsions encapsulating lemon oil, citral or
limonene. Recently the impact of high- and low-energy emulsification technologies
on the properties of lemon oil emulsions has been reported. However, little to no
information is present on process productivity. While high-energy technologies,
such as high-pressure homogenization or sonication, apply high shear forces and
cavitation to obtain stable lemon oil emulsions with a droplet size that can be
below 100 nm %1% |ow-energy emulsification technologies, particularly
membrane emulsification, produce emulsions with a narrow droplet size
distribution at low shear stress conditions.

Moreover, the role of interfacial properties of lemon oil emulsions on controlling
their physical and chemical stability as well as the release of encapsulated aroma
compounds has been widely investigated. Special attention has been paid to
biopolymers because of their capacity to both form layers/coatings able to stabilize
the oil-water interface and reduce the access of H and prooxidant metals to the
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interface and by that, the conditions promoting chemical degradation. Accordingly,
whey proteins (WP) were found to decrease oxidative reactions in citral emulsions
at pH 3 and that was linked to their ability to form a cationic emulsion interface
able to repel prooxidative metals and/or the presence of amino acids in whey
proteins capable to scavenge free radical and chelate prooxidative metals 7°.

More recently, engineered interfaces with proteins combined to polysaccharides
have been explored to control chemical degradation in citral, limonene and lemon
oil emulsions. Maillard conjugates of sodium caseinate and lactose 7! partially
inhibited off-flavors formation from lemon oil emulsions compared to those
stabilized with the single protein, while soy protein-polysaccharides Maillard
conjugates improved the physical stability of citral emulsions during prolonged
storage . Furthermore, interfacial stabilization using the layer-by-layer
technique, in which oppositely charged polymers, such as proteins and
polysaccharides are adsorbed onto the droplet surface to create a bi-layered
interfacial membrane, has produced stable emulsions with a better control of
lemon oil degradation. In particular, dairy proteins, e.g. lactoferrin, a-lactalbumin,
B-lactoglobulin or sodium caseinate, were used to absorb at the droplet surface
while anionic polysaccharides like pectin or gum Arabic, were added to the system
to electrostatically interact with the already positively charged interface %~
113 Likewise, lecithin, which works as an anionic emulsifier because of the
functional head groups of various phospholipids, has been used to create
negatively charged droplets subsequently coated by positively charged
polysaccharides such as chitosan . Although the electrical surface charge of the
oil droplets has been suggested as an efficient strategy to reduce the access of
prooxidant cations to the interface 73, it may not be the only factor to consider
seeing as both negatively and positively charged interfacial bi-layers have been
found to reduce the chemical degradation of citral and limonene emulsions.
Apparently the thicker interfacial bi-layer formed by proteins and polysaccharides,
as well as the enhanced viscosity of the continuous phase in these emulsions
contribute to prevent the access to prooxidant cations to the interface.

An alternative approach to stabilize lemon emulsions with thick interfacial layers
made of protein and polysaccharides is through using electrostatic complexes as
emulsifiers. Soluble protein-polysaccharide complexes, resulting from electrostatic
interactions between oppositely charged macromolecules at certain conditions of
pH and ionic strength, have been successfully used to stabilize oil-in-water
interfaces in single O/W 8¢ and multiple W/O/W emulsions 1151, Berendsen et
al. (2014)% reported that sunflower O/W emulsions stabilized with a whey-protein
— carboxymethyl cellulose (WP-CMC) electrostatic complex maintained a more
stable droplet size distribution than O/W emulsions stabilized with a monolayer of
WP or those stabilized by a bi-layer made of positively charged WP coated by
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negatively charged CMC. Nevertheless, sunflower oil oxidized much faster in
emulsions stabilized with WP-CMC electrostatic complex than in those with just
WP, what was attributed to the negatively charged droplet surface obtained with
the electrostatic complex.

The aim of this work was to determine how both the electric surface charge and
the interfacial thickness impact the physical and chemical stability of lemon O/W
emulsions when stabilized with a WP-CMC electrostatic complex and WP at neutral
and acidic conditions. To do so, emulsions were obtained using premix Shiratsu
porous glass (SPG) membrane emulsification and low-cost ceramic membranes. To
assess to what extent each interfacial structure affected the physical and oxidative
stability of O/W emulsions, droplet size distribution and the evolution of some key
components of the lemon oil volatile profile at accelerated oxidative conditions
were monitored over two weeks.

3.2. Materials and methods

3.2.1. Materials

For the production of the simple O/W emulsions, distilled water was used and the
lemon oil was purchased from Dallant, Spain. The emulsifiers used were Tween20
(Sigma Aldrich, CAS: 9005-64-5), whey protein (Davisco Foods International, USA)
and a protein-polysaccharide electrostatic complex: whey protein-carboxymethyl
cellulose. CMC (Sigma-Aldrich, San Luis, Misuri, CAS: 900-32-4) was purchased from
Sigma-Aldrich Quimica SL, Spain. For emulsification, a High-speed mini kit, a 1 um
hydrophilic SPG membrane (tubular membrane of 125 mm length x 10 mm
external diameter x 0.8 mm wall thickness, SPG Technology Co., Japan) and a low-
cost ceramic membrane (Instituto de Tecnologia Ceramica, Universidad Jaume |,
Castelldon) were utilized. Hydrochloric acid (HCl) was purchased from Fisher
Scientific (UK).

3.2.2. Whey protein and electrostatic complex preparation

The continuous phase containing whey protein was prepared one day before using
it for emulsification and stored in the refrigerator (4 °C) overnight. The three
emulsifiers used in this study were 1%wt WP (pH: 6.8), 1%wt WP (pH: 3.8) and
0.5%wt WP - 0.25%wt CMC electrostatic complex (pH: 3.8). 200 ml of 2%wt WP
solution was prepared and diluted on the day of the experiment to 1%wt. Also, on
the emulsification day, the pH of the WP with the neutral pH (pH: 6.8) was only
measured while the WP that needed pH modification to 3.8, that was done using
1M HCI. As for the WP-CMC complex, 2%wt WP and CMC solutions were prepared
the day before, and the day of the experiment 200 ml of the complex were
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prepared by mixing the following: 22.5g of 2%wt CMC, 22.5g of distilled water, 90g
of 20mM acetic acid buffer and finally 45g of 2%wt WP. At this point the pH of the
complex was adjusted to 3.8 with 1M HCI. Berendsen, et al. (2014) ® have shown
that this protein-polysaccharide 2:1 proportion is soluble at pH 3.8 and that the
complex is negatively charged.

3.2.3. Premix membrane emulsification

Lemon oil coarse emulsions to be refined with SPG membranes had 20% oil
fractions while those meant for low-cost ceramic membranes had 5% oil fraction.
Table 3.2 details the experimental conditions and combinations tested in this
chapter. All coarse emulsions (a.k.a premix) were first homogenized with a high
shear mixer (IKA® T-18 basic Ultra-turrax) at 15,500 r.p.m with a 30 seconds break
after each minute to avoid overheating. A 1ml sample of the coarse emulsions was
then taken for droplet size distribution analysis as described in section 3.2.5.

Table 3.2. Membranes' properties and coarse emulsions characterization

Membrane oil Coarse emulsion
. Pressure .
Membrane pore Emulsifier (kPa) fraction ds> Span
size (um) (%) (um) (-)
Low-cost 3.84 2% Tween20 150 5 528 1.10 +
Ceramic 0.08 0.02
SPG 1 1% WP 850 20 13.87+ 0.99%
(pH: 6.8) 0.55 0.02
1% WP 850 20 13.76+ 0.99+
(pH: 3.8) 0.15 0.02
0.5% WP —0.25% CMC 850 20 19.38+ 0.98+
(pH: 3.8) 0.49 0.04

To refine the coarse emulsion, it was placed in the pressure tank (Figure 3.2) and
pushed with nitrogen gas through the membrane. The membrane module shown
in Figure 3.2 is that of an SPG membrane. For low-cost ceramic membranes, the
whole setup was the same except that the membrane module was circular.
Emulsions were passed through the membrane three consecutive times (three
cycles) to further refine the emulsions. After each cycle a sample was taken for
droplet size distribution analysis.

29



UNIVERSITAT ROVIRA I VIRGILI

LOW-ENERGY HIGH-THROUGHPUT MICROPOROUS EMULSIFICATION FOR LEMON OIL ENCAPSULATION
Wael Kaade
Chapter 3

Pressure
gauge

o

Nitrogen inlet

l Coarse
emulsion inlet

-

Pressure
release valve

Pressure tank

SPG
membrane

Membrane module

Refined
emulsion

Ceramic membrane

Figure 3.2. Emulsification setup for conventional premix membrane emulsification

3.2.4. Membrane cleaning

The low-cost ceramic membrane was cleaned by soaking in ethanol and sonicating
for 15 minutes. After that the membrane was sonicated in distilled water for
another 15 minutes. As for the SPG membrane, and after using it for emulsification,
it was soaked and sonicated in acetone for 15 minutes then baked in a furnace at
500 °C for 8 hours. To restore the hydrophilicity of the membrane, it was soaked
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and sonicated in 2N HCl for 1 hour. Then, the membrane was sonicated in distilled
water, three times, for 30 minutes, changing the water every time.

3.2.5. Droplet size distribution measurement

Emulsion characterization consisted of droplet size and droplet size distribution
analysis using a laser diffraction equipment (Malvern Mastersizer 2000). The
emulsion sample was diluted to 1:10 ratio and three measurements were
performed in the Mastersizer. For each sample introduced (measurement), the
Mastersizer performs three readings. This resulted in nine total readings for each
sample. An average of all readings was calculated, and the area-volume mean
diameter or Sauter mean diameter (d32) was calculated using Equation (3.1)

N _ ,.p3
dan = i=1Zib; 3.1
3,2 ZIiV=1ZiDi2 ( )
where, z;is the number of droplets with diameter D.. Also, to know the width of the
size distribution, the droplet span was calculated using Equation (3.2).

Span = (Dsg— D10) / Dso (3.2)

D10 and Dy are the 10" and 90™" percentiles in the size distribution curve and Dspis
the median.

3.2.6. Zeta-potential measurement

Laser Doppler micro-electrophoresis (Zetasizer Nano ZS , Malvern Instruments,
Ltd., Worcestershire, UK) was used to measure {-potential of the lemon oil droplets
in emulsions stabilized with 1%wt WP (pH: 6.8), 1%wt WP (pH: 3.8) and 0.5%wt WP
- 0.25%wt CMC electrostatic complex (pH: 3.8). Measurements were done by
diluting a 0.5mL emulsions sample with 20mL of water. All measurements, of fresh
emulsions and for the stability study, are an average of nine measurements and
calculated by the Smoluchowski equation. All measured C-potential distributions
gave a monomodal distribution.

3.2.7. Emulsion stability

Every emulsion prepared was divided onto ten glass tubes of 12ml. Five of these
tubes were used for the physical stability measurements and the other five for the
chemical stability measurements. For an accelerated stability test, all ten of the
tubes were placed in closed wooden box that contains a UV light (Philips TL 8W/108
ultraviolet) source on the inside. The box also had a thermometer inside to monitor
the temperature and the temperature was on average 251+2°C.
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On a sampling day, two tubes were removed from the box (one for physical and
the other for chemical stability measurements). Sampling was done after 2, 3, 7,
10 and 14 days.

3.2.7.1. Physical stability

The physical stability of the emulsions was followed by taking pictures of the
emulsions over time noting any changes in color or form. Also, the droplet size
distribution was measured as described in section (3.2.5) and the Z-potential was
measured as described in section (3.2.6).

3.2.7.2. Chemical stability

The emulsions’ chemical stability was measured by evaluating the volatile profile
evolution. The analytical technique used was the gas chromatography (GC) so a
pretreatment of the emulsion was necessary to separate the volatile fraction.
Among the different sample preparation techniques, the most appropriate to the
present study was the solid-phase microextraction applied to the headspace of the
sample (HS-SPME). This is a solvent-free technique that allows the extraction and
concentration of the volatile compounds from a complex mixture with minimal
manipulation of the sample and avoiding the interferences that may cause
nonvolatile compounds. This is possible because SPME only uses a fiber coated
with a sorbent where volatile compounds are retained when this device is exposed
to the headspace generated by a sample.

Prior to the analysis of the samples and to obtain and ensure reproducible results,
the different parameters that affect the microextraction process were optimized:
temperature and time of extraction, sample volume and fiber coating. The best
results were obtained when the analyses were performed as follows:

1) 0.380 + 0.005 g of homogenous emulsion were diluted in a 100mL volumetric
flask and homogenized using a vortex.

2) 0.250 mL of this diluted sample were placed in a 20ml glass vial with a magnet
bar inside.

3) 10mL of an 8% sucrose solution was added to the vial, it was then sealed
hermitically with a PTFE/silicone septum and finally shaken manually to
homogenize the mixture.

4) the vial was thermostatted at 40 °C under constant medium stirring for 15
minutes to promote the volatile compounds to move to the headspace.

5) a 50/30 um divinylbenzene/Carboxen/polydimethylsiloxane on a 2 cm
StableFlex fiber was then inserted into the headspace of the vial by using a special
syringe device. The fiber is kept into the headspace for another 15 minutes to
extract the volatile compounds.
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6) The syringe needle that houses the fiber was inserted into the gas
chromatograph injection port and, once there, the fiber was exposed at 2702C
during 3 minutes to guarantee the release of all the volatile compounds into the
GC.

Regarding the GC separation, it was performed using a gas chromatograph
(Hewlett-Packard 5890) equipped with a flame ionization detector (FID). The
sample injection was carried out in splitless mode for 1 min and using an inlet of
0.75 pm I.D. to minimize peak broadening. Chromatographic separation was made
using an HP-5 M.S. (Crosslinked 5% Ph Me Silicone) (30 m x 0.25 mm |.D., 0.25 pum
film thickness) fused silica capillary column. The carrier gas was helium (1.5
mL/min) and the FID detector was supplied with air (447 mL/min), hydrogen (40
mL/min) and helium (22 mL/min). The oven temperature was set at 40 °C for 2
minutes, then increased to 200 °C at 20 °C /min and finally at 502C/min to 275 °C
(50 °C /min) temperature that was held for 7 min. The temperature of the detector
was maintained at 200 °C.

The supplier of lemon oil provided a chromatographic profile obtained when
analyzing it by GC-FID together with the peaks identification. Once the lemon oil
arrived to our lab, these identities were verified by using a gas chromatograph
(Hewlett-Packard 6890) coupled to a mass selective detector Hewlett-Packard HP-
5973. Separation was achieved under the same conditions above-described and
using the same column used in the GC-FID analysis in order to identify the odorant
compounds using the retention time parameter. The mass spectrometer operated
in the electron impact ionization mode (70 eV). Interface, source and quadrupole
temperatures were 2502C, 2302 C and 1502C, respectively. Mass range was from
35 to 300 amu and the mass spectra library used was NIST14.L.

To monitor the evolution of the different lemon oil emulsions, the
chromatographic response of each peak corresponding to the different volatile
compounds was considered. Specifically, the change (either an increase or a
decrease) of each peak (in percentage) was evaluated by comparing the peak area
on the sampling day (A:) versus that obtained on the day of the emulsification (Ao)
according to Equation (3.3).

Variation (%) = % X 100 (3.3)
0
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3.3. Results and discussion

3.3.1. SPG membrane

3.3.1.1.Properties of lemon O/W emulsions produced with SPG
membranes

Coarse emulsions containing 20%wt. lemon oil and stabilized with 1%wt WP (pH:
6.8), 1%wt WP (pH: 3.8) and 0.5%wt WP - 0.25%wt CMC electrostatic complex (pH:
3.8) were refined by premix ME with SPG membranes. The droplet reduction
pattern was similar for all of them: the highest droplet break-up occurred in the
first emulsification cycle with little to no change in the consecutive cycles (Figure
3.3). As for the span, it has improved with the cycles for emulsions produced with
only WP reaching a span less than 0.8. The span of the refined emulsions produced
with the WP-CMC complex, however, was higher (= 1.37) than that of the coarse
emulsion (= 0.98) indicating a less efficient capacity of the WP-CMC complex either
to reduce interfacial tension or to reach the oil-in-water interface during the
emulsification process.

Berendsen et al. (2014)% have produced 20%wt. sunflower oil-in-water emulsions
with 10 pm SPG membrane and stabilized with 1%wt WP-pH: 3.8 and 0.5%wt.WP-
0.25%WP-CMC-pH: 3.8. These authors report a similar trend in droplet break-up to
the one obtained in this study; however, the span values they report were much
higher (1.7 for WP and 3.6 for WP-CMC). This might be due to the higher viscosity
of sunflower oil or also that their SPG membrane had larger pore sizes. Bigger sizes
of the membrane pores may lead to different mechanisms of droplet break-up and
further recoalescence, thus leading to less monodisperse emulsions.

Regarding zeta potential, it clearly depended on the interfacial composition (Figure
3.4c). Lemon emulsions stabilized with 1%wt. WP at pH 6.8 exhibited a negative
charged surface of — 48 mV, while at pH 3.8 were positively charged with a z-
potential of +24 mV.
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Figure 3.3. Effects of emulsification cycles and emulsifier type on oil droplet size (d32) and
span. (M, 0J) Wp-pH: 6.8, (®,0) WP-pH: 3.8, (¢, ) WP-CMC-pH: 3.8. Filled markers refer to
droplet size and empty markers refer to droplets span

In contrast, lemon oil droplets in emulsions stabilized with 0.5%wt WP - 0.25%wt
CMC electrostatic complex at pH 3.8 showed a negative droplet surface charge of
—41 mV. In a previous work, Berendsen et al. (2015) 1** found that water-in-oil-in-
water (W/O/W) emulsions formulated with sunflower oil and 0.5%wt WP -
0.25%wt CMC electrostatic complex at pH 3.8 as hydrophilic emulsifier, had a zeta-
potential of the oil droplets of — 24 mV. Also, measuring the z-potential of the WP-
CMC complex in aqueous solution (before using it for emulsification) gave a value
of — 28 mV, which is quite close to that of the W/O/W emulsion &, This difference
between the z-potential of lemon and sunflower oil droplets stabilized by the same
WP-CMC complex at pH 3.8 may be attributed to the variations in the composition
and polarity of the oil phases, that can modify the distribution of the
positively/negatively charged patches of the hydrocolloids when adsorbed to the
oil-in-water interface, and, in turn, their electrical surface charge.

In the case of lemon oil emulsions stabilized by the layer-by-layer technique, z-
potential ranged between -15 mV and -25 mV for oil droplets coated by a primary
layer of positively charged protein, like whey proteins and sodium caseinate,
followed by a secondary external layer of a negatively charged polysaccharide,
such as pectin or gum Arabic, at a pH between 3 and 4 117123, Accordingly, using a
WP-CMC electrostatic complex enabled to significantly reduced the interfacial
zeta-potential compared to that obtained by the reported layer-by-layer
technique.
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3.3.1.2. Physical stability of lemon O/W emulsions produced with
SPG membranes

The stability of lemon emulsions was examined for 14 days of storage at
accelerated oxidation conditions induced by UV light. For what regards physical
stability, droplet size distribution, zeta-potential and change in color were
monitored. The emulsions stabilized with WP-pH: 3.8 seem to maintain the same
droplet size over the whole stability period but the size dispersion started
increasing linearly after three days (Figure 3.4a). However, emulsions stabilized
with WP in acidic conditions shows higher stability when compared to those
stabilized with WP at pH: 6.8. These latter reached span value after 14 days that is
five times the original value. This observation goes in the same direction as that
that of Djordjevic et al. (2008) when comparing the effect of emulsifier pH 7°. These
authors found that during homogenization, emulsions stabilized by WP at pH: 7
showed a smaller droplet size distribution than those at pH: 3. However, at pH: 7
the mean particle diameter increased considerably after 1 day of storage, what was
attributed to droplet flocculation caused by an increase in the surface
hydrophobicity of the lipid droplets when the adsorbed proteins underwent
surface denaturation. Another reasoning could be the formation of disulfide bonds
between adsorbed proteins on different oil droplets!'’. McClements et al. (1993)!8
reports that WP stabilizing O/W droplets may interact with WP molecules on
neighboring droplets or even a single WP molecule adsorbing to two oil droplets.
This interaction leads to the formation of disulfide bonds.
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Figure 3.4. Physical stability of emulsions with (™ ) WP-pH: 6.8, (® ) WP-pH: 3.8 and (¢)
WP-CMC-pH: 3.8 interfaces in terms of (a) droplet size, (b) span, (c) z-potential and (d)
color evolution during storage
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As for emulsions stabilized with the electrostatic complex, Figures 3.4a and 3.4b
show that droplet size distribution and span started increasing after 48 hours. With
a span value = 1.4, the emulsion already had a somewhat polydisperse droplet size
distribution from the first day. This is certainly a factor in increasing the potential
of coalescence. After 14 days the span of the emulsion was = 2.6 which is in line
with the value (= 2.5) reported by Berendsen et al. (2014)% for sunflower oil
emulsions after 14 days under UV light. These results are in the range of those
shown by Su et al. (2018)2 for O/W emulsions containing d-limonene and
stabilized with a bilayer made of B-lactoglobulin and gum Arabic, in which after
two weeks of storage at 252C the droplet size increased almost two times with
respect to the initial value. Similarly, Xiang et al. (2015)'!! reported that the
physical stability of citral emulsions coated by an interfacial bilayer formed by whey
proteins and pectin was lower than that found in single-layered emulsions.

Regarding a visual assessment of stability, all the emulsions underwent the
formation of a top thick layer, a process otherwise known as creaming. This meant
that once a sample was collected for physical of chemical stability measurements,
the emulsions were manually and gently homogenized by repetitively rotating the
tubes. Another interesting factor to be noted is the yellow color evolution in the
emulsions. The emulsion with the most popping color change is the one stabilized
with WP-pH: 6.8 (Figure 3.4d.1). The emulsion stabilized with WP at acidic medium
didn’t show a change until after 14 days of storage (Figure 3.4d.2) and no change
in color was noted in the emulsion stabilized with WP-CMC (Figure 3.4d.3). A
change in color is often linked to oxidation of polyphenolic compounds, after all
citrus fruits are rich in phenolics like the compound eriocitrin 11%12° which is
responsible for pigmentation in lemons. It is obvious that the low acidic pH, delays
these oxidations to happen.

As for the surface charge of the droplets, Figure 3.4c shows very little change in the
zeta-potential. The charge of the droplet stabilized with WP-pH: 6.8 and WP-CMC
have increased slightly over the two weeks period but still remain under -30 mV, a
value at which enough electrostatic repulsion should ensure physical stability. In
that sense, other mechanisms than electrostatic stabilization seem to control the
droplet size distribution of lemon oil emulsions stabilized with either protein-
polysaccharides electrostatic complexes or multilayered hydrocolloids.

3.3.1.3. Stability of volatile compounds in lemon O/W emulsions
produced with SPG membranes

To determine the impact of the interfacial composition on the encapsulated aroma
of lemon oil, the degradation of citral and d-limonene was followed. In particular,
we monitored, neral and geranial, the isomers of citral, as well as a — terpineol and
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carvone, off-flavors result of the d-limonene degradation. Due to its unsaturated
character, d-limonene can yield by-products such as carvone, via radical formation
by oxidative pathways. Besides, d-limonene is highly susceptible to acid-catalyzed
reactions which give rise to compounds such as a-terpineol. The HS-SPME-GC
method was applied to follow the compositional changes of lemon oil components
in emulsions encapsulated with 1%wt WP, pH 3.8 and 6.8, and a 0.5%wt WP -
0.25%wt CMC, pH 3.8, electrostatic complex and stored under UV-light for 14 days.

An example of an obtained chromatogram from analyzing the emulsion stabilized
with WP-pH: 6.8 is shown in Figure 3.5. It should also be noted that the degradation
of volatile components in lemon oil quantified by HS-SPME-GC during storage
should be attributed to the deterioration of the emulsion as a whole,
independently from its origin (either from the oil or the water phase). As explained
in section 3.2.7.2, the evolution of the volatile compound content was monitored
from the ratio of the peak area of each compound during storage to the
corresponding initial peak area (A:/Ao).

The production/release rate of a-terpineol and carvone was dramatically affected
by the interfacial composition (Figure 3.6). 1%wt WP-stabilized emulsions at pH 3.8
exhibited a very fast production of a-terpineol. The increase of a-terpineol was
particularly abrupt as of 72 h of storage reaching an A:/Aovalue of 300% and by the
end of the storage period reaching a value of 780%. At the same acidic conditions,
pH 3.8, emulsions with WPI-CMC electrostatic complex showed a much slighter
increase of A:/Aofrom 157% to 203% after 7 and 14 days of storage, respectively.
So, the production/release rate at low pH of a-terpineol, recognized as a major
unpleasant off-flavor in citrus juices and result of the acidic pathway of limonene
degradation, was reduced when stabilizing the oil-water interface by a 0.5%wt. WP
- 0.25%wt. CMC electrostatic complex. This occurred despite that the interfacial
surface was negatively charged and the total WP content was reduced by a 50%.
For carvone, a degradation product of terpenic compounds such as d-limonene
under aerobic conditions, we also observed the fastest production rate in
emulsions stabilized with WPI at pH 3.8 with a A;/Aovalue of 300% over the whole
storage period. Similarly to a-terpineol, the carvone produced/released was
drastically reduced by using 0.5%wt WP - 0.25%wt CMC electrostatic complex at
pH 3.8 or 1%wt. WP at pH 6.8 as emulsifiers. Similar trends were reported by Sabik
et al. (2014)”* in lemon oil emulsions stabilized by Maillard conjugates of sodium
caseinate and lactose.
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Figure 3.5. Chromatogram of an emulsion stabilizied with WP-pH: 6.8. The numbered
peaks refer to the compounds: 1) a — terpineol, 2) neral, 3) carvone, and 4) geranial

In the case of the citral isomers, we observed a faster degradation of neral in lemon
emulsions at pH 3.8 than in those at pH 6.8 (Figure 3.6), although the final A,/Ao
(after 14 days of storage) was about 33% regardless of the emulsion pH. Results for
genarial showed a fast decrease rate for WPI-stabilized emulsions at pH 3.8, which
showed a final A/Ao value of 28%, significantly lower than the 49% and 43%
showed by emulsions stabilized with WP at pH 6.8 and WP-CMC at pH 3.8,
respectively. These results would confirm a major effect of acid-catalyzed
cyclization on the deterioration of these two isomers, that, for genarial, it was
partially inhibited by the WP-CMC complex at pH 3.8.

It is not clear why this is the case since, at this pH, WP is positively charged and can
repel cationic catalysts. Djordjevic et al. (2008) made a similar observation where
less oxidation levels of citral were reported with emulsions stabilized with WP-pH:
7 than with WP-pH: 3 7. The authors explain that this might be due to the
antioxidant properties in some whey protein amino acids. Also, in emulsions
stabilized with subsequent interfacial coatings of whey proteins and pectin'?,
negatively charged interface and obtained by the layer-by-layer technique, a slight
reduction in neral and geranial degradation was observed when compared to
emulsions with a positively charged single interfacial layer of whey protein.

In light of all that, it seems that the electrical charge of the interfacial surface is not
the only parameter affecting the degradation rate of citral and d-limonene, the
main compounds responsible for lemon aroma. An additional factor that may
affect both the accessibility of the prooxidants to the interface but also how easily
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the already formed products of degradation are released should be considered.
Interfacial physical properties such as thickness and viscosity probably play a
significant role. In a previous work by Berendsen et al. (2014)%, it was found that
the thickness of an interfacial layer made of WP was notably lower (0.6 nm) than
that formed by the WPI-CMC complex (2.2 nm), both at pH 3.8. Additionally, the
presence of CMC in the complex significantly increases the viscosity. Consequently,
a negatively charged but thicker and more viscous interface of WPI-CMC complex
would prevent the access of prooxidant cations, reducing the rate of acid-catalyzed
hydration-dehydration reactions while hindering the release of the deterioration
products.

3.3.2. Ceramic membrane

Since ceramic membranes are about 10 times cheaper than SPG membranes, it was
an obvious choice to test them for emulsification. For that reason, a simple coarse
emulsion of 5%wt. lemon oil and 2%wt. Tween20 was produced and refined by the
ceramic membrane at 150kPa as described in section 3.2.3. These membranes are
fragile with a thickness of a few millimeters making going to higher pressure
impossible without breaking the membrane.

3.3.2.1.  Droplet size distribution and flux

Results of the droplet size distribution are reported in Figure 3.7a. The largest
droplet break-up of 36% happened in the first cycle with little change afterwards
reaching a droplet break-up of 52% by the third cycle. Also, the final droplet size of
the emulsion (3™ cycle) was 34% smaller than the average pore size of the
membrane. As for the droplet size dispersity, it was possible to reduce the span of
the coarse emulsions from 1.1 to 0.8 showing that ceramic membranes are very
efficient at breaking the oil droplets.

Fluxes obtained with the ceramic membrane, as shown in Figure 3.7b, were around
2.5 m3.m2.h. This value in the same range as the flux values reported with stirred-
cell emulsification model. This model has been used for both direct and premix
membrane emulsification®!%'>1” and the attained fluxes were in the range of 0.1 —
3.2 m®.m2.h. These values are on low end of the fluxes reported for membrane
emulsification.
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Figure 3.6 Progression of the percentages of compounds detected in lemon oil emulsions
stabilized with (¢ ) WP-pH: 6.8, () ) WP-pH: 3.8 and (2 ) WP-CMC-pH: 3.8, over the period
of two weeks under UV light.

Moreover, when looking at the refined emulsions, it was noted that the emulsions
were too watery and the membranes had an oily look. For that reason, the stability
study described in section 3.2.7 was not performed. Instead, the tubes with the
emulsions were wrapped in aluminum foil, and stored in the lab at room
temperature. Pictures were taken over the following 7 days. Figure 3.8 shows that
slowly but surely, creaming was taking place but the cream layer is very small, even
though the initial oil fraction was only 5%wt. This might indicate that the
membrane has partially retained some oil. This not uncommon since the literature
reports many studies where ceramic membranes are used for filtration and to
break emulsions %', With the low fluxes obtained and the oil retention, it was
decided not to move to more complex emulsifiers.
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Figure 3.7. Progress of a) droplet size distribution and b) transmembrane flux during
emulsification of Tween 20-stabilised O/W emulsions refined with low-cost ceramic
membranes. Markers in figure a: empty: span; filled: ds,z

Figure 3.8. Evolution of a 5%wt lemon oil emulsion refined with a ceramic
membrane
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3.4. Conclusion

In lemon O/W emulsions, both the interfacial surface charge and the barrier
properties of a single layer of whey protein can be tailored with a WP-
polysaccharide electrostatic complex. With it, a thicker interfacial coating than that
obtained with single WP along with a negatively charged interface at acidic
conditions were formed to stabilize emulsions produced by premix membrane
emulsification. Although the physical stability of these emulsions in terms of
droplet size distribution was not improved using the tailor-made electrostatic WP-
CMC complex, other physical characteristics like emulsion color were maintained.
Regarding chemical stability, the electrostatic WP-CMC complex decreased the
production/release of off-flavors resulting from the deterioration of d-limonene
while hindering the reduction of citral isomers under acidic and accelerated
oxidation conditions.

All in all, interfacial engineering with food biopolymers (i.e. proteins and
polysaccharides) together with a low energy emulsification technique able to
preserve the interfacial structure, like premix membrane emulsification, seems to
be an effective strategy to control the complex chemical reactions underpinning
the degradation of aroma compounds in lemon oil.
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4.1. Introduction

Essential oils, such as lemon oil, are highly utilized in the food industry as flavorings.
Manufacturing and storage processes, packaging materials and other ingredients
in foods often cause modifications in the overall flavor by reducing aroma
compound intensity or producing off-flavor components. To limit aroma
degradation or loss during processing and storage, encapsulation of essential oils
prior to incorporation in foods or beverages is a common practice. Lemon oil,
widely used in the food industry to flavor many products, from baked goods and
soft drinks to dairy and confectionery products, is easily degraded by oxidation,
heat and/or light *. For those reasons, lemon oil emulsions and capsules have been
produced as means to protect and facilitate the handling of this volatile oil 8483,
Additionally, studies on lemon oil emulsification are becoming more relevant since,
D-limonene, one of its major constituents, is an environmental friendly chemical
that has been assessed in the production of green emulsions with applications in
agrochemical products >#%.

Emulsions can be produced by several methods such as rotor stator mixers, colloid
mills, high-pressure homogenizers and ultrasonic homogenizers. These
technologies can have some limitations to control the dispersion of the final
droplet size of the emulsion and use much higher energy input than required for
droplet break-up, thus submitting the product to high shear stress and over-
heating. Membrane emulsification (ME) is a dispersion technique that has gained
advantage over traditional methods since it requires lower energy input *; besides,
membrane selection will allow controlling the final droplet size of the emulsion.
These strong points are clearly advantageous for applications demanding stable
emulsions with shear or heat sensitive compounds, such as food aromas.

Membrane emulsification is a low-energy technology that branches into two types:
direct 81 and premix #%2%-26 ME. Direct ME is when a pure disperse phase is passed
through a membrane into an agitated continuous phase. Control of droplet
formation is achieved in direct ME by passing through the membrane a low amount
of disperse phase, resulting in low productivity and limiting scale-up of the process.
Premix ME, on the other hand, is the passage of a premix or a coarse emulsion
through a membrane to refine it resulting into a stable monodispersed emulsion.
The advantages of premix ME over direct ME are in small droplet sizes and higher
throughput for a given pore size 27, even though this might be related with a lower
degree of monodispersity in the final product.

Premix ME is a well-established emulsification technique where many types of
microstructured systems have been utilized. Corn # and sunflower oil %%
emulsions have been produced by Shirasu porous glass (SPG) membranes. Trentin
et al. (2009)?* also have produced sunflower oil emulsions but using commercial
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polymeric microfiltration membranes (polycarbonate, nylon, polyethersulfone and
nitrocellulose). n-Hexadecane was emulsified by the previously mentioned
polycarbonate membrane 2* and also with metal nickel membranes 2%, Further
information on how emulsion properties, operating conditions and characteristics
of the microporous system impact the emulsification performance can be found in
several reviews 122123,

Nickel micro-engineered membranes, a.k.a. nickel sieves, are produced by the
galvanic deposition of nickel onto a substrate that is fabricated by
photolithography and etching. This technique is highly cost effective and accurate,
producing highly porous nickel sieves with homogenous pore size distribution &%,
Nickel sieves have straight-through pores that can be easily cleaned when fouled.
Moreover, their metal properties allow them to be used under pressures to 500
kPa 2!, which would otherwise break more vulnerable membranes (e.g. flat ceramic
membranes) having the same shape and dimensions. Thus, microstructured nickel
sieves combine mechanical resistance and pores in the microns range that make
them suitable for emulsification.

Microstructured nickel sieves have been employed in both direct and premix ME.
In direct emulsification, a Micropore Dispersion Cell is reported to be used where
the to-be-dispersed phase is pumped up through the micro-sieve into a tank
containing the aqueous phase. This tank contains a rotating paddle, right above the
nickel micro-sieve, which agitates the continuous phase thus helping in the break-
up of the oil droplets. Dragosavac et al. (2012)*2 have prepared pumpkin oil double
emulsions using this technique attaining fluxes up to 3.2 m3m=2h. Kosvintsev et al.
(2005)* and Egidi et al. (2008) reported the possibility of producing sunflower oil
emulsions with fluxes of 0.9 and 2.64 m3m=2h. All these studies also mention that
the produced emulsions have monosized droplets. Santos et al. (2015)8 produced
lemon oil emulsions with fluxes between 0.1 and 1 m®m~2h, while the emulsions
obtained were polydisperse. In all cases the authors agree that nickel micro-sieves
require surface modification to change them from hydrophobic to hydrophilic to
be used in the production of O/W emulsions.

The stirred cell has also been used in a premix ME setup to refine a coarse
emulsion. Santos et al. (2015)® produced lemon oil in water emulsions using a
stirred cell with a hydrophilic nickel micro-sieve. The stirred cell module has low
fluxes and the authors reported that emulsification and droplet break-up was
possible only when nickel micro-sieves’ surface properties were previously
modified, resulting in polydisperse emulsions. Moreover, nickel micro-sieves have
also been used in premix ME with high-throughput system. In this system, the
coarse emulsion is pressed through the micro-sieve at higher pressures than in the
stirred cell, and droplet break-up mainly occurs in the membrane channels. This
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system has been used without any surface modification of the nickel micro-sieve
to produce n-hexadecane/water emulsions emulsions 22226 and sunflower
oil/water emulsions #2. For n-hexadecane/water emulsions, Nazir et al., (2011)%
reported fluxes up to 1500 m3m=2h?at 200 kPa. As far as the authors know there
are no other previous applications for the production of food grade O/W emulsions
with nickel micro-sieves using a high-throughput premix ME system.

This chapter will assess the use of a high-throughput low-energy emulsification
system based on microstructured nickel sieves to produce food-grade lemon oil in
water emulsions to gain knowledge for process scale-up. The novelty of this study
is the use of premix ME with nickel sieves of two different pore geometries and no
surface treatment to produce food-grade lemon oil in water emulsions. Moreover,
we assessed how the potential changes in membrane integrity and wettability
affected productivity and emulsion properties, such as droplet size distribution.
Special attention was paid to mechanisms of droplet break-up during premix
emulsification with the nickel micro-sieves to facilitate scale-up of the process.

4.2. Material and methods
4.2.1. Microstructured nickel sieves

The nickel micro-sieves, from now on micro-sieves, (Stork Veco, Eerbeek, The
Netherlands) used in this study have straight through pores. One set of sieves has
rectangular pores (= 4.5 pm x 291.2 um) while the other has more square-like (=
17.7 um x 20.6 um) pores. For convenience the micro-sieves will subsequently be
referred to as rectangular and square pore sieves. Both set of micro-sieves have a
thickness of 90 um. Figure 4.1 shows images, taken by an environmental scanning
electron microscope (FEI ESEM Quanta 600, USA), of the morphology of the
different pore sizes.

-b-

Figure 4.1. ESEM images of brand new a) square and b) rectangular pore sieves
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Using the ESEM, three pores were chosen randomly from three random and
different regions of a micro-sieve and an image of each pore was taken. These
images where analyzed with the software ImagelJ to collect the pore’s length (/)
and width (wp). Also, from the three images an average pore area was obtained
which, with the total number of pores, allowed the calculation of the micro-sieve
porosity.

For each pore geometry, the hydraulic diameter (d) was calculated according to
Equation (4.1).

dh:(z.lp. Wp)/(lp+ Wp) (4'1)
4.2.2. Contact angle test

Contact angle measurements for all the micro-sieves were performed by sessile
drop technique using the automatic video-based analysis system OCA 35
(Dataphysics). Measurements were carried-out dispensing 10 uL distilled water
drops on the surface of the micro-sieves. After absorption was recorded,
measurement was taken at 3-6 seconds after the drop contacted the surface, since
this is the time at which the steady state angles were typically reached. Three
measurements were performed for each sieve. Contact angle was measured for
the brand new micro-sieves and also after these sieves had gone through
emulsification and cleaning. It should be noted that the angles reported are the
result of not only the interaction of water with the surface but possibly also liquid
moving through the pores.

4.2.3. Premix membrane emulsification

All the emulsions produced were O/W emulsions. Lemon oil (Dallant, Spain) was
the oil phase and Tween20 (polyoxyethylene sorbitan monolaurate, Sigma Aldrich,
CAS: 9005-64-5) was the emulsifier used. This latter formed 2%wt of the total
emulsion weight, while the oil phase formed 5%. Some initial trials used a lemon
oil fraction of 20%wt.

The lemon oil coarse emulsion (200-350 g) was produced using an Ultra-turrax
homogenizer (IKA® T-18 basic) at 15500 rpm for 3 minutes. Another coarse
emulsion was prepared for preliminary testing with the Ultra-turrax homogenizer
at 7000 rpm for 3 minutes. The droplet size of these premix emulsions was
measured using a light scattering equipment as it was explained in section 3.2.5.
The first and second mechanical emulsifications conditions rendered a droplet size
of about 5 um and 20 um, respectively.
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Once the coarse emulsion was ready it was placed in the pressure tank (3 in Figure
4.2) where, using nitrogen gas, it was then pushed under pressure through the
membrane (premix) module (4 in Figure 4.2). The micro-sieve was placed at the
bottom of the module. The emulsion was collected in an Erlenmeyer flask placed
on a digital balance (6 in Figure 4.2) that was connected to a computer (7 in Figure
4.2). A computer software collected mass versus time data each second while the
emulsion was flowing. This allowed the calculation of the mass flow rate, ¢, and
the transmembrane flux (J) using Equation (4.2),

I=¢/(pe.A) (4.2)

where p. is the emulsion density (can be taken to be equal to that of the continuous
phase, 1000 kg/m3, since the oil fraction is low) and A is the sieve effective area
(2.2 cm?). Then, a sample of the emulsion was collected to measure the droplet
size distribution (DSD). This process was repeated 5 times (cycles) maintaining the
sieve in the holder. The pressures used in the experiments were 150, 300 and 450
kPa.

Pressure vent
Nitrogen inlet 3
Pressurized tank
Membrane module
Collecting vessel
Electric balance
Weight recording
software
Rubber O-ring
Nickel sieve

NogahkwnNE

®

©

Figure 4.2. Membrane emulsification setup
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Emulsion characterization was carried in the exact way described in chapter 3.2.5.
A dimensionless ratio between the ds, and the hydraulic diameter of the micro-
sieve has been defined as datio in Equation (4.3).

Oratio = d3,2/dh (43)
4.2.4. Micro-sieve cleaning procedure and water flux recovery

After emulsification each micro-sieve was cleaned. The cleaning protocol was
based on that used by Santos et al., (2015)%. The micro-sieves were cleaned in an
ultrasonic bath with (1) 4M NaOH (Fisher Scientific) for 5 minutes; (2) 2%wt citric
acid (Fisher Scientific) for 5 minutes and (3) distilled water for 5 minutes. After the
micro-sieve integrity tests (section 4.3.2), the final cleaning protocol excluded the
citric acid step.

It should be noted that before using a nickel sieve for emulsification, the initial
water flux was calculated by passing 2000 g of distilled water through the new sieve
5 times at 50 kPa. After emulsification and cleaning, the same procedure was
repeated, and the final water flux was compared to the initial one and the water
flux recovery (WFR) was calculated (Equation 4.4). WFR was taken as an indicator
of the effectiveness of the cleaning method.

_ final water flux

WFR X 100 (4.4)

initial water flux
4.3. Results and discussion

4.3.1. Lemon oil emulsification using high-throughput premix ME
with nickel micro-sieves

Since this is the first time that micro-sieves, without wettability modification, were
used in a high-throughput premix emulsification to produce lemon oil/water
emulsions, preliminary tests were required to assess their feasibility and select the
operating conditions. In the following sub-sections, the impact of nickel micro-
sieve properties (pore size and geometry, wettability), process conditions
(transmembrane pressure, number of emulsification cycles) and emulsion
formulation (oil fraction) on productivity and emulsion stability are presented.

Since the only reported literature on the use of micro-sieves in high-throughput
premix ME studied n-hexadecane/water emulsions 2226 and sunflower oil/water
emulsions stabilized with legume proteins %, initial trials were performed with n-
hexadecane. The emulsion formulation maintained the oil fraction used by Nazir
et al., (2011) %°, 5% oil, even though the droplet size of the coarse emulsion was



UNIVERSITAT ROVIRA I VIRGILI
LOW-ENERGY HIGH-THROUGHPUT MICROPOROUS EMULSIFICATION FOR LEMON OIL ENCAPSULATION

Wael Kaade

Low-energy high-throughput emulsification with nickel micro-sieves for essential oils encapsulation

bigger. As shown in Table 4.1, using square pore micro-sieves it was possible to
refine an n-hexadecane/water emulsion of 48 um at 150 kPa.

Comparing these results with the ones reported by Nazir et al., (2011) 2° the fluxes
in the present case are ten times smaller for the same pressure, which could be
due to the fact that we used a thicker micro-sieve with a much lower porosity.
Nonetheless, the droplet size after two passes through the micro-sieve is quite
similar to the one reported by these authors, and the throughput of the premix ME
system is significantly higher than the one reported with the stir cell in premix ME
8, proving the benefits of this kind of operation for industrial scale-up.

Following these initial trials, micro-sieves were assessed for the refinement of
lemon oil/water emulsions. For this particular application oil fractions of 5 and 20%
were selected and emulsions were refined using rectangular pore micro-sieves, the
ones with higher porosity in our case (Table 4.1), at different pressures. The size of
the coarse emulsion was another variable considered to test the feasibility of
micro-sieves for the refinement of lemon oil emulsions, selecting sizes of about 20
and 6 um. As it can be seen in Table 4.1, with a 5% lemon oil coarse emulsion of a
size of 20 pm (d.atio = 3.5) the flux in the first emulsification cycle increases when
increasing the applied pressure from 150 to 450 kPa. Moreover, the droplet size
reduction after the first pass through the micro-sieve is in both cases significant,
reaching a droplet size of about 8 um and 5 um at 150 kPa and 450 kPa,
respectively. However, when refinement continued with a second emulsification
cycle, there was no emulsion passing through the micro-sieve for the lowest
pressure and the flux obtained at the highest pressure dropped by a factor of ten
(Table 4.1). These findings can be linked to fouling of the micro-sieves, which was
confirmed by optical microscopy. Looking at the fouled micro-sieves used to refine
the lemon oil emulsions, a thin wax-like layer could be seen covering the surface
of the sieves, and under the microscope the pores seem blocked. Sahin et al.,
(2016) 2%, when discussing sunflower oil in water emulsions, describe how its main
constituent, triglyceride, may form tightly bound films on the glass surface of the
of micro-fluidic EDGE emulsification apparatus, consequently hindering the
formation of monodisperse droplets. Similar observations were made by the work
of Schroén et al., (2016) '?> where sunflower oil bonded to the surface of
polyethersulfone and nitrocellulose membranes thus forming a film and fouling
said membranes. In the present case, the micro-sieves as shown by the contact
angle test (see section 4.2.2), are more hydrophobic than hydrophilic causing
terpenic and unsaturated oils like lemon oil to interact with the metal surface and
reduce the available open area of the micro-sieve. Moreover, it has been reported
126127 that metals catalyze both oxidation and polymerization reactions in fatty
acids.
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Since lemon oil is known to be rich in unsaturated fatty acids %, the large
molecules formed as a result of these reactions might also be a reason for the
micro-sieve fouling. On the other hand, n-hexadecane, which is a hydrocarbon
doesn’t seem to cause similar problems. Since changing the wettability of the
micro-sieves was out of the scope of this study, adjustments in the emulsion
formulation were planned.

Using a 20% lemon oil fraction and a coarse emulsion of about 6 pm (datio = 0.76),
it was possible to refine a lemon oil emulsion using a rectangular pore micro-sieve
at low pressure (Table 4.1). The fluxes during two consecutive emulsification cycles
were about 200 m3 m?2 h, with a slight decrease in the second cycle, and there
was almost a 40% reduction in the droplet size by the end of cycle 2. The reduction
in the flux continued during emulsification, and after 5 cycles (results not shown)
the flux had dropped by a factor of 10, which is thought to be due to fouling of the
micro-sieves. From these initial tests it seems that using a dytic below 1 should
allow to use unmodified nickel micro-sieves to refine lemon oil/water emulsions
with a high-throughput premix ME system. It is worthy to mention that in the
previous studies using a high-throughput premix ME system with micro-sieves the
dratio Was close to 1 for emulsification of a 10% sunflower oil/water emulsion %> and
ranged from 1 to almost 7 for a 5% n-hexadecane/water emulsion %21, Therefore,
to study the influence of pore size and geometry, the oil fraction was set at 5% to
avoid excessive fouling when using low porosity micro-sieves such as the ones used
in the present study (Table 4.2).
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4.3.2. Micro-sieve integrity during premix ME and impact on
productivity and emulsion properties

Once the feasibility of using unmodified micro-sieves to produce lemon oil/water
emulsions with a high-throughput premix ME system was proven, and the
limitations were clear, replicates of 5% lemon oil / water emulsions with an initial
ds; diameter of 5.5 + 0.14 um and a span of 1.1 £ 0.01 were refined at 150 kPa
using one square (SA, drio = 0.29) and one rectangular (RA, dratio = 0.57) pore micro-
sieve (see Table 4.2). Nickel micro-sieves were characterized in terms of pore
dimensions, hydraulic diameter, porosity, contact angle and initial water flux. The
values are reported in Table 4.2 and 3. The experiments enabled to determine how
the pore size and geometry affected the productivity and the droplet size
distribution during emulsification, while assessing if the emulsification cycles and
the required cleaning to restore permeability affected the micro-sieves integrity.

Table 4.3. Evolution of the micro-sieves' surface contact angle
Brand After repl After rep2
new (after the first time the sieve  (after the second time the sieve
was used for five emulsification was used for five emulsification
cycles, cleaning (with acid and cycles, cleaning (with acid and

base) and WFR) base and WFR)
Sieve SA 115° 99° 90°
Sieve RA 115° 81° 69°

The contact angles of the square and rectangular sieves used at 150 kPa were
measured and the value (115, Table 4.3) was the same for both of them indicating
that the nickel surface was hydrophobic. Many contact angle measurements on
nickel sieves from the same batch were done and the sieves were all hydrophobic.
This assured that the other four sieves, also from the same batch (used at 300 and
450 kPa), and although their contact angle was not measured, were also
hydrophobic.

Emulsification experiments in this study consist of five consecutive emulsification
cycles, cleaning of the sieves and measurement of WFR. When performing the
emulsification experiments it was clear that the WFR was continuously decreasing
after each emulsification (Table 4). At this point it is important to define the term
replicate (rep) used in this paper. A replicate (rep) refers to a complete set of
emulsification (five passes of the emulsion through the micro-sieve), cleaning and
WFR measurement. Therefore, repl refers to the first time the sieve was used for
emulsification, cleaning and WFR cycle, rep2 to the second time the sieve was used
for emulsification, cleaning and WFR cycle, and so on.
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Figure 4.3. Effect of the replicate number on the Sauter mean diameter of emulsion
produced with micro-sieves SA (<>, ‘) and RA (4,M). Filled markers refer to the first time the
sieve was used for emulsification (rep1) and the empty marker refer to the second time the
sieve was used for emulsification (rep2)

After rep2, the WFR decreased to 64% for sieve SA and to 72% for sieve RA. This
however had no effect whatsoever neither on the emulsion mass flow rate, nor on
the size of the oil droplets produced. In other words, had the WFR not been
measured, no other indicator would have revealed any changes happening in the
emulsification process (Figure 4.3).

Microscopic characterization (ESEM) and contact angle measurements were used
for monitoring micro-sieves integrity during emulsification experiments. ESEM
images were taken of each micro-sieve after each replicate. Table 4 shows the
damage occurring on the pores and how it is progressive for both micro-sieves until
the openings are practically closed. Santos et al., (2015) &, from whom the cleaning
protocol was adapted, hasn’t reported similar problems with their nickel sieves.
They used the sieves for a direct and premix emulsification with a stirred cell where
the shear stress, du,, (Equation 4.5), is much lower (< 1 Pa) than that in the present
case (26-162 Pa).

Sup= (8.Me.1.E)/ (€. du) (4.5)

In Equation 4.5, n. is the emulsion viscosity, £ the membrane tortuosity, € the
membrane porosity and dn is membrane pore mean diameter. When the volume
fraction of the dispersed phase is low (5-10%), the emulsion viscosity can be
assumed to be that of the continuous phase. Moreover, the tortuosity is equal to
1 when the pores can be considered straight through. As for the membrane pore
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mean diameter, the width of the pore, a.k.a. characteristic diameter (dcser), has
been used instead in the calculations.

Moreover, Nazir et al., (2011)¥® that have used nickel sieves for premix
emulsification with shear stress in the same order as in the present study, but
applying a different cleaning technique, also haven’t reported the micro-sieve
damage problem. As a result, it was concluded that the combination of the
NaOH/citric acid cleaning procedure and the emulsification at high shear stress was
causing the nickel on the walls of the pores to soften and under pressure (150 kPa),
the pore walls were being pushed inwards thus closing the opening. In fact, a
brand-new nickel sieve was cleaned four consecutive times without using it for
emulsification, while collecting ESEM pictures of the pores after each cleaning
(Figure 4.4a and 4.4b). No changes whatsoever were observed, which backs up the
conclusion that the combination of chemical cleaning plus the high shear were
causing the damage.

-C- -d -
Figure 4.4. ESEM images of (a) a brand new micro-sieve pore and (b) after applying the acid-

base-water cleaning protocol four consecutive times without being used for emulsification.
Image (c) shows a brand new micro-sieve pore and (d) shows a pore after rep2 (while
applying the modified cleaning protocol).
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Regarding contact angle measurements, the two-brand new micro-sieves used for
emulsification at 150 kPa were more hydrophobic than hydrophilic, as it is clear
from contact angle values in Table 4.3. As they were used repetitively for
emulsification and cleaned, the contact angle tended to decrease, indicating that
emulsification and cleaning had an effect on their wettability. The effect of the
contact angle variations on emulsification was not further investigated because it
didn’t seem to affect the flux and the droplet size of the emulsions obtained under
the present working conditions.

In the current working conditions and aware of the changes that were happening
to the micro-sieve pores from one replicate to the other, it was concluded that the
use of the same micro-sieve for three replicates couldn’t ensure reproducibility.
However, modifying the cleaning protocol by removing the acid treatment, it was
possible to clean the micro-sieves and reduce the damage on the pores allowing
the use of the same micro-sieve for two replicates (rep 1 and rep 2), as shown in
Figure 4.4c and 4.4d. In that sense, a different brand-new micro-sieve was used in
the emulsification experiments rep 1 and rep 2 for each pressure. Due to the
significant variability in the porosity among micro-sieves of the same nominal pore
size, a thorough characterization was performed to select a final set having similar
porosity and initial water flux. The final set of micro-sieves is presented in Table
4.2.

4.3.3. Effect of transmembrane pressure and pore size and
geometry on droplet break-up

In order to scale-up the premix ME process, the relationship between the energy
applied (pressure) and droplet break-up was investigated for this particular system.
Firstly, we have studied the effect of transmembrane pressure applied on the
fluxes during emulsification for the two different pore geometries, considering two
different drtic values, 0.57 and 0.29 for rectangular and square micro-sieves,
respectively (Equation 4.3).

The flux values (Figure 4.5) at the fifth cycle for the square pore sieves range from
about 200 m3.m2.htat 150 kPa to about 360 m3.m2.h* at 450 kPa, while for the
rectangular pore sieves the values are from about 320 m®>.m2.hto 780 m3.m2.h?
for 150 kPa and 450 kPa, respectively. From Figure 4.5 a decrease in the flux can
be seen with the number of cycles, regardless of the pore size and geometry.
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Figure 4.5. Transmembrane flux versus the number of cycles for emulsions produced with
micro-sieves (a) SA and (b) RA at (<>) 150 kPa, (1J) 300 kPa and (A) 450 kPa

As reported previously #?7 the pressure applied is used both to flow the emulsion
through the microporous systems and to break the oil droplets. Therefore, when
there is no significant reduction in the droplet size from one emulsification cycle to
the next one, the pressure applied would be mainly invested in flowing the
emulsion through the microporous system, resulting in constant flux if there were
no fouling. In the present scenario, flux decreased or was kept almost constant
when increasing the number of cycles while droplet size was simultaneously
reduced (Figure 4.6). This behavior is mainly attributed to fouling of the
microporous systems, which is thought to be caused by the wax layers that lemon
oil can form on the hydrophobic surface of the nickel micro-sieves as mentioned
before.

Regarding droplet size distribution during emulsification with the nickel micro-
sieves of two different pore geometries, Figure 4.6 shows the effect of number of
cycles and transmembrane pressure on dsz and span. The coarse emulsion had a
ds, of about 5.5 um for all the experiments. The droplet diameter (ds.) was
reduced to 1.34 um after 5 cycles at 150 kPa with the square micro-sieves, with a
slight increase of the span value compared to the coarse emulsion (Figure 4.6). The
droplet size at the 5™ cycle decreased as the transmembrane pressure applied
increased to a value of 0.55 um at 450 kPa, while increasing the span. The results
obtained with the rectangular micro-sieves followed the same trend, with a similar
decrease in the ds, with the number of cycles and the pressure applied. At a
pressure of 150 kPa, a droplet breakup of 66% (1 - dcycies / deoarse) Was obtained after
5 emulsification cycles which is similar to the results reported by Nazir et al., (2011)
20 where at the same pressure, 69% droplet break occurred with hexadecane-in-
oil emulsions and Tween20 as emulsifier.
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Figure 4.6. Sauter mean diameter versus the number of cycles for emulsions produced with
micro-sieves (a) SA and (b) RA at (<>) 150 kPa, (J) 300 kPa and (A) 450 kPa

Santos et al. (2015) &, similarly to our work, produced lemon oil-in-water emulsions
by premix membrane emulsification, however using a stirred cell which works with
much smaller shear stress than in this study. That technique rendered
polydispersed emulsions even after three cycles with a span ranging from 1.5 to 6.
In our study however, using high-throughput premix ME has produced emulsions
of span values of 1.2-1.7, which are improved values. It can be noticed from Figure
4.6 that with more cycles to refine the emulsion, the particle size was indeed
decreasing as discussed previously and also, at high pressure especially, the span
increased indicating that re-coalescence of the droplets occurs much faster than
the stabilization of the newly created interfaces by the emulsifier 8%,

In short, we observed that rectangular micro-sieves had significantly higher fluxes
than the square ones. However, when we compared the average velocity inside
the pore, v,, (calculated using Equation 4.6) between the RA and SA micro-sieves,
differences were significantly reduced (Figure 4.7).

w=J/¢€ (4.6)
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Figure 4.7. Velocity inside the pores versus the number of cycles for emulsions produced
with a) micro-sieves SA and b) RA at (<>) 150 kPa, (1) 300 kPa and (A) 450 kPa

Consistently, no noticeable effect on the final droplet size distribution could be
seen at the same transmembrane pressure in both sieves. Also, the higher shear
stress generated in this system did not end up in a narrower droplet size
distribution, probably because droplet disruption occurred faster than the time
required for the emulsifier to travel to the created interfaces and stabilize the
newly formed droplets.

Moreover, to identify the droplet break-up mechanisms, Webber number (We,
Equation 4.7) is plotted versus the dimensionless pressure (Prqti0, Equation 4.8). The
dimensionless Webber number, commonly used in membrane emulsification,
represents the ratio of applied inertial force to the opposing interfacial tension
force %,

We = (dsz0. pe. vo2) /(2. 6) (4.7)

Here ds;, is the Sauter mean diameter of the outgoing droplets and 6 is the droplet
interfacial tension. Nazir et al., (2011)% have defined the dimensionless pressure,
Pratio, as the indicative of the applied energy and the minimum amount of energy
needed to deform the droplet, and it can be calculated using Equation (4.8),

Pratio = (d32,i . AP)/6 (48)

where d3;; is the Sauter mean diameter of the ingoing droplets and AP is the
transmembrane pressure. Large Prtio Values refer to excessive applied energy,
more than that required to form and free the droplets and large We number
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indicates the dominance of inertial effects 2>, For these calculations a droplet
interfacial tension of 4.3 mN.m™ was obtained by the Drop Volume Method (I1SO
9101:1987). In Figure 4.8, the data shown are those from all cycles of
emulsification at all three pressures (150, 300 and 450 kPa) using the two sieves of
different geometry.

At high Prqtio values, that are mainly attained at the first emulsification cycle, the
results of the two types of sieves follow a different trend. It is clear that the
rectangular pore micro-sieve, with the first cycle, puts forth more inertial effects
than the square pore micro-sieve. These effects decrease as the ingoing droplet
size decreases. The change of the slope of the curve possibly indicates a change in
droplet break-up mechanism. However, it is important to point out that the
geometry of the pores (square or rectangle) is not the factor responsible for this
difference in trend but rather the characteristic diameter (dchar) of the pores.
Calculating the ratio of the coarse emulsion diameter to dcnar, for the square and
rectangular micro-sieves, values of about 1.2 and 0.3 are obtained. Clearly, the
coarse emulsion droplet size is larger (11 to 33%) than the width of the
rectangular pores and much smaller (71-72%) than the dimensions of the square
pores. Vladisavljevié et al., (2004) 27 has defined two droplet break-up
mechanisms at high shear stresses, as we have in high-throughput system.

180
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Figure 4.8. We number as a function of Pratio: (0, #) 15, (O,@) 27 (0 M ) 31 (X [X|) gth
and (A ,A ) 5% cycles. Filled markers refer to square pore sieves and empty markers refer
to rectangulare pore sieves.
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Droplets bigger than the pores deform at the entrance, disrupt in the pores due to
friction with the pore walls, and any further break-up is due to collisions between
themselves and the pore walls. Based on this, it is expected with rectangular pores,
that the droplets break first by friction with the pore walls and then, as they
become smaller with every emulsification cycle (in this case after the first cycle),
break-up happens solely due to collisions. Otherwise, for the square sieves, droplet
break-up will most probably happen due to collisions only. This could explain the
differences in the slope of the plots in Figure 4.8. The higher slope of the RA micro-
sieves corresponds to the first emulsification cycles that could be linked to the
disruption of droplets because of friction with the pore walls. As droplet break-up
progresses and droplet size becomes much smaller than the pore size, the
mechanism controlling droplet disruption for both micro-sieves becomes the
collisions with the pore walls.

4.4, Conclusion

The results of this work have shown that a high-throughput low energy system
based on hydrophobic nickel micro-sieves of different pore geometries can been
used to successfully produce lemon oil/water emulsions. From the
emulsification/cleaning tests, it is advised to use mild cleaning conditions for the
micro-sieves to maximize their use, since this type of microstructured systems are
highly attractive for processes requiring high emulsion productivity. More
importantly, to refine lemon oil emulsions using nickel micro-sieves of different
pore geometry, the oil fraction and the coarse emulsion size have to be adjusted
depending on the porosity and the hydraulic diameter of the micro-sieves,
respectively. It is advised for a successful operation to maintain low lemon oil
fractions (5%) when the porosity of the unmodified micro-sieve is below 1.5%.
Moreover, the ratio between the droplet size of the coarse emulsion and the
hydraulic diameter of the micro-sieve has to be kept about 1 or below to refine
emulsions at pressures ranging from 150-450 kPa. Under these conditions, the high
fluxes obtained during emulsification show the potential of microstructured micro-
sieves to scale-up this technology. All lemon oil emulsions produced by premix ME
with unmodified micro-sieves had a ds; of around 0.5 um at the highest pressure
used, this is a ten times reduction from the initial size; however, at this pressure
droplet re-coalescence is prominent, which slightly increases the span value.
Regarding droplet break-up mechanisms, the relationship between the We
number and the Prtic seems to indicate that lemon oil droplets are broken by
friction with the pore walls during the first cycles, followed by break-up due to
collisions when the droplets have been reduced in size for the rectangular pore
micro-sieves. While for the square pore micro-sieves, the droplet break-up only
occurs due to collisions with the walls. Knowledge of break-up mechanisms
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resulting from the hydrodynamics of the system is significant for scale up of the
process and for droplet size prediction.

This chapter dealing with the use of the nickel micro-sieve for lemon oil
emulsification has highlighted the potentials and limitations of this system. The
nickel sieve is the base of the dynamic membrane of tunable size system which will
be used in the next chapter. In the DMTS system, as mentioned in section 1.1.3, a
layer of glass beads is placed on top of the nickel micro-sieve and used as a
membrane for emulsification. For that reason, the understanding of the function
of the nickel sieve alone in lemon oil encapsulation was crucial.
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5. Dynamic membranes of
tunable pore size for lemon oil
encapsulation

This chapter has been published as:

Kaade, W., Giell, C., Ballon, A., Mellado-Carretero, J., Lamo-Castellvi,
S. De, & Ferrando, M. (2020). Dynamic membranes of tunable pore
size for lemon oil encapsulation. LWT, 109090.
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5.1. Introduction

Lemon essential oil has been widely used for flavoring purposes but recently an
interest in its antimicrobial, antifungal and antioxidant properties has been rising
%6, Encapsulation through microencapsulation and emulsification has facilitated its
incorporation into foods. A study of the literature shows that both high energy
(shear intensive) as well as low energy techniques were used to emulsify lemon oil
(LO). The latter techniques, which require low energy inputs, are microchannel
emulsification *3, membrane emulsification with a stirred cell module &,
spontaneous emulsification >’ and as discussed in chapter 4, premix emulsification
with micro-structured nickel sieves, which has shown high-throughput. In that
case, flux values up to 990 m3.m2.h? were reported, which is an advantage over

other low energy techniques.

Since LO, contains many volatile compounds that are heat sensitive, it will benefit
of using a low energy — low shear membrane emulsification technique. In energy
intensive emulsification techniques, more than 99% of the energy is dissipated as
heat which causes an increase in the emulsion temperature ®. This in turn leads to
the damage of the aromatic profile of LO, unless more energy is spent in a post-
emulsification cooling step. A new system named dynamic membrane, first
reported by Van Der Zwan et al. (2008)% is an excellent substitute for energy
intensive emulsification techniques, where there is no rise in temperature. This
membrane is made of a bed of silica glass micro-beads supported by a nickel micro-
sieve and it is referred to as “dynamic” because the micro-beads size and bed
height may be selected to tune the pore size and thickness of this microporous
system, respectively. Dynamic membranes have been reported for the production
of both non-food 22264943 gnd food grade emulsions %*%%, However, to the
author’s knowledge, no studies have dealt with the encapsulation of LO with the
dynamic membrane system.

In order to produce a more stable encapsulate, emulsification can be followed by
a drying step (e.g. spray drying) to obtain solid microcapsules. Oil fraction, droplet
size distribution and oil to wall material ratio are key parameters to enhance the
encapsulation efficiency during spray-drying 8. Therefore, selecting an
emulsification technique that allows to control the droplet size distribution in
emulsions having an oil fraction above 20%, while reducing the heat stress over the
product, will increase the overall industrial efficiency for encapsulation of LO.

The aim of this study is to produce stable LO emulsions with a narrow droplet size
distribution, in the range of a few micrometers, using a low-energy high-
throughput emulsification system to set the basis for an industrial application.
Emulsions with oil fractions up to 40% were refined using dynamic membranes of
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tunable pore size (DMTS) in premix emulsification mode. The effect of the DMTS
(void fraction and height) and the micro-sieve characteristics on emulsification
fluxes, droplet break-up and emulsion stability were studied. More importantly, a
modification to the standard DMTS system, superimposing two layers of different
micro-beads size, has been tested to improve the properties of the O/W emulsion
and reduce the overall energy input.

5.2. Materials and methods
5.2.1. Dynamic membrane of tunable size

The DMTS is formed of a bed of silica glass micro-beads placed on top of a nickel
metal micro-sieve (Figure 5.1). These nickel sieves (Stork Veco, Eerbeek, The
Netherlands) have rectangular pores. The hydrophilic silica glass micro-beads used
for emulsification were of three sizes (dy) = 42, 68 (Microspheres-nanospheres,
USA) and 99 um (Unicorn Industrial Cleaning Solutions, The Netherlands). Table 5.1
reports the different combinations of micro-beads and micro-sieves utilized to
produce the emulsions.

Pressure vent

Nitrogen inlet

Pressurized tank

Dynamic membrane

module

5. Collecting vessel

6. Electronic balance

7. Weight recording
software

8. Rubber O-ring

9. Nickel sigve

10. Silica glass beads

11. Micro-sieve pores

bl

Figure 5.1. Dynamic membrane emulsification setup
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The sizes of the micro-beads obtained (42, 68 and 99 um) are the result of sieving
batches of polydispersed micro-beads using a series of trays with mesh sizes
ranging between 25 and 200 um. The samples collected after sieving were analyzed
with a Mastersizer for the particle size distribution.

The particle (pp) and dry bulk (o) densities of the micro-beads were measured
using a pycnometer and a 5 mL graduated cylinder respectively and the values are
shown in (Table 5.1). Porosity (€) of the bed was calculated using Equation 5.1.

=1-£2 5.1
€ o (5.1)

As for the tortuosity (1) of the bed, it was calculated using Equation 5.2 *°. Values
of the porosity and tortuosity are found in Table 5.1.

T=1+04Mne) (5.2)

The interstitial void diameter (d,) is defined by Equation 5.3 where A, is the specific
surface area, a ratio of the surface area of a particle to its volume. A, is related to
a sphere’s diameter by: A, = 6/d, where dj is the bead diameter.

_ 4e
v o4, (1-6)

(5.3)

The height of the silica micro-beads bed was controlled by controlling the mass of
micro-beads laid on top of the nickel sieve. The height (H) is related to the mass of
the micro-beads by Equation 5.4 %:

mass of beads

H = Rassofbeads 5.4
Pp Acolumn (1—€) ( )

In our case the area of the column (Acommn) used was 177 mm?2.

To produce the silica micro-beads bed, a weighed mass of the micro-beads was
placed on top of the nickel sieve and a few drops of water were added then
vacuumed out slowly (the process of adding water was repeated 2-3 times) to pack
the micro-beads and make sure the surface is flat and homogeneous.

A number of emulsification experiments were done with a combination of micro-
beads of different sizes and these experiments were labeled “layering” (L). In these
experiments 1 g of 42 um micro-beads were placed on top of the micro-sieve and
packed with water making sure the surface is flat. Then, 1 g of the 99 um micro-
beads were placed on top of the 42 um micro-beads and also packed with water
gently so as to not disturb the bottom bed. In this way, the dynamic membrane
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was formed of, from bottom to top, the nickel sieve, 1 g of the 42 um micro-beads
and finally 1 g of the 99 um micro-beads.

5.2.2. Dynamic membrane cleaning

After being used for emulsification, the system was disassembled and the silica
glass micro-beads were cleaned with soap and water then dried in an oven at 100
°C overnight. As for the nickel sieve, as reported in section (4.2.2), the best way to
clean it was by soaking it in an ultrasonic bath for 5 minutes, first in 4M NaOH
(Fisher Scientific) and then in distilled water.

5.2.3. Emulsification

O/W emulsions were produced by dispersing LO (Dallant, Spain) into distilled water
and stabilized with Polyoxyethylene sorbitan monolaurate (Tween20, Sigma
Aldrich, CAS: 9005-64-5). The oil formed either 20%wt or 40%wt of the total
emulsion weight and the surfactant formed 2%wt.

The coarse emulsion (160-270 g), or premix, was produced by means of a high
shear homogenizer (IKA® T-18 basic Ultra-turrax) at 15500 r.p.m for 3 min (with a
30 s break after each minute to avoid over-heating). The resulting droplet size was
quickly measured using a light scattering equipment (refer to section 3.2.5 for
details). The O/W emulsion had a droplet size (d32) of 5.7 + 0.2 um and a span of
1.15 £ 0.03. Also, another coarse emulsion with a d3; = 24 £+ 2 um and a span of
1.08 £ 0.04 was produced at 6000 r.p.m for 2 min followed by 7000 r.p.m for 1 min.

The coarse emulsion was subsequently poured into the pressure tank of the
membrane emulsification setup shown in number 3 of Figure 5.1. The nitrogen
supply was opened and the emulsion was pushed at 450 kPa down through the
DMTS (4 in Figure 5.1) and collected in a recipient placed on an electronic balance.
The balance transmits to a computer software the mass of emulsion per second,
allowing the calculation of the mass flow rate, ¢, and the transmembrane flux (J).
This latter can be calculated using Equation (5.5):

J=—2— (5.5)

Pe Acolumn

where p.is the density of the emulsion (969 kg/m?3) and is calculated from Equation
5.6

pe = 04 pqg+ (1 —0y)p. (5.6)

U4, po, and p. are the dispersed phased volume fraction, dispersed phase density
(846.2 kg/m3) and continuous phase density (1000 kg/m3) respectively.
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All emulsions were produced in duplicates.
5.2.4. Emulsion stability

After the final emulsification cycle, 6 tubes with 14 mL of the emulsion were saved
for the stability study. Three of the tubes were placed in a refrigerator (4°C) and
the other three were stored at room temperature (25°C). All the tubes were
wrapped with aluminum foil to reduce oxidation caused by light. Two tubes (one
refrigerated and another stored at room temperature) were collected after 1, 3
and 7 days (d) and the d3, and span were measured for each.

5.3. Results and discussion

5.3.1. Effect of coarse emulsion and DMTS characteristics on
droplet size distribution and stability of LO emulsions

The selection of the DTMS micro-beads size and their amount will allow to control
the interstitial void diameter of the channels (d,) and the height (H) of the
microporous system, respectively. Both parameters influence the emulsification
process in terms of the final droplet size distribution and the flux.

To study the effect of the micro-beads size (interstitial void diameter of the bed) in
the emulsification process, a coarse emulsion with 20% LO was produced, as
explained in section 2.2, having a ds; of 5.7 um. This coarse emulsion was refined
by passing it five times (cycles) through a DMTS system composed of 2 g of silica
micro-beads of 42, 68 or 99 um. This amount of micro-beads results in a bed height
of 8.55+0.8 mm. Figures 5.2a and 5.2b show the d3, and span variation during five
consecutive emulsification cycles, respectively.

From Figure 5.2a, it is clear that when the DMTS system was made using the
smallest micro-beads (42 um) which have the smallest interstitial void diameter,
the droplet size of the emulsion after 5 cycles was bigger than that obtained with
the DMTS systems with bigger micro-beads. However, the DMTS system with the
smallest micro-beads is the only one that enables to produce a final emulsion with
a span value lower than 1 (Figure 5.2b), which is an indication of an emulsion with
narrow size distribution. As seen in these two plots, there is an opposite effect of
channels’ size (d,) of the DMTS system on the droplet size and on the span: a
reduction of the d, results in bigger droplets with lower dispersion. The DMTS
system with 42 um micro-beads reduced the droplet size from its initial value to
about 3 um (44% size reduction) in the first three cycles, remaining almost constant
afterwards (Figure 5.2a). However, when the DMTS system was made with micro-
beads of 68 or 99 um there was a reduction of the droplet size with each cycle,
reaching a value of about 2 um (68% size reduction) after the fifth cycle. As it will
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be explained in section 5.3.2, DMTS systems made up by micro-beads of small sizes
present higher resistance to the emulsion flow because of their narrower channels,
thus lower pore velocities and lower forces applied on droplets to break them, in
turn leading to larger final droplets 22. When increasing micro-beads size, high
fluxes might not give enough time for the emulsifier to move to the oil-water
interface of the newly formed droplets leading to their re-coalescence and
resulting in higher spans. These observations regarding droplet break-up are in line
with what has been reported in literature for the production of simple O/W
emulsions with dynamic membrane emulsification 22404347,
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Figure 5.2. Effects on droplet size (a,c) and span (b,d) of micro-beads size (0: 42 um, o: 68
um, A: 99 um) and bed height (<>: 05q9,0:19, A: 24, OF 4gq). Also, the effect on droplet
size (e) and span (f) of coarse emulsion size and oil fraction (‘: 99 um -5.7 um-20% Lo, m:
99 um —24 um-20% LO, & : 99 um-24 um—-40% LO). The legend in (e,f) forms three parts:
the micro-beads size used (99 um), the size of the coarse emulsion (5.7 or 24 um) and finally
the lemon oil (LO) fraction (20 or 40%).
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Figure 5.3. Effects of DMTS micro-beads size (a,b) and bed height (c,d) as well as storage
temperature on emulsion stability. Grey markers refer to refrigerated samples and black
markers refer to samples stored at room temperature.

As for the stability of these emulsions, the results seem to point out that changing
micro-beads size in the DMTS system didn’t have a great effect on the emulsions’
stability (Figures 5.3a and 5.3b and Table 5.2 in supplementary materials),
regardless of the starting droplet size; the emulsions maintained the dj3, value for
7 d at room temperature and under refrigeration (T = 4 2C) (Figure 5.4). The span
value (Figure 5.3b) slightly increased for the three emulsions after one day of
storage, and it was almost constant for the remaining time in emulsions produced
in the DTMS system with 68 or 99 um micro-beads, while it was increasing with
time in the emulsion produced in the DMTS system with 42 um micro-beads,
however still, in this case, the span was maintained at or below 1 after seven days
of storage.
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Table 5.2. Stability of a 20% lemon oil emulsion prepared at two different micro-beads
sizes.
Day 0 Day 1 Day 3 Day 7

Temperature

(°c)

25 4 25 4 25 4 25 4

5.7 um
coarse
42 pm beads
2 g beads

5.7 pm
coarse
99 um beads
2 g beads
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Figure 5.4. Droplet size distribution of 20% lemon oil emulsions, refined with 42, 68, 99 um
and layered micro-beads at constant bed height of 8.7mm, stored over a period of 7 days
under refrigerated conditions (Ref) or at room temperature (RT). The color transparency
scale indicates the number of days: from darkest to lightest refer to day O to 7.
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The thickness of the dynamic membrane is also important for the emulsification
process, since it is directly related with the resistance to the emulsion transport
through the system. To study this parameter different amounts of the 99 um
micro-beads (0.5, 1, 2 and 4 g, average height reported in Table 5.1) were used to
form the bed and refine a 20% LO emulsion, of coarse size 5.7 um, at 450 kPa. As
can be seenin Figure 5.2c, regardless of the thickness of the bed, the ds, value kept
decreasing after each emulsification cycle. However, the thicker the bed the bigger
were the droplets obtained after five cycles. As mentioned previously regarding
the relationship between the size of the micro-beads and the droplet size
reduction, thicker beds present higher resistance thus lower breaking forces
applied on droplets and, in turn, result in larger final droplets %2

As for the span value, there is no clear relationship between its variation and the
thickness of the bed (Figure 5.2d), nevertheless the thinnest bed is the one giving
the highest increase in the span value, and the thickest bed shows a reduction of
this parameter after each emulsification cycle. With thicker beds, droplets reside
in the system for a longer time thus having higher chance for the emulsifier to
stabilize the droplet interface, and more uniform droplet sizes are obtained 222649,

The stability of the four emulsions at two temperatures (Figure 5.3c and 5.3d)
follows a similar trend as in the case of emulsions produced with different micro-
bead sizes. The ds, value remains almost constant for one week, while the span
value increases after one day and remains almost constant the remaining time,
except for the emulsion produced with the thinnest bed which continues to
increase over the seven days period (Figure 5.5). This particular emulsion, by day
3, was destabilized faster at room temperature than at refrigerated conditions, but
by day 7 the storage temperature didn’t have an effect and a phase separation
could be observed in both emulsions (Table 5.3).
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Figure 5.5. Droplet size distribution of 20% lemon oil emulsions, refined with 0.5, 1, 2 and 4
grams micro-beads beds, stored over a period of 7 days under refrigerated conditions (Ref)

or at room temperature (RT). The color transparency scale indicates the number of days:
from darkest to lightest refer to day O to 7.
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Table 5.3. Stability of a 20% lemon oil emulsion prepared at two different bed heights.

Day 0 Day 1 Day 3 Day 7

Temperature

(°C)

25 4 25 4 25 4 25 4

5.7 pm
coarse
99 um beads
0.5 g beads

5.7 pm
coarse
99 um beads
4 g beads

Neves, Wang, Kobayashi, & Nakajima (2017) *° reported that emulsion viscosity at
low temperature drops, reducing the mobility of oil droplets also reducing the
exposure of these droplets to oxygen. This explains the more rapid phase
separation occurring at room temperature.

Itis also relevant to study the effect of the oil fraction and the emulsion coarse size
in the performance of the DMTS system. For that reason, different coarse
emulsions were prepared; two of them with 20% LO and coarse sizes of 5.7 and 24
pum, and another one with 40% LO and coarse size of 24 um. These three emulsions
were refined using a DMTS system with 2 g of micro-beads of 99 um at 450 kPa,
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showing that regardless of the oil fraction and the initial size of the emulsion, it
was possible to reduce the droplet size by this technology (Figures 5.2e and 5.2f).
Thisisimportant because, as discussed in section 4.2.1, using the nickel micro-sieve
alone, with no silica micro-beads on top, for refining LO emulsions, causes
considerable fouling problems. It was shown that a LO emulsion can pass though
the nickel micro-sieve only if the oil fraction was 5% and the coarse size was 5.5
um, and anything higher would foul the micro-sieve from the first emulsification
cycle. Using a DMTS, however, made it possible to overcome all the pre-mentioned
constraints. The results show that after the first emulsification cycle, the size of the
coarse emulsion has been reduced by about 80% and 40% of its initial value for the
emulsions with a coarse size of 24 and 5.7 um, respectively. Nazir et al., (2013) %
reports a size reduction of about 88% refining a 30 um coarse hexadecane-in-water
emulsion with 55 um beads and at 500 kPa. This reduction is in the range of the
value we report. Therefore, this kind of emulsification system enables to refine
emulsions with big coarse sizes, which require lower mechanical energy input to
be produced.

The other important feature of the DMTS system is that the droplet size reduction
is obtained irrespective of the oil fraction (Figure 5.2e). As for the span value
(Figure 5.2f), it seems that increasing the coarse size of the emulsion and/or the LO
fraction, the span increases during the first emulsification cycle, when most of the
droplet size reduction takes place, and as emulsification progresses, the span is
reduced reaching a final value close to the one of the coarse emulsion. Being able
to produce emulsions with high oil fraction is important especially when post-
emulsification processes, like spray drying, are to be applied. Also, higher oil
fractions in cases where active ingredients are encapsulated in the oil, allow higher
encapsulation concentrations.

5.3.2. Effect of DMTS characteristics on emulsification
throughput

As in all microporous systems, the transmembrane flux will depend on the size of
the channels, the thickness, pressure applied and characteristics of the feed. In this
study, the pressure applied was kept constant for all the experiments (450 kPa),
while varying the d,, thickness of the bed, oil fraction and coarse size of the
emulsion. Transmembrane flux was measured for the experiments discussed in
section 5.3.1 to understand the impact of the DMTS properties and emulsion
characteristics on this important outcome of the process. First of all, the effect of
the interstitial void diameter of the bed, which depends on the micro-bead size,
was studied. As it can be seen in Figure 5.6a, a steady constant flux of about 200
m3.m=2.h' was obtained when the bed had the smallest d, value. When the d,
increases (micro-beads of 68 and 99 um) the transmembrane flux also increases,
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but there is no difference between the values obtained for the two systems with
wider channels.

As explained in section 5.3.1, different bed thicknesses were obtained using four
different amounts of 99 um micro-beads and the transmembrane fluxes were
measured (Figure 5.6b). As expected, an increase in the thickness, higher
resistance to the transport, results in a reduction of the flux. For the fifth cycle, the
flux was about 1000 m3.m2.h? for the thinnest DMTS system (0.5 g / 2.18 mm),
while it was about 300 m3.m2.h"! for the thickest (4 g/ 17.4 mm).
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Figure 5.6. Effects on transmembrane flux of a) micro-beads size (0: 42 um, o: 68 um, ¢: 99
um), b) bed height (O 0.59,0:1¢, 0:2 g, A: 4g) and c) oil fraction and coarse emulsion
droplet size (‘: 99um -5.7 um-20% Lo, M: 99um —24 um-20% LO, A: 99um-24 um-40%
LO). ). The legend in (c) forms three parts: the micro-beads size used (99um), the size of the
coarse emulsion (5.7 or 24 um) and finally the lemon oil (LO) fraction (20 or 40%).
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From Figures 5.6a and 5.6b it is clear that the thicker bed and the smaller the glass
micro-beads size, the more resistance to emulsion flow, thus lower fluxes were
obtained 2. Figure 5.6b also shows another distinctive trend, that is
transmembrane fluxes for 1, 2 and 4 g are more similar than the one for 0.5 g of
micro-beads, which cannot be explained solely by the thickness of the bed. The
resistance of the nickel micro-sieve has to be considered to fully explain the flux
values. As can be seen in Table 5.1, the porosity of the nickel micro-sieve support
ranges from 1.31 to 2.39%, which clearly has an impact on the emulsification
productivity. It has to be pointed out that the variability in the porosity values of
the nickel micro-sieves is related to the manufacturing process and cannot be
avoided.

The effect of the nickel micro-sieve porosity was analyzed in-depth by conducting
more experiments. Three micro-sieves were chosen with porosities of 1.3, 2.3 and
2.8%. A layer of silica micro-beads (99 um, 2 g) was placed above the micro-sieve
and the coarse emulsion (5.7 um) was refined at 450 kPa for five consecutive
cycles. It is clear from Figure 5.7a that the porosity of the micro-sieve influences
the transmembrane flux; however, looking at droplet size and span values, no
significant differences are seen (Figures 5.7b and 5.7c). This indicates that droplet
break-up is occurring in the micro-beads bed only, and the nickel micro-sieve is
adding resistance to the flow while acting as a support for the micro-beads. Thus,
by choosing a sieve with a large pore size but still small enough to impede the
passing of the micro-beads, the flux can be further optimized resulting in a larger
emulsification throughput. It should be noted that the fluxes reported in this study
and in literature (in emulsification processes with similar setups to the one used in
this study) are comparable only if the porosities of the micro-sieves used are
known.

To study the influence of the oil fraction and the size of the coarse emulsion on
productivity, a DMTS system with 2 g of 99 um micro-beads supported by a micro-
sieve of 2.33% porosity was used to refine emulsions with 20 and 40% oil fraction
and 5.7 and 24 um coarse size. Increasing the oil fraction (from 20 to 40%,
maintaining the size of the coarse emulsion at 24 um), the fluxes dropped (from
653 m3.m2.h?! to 476 m3.m=2.h", Figure 5.6c) as expected, most probably due to
the increase in emulsion viscosity. The increase in the coarse size of the emulsion
has no significant effect on the flux value when the oil fraction is kept constant.
Ladjal Ettoumi et al. (2017) *? reported an average flux of 100 m3.m2.h? for the
refining of 20% sunflower oil-in-water emulsions at 300 kPa using a DMTS system.
This value compared to the one we report is expected because of the differences
in pressure, emulsions viscosity, micro-beads size, and micro-sieve porosity.
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Figure 5.7. Effect of micro-sieve porosity on emulsion a) transmembrane flux, b) droplet size
and c) span. Markers: ¢0: 1.3%, 0: 2.3%, A: 2.8%.

Comparing flux values obtained with the DMTS system with those obtained from
only micro-sieve emulsification (no micro-beads), the main difference observed is
due to the resistance that the glass micro-beads bed present. In section 4.3.3, and
at the same pressure of 450 kPa, a flux of = 990 m3.m2.h? for refining 5% lemon
oil-in-water emulsions with a nickel micro-sieve was obtained, but as previously
demonstrated, DMTS fluxes typically range between 200-600 m3.m2.h. Santos et
al. (2015) @ have also produced LO emulsions with nickel micro-sieves however
using a stirred cell but only attaining transmembrane fluxes of 2 m>m=2.h%. As for
traditional premix membrane emulsification methods, like emulsification through
a Shirasu porous-glass (SPG) membrane, the fluxes in the literature vary according
to the effective area of the membrane. Since effective areas of SPG membranes
can be as small as 3.2 cm?and as big as 30.7 cm? %3, fluxes reported could be as
large as 240 m3.m2.h? and as small as 0.03 m3.m=2.h. These values lie on the low
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range of the fluxes obtained with the DMTS system, mainly due to the SPG
membrane’s larger effective area.

In addition, it was shown in section 4.2.2 that using the same nickel micro-sieve
(alone with no micro-beads) more than two times to produce an emulsion does
not guarantee reproducibility. Using a DMTS however, and because of the lower
flux values (shear) in the pores, it was possible to overcome all the pre-mentioned
constraints. The nickel micro-sieve utilized to support the glass micro-beads could
be used for more than 15 times without any damage to the pores while producing
emulsions of a narrow droplet size distribution, high oil fractions and high
throughput.

5.3.3. Effect of tuning the system porosity on the emulsion
characteristics and productivity: layered DMTS

Results obtained so far prove that by tuning the DMTS system characteristics it is
possible to overcome the limitations of other high-throughput membrane
emulsification systems mentioned previously. Based on results from section 5.3.1,
it was hypothesized that a bed of two superimposed layers of 99 and 42 um micro-
bead, could serve as a better dynamic membrane than the single, mono-sized, bed
layer, helping in the reduction of the droplet size as well as the span value. The
combination of layers of micro-beads of different size will be referred to as
“layering” (L) from this point on in the paper.

To test the hypothesis about improving the performance characteristics of the
system by layering, a DMTS system was formed with a micro-sieve of 2.33%
porosity, supporting a layered bed. This layered DMTS system was used to refine
two 20% LO emulsions, one with a coarse size of 5.7 um and the other of 25 um,
and also another emulsion with 40% oil fraction of 24 um coarse size, at 450 kPa.

The droplet size reduction, regardless of the oil fraction and the size of the coarse
emulsion, was in the range of the one attained using a system of the same thickness
with uniform channel size (Figure 5.8b).

Nevertheless, Figure 5.8b also shows that droplet size reduction is more efficient

when starting with larger droplets, attaining 88% reduction of the droplet size after
3 cycles, compared to 56% with the smallest coarse emulsion. Another important
feature of the DMTS system with layering is that for the three different emulsions
produced, the span value was close to 1 after three emulsification cycles, and even
below this value (0.96) for the emulsion with 20% LO and coarse size of 5.7 um
(Figure 5.8a), this value being in the range of the one obtained for the DMTS system
with 2 g of 42 um micro-beads (Figure 5.2b).
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Figure 5.8. Effect of increasing coarse size and oil fraction on a) droplets span, b) droplets
size and c) emulsification fluxes. The legend forms three parts: the micro-beads size used
(layering: L), the size of the coarse emulsion (5.7 or 24 um) and finally the lemon oil (LO)
fraction (20 or 40%). Markers: 0: L=5.7 um-20% LO, o: L-24 um-20% LO, A: L-24 um-40%
LO.

The span value is very important in emulsion production because, with
monodispersed emulsions, stability is enhanced and post-processing steps (e.g.
spray drying) become easier to carryout.

Regarding productivity of the DMTS system with layering, Figure 5.8c presents the
flux values, which are intermediate values compared to the ones obtained for a
monolayer of 99 or 42 um micro-beads shown in Figure 5.6a. These results agree
with the fact that the composition of the DMTS system has an upper layer with
bigger channels (lower resistance) and a bottom layer with smaller channels
(higher resistance). Consequently, using a layered DMTS, high-throughput was
obtained and the number of emulsification cycles can be reduced to three, while
still obtaining a final emulsion of about 3 um of droplet size and achieving a final
emulsion with narrow size distribution. Therefore, reducing the energy inputted
into producing the coarse emulsions and saving energy with the emulsification
cycles number will decrease the overall energy requirement of the process.

5.4. Conclusion

Stable LO emulsions, with oil fractions up to 40% and coarse size of 24 um, were
refined using DMTS systems. The final emulsion size (ds2) was in the range of 2-3
pum with span values that in most cases were below 1.2, and even below 1 for the
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layered DMTS system. Emulsions’ droplet size distribution remained stable at both
room temperature and under refrigeration. The productivity with the DMTS was
clearly much higher than the ones reported for other low energy emulsification
techniques, and this was observed even when the oil fraction was up to 40%.
Therefore, DMTS helps overcome limitations encountered with other low energy
emulsification systems.

The performance of the DMTS systems was clearly influenced by the amount and
size of the micro-beads. Increasing the micro-beads size resulted in an increase
droplet size reduction but an increase in span. However, increasing the DMTS bed
height resulted in a decrease in droplet size reduction and span. Layered DMTS has
allowed a cut back (down to three) on the number of emulsification cycles required
to obtain emulsions with small oil droplet sizes and narrow size distribution.
Emulsions refined with the layered DMTS had comparable droplet size as the
conventional monolayered DMTS but better span values (<1). The DMTS in general,
and the layered DMTS in particular, have the potential of replacing other low
energy emulsification systems for further industrial production of food emulsions.
It is a very robust system, that can be easily assembled, cleaned and tuned to
produce stable emulsions with high throughput.

After optimizing the DMTS system specifically for the encapsulation of lemon oil,
and as discussed in chapter 3, a better emulsifier is needed to stabilized the
emulsions produced. The next chapter, will use the same DMTS system to produce
lemon oil-in-water emulsions stabilized with conventional proteins as well as the
WP-CMC complex.
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“Production of lemon oil emulsions stabilized by biopolymers with
dynamic membranes of tunable pore size”, J. of Food Engineering.
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6.1. Introduction
Emulsions are encountered everywhere in our daily lives and especially in our food.
From dressings to dairy products, margarines and spreads, emulsions can be found
in different forms. More recently, emulsions have been used for encapsulation of
flavors, antioxidants and other active ingredients. However, what is necessary for
food emulsions in general is for them to remain stable, that is to maintain their
physicochemical properties over time. One of the main features essential to
lengthen emulsion stability is the presence of small and monodispersed droplets.
To achieve this aim, energy intensive techniques like rotor stator systems, high-
pressure homogenizers or colloid mills have been used traditionally 4*%°. These
methods, however, are not the best suited to produce emulsions encapsulating
heat and shear sensitive ingredients, such as food aromas and proteins,
respectively. The main drawbacks associated with these technologies are the
difficulty to control droplet size, and more importantly that most of the inputted
energy is dissipated in the form of heat °>. Hence membrane emulsification (ME)
has served as low shear replacement for the production of food emulsions in
particular 231, With ME devices, the production of monodispersed emulsions at

low shear conditions and minimum increase of working temperatures is possible
12

One particular system of ME reported by Van Der Zwan et al. (2008)?° is referred
to as a dynamic membrane. It consists of a porous bed/layer of silica glass micro-
beads supported by a porous nickel micro-sieve. This system is reported to yield
high throughput (= 1000 m*m2h!), produce monodispersed emulsions and be easy
to clean and re-use . A limited number of studies used this system for the
production of food grade emulsions. Sunflower oil-in-water emulsions **%* |
W1/0/W; double % emulsions and food foams *¢ were reported in the literature to
be produced with dynamic membranes. In chapter 5, dynamic membranes of
tunable pore size (DMTS) have been used to produce food grade O/W emulsions
encapsulating lemon oil (up to 40%wt), stabilized by small molecular weight
surfactant polyoxyethylene sorbitan monolaurate (Tween 20). The DMTS system
has been shown effective in the ease of tuning the emulsions’ droplet sizes by
controlling the micro-beads size and bed height. Besides, due to the particular
nature of Tween 20, there was no noticeable fouling during the emulsification
process.

Lemon oil is an essential oil that is currently being used mainly for flavoring
purposes but it also has antimicrobial, antifungal and antioxidant properties,
making its encapsulation of high interest 132133, Encapsulating lemon oil allows its
protection from oxidation and the production of off-flavors. The effective
encapsulation of lemon oil, that often requires a final spray-drying step, can benefit
from the use of biopolymers such as milk proteins or protein-polysaccharide
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complexes, that will enhance the protection of the active ingredients during
processing.

Traditional food grade emulsifiers are dairy proteins like whey protein (WP) and
sodium caseinate (NaCaS). Proteins are considered as good emulsifiers because
they contain hydrophobic parts that adsorb onto the oil phase while their
hydrophilic part remains in the aqueous phase forming a bulky barrier at the
interface ®. However, due to their complicated structures and the interactions
they have between each other, the way they adsorb to the interface changes
resulting in a less coherent protein layer structure ., Therefore other studies have
reported using mixtures of proteins and polysaccharide that forms a bulkier
complex 8%, One kind of complexation is electrostatic where the oppositely
charged biopolymers interact. For example, Berendsen et al. (2014) have
successfully produced a water soluble 0.5%wt whey protein — 0.25%wt
carboxymethyl cellulose complex (WP-CMC) at a pH of 3.8. Below its isoelectric
point, WP is positively changed and the polysaccharide (CMC) is negatively
changed. Upon mixing, an over-all negatively changed complex is formed. In
addition to having a thicker layer protecting the oil droplets and preventing their
coalescence in O/W emulsions, CMC increases the viscosity of the continuous
phase making it more difficult for droplets to move and retarding creaming.
Another advantage of WP-CMC electrostatic complex is the possibility, in the
presence of CMC, to reduce the concentration WP needed to stabilize an emulsion.
Moreover, it has been reported that the WP-CMC complex increases the stability
of emulsions 8% and for these reasons this complex will be tested in this study.
The downside of using proteins or protein-polysaccharide complexes to stabilize
emulsions by membrane systems is the interaction of these biopolymers with the
membrane material that causes fouling. As a result, fluxes during emulsification
can be reduced and the performance of the system to break-up the droplets can
also be affected.

This chapter shows the first attempt to assess the effect of a protein-
polysaccharide emulsifying complex, as compared to standard dairy proteins, on
the properties and stability of lemon oil emulsions obtained with a DMTS system.
A scaling relation to model the effect of the DMTS system characteristics on droplet
break-up is developed. Finally, a modified DMTS system consisting of
superimposed layers of different porosity was evaluated to reduce the energy
input while maintaining the flux and the emulsion characteristics.

6.2. Materials and methods

For the production of the simple oil-in-water emulsions, distilled water was used,
and the lemon oil was purchased from Dallant, Spain. The emulsifiers used were
whey protein, WP, (Davisco Foods International, USA), sodium caseinate, NaCas,
(Sigma-Aldrich Quimica SL, Spain) and a protein-polysaccharide electrostatic
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complex: whey protein-carboxymethyl cellulose (CMC). The CMC was purchased
from Sigma-Aldrich Quimica SL, Spain (CAS: 900-32-4). As for the DMTS, the nickel
micro-sieves were donated by Stork Veco (Eerbeek, The Netherlands) and the
micro-beads were purchased from Unicorn Industrial Cleaning Solutions (The
Netherlands) (micro-beads size: 99 um) and Microspheres-nanospheres (USA)
(micro-beads sizes: 42 and 68 um). Sodium hydroxide and 1M hydrochloric acid
(HCl) were purchased from Fisher Scientific (UK) and acetic acid 96% was
purchased from PanReac (Spain).

6.2.1. Continuous phase preparation

The continuous phases containing the proteins were prepared one day before
using them for emulsification and stored overnight in the refrigerator (4 °C). The
three emulsifiers used in this study were 1%wt. WP, 1%wt. NaCaS and 0.5%wt. WP
- 0.25%wt. CMC electrostatic complex. Solutions (200 ml) of 2%wt. WP and NaCa$S
were prepared and diluted on the day of the experiment to 1%wt. As for the WP-
CMC complex, 2%wt. WP and CMC solutions were prepared the day before, and
the day of the experiment 200 ml of the complex were prepared by mixing the
following: 22.5g of 2%wt. CMC, 22.5g of distilled water, 90g of 20mM acetic acid
buffer and finally 45g of 2%wt. WP. At this point the pH of the complex was
adjusted to 3.8 with 1M HCI. Berendsen et al. (2014)% have shown that this
protein-polysaccharide 2:1 ratio is soluble at pH 3.8 and that the complex is
negatively charged.

6.2.2. Interfacial tension measurement

The dynamic interfacial tension between the continuous phases, containing the
proteins, and lemon oil was measured using an automated drop tensiometer (ADT,
Teclis ITconcept, France). The method consists of a continuous phase drop (5-7 ul)
suspended at the edge of a syringe inside a cuvette filled with lemon oil at 30 °C.
All the protein solutions were diluted to a 0.1%wt. protein. Surface tension was
calculated by the bubble shape analysis. Also, a measurement of lemon oil-distilled
water interface was measured for reference.

6.2.3. Emulsification

To produce the 20% lemon oil-in-water emulsions, the same procedure reported
in section 5.2.3 was followed. In short, the continuous phase (80%wt), containing
one of the three emulsifiers, and lemon oil (20%wt) were mixed to form 120-200 g
emulsions. These emulsions were first homogenized by a high shear mixer (IKA® T-
18 basic Ultra-turrax) to produce a coarse emulsion (a.k.a. premix). The average oil
droplet size (ds;) and span, measured as explained in section 6.2.4, of the three
coarse emulsions prepared varied depending on the kind of emulsifier used and
the values were: 13.08 + 0.76 um and 0.97 + 0.03 respectively for WP, 17.19 + 0.45
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pum and 0.93 £ 0.03 respectively for NaCaS and 19.95 + 0.96 um and 0.93 + 0.02
respectively for WP-CMC.

This premix was then passed, five consecutive times (cycles), under a constant
pressure of 450 kPa, through a DMTS system to refine the emulsion that was then
collected in an Erlenmeyer flask placed on a balance. Consequently, mass versus
time information was collected. This information is used to calculate mass flow
rate, ¢. Then, transmembrane flux, J, can be calculated using Equation 6.1.

P
= —r 6.1
] Pe Acolumn ( )
Acolumn is the area of the emulsification column (177 mm?), Pe is the emulsion
density (972 kg/m?3) and it is calculated using Equation 6.2. B4 is the dispersed
phase volume fraction and the continuous (Pc = 1003 kg/m?3) and oil phase (Po=
846.2 kg/m3) densities were measured using hydrometers.

Pe = Ba pa+ (1—63) pc (6.2)

After each emulsification cycle, a sample was collected for particle size distribution
measurements.

The DMTS system used in this chapter is the same shown in Figure 5.1, where a
layer of silica glass micro-beads lay on top a nickel micro-sieve. In this study three
micro-beads sizes were tested: 99, 68 and 42 um. Also, by controlling the mass of
the micro-beads placed on top of the nickel micro-sieve, it is possible to control the
height of the micro-beads layer. In that sense, by adding 0.5, 1, 2 and 4 g of micro-
beads, bed heights of 2.18, 4.35, 8.7 and 17.4 mm were obtained and tested. The
bed height can be calculated using Equation 6.3 2°.
mass of beads

H= ——— 6.3
Pp Acotumn (1—€) ( )

The porosity of the bed, €, is calculated as such:

=1-2 6.4
€ o (6.4)

Here pp and pp are the micro-beads bulk and particle density. All the values of
these parameters are reported in Table 5.2. The tortuosity of a bed of spherical
particles is calculated using Equation 6.5.

T=1+0411In (i) (6.5)
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The pores in the microstructured system are assumed to have a diameter
equivalent to the interstitial void diameter of the bed, d,, defined by Equation 6.6
%0, Ay is a ratio of a particle’s surface area to its volume and it is given by: A, = 6/dp
where dp is the bead diameter.

4¢
d, = 1o (6.6)
A summary of all the experimental conditions used for refining coarse emulsions is
reported in Table 6.1. In the first column of this table, experimental conditions
reported in chapter 5 were also added for future references and comparisons.

An extra set of emulsions was also produced using a modified structure to the
standard DMTS system. In this system, and instead of having only one layer of
micro-beads on top of the micro-sieve, two superimposed layers of two different
sizes are used. In this study, the modified DMTS comprised of, from bottom to top,
of the nickel micro-sieve followed by 1g of 42 um sized micro-beads followed by
1g of 99 um sized micro-beads. The exact method of preparation is reported in
section 5.2.1.

6.2.4. Particle size distribution measurement

Samples collected from the coarse emulsions and after each emulsification cycle (1
mL) were diluted with distilled water to a 1:10 ratio and used for particle size
distribution analysis. These measurements were done laser diffraction (using a
Malvern Mastersizer 2000). Three independent measurements were done for each
sample and the equipment made three readings for each measurement, resulting
in nine readings for each sample. An average was calculated, from which the Sauter
mean diameter (ds) and span were reported in this paper.

6.2.5. Stability

From each emulsion, after the fifth and last emulsification cycle, an equal volume
of 14mL was placed in 6 plastic tubes to be used for stability measurements. All the
tubes were wrapped with aluminum foil to prevent light oxidation and three were
stored at room temperature (25 °C) and the other three were refrigerated (4 °C).
Stability of the emulsions was studied over a period of 7 days, collecting samples
ondays 1, 3 and 7 after emulsification. In that sense, on the measurement day, one
tube stored at room temperature and one that was refrigerated were collected,
compared for differences in color, and then opened and used for particle size
distribution measurements (as described in section 6.2.4).
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Table 6.1. Experimental conditions (micro-beads mass, micro-beads size, coarse emulsion
size) used to refine 20% lemon oil emulsions at 450 kPa. Also, the porosities of the sieves
holding the silica beads are reported.

Tween20*

WP

NaCaS

WP-CMC

2g —42 um —5.7 um
(Sieve porosity 2.39%)

2g—42 um —13 pm
(Sieve porosity 2.39%)

2g —42 pym —17 pm
(Sieve porosity 2.39%)

Not possible

28 —-68 um—=5.7 um
(Sieve porosity 2.39%)

28 —-68 um—13 um
(Sieve porosity 2.39%)

28 —-68 um—17 um
(Sieve porosity 2.39%)

28 —68 um —20 um
(Sieve porosity 2.33%)

28 —99 um —5.7 um
(Sieve porosity 1.31%)

28 —99 um —13 pm
(Sieve porosity 1.31%)

28 —99 um —17 pm
(Sieve porosity 1.31%)

2g —99 um — 20 pm
(Sieve porosity 2.33%)

0.5g —99 um —5.7 pm
(Sieve porosity 2.39%)
1g-99um—5.7 um
(Sieve porosity 1.31%)

0.5 —99 um —13 pm
(Sieve porosity 2.33%)
1g—-99 um —13 um
(Sieve porosity 1.31%)

0.5g—99 um —17 pm

(Sieve porosity 2.39%)
1g-99 um —17 um

(Sieve porosity 1.23%)

0.5 —99 um — 20 pm
(Sieve porosity 2.33%)
1g —99 um —20 um
(Sieve porosity 2.33%)

4g —99 um —5.7 um
(Sieve porosity 1.31%)

4g —99 pm —13 um
(Sieve porosity 1.31%)

4g—-99 pm —17 um
(Sieve porosity 1.23%)

4g —99 pm — 20 pm
(Sieve porosity 2.33%)

28 —99 um —5.7 um
(Sieve porosity 2.33%)
28 —99 um —5.7 um
(Sieve porosity 2.82%)
2g —99 um — 24 pm
(Sieve porosity 2.33%)

* The experimental conditions in the first column are obtained from chapter 5.

6.3. Results and discussion

6.3.1. Effect of the DMTS system characteristics on the droplet
size distribution of lemon oil emulsions stabilized with
biopolymers

Lemon oil emulsions stabilized with Tween20 have been successfully produced
using the DMTS system in chapter 5. To produce emulsions stabilized with WP,
NaCaS and WP-CMC, pressure was maintained at 450 kPa and bed height and
interstitial void diameter were changed. Figure 6.1 shows ds, and span evolution
during emulsification using these emulsifiers for (i) four different heights (2.18,
4.35, 8.70 and 17.40 mm) using micro-beads of 99 um (interstitial void diameter =
57.97 um) and (ii) for three different micro-beads sizes maintaining the bed height
at 8.55 = 0.8 mm. As previously seen for emulsions with Tween20, there is a
reduction of ds;; during emulsification regardless of the emulsifier, bed height and
bead size, with the highest size reduction occurring in the first cycle. Moreover, the
droplet size of the coarse emulsion varies depending on the emulsifier, where
emulsions stabilized with WP showed the smallest size (13.08 um) and the WP-
CMC complex gave the largest droplets (19.95 um). This is most probably because
looking at the proteins aggregates sizes, the following trend is reported: WP <
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NaCaS < WP-CMC #?'% so smaller sized molecules can stabilize newly formed
droplets and pack more tightly at the interface #. In addition, from the dynamic
interfacial tension profile (Figure 6.2), and especially in the first few seconds, WP
seems to lower the interfacial tension quicker than the other proteins allowing the
formation of smaller oil droplets. WP-CMC took a longer time to reach equilibrium
because of the larger size of the complex molecule migrating to the oil-water
interface.

It is noteworthy to mention that interfacial tension between lemon oil and water
is lower than expected but that is due to the presence of emulsifying compounds
in lemon oil like acetyl groups and methylesters **°. Also, Rao and McClements,
(2012b) reported a lemon oil-water equilibrium interfacial tension of 8.3 mN.m*
due the high presence of surface-active compounds.

For the effect of the bed height, the highest size reduction always corresponds to
the thinnest bed, and it is about 60% for the first cycle, regardless of the emulsifier.
The increase in the thickness of the bed results in a lower size reduction, about 28-
33%, again for the first cycle regardless of the emulsifier. Figure 6.1 shows the span
values and here it should be noted that all the emulsions produced were
monomodal by the 5" emulsification cycle. However, WP and NaCas stabilized
emulsions show an increase in the span from the coarse emulsion to the one after
the first emulsification cycle, followed by a slight decrease in the following
emulsification cycles. Yet, for the emulsions stabilized with WP-CMC electrostatic
complex, the span increases after each emulsification cycle, regardless of the
thickness of the bed. So far, the results prove that the DMTS system is a powerful
tool for producing emulsions with span values between 0.8 and 1.3, which is an
important factor in terms of emulsion stability.

The size of the microbeads and the porosity of the bed determine the interstitial
void diameter (Equation 6.6) which is related with the size of the open
interconnected channels in the system. The microbead sizes used were 99, 68 and
42 um, which correspond to d, values of 57.97, 38.79 and 28.33 um, respectively.
It is important to note that the size of the coarse emulsions was always smaller
than the interstitial void diameter, and even in this scenario significant droplet
break-up occurs (Figure 6.1), which is indicative of the efficacy of the emulsification
system. However, when the emulsions were stabilized with the WP-CMC complex,
emulsion refinement was not possible when the microbead size was 42 um. In this
particular case, the pressure applied was not enough to overcome the resistance
of the bed and the higher viscosity of the continuous phase.
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30

Interfacial tension (mN/m)
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Figure 6.2. Dynamic interfacial tension profile of lemon oil with ( % ) water, (1) WP, ()
NaCas and (©O) Wp-cMC.

To better understand the effects of micro-beads size and bed height on droplet
break-up, and homogenizing the results with respect to the coarse emulsions
droplet size, d3,/darse and span values of the 5™ emulsification cycle were plotted
versus bed height and d, (Figure 6.3). It is clear from Figures 6.3a and 6.3c that the
thicker the bed and smaller the micro-beads size the less droplet break-up
happens. However, it should be highlighted that with the thinnest bed, an 80% size
reduction of the coarse emulsions was achieved, for the three emulsifiers.

When the DMTS system is composed of a thick bed and/or small micro-beads,
transmembrane flux drops because of the higher resistance which also decreases
the shear inside the bed pores responsible for deforming and breaking oil droplets
2240 Regarding span values, Figure 6.3b shows that thicker beds gave higher span
values probably because they allow droplets to reside in the bed for longer periods
allowing them to coalesce °. Figure 6.3d indicates that large micro-beads sizes,
which give the smallest droplets (Figure 6.3c), are less efficient in producing
emulsions with a narrow droplet size distribution, that is, having higher span
values.

Comparing the droplet size distribution of the emulsions obtained in this study to
the literature is difficult since there are no results showing stabilization of lemon
oil emulsions with proteins or protein-polysaccharide complexes. Berendsen et al.
(2014)¥” produced sunflower O/W emulsions with a premix membrane
emulsification technique (SPG membrane) stabilized with 1%wt WP and 0.5%wt
WP - 0.25%wt CMC and obtained smaller droplets after four emulsification cycles
(reported d4 3 about 10 um) but higher span values, 1.7 and 3.6 respectively, while
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with the DMTS system lemon oil stabilized with WP or WP-CMC complex had span
values of 1 and 1.1 for the same emulsifiers respectively.
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Figure 6.3. Effects of bed height (a,b), micro-beads size (c,d) and emulsifier type on the
droplet break-up and span of the last emulsification cycle of 20% LO emulsions. Markers:

O: wp-cMC; O : WP; A\ : NaCaS

This is yet another strong point for DMTS and its ability to produce narrow droplet
size emulsions. As for DMTS systems, the literature shows applications in premix
mode to produce O/W and W/O/W emulsions stabilized with WP. Ladjal Ettoumi
et al., (2017)* report producing 20% sunflower oil-in-water emulsions stabilized
with WP using a 2 mm bed of 71 um hydrophilic glass beads. They were able to
refine a coarse emulsion (ds ;3 = 23 um) at 300 kPa with five emulsification cycles to
a final size, da3, of 5 um. As in our study, droplet break-up occurred mainly in the
first cycle. Eisinaite et al.,, (2016)* encapsulated beetroot juice in Wi/O/W,
emulsions using 0.5 % WP to stabilize the sunflower oil/W; interphase. As for the
conditions of the DMTS system, they were exactly the same than the ones used by
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Ladjal Ettoumi et al. (2017)*. Starting from a coarse emulsion, ds, of 32 um and
span of 1.4, they were able to refine it down to 20 um and span 5. These higher
span values might be due to the higher viscosity of sunflower oil, also stable double
emulsions being more difficult to form.

Moreover, to compare the extent of droplet break-up obtained in this study with
previous literature, it is worth to use the ratio of the droplets’ diameter (ds2) to the
interstitial void diameter (d,). It is clear that for all the emulsions the oil droplet
sizes of the coarse emulsions are smaller than the interstitial void diameter (ds>/
dy < 1). Also, by the last emulsification cycle this ratio is 0.05 < d3,,/ d, < 0.2 which
is in the lowest range reported for premix membrane emulsification 92%27:3640 Thjg
again, shows the potential of the DMTS emulsification technique.

6.3.2. Effect of the DMTS system characteristics on the
emulsification flux

As mentioned previously, 20% lemon oil emulsions were refined through the DMTS
system with a constant pressure of 450 kPa, while varying micro-beads size (42, 68
and 99 um), bead height (2.18, 4.35, 8.70 and 17.40 mm) and emulsifier type (WP,
NaCaS and WP-CMC). Data collected during emulsification allows the calculation
of the transmembrane flux (Equation 6.1). Figure 6.4 shows the fluxes as a function
of the emulsification cycles for the different conditions.

Regarding the influence of the bed size, it is clear from Figure 6.4 a-c that the
highest flux value is obtained when the DMTS system had the thinnest bed. The
flux value obtained, at the fifth cycle, was around 1000 m®m2h? for emulsions
stabilized with WP or WP-CMC, while it was close to 900 m>m=h for emulsions
stabilized with NaCas. These values are in the upper range of the ones reported for
DMTS emulsification and very similar to the ones obtained with the exact same oil
type and fraction, pressure and bed conditions but with Tween20 as emulsifier
(chapter 5). Therefore, the use of proteins or a protein-polysaccharide complex
does not seem to cause extensive fouling in the system reducing the productivity.
A general trend can be seen in Figure 6.4 where the thicker the bed and the smaller
the micro-beads sizes the lower are the transmembrane fluxes, which can be
explained by the higher resistance to flow 2. Nonetheless, some discrepancies are
noticeable in the plots showing the flux values for WP and NaCaS. Figure 6.4 a-b
show a much higher flux value for the system with the thinnest bed, while in Figure
6.4 d-e it can be seen that fluxes obtained with the 99 um beads are in same range
than the ones obtained with the 68 um beads. This behavior can be explained by
the different porosity of the micro-sieves used to support the bed (Table 6.1). The
DMTS system consist of a bed with a porosity of about 50%, supported by a nickel
micro-sieve with a much lower porosity (1.2-2.4%), exhibiting higher resistance.
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As reported previously in section 5.3.2, for the same bed characteristics, higher
porosities of the nickel sieve result in higher fluxes and the opposite is true. The
effect of the porosity of the micro-sieve is overlooked in the DMTS emulsification

literature, and controlling this factor

has the potential of

optimizing

transmembrane flux, while maintaining all the other operational parameters.
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Figure 6.4. Effects of bed height (a,b,c) and micro-beads size (d,e,f) on transmembrane flux
during emulsification of lemon oil (20%) stabilized with WP, NaCaS and WP-CMC complex.
Markers: O: 2.18mm; O : 4.35mm; O : 8.7mm; [\ : 17.4mm; O : 42um; O : 68um; O: 99um.
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Comparing the effect of the emulsifiers on the transmembrane fluxes, it is clear
that emulsions with WP and NaCaS behaved similarly in comparison to emulsions
with the protein-polysaccharide complex. This latter had flux values at the first
emulsification cycle lower than the other two emulsifiers mainly because of the
higher emulsion viscosity. As emulsification progresses, increasing the number of
cycles, the flux values increased. Vladisavljevi¢ et al. (2004)?” describe how the
energy inputted into the system (in this case the constant applied pressure, Pp) is
invested into (i) breaking the emulsion droplets (Pgisr) and (ii) pushing the emulsion
through the membrane (Psiow) (Equation 6.7).

Pm= Pflow + Pisr (6.7)

It is possible that with emulsions prepared with WP-CMC, and taking the higher
viscosity, energy was invested in the first cycles into breaking the comparatively
large oil droplets. As these latter become smaller in the subsequent cycles, energy
is invested more into flowing the emulsions which explains the increase in
transmembrane flux. A more plausible explanation for the increasing flux, is that
the emulsion is undergoing shear-thinning. Nor Hayati et al. (2009)*% reports that
O/W emulsions containing CMC exhibit shear thinning behavior. As for the
emulsions with WP and NaCaS, and since the oil droplets in their emulsions are
smaller than those with the complex, Sahin et al., (2014) explains that with the
increasing number of cycles, and thus decreasing size and increasing number of
droplets, oil droplet might slightly accumulate in or before the bed, in turn lowering
the flux values.

It should be noted that, as previously mentioned, the coarse emulsion stabilized
with WP-CMC could not be refined at 450 kPa through the 9.25 mm layer of 42 um
sized micro-beads. Several trials were made but the emulsion was not able to pass
through the bed. At a dy= 28 um and a dcoarse = 20 pum, it seems that the inputted
energy, along with the higher emulsion’s viscosity, are not enough to push the
emulsion through the bed. Because of the resistance of the bed, the dcoarse/dv =
0.71 and the viscosity of the emulsion, the pressure applied is not enough to flow
the emulsion through the bed. When the resistance can be overcome, then the
emulsion is submitted to the shear forces and the shear thinning behavior which
explains the increase in the flux in every cycle. With the micro-beads sizes of 68
and 99 um the emulsion passed with no problems.

6.3.3. Emulsions stability

The stability of all the emulsions was studied over a period of 7 days at two
different temperatures (4 and 25 °C). Figure 6.5 shows the particle size
distributions of the fresh emulsions and after 7 days for the all the tested
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conditions (micro-beads size, bed height, temperature, emulsifier type). All
emulsions produced with WP and NaCaS appear to be stable with a small increase
in d3> and span after 7 days (more so for samples stored at room temperature).
Emulsions stabilized with WP-CMC on the other hand show a stronger effect of
storage temperature on stability. All the emulsions stored at room temperature
destabilized by coalescence with a steep increase in droplets diameter and span.

However, refrigerated emulsions remained almost the same after 7 days. Figure
6.6 shows that creaming had occurred in all of the emulsions and a change in color
due to oxidation was prominent in samples stored at room temperature.
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Day 0 Day 7 — Room Temperature Day 7 — Refrigeration
ds2(um) | Span (-) ds2 (um) | Span(-) dsz2 (um) | Span(-)
WP 2.587 1.029 WP 2.906 1.067 WP 2.847 1.138
NaCaS 3.528 0.948 NaCaS 4.289 1.240 NaCaS 3.729 1.105
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Figure 6.5. Effects of bed height (2.18, 4.35, 8.70, 17.40 mm), micro-beads size (42, 68 and
99 um), emulsifier type (WP, NaCaS and WP-CMC) and storage temperature (room
temperature or refrigeration) on 20% LO emulsion stability after 7 days. The color
transparency scale indicates the type of emulsifier: from darkest to lightest refer WP, NaCaS
and WP-CMC.
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Continuation of Figure 6.5

At room temperature, lemon oil and the proteins are more prone to oxidation
because at high temperatures emulsion viscosity is low (compared to the viscosity
of the refrigerated emulsion) thus increasing the circulation of oxygen and its
exposure to the droplets 30, What is interesting to point out is that no change in
color was seen in emulsions stabilized with WP-CMC.

In these WP-CMC stabilized emulsions the creamy layer on top was harder to break
than in the emulsions stabilized with single proteins, most probably due to the
presence of a texture modifying agent, such as CMC. This thick layer on the top
could have been responsible for protecting the emulsion from oxidation; however,
only chemical stability studies can verify the extent of oxidation and this is out of
the scope in the present study. In summary all the refrigerated emulsions remined
stable after 7 days, which ensures that if emulsions are kept at low temperature,
they can be stored for several days before any post-emulsification processes (e.g.
spray drying) are applied. As for the WP-CMC complex it was able to keep the
emulsions stable under refrigeration with no change in color.
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Figure 6.6. Stability of 20% lemon oil emulsion produced with 99um-2g DMTS system with
three emulsifiers.

In chapter 3, 20% lemon oil emulsions were prepared with an SPG membrane and
stabilized with WP (pH: 6.8) and WP-CMC (pH: 3.8). Emulsions’ stability was tested
under accelerated conditions under UV light over a period of two weeks. Results
are consistent with those reported in this chapter where emulsions stabilized with
WP (pH:6.8) showed a change in color (yellowish) whereas emulsions stabilized
with WP-CMC (pH: 3.8) inhibited this change in color. Regarding droplet size,
emulsions stabilized with WP (pH: 6.8) and prepared with both the SPG and the
DMTS systems, maintained a constant oil droplet size over 7 days. However, for
droplet size distribution the behavior was not the same. Emulsions prepared with
the SPG membrane and stabilized with WP (pH: 6.8) had a span of 0.8 after three
emulsification cycles while the emulsions prepared with the DMTS system (99 um
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beads size and 8.7 mm bed height) and stabilized with the same emulsifier, had a
span of 1.16 after five emulsification cycles. Although the emulsions prepared with
the SPG membrane had smaller droplet size distributions, the emulsions prepared
with the DMTS system showed more stability and the distribution remained
monomodal after 7 days unlike the emulsions prepared with the SPG membrane
that showed signs of coalescence. This is probably due to the accelerated storage
conditions where faster oxidation of the both the oil phase and whey protein occur.
Muijlwijk et al. (2017)**" reports that the oxidation of WP has decreased the
coalescence stability of hexadecane oil droplets. Protein oxidation results in
aggregates forming and peptides being released thus making the interfacial
network less elastic. Also, these new products make the interface composition
heterogeneous and by that reducing coalescence stability. As for emulsions
stabilized with WP-CMC (pH:3.8), under UV light neither the droplet size nor the
droplet size distribution was stable for emulsions produced with the SPG
membrane, unlike the case reported in this chapter. This of course could be due
to, again, the accelerated conditions but also the span of the emulsions produced
by the SPG membrane was higher after three emulsification cycles (span = 1.4 with
SPG vs. span = 1.1 with DMTS).

6.3.4. Scaling equation for droplet size versus applied pressure
in the DMTS system

Several authors have related droplet break-up to applied energy through the
energy density relation in emulsification systems to predict the droplet size based
on the pressure applied 2%, Since in this study the applied pressure was kept
constant at 450 kPa, but the process parameters related to the structure of the
microporous system and the nature of the emulsifier varied, an equation to include
the effects of dcoarse, Micro-beads size, bed height and number of emulsification
cycles in the droplet size is proposed. The equation takes into account the number
of the emulsification cycles (N) and the relationship between the height of the bed
and the interstitial void diameter, as shown in Equation (6.8).

d _p (height\€
32_—q.N b.(—g) (6.8)

dCOClT'SG dV

where a, b and c are fitting parameters. The values of the three constants in
Equation 6.8 were computed by the Solver tool in Microsoft Excel and verified with
the Curve Fitting tool in Matlab (R2015a). To do so, the results from all the
experimental conditions (Table 6.1) with the four emulsifiers (Tween 20, WP,
NaCaS and WP-CMC), including all the replicates (255 points), were considered.
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The fitting parameters are reported in Table 6.2, their p-values were: p << 0.001,
which shows their statistical significance. Also, the general p-value of the equation
was also: p << 0.001 . The fit is very good (R? = 0.83) considering the extent of
experimental variables. Figure 6.7 shows the experimental Sauter mean diameter
plotted against the values obtained from Equation 6.8.

The importance of this equation is that it can be used to select the operating
conditions of the DMTS system and calculate the expected droplet size regardless
of the emulsifier used.

6.3.5. Tailored design of the DMTS system

As previously reported in section 5.3.3, it is possible to modify the DMTS system to
maintain high emulsion through-put while decreasing the energy inputted,
reducing the emulsification cycles, and still obtain narrow droplet size distributions
during the production of lemon oil emulsions stabilized with Tween 20. This
modified system, referred to from here on as layered DMTS, consists of two
superimposed layers of beads of different size. As a result, the microstructured
system has an upper layer (4.35 mm) of 57.97 um of interstitial void diameter and
a bottom layer of the similar thickness (4.63 mm) with and interstitial void
diameter of about 28.33 um (Table 5.2).

A set of experiments was designed to test the performance of the layered DMTS
system with emulsions stabilized with WP, NaCaS or WP-CMC complex. Lemon oil
emulsions (20%wt.) were prepared as described in section 6.2.3 and then they
were refined at 450 kPa with the layered DMTS system. Figure 6.8 shows the
droplet break-up (ds,2 ds,2/dcoarse and span) as well as the transmembrane flux of
the lemon emulsions stabilized with the three biopolymers.

Since one of the goals is to reduce the energy input, the emulsion refinement cycles
with the layered DMTS system were reduced three, therefore the results can be
compared with the ones obtained after three cycles using the standard DMTS
system of similar thickness and intermediate interstitial void diameter.

Table 3. Regression parameters for Equation 6.8
Coefficient STD

a 0.1387 +0.0100
b 0.372 +0.0139
c 0.2902 +0.0137
R? 0.8249
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Figure 6.7. Experimental ds 2 values plotted against the values obtained from Equation 6.8

Looking at Sauter mean diameter (ds;), different trends are observed for the
emulsifiers: WP gave higher ds; value than the one obtained using a 9.27 mm bed
of mono-sized 68 um beads, while for NaCas and WP-CMC the ds; values were
slightly lower or similar, respectively, to the ones with the mono-sized bed. It is
interesting to point out that, with the WP-CMC complex, and as mentioned in
section 6.3.1, the emulsion was not able to pass through 42 um micro-beads, but
with the layering arrangement this problem is overcome and the emulsions were
able to be refined to a ds; value of about 9 um. It may be that the first layer of the
99 um beads refines the WP-CMC lemon oil emulsion down to a droplet size that
allows the emulsion to move through the tighter channels of the bottom layer,
where they are further refined. Looking at Figure 6.8b, and by the third cycle, the
droplet size reduction was the same regardless of the emulsifier type.
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Figure 6.8. Effects of using a layered DMTS system and a different emulsifier on (a,b) droplet

break-up, (b) span and (c) transmembrane flux during the production of 20% LO emulsions.
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As for the span values, all of them were lower than the ones resulting after three
emulsification cycles with the 9.27 mm mono-sized bed, showing the potential of
tailoring the microstructured system to obtain narrower droplet size distributions.
To the authors’ knowledge no other study has reported producing emulsions
stabilized with WP-CMC with a span value as small as 0.82.

Emulsion refinement leading to narrow droplet size distributions while reducing
the energy input need to be accompanied by high productivities to scale-up the
process. Figure 6.8d shows the flux evolution during emulsification in the layered
DMTS system for the three emulsifiers. The flux values at the 3™ cycle are of around
300 m3.m2.h? for emulsions stabilized with WP and NaCa$, and about 200 m3.m"
2.h?! for emulsions stabilized with WP-CMC. Even though these values are 40%
lower than the ones obtained with the 9.27 mm bed of 68 um micro-beads, they
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are still comparable to flux values reported for Shiratsu porous glass membranes
2

The stability of the emulsions produced with the layered DMTS system was
monitored for 7 days at 4 and 25 2C. As reported in section 6.2.5, emulsions were
less stable when stored at room temperature but very stable at 4 °C. In fact, the
refrigerated emulsions that were produced by layering, were the most physically
stable between all the emulsions (Figure 6.9) most probably due to the low span
values. For that reason, layering is a promising tool for obtaining emulsions with
narrow droplet size distributions and high through-put while reducing inputted
energy.
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ds2(um) | Span(-) ds2(um) |Span(-) ds2(km) | Span (-)
WP 6.66 0.94 WP 7.14 1.23 WP 6.77 0.91
NaCaS 7.51 0.91 NaCaS 7.89 1.04 NaCaS 7.62 0.90
] WP-CMC 9.02 0.82 WP-CMC 20.76 2.47 WP-CMC 9.09 0.83
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Figure 6.9. Effects of layering, emulsifier type (WP, NaCaS and WP-CMC) and storage
temperature (room temperature or refrigeration) on 20% LO emulsion stability after 7 days.
The color transparency scale (top image) indicates the type of emulsifier: from darkest to
lightest refer WP, NaCaS and WP-CMC.
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6.4. Conclusions

This study has proven the feasibility of using standard and layered DMTS systems
to produce lemon oil emulsions stabilized by two milk proteins (whey protein and
sodium caseinate) and a protein-polysaccharide electrostatic complex (WP-CMC).
It has been established that tailoring the operating parameters of the DMTS system
(interstitial void diameter, bed height, nickel micro-sieve porosity) enabled to
control the droplet size distribution while maintaining the emulsion productivity.
Overall, for the three emulsifiers, the thinner the bed the smaller and narrower
size distribution of the droplets. As for the interstitial void diameter, it was clear
that increasing this parameter, droplet size decreased and increased the droplet
size distribution. A scaling relation to predict the droplet size based on the size of
the coarse emulsion, the number of emulsification cycles and the ratio between
bed height and interstitial void diameter, and regardless of the emulsifier, was
established. The results show the potential of the DMTS system to refine emulsions
stabilized with biopolymers, since at the fifth emulsification cycle the values of ds,
/d, are in the lowest range reported for premix emulsification, while maintaining
the productivity at 300-200 m3m2h. The layered DMTS system allows to tailor the
microstructure to refine the emulsion while reducing the energy input. The layered
DMTS allowed the production of a monodispersed emulsion, stabilized with WP-
CMC complex, with the lowest reported span value (0.82) so far. Regarding
stability, emulsions prepared with the conventional and layered DMTS systems
tended to be more stable at 4°C compared to the ones stored at room
temperature. All emulsions stabilized with WP and NaCa$ had a yellowish tint after
7 days (more so the ones stored at room temperature) that can be attributed to
oxidation. However, emulsions stabilized with WP-CMC CMC did not show any
significant change in color, even though they were not stable at room temperature.
Although the complex seems to better protect the emulsions against oxidation
(visually), a chemical stability study should be performed.
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Parts of this chapter have been published as:

Hinderink, E. B. A., Kaade, W., Sagis, L., Schroén, K., & Berton-Carabin,
C. C. (2020). Microfluidic investigation of the coalescence
susceptibility of pea protein-stabilised emulsions: Effect of protein
oxidation level. Food Hydrocolloids, 102, 105610.
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Pea protein for the stabilization of O/W emulsions: A microfluidics approach

7.1. Introduction

Food emulsions make up many products that are often used like dressings, ice-
cream and spreads. Simple emulsions can be in the form of oil-in-water or water-
in-oil emulsions. In both cases, emulsions need emulsifiers to keep them kinetically
stable and a popular choice is dairy protein. However, with the increase of the
global human population to 9.5 billion by 2050, the demand for protein is expected
to double. For that reason, research is turning to plant proteins as another protein
source. Plant proteins are safer for human consumption (low allergenicity) and
more sustainable, not to mention they are a preference for people following a
vegan or vegetarian diet. A downside to plant proteins is their strong taste and low
solubility in water. In the year 2019 alone more than fifteen studies have reported
using plant proteins as emulsifiers to stabilize O/W emulsions.

Pea protein (PP) in particular has been much researched in the last year. PP’s major
components (65-80%) are the globular proteins: 11S legumin and 7S vicilin 882,
Compared to other plant proteins like soy, PP have lower allergenic potential and
higher nutritional value. Similarly to milk proteins, PP are amphiphilic and by that
can be used to stabilize emulsions. Burger & Zhang, (2019) # report that the
process for PP to stabilize an oil/water interface starts by migration of the protein
to the interface, adhesion, partial denaturation and reorientation (the hydrophilic
portion facing the water and the hydrophobic one inside the oil) and finally the
formation of a viscoelastic film at the interface. This film stabilizes oil droplets
through electrostatic repulsion and steric hindrance.

Since PP are considered a new protein source, the way they stabilize oil droplets in
O/W emulsions hasn’t been studied much. The mechanism of droplet formation
and recoalescence cannot be measured using conventional emulsification
techniques. In these latter, droplet size measurements are done minutes after
emulsification while droplet break-up and recoalescence occur within milliseconds
of emulsification. Using microfluids, however, allows the observation of droplet
formation in the sub-second range. A microfluidics chip developed by Krebs et al.
(2012)18 is formed of three sections: a T-shaped junction where the oil and
aqueous phase meet and the droplets form, a meandering channel where the oil
droplets get stabilized by the emulsifier, and finally a long coalescence chamber
where the oil droplets meet and interact. This chip has been used for stabilizing oil
droplets with sodium dodecyl sulphate 38, B-lactoglobulin and whey protein ¥,
Muijlwijk et al. (2017)**7 used chips with different meandering channel length while
maintaining the same flow rate. This allows to control the time the oil droplets
have in contact with the continuous phase and thus the amount of droplet
coverage. For instance, they reported that hexadecane droplets need at least 100
ms in contact with 0.005% pB-lactoglobulin in the meandering channel to be
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stabilized and not coalesce in the coalescence chamber. Other variables tested are
the emulsifier’s type and concentration, the flow rates of the continuous and
dispersed phase and the pH of the continuous phase.

The aim of this chapter is to open a scope on new sustainable plant-based
emulsifiers, pea protein in particular, for droplets stabilization in microfluidics.
Droplets’ stability was studied as a function of protein concentration, meandering
channel length, and continuous phase flow rate.

7.2. Materials and methods

Pea protein isolate was bought from Roquette (80-90% purity, NUTRALYS, s85F,
France). Sodium phosphate dibasic (Na,HPQO,), sodium phosphate monobasic
(NaH,PO4), hexadecane, were all purchased from Sigma Aldrich (Saint Louis,
Missouri, USA). The bicinchoninic acid (BCA) assay kit was obtained from Sigma-
Aldrich (BCA1-1 KT, Saint Louis, USA).

7.2.1. Preparation of pea protein solution

A 6%wt pea protein solution was prepared with 10mM phosphate buffer (pH: 7.0)
and stirred for 24h at 4 °C. The solution was then centrifuged at 16,000xg for
30min, the supernatant was separated and centrifuged again in the same way. The
protein content of the supernatant was measured through a standard BCA assay
at 562 nm using a DU 720 UV-vis spectrophotometer (Beckman Coulter, Woerden,
the Netherlands)°. The supernatant contained 15 g/L soluble protein. This protein
solution was frozen in 1 ml vials for future use.

7.2.2. Microfluidics experiments

The borosilicate glass microfluidics chips (Figure 7.1) were custom made by
Micronit Microtechnologies B.V. (Enschede, the Netherlands). On the left side of
the chip are the continuous and dispersed phase entrances (width = 100 um) where
they meet at a T-shaped junction and an oil droplet is formed. The droplet then
passes through the meandering channel before reaching the coalescence chamber
(width = 500 um, length = 26.2 mm). Different chips having meandering channels
of different lengths were used. Consequently, the residence time of a droplet in
the meandering channel was 11, 31, 65, 100 or 173 ms depending on the shape of
that channel. The different shapes are shown in Figure 7.1. All the channels of a
chip have a depth of 45 um.
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Figure 7.1. Microfluidic coalescence chip with an adsorption time of 100 ms (top). The extra
inlet in the coalescence channel is closed as indicated by X. At the bottom of the figure, an
overview of the different meandering channels and the corresponding adsorption times is
given.

The microfluidics chip was placed in its holder and connected to the continuous
phase (pea protein solution) and the dispersed phase (n-hexadecane) sources via
glass capillary tubes. The continuous phase was filtered with a 0.22 um filter before
using it. The continuous and dispersed phase were pressurized into the
microfluidics chips by means of a pressure system (OB1, Elveflow, France) and the
flow rates were controlled with a CORI-Flow sensor (Bronkhorst B.V., Netherlands).
The flow rate of hexadecane was maintained constant throughout all the
experiments at 2 puL/min while the continuous phase was varied between 20 and
70 pL/min.

For image capturing, a light microscope (Axiovert 200 MAT, Carl Zeiss B.V.)
connected to a high-speed camera (MotionPro Y4-A2) was utilized. A 1000 images
were collected at a rate of 30 frames/s at the inlet and outlet of the coalescence
chamber. A custom-made Image) macro ¥’ was used to determine the two
dimensional area of the droplet. From that, a mean droplet area (Ay) at any position
and a mean initial droplet area (A) at the inlet on the coalescence chamber were
calculated. Then, the number of coalescence occurrences (Ncoar) can be calculated
using Equation 7.1.
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A
Neoar = A_): -1 (7.1)

7.3. Results and discussion

7.3.1. Effect of pea protein concentration on droplet stability

Hexadecane droplets were formed at a flow rate of 2 puL/min and the protein
solution was flowing at a constant 40 uL/min rate which brings the total flow rate
to 42 pL/min. Protein concentration was varied from 0.1 to 1 g/L to test its effect
on oil droplets’ stability. The microfluidics chip used in this section is one have a
100 ms adsorption time in the meandering channel. It should be notes that
changing protein concentration had no effect on the size of the oil droplet which
remained constant at around 60 um.

For all the experiments, the coalescence occurrences at the front of the
coalescence chamber were lower than at the end of it. That alone shows that
coalescence started occurring immediately after entering the chamber and that
the adsorption time throughout the chamber was not enough to further stabilize
the droplets. Figure 7.2 shows the relationship between pea protein concentration
and the number of coalescence occurrences.
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Figure 7.2. Number of coalescence occurrences in the chip with 100 ms adsorption time for
different concentrations (0.1-1 g/L) of PP measured at the front (empty marker) and the end

(grey marker) of the coalescence chamber. & indicates that the coalesced droplets were
too large to measure as seen in Figure 7.3.
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It is clear that the higher the PP concentration, the less coalescence events are
registered. In particular, PP concentration above 0.5 g/L successfully stabilized the
droplets while passing through the meandering channel (100 ms) by sufficiently
covering the surface. This is clearer in Figure 7.3 where only below the PP
concentration of 0.4 g/L droplets Arlarger than A;could be seen.
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Figure 7.3. Microscopic images of the effect of pea protein concentration on droplet
stability taken at the front and end of the coalescence chamber.
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7.3.2. Effect of meandering channel length on droplet stability

Five different chips with different meandering channels lengths were used to test
the effect of the PP adsorption time (11-173 ms) on droplet stability. As it can be
seen in Figure 7.4, and as discussed in section 7.3.1, for all the chips, increasing PP
concentration increases droplet stability. Also, it is clear that for any given PP
concentration, a longer adsorption time resulted in less coalescence events. Taking
a PP concentration of 0.3 g/L for example, Figure 7.5 shows how the number of
coalescence occurrences deceases when more time is allowed for the droplets’
surface to be covered.

Muijlwijk et al. (2017)** reports that using B-lactoglobulin (major whey protein in
cow milk) as emulsifier, a concentration as low as 0.05 g/L was enough to stabilize
hexadecane droplet in 31 ms chip. This indicates that unlike dairy protein, a much
higher concentration of PP (0.5 g/L with a 65 ms chip) and/or a longer adsorption
time are needed to stabilize the oil droplets. Also, Hendrick reports that pea
protein’s high molecular weight and their soluble aggregate’s state might be why
a higher concentration of PP is needed.
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Figure 7.4. Number of coalescence occurrences at the outlet of the coalescence chamber
measured in chips with different adsorption times 11( % ),31(Y),65( ) 100( )and173

( *) ms and protein concentrations (0.1-1 g/L).
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Figure 7.5. Microscopic images taken at the front and end of the coalescence chamber
showing the effect of adsorption time (11, 31, 65, 100, 173 ms) on droplet stability with PP
concentration of 0.3 g/L.

7.3.3. Effect of continuous phase flow rate on droplet stability

The 100 ms chip was used to test the effect of the continuous phase flow rate on
the hexadecane droplets stability. The oil flow rate was maintained at 2 pL/min
and the PP concentration used was 0.2 g/L. The continuous phase flow rate was
varied between 20 and 70 pL/min. Figure 7.6 shows the results. It is clear that
regardless of the flow rate used, coalescence started immediately after entering
the coalescence chamber. Increasing the continuous phase flow rates has several
consequences. First the shear applied on the forming droplets at the T-shaped
junction is higher. This is reflected by the decreasing droplet size. The mean droplet
size decreased from 78 um to 53 um with the increase of flow rate from 20 and 70
puL/min. Also, because of the higher continuous phase flow rate, the pressure
applied on the oil inlet was higher leading to a decrease in oil volume fraction (less
droplets) from 10% to 4%. As for coalescence, it seems from Figure 7.6 that a higher
flow rate leads to less coalescence events. Muijlwik et al. (2016)*° reported a
similar trend while stabilizing hexadecane droplets with 0.005 g/L B-lactoglobulin.
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Figure 7.6. Microscopic images taken at the front and end of the coalescence chamber
showing the effect of continuous phase flow rate on droplet stability.

These authors gave the following explanations: 1) at low flow rates, the droplets
spend more time in the coalescence chamber thus increasing chances of collision,
2) at low flow rates, droplets’ collision time is longer and may exceed film drainage
time, 3) at low flow rates, convective transport of proteins is low thus not sufficient
surface coverage will be reached. Moreover, and in this study’s case also it is
possible that the higher oil volume fraction at low flow rates, thus higher droplets’
collision chances, can lead to higher coalescence events.

7.4. Conclusion

Microfluidics technology is a powerful tool that helps understand droplet
formation and stabilization mechanisms that would be otherwise impossible to
measure in high-throughput emulsification techniques. This chapter shows the
potential of using a plant-based protein, pea protein in particular, for O/W
emulsions’ stabilization. A higher concentration of pea protein and longer
adsorption times will be required to rapidly stabilize droplets as compared to whey
protein. Also, continuous phase flow rate controls droplets’ protein coverage rate,
droplets’ size, oil volume fraction and overall emulsion stability. It would definitely
be worth trying stabilizing lemon oil emulsions with pea protein.
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Conclusions

8.1. General conclusion

This work demonstrates the feasibility of producing stable lemon oil-in-water
emulsions with narrow droplet size distribution with high-throughput and low-
energy premix microporous emulsification systems.

A WP-CMC electrostatic complex (pH: 3.8) was used to stabilize lemon emulsions
produced by microporous emulsification with SPG membranes and compared to
WP at neutral and acidic pH (Chapter 3). Although the physical stability of the
emulsions in terms of droplet size distribution was not improved, the use of an
electrostatic WP-CMC complex increased the protection against deterioration of
d-limonene and hindered the reduction of citral isomers under acidic and
accelerated oxidation conditions. Tailor-made interfaces are thought to be
preserved during emulsification using SPG membranes, thus being an effective
strategy to control the complex chemical reactions underpinning the degradation
of aroma compounds in lemon oil.

Lemon oil emulsification was also tried with a low-cost ceramic membrane,
however results showed that this kind of microporous system is not adequate
(Chapter 3). On one hand, ceramic membranes are fragile which impede using
higher pressures and on the other, they seem to function better for emulsion
separation rather than formation for they retain the oil phase.

Nickel micro-sieves have been tested for the first time to produce lemon oil
emulsions in premix mode (Chapter 4). Lemon oil emulsions were successfully
refined with nickel micro-sieves; however, several considerations have to be taken
into account. The oil fraction of Tween 20 stabilized emulsions has to be
maintained low (about 5%wt.) and the relationship between the droplet size of the
coarse emulsion and the hydraulic diameter of the pores (dcoarse/dn) has to be lower
than 1 to allow emulsion refinement. The nickel micro-sieves need to go through a
mild cleaning process to maintain the physical integrity and to be reused. Following
these limitations, lemon oil emulsions with 0.5 um droplet size can be produced at
transmembrane fluxes that can reach 1000 m3.m2.h! at 450 kPa.

An alternative microporous system consisting of a layer of silica beads added on
top of the nickel micro-sieve, referred to as DMTS system, was tested to
encapsulate lemon oil (Chapter 5). With the DMTS system, it was possible to
increase the oil fraction of Tween 20 stabilized emulsions up to 40%wt., moreover,
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24 um sized coarse emulsions could be easily refined. An extra advantage of the
DMTS system is that in this configuration, the nickel micro-sieve kept its integrity
and could be reused up to 20 times. With the DMTS system, stable emulsions of 2-
3 um were produced with very narrow droplet size distribution. The main asset of
the DMTS system is the ability to control the outcoming droplet size of the
emulsion by controlling the interstitial void diameter of the bed (silica beads size)
and layer height (beads amount). This is especially the case with the layered DMTS
system, which is composed by two superimposed layers of different porosity. The
layered DMTS system has allowed a cut-back on the energy inputted to the system
while maintaining a high throughput and droplet size reduction with span values
<1.

Conventional dairy proteins, such as whey protein and sodium caseinate, and a
WP-CMC electrostatic complex successfully stabilized 20% wt. lemon oil emulsions
produced with the DMTS system (Chapter 6). In general, it can be seen that an
increase in the bed height and a reduction of the interstitial void diameter reduces
the extend of droplet break up, owing to a reduction in the velocity in the channels
of the microporous system. The emulsion fluxes obtained with biopolymer
stabilized emulsions with the DMTS system are still in the upper range of the values
reported for emulsions stabilized with proteins obtained with premix membrane
emulsification. As for the physical stability, the emulsions stabilized with WP or
NaCaS were stable for 7 days at 4 and 25 9C, while the emulsions stabilized with
WP-CMC complex were stable if maintained under refrigeration. Since it has been
previously established that WP-CMC electrostatic complex increases protection
against deterioration of certain key volatile components of lemon oil aroma,
finding a robust emulsification technique with high fluxes at low energy input is
highly relevant for industrial scale-up. Moreover, the use of the layered DMTS
system allowed to refine lemon oil emulsions stabilized with the electrostatic
complex having lowest span value, of 0.82, reported.

In general, the DMTS system, and the layered DMTS in particular, is a low-energy,
high-throughput microporous emulsification technology that has more potential
for scaling-up than other low-energy emulsification systems such as SPG
membranes. It can be tuned according to the specifications of the emulsion to
obtain a narrow droplet size distribution. It allows the use of biopolymers as
stabilizing agents, maintaining emulsification fluxes over 200 m3.m=2.h, and finally
it is easy to clean and reuse.
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The potential of using other type of biopolymers, such as plant proteins, to stabilize
oil/water emulsions is assessed using pea protein with microfluidics (Chapter 7). A
microfluidics study showed, on a micro-level scale, that a minimum of 0.5 g/L pea
protein concentration with minimum of 65ms adsorption time are required to
stabilize oil droplets. Continuous phase flow rate also proved to be able to control
oil droplet size and stability.

8.2. Future work

This thesis covered the physical stability of emulsions produced with the DMTS
system. However, a chemical stability of the emulsions is also necessary so verify
if the improvement in droplet size dispersity, over span values obtained from
conventional membrane affected the aroma profile. More importantly, the DMTS
produces emulsions with all the predispositions to be follow up with a spray dying
step.

The emulsifiers tested for stabilizing LO emulsions in the DMTS system include,
but are not limited to: WP (pH: 6.8) and WP-CMC (pH:3.8). It would have been
interesting to form emulsions stabilized with WP (pH:3.8) to have a reference of a
positively charged surfactant and its effects on stability.

On a broader point of view, it was shown that the DMTS renders a high-
throughput. But tests of durability would have given a more complete view of its
scale up potential. At the moment emulsions of about 200 mL have been refined.
It would be interesting to produce 2L emulsions and observed if the system fouls.
Another option would also be refining 200 mL emulsions many times monitoring
if the end product flows at the same rate, and the droplet size and size
distribution remain the same. That would show how often the cleaning step is
required and if there a possibility in economizing in that step.

Nevertheless, it is still necessary to figure out the droplet break-up mechanisms
in the DMTS system and especially with the modified DMST. Having two
superimposed layers of beads of different sizes results in two different Reynolds
numbers in along the bed. Being able to measure and calculate the different pore
velocities would allow the calculation of the dimensionless Reynolds number. The
calculation of such number is imperative for understanding droplet break-up
mechanisms and for scale-up. Moreover, it cannot be stressed enough the
importance of controlling the porosity of the nickel micro-sieve in the DMTS
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system. For experiments that need to be compared the same micro-sieve has to
be used otherwise it will be difficult later on to homogenize the results and
observe trends.

Finally, plant protein and more and more studied with the increasing demand on
proteins. It would be interesting to try stabilizing lemon oil droplets in the
microfluidics chip. From these results, lemon oil emulsions stabilized with pea
proteins can be produced with the DMTS systems and the droplet stabilization
mechanism understood furtherly.
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