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RESUMO

Coacervacdo complexa € uma técnica de microencapsulagdo versatil com capacidade de
encapsular e proteger compostos hidrofobicos e hidrofilicos. Além disso, é capaz de proteger
os ativos encapsulados de diferentes condi¢des adversas como luz, oxigénio e baixo pH durante
a digestdo. Contudo, devido a sua propria natureza, a técnica apresenta algumas limitaces que
a impedem de ser aplicada em grande escala ou em processos que ndo sejam em batelada. Este
trabalho propde algumas alternativas com o intuito de facilitar a aplicacdo da técnica de
coacervacao complexa em maior escala. No processo tradicional de coacervacdo complexa as
solucBes poliméricas sdo misturadas e em seguida o pH é ajustado para promover interacdo e
subsequente coacervacdo. Foi desenvolvida uma nova configuragdo em que a coacervagédo
complexa é induzida pela atomizacdo do material de recheio emulsificado em uma solucéo de
proteina sobre a solucdo de polissacarideo; neste caso em particular, emulsdo de 6leo de
gengibre em gelatina sobre solugdo aquosa de goma ardbica. A coacervacdo complexa por
atomizacdo, além de ser um método promissor para producao de capsulas, abre a possibilidade
de prever o tamanho final das mesmas em funcéo das condi¢des de atomizacao ou de nimeros
adimensionais representativos. Um importante gargalo no processo de coacervacao complexa
a ser considerado € a cura das capsulas. Tradicionalmente, a cura é realizada em batelada em
um processo de resfriamento lento. Neste trabalho propde-se o uso de um trocador de calor
tubular com bombeamento e temperatura controlados para realizar a cura das capsulas em
processo continuo. Assim o tempo demandado na etapa de cura diminuiu consideravelmente,
abrindo novas oportunidades para aumento de escala e realizacdo do processo de coacervagado
como um todo de forma semi-continua. Também foi avaliado o uso de membranas metalicas
para formacéo das emulsdes a serem utilizadas durante o processo de coacervagdo complexa,
além da utilizacdo desta mesma configuracdo de membranas para inducdo da coacervagdo
complexa, como um novo método. Isso é importante porque ja existem sistemas para utilizagdo
de membranas em escala industrial e em processo continuo, os quais podem ser eventualmente
adaptados para realizacdo do processo de coacervacdo complexa em modo continuo. As
capsulas formadas por atomizacao foram iguais ou melhores que as capsulas produzidas pelo
método tradicional, considerando tamanho, morfologia e propriedades de encapsulacdo. A cura
das capsulas no trocador de calor se mostrou factivel, com resultados promissores, e assim a
coacervacao complexa em processo semi-continuo foi viabilizada.

Palavras—chave: Coacervacdo complexa. Atomizacdo. Numeros adimensionais. Membranas

metalicas. Processo semi-continuo. Trocador de calor.



ABSTRACT

Complex coacervation is a versatile microencapsulation technique capable of encapsulating and
protecting hydrophobic and hydrophilic compounds. In addition, it is able to protect
encapsulated core materials from different adverse conditions such as light, oxygen and low pH
during digestion. However, due to its very nature, the technique has some limitations that
prevent it from being applied on a large scale or in non-batch processes. This work proposes a
few alternatives in order to facilitate the application of the complex coacervation technique on
a larger scale. In the traditional complex coacervation process, polymeric solutions are mixed
and then the pH is adjusted to promote interaction and subsequent coacervation. A new
configuration has been developed in which complex coacervation is induced by the atomization
of the emulsified core material in a protein solution over the polysaccharide solution; in this
particular case, ginger oil emulsion in gelatin over aqueous solution of gum Arabic. Complex
coacervation by atomization, in addition to being a promising method for producing capsules,
opens up the possibility of predicting their final size depending on atomization conditions or
representative dimensionless numbers. An important bottleneck in the complex coacervation
process to be considered is the cure of the capsules. Traditionally, curing is carried out in
batches in a slow cooling process. In this work it is proposed to use a tubular heat exchanger
with controlled pumping and temperature to cure the capsules in a continuous process. Thus,
the time required in the curing stage has decreased considerably, opening up new opportunities
to increase the scale and carry out the coacervation process as a whole in a semi-continuous
manner. The use of metallic membranes for the formation of emulsions to be used during the
complex coacervation process was also evaluated, in addition to the use of this same
configuration of membranes to induce complex coacervation, as a new method. This is
important because there are already systems for using membranes on an industrial scale and in
a continuous process, which can eventually be adapted to carry out the complex coacervation
process in a continuous mode. The capsules formed by atomization were equal to or better than
the capsules produced by the traditional method, considering size, morphology and
encapsulation properties. The cure of the capsules in the heat exchanger proved feasible, with
promising results, and thus the complex coacervation in a semi-continuous process was made
possible.

Keywords: Complex coacervation. Atomization. Dimensionless numbers. Metal membranes.

Semi-continuous process. Heat exchanger.
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f). The symbols represent coacervation shear stress of (o) 1.1 Pa, (m) 5.8 Pa, and (A) 12.6
Pa.
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coacervation and (#) atomization complex coacervation.
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CHAPTER 1 - INTRODUCTION AND OBJECTIVES
1.1 Introduction

Complex coacervation results from the interaction of oppositely charged polymers that,
due to solvent repulsion, form complexes that tends to precipitate. Thus, two phases are formed,
one of which contains the precipitated coacervate and is called "rich in polymer", whereas the
other, in which the solvent remains, is called "poor in polymer" (DICKINSON, 2003;
STRAUSS; GIBSON, 2004). Complex coacervation has been successfully used for
microencapsulation of essential oils and flavours, which have extensive application in food,
agricultural, textile and pharmaceutical industries. The technique is very versatile and is suitable
for protection of these compounds against degradation, to prevent loss of volatiles, besides
allowing modulated release and increased stability of the encapsulated material (XIAO et al.,
2014a). On the other hand, the complex coacervation technique presents some limitations:
sometimes the method does not produce individualized particles, interfering in the
granulometry of the produced powder and in the release properties (BURGESS; PONSART,
1998; ERATTE et al., 2018; TIMILSENA et al., 2019). Yet, there are some difficulties related
to the use of complex coacervation in industrial scale because of its high operational costs —
which are associated to the requirement of manipulating large volumes of water in diluted
solutions, besides that few studies have been carried out evaluating possibilities of its
application in continuous operation processes (XIAQO et al., 2014a).

A possible process configuration to carry out complex coacervation as a continuous
process is based on atomization. By atomizing the gelatin/ginger oil emulsion over a vessel
containing gum Arabic solution, complex coacervation between the biopolymers takes place on
the surface of the emulsion droplets that are formed during the atomization step, as it flows
through the gum Arabic solution. Thus, studying the atomization step and atomized droplet
formation is crucial in order to obtain efficient oil encapsulation. The atomization process can
be described by the dimensionless numbers Weber (We) and Ohnesorge (Oh). We number
correlates the inertial and surface tension components of the resultant force during atomization,
whereas Oh relates the viscous forces to the surface tension forces in the liquid. According to
Varga et al. (2003), different ranges of We correspond to different patterns of liquid
atomization: bag-type breakup of the liquid occurs at 12 < We < 80, atomization by air-shear
breakup occurs at 80 < We < 350, and catastrophic breakup at We > 350. In addition, when Oh
< 0.1, it is possible to assume that only We affects the atomization process, whereas for 0.1 <
Oh < 1 the system is in the transition regime, in which both We and Oh exert influence
(GUILDENBECHER; LOPEZ-RIVERA; SOJKA, 2009). The effects of atomization in the
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functionality of particles produced by a number of encapsulation processes have been
investigated by different approaches, mainly because it represents a flexible and economical
choice to transform liquid materials into particles. Jiang et al. (2013) presented a study for
enzyme encapsulation process in which the complex coacervation and drying processes are
combined into a single step, using a novel three-fluid nozzle for atomization. Kaspar et al.
(2013) produced chitosan microparticles crosslinked by sodium tripolyphosphate by spray
drying, using a three-fluid nozzle. Chen et al. (2006) studied acetaminophen particles produced
with chitosan and hydroxypropyl-methylcellulose using solid dispersions formed by a 4-fluid
nozzle spray dryer, evaluating their sustained release and morphological characteristics.

On the other hand, the use of membranes for emulsification and formation of
microcapsules in the process of encapsulation by complex coacervation is presented as a solid
alternative for continuous microencapsulation, and this system can be scaled up for industrial
scale (CONSOLI; HUBINGER; DRAGOSAVAC, 2020; PENG; WILLIAMS, 1998;
ZAWALA; SZCZEPANOWICZ; WARSZYNSKI, 2015). The use of membranes has been
shown to be efficient in the formation of stable emulsions that present desirable characteristics
to be subsequently microencapsulated by complex coacervation (DRAGOSAVAC et al., 2008).

The emulsification method for subsequent encapsulation by complex coacervation is an
important task to be considered. Many of the properties of the emulsions, such as stability,
volume fraction of the dispersed phase, droplets’ size distribution and average particle diameter,
are determined by both the formulation and the homogenization method (SCHUBERT; AX;
BEHREND, 2003). Conventional emulsifying devices such as rotor and stator type systems,
high-pressure homogenizers and ultrasonic homogenizers provide limited flexibility in terms
of controlling the average particle size and the size distribution. Membrane emulsification has
received attention precisely because of its ability to produce particles or droplets with low size
dispersion (DRAGOSAVAC et al., 2008; KOSVINTSEYV et al., 2005). It should also be
considered that traditional homogenization methods can degrade filling materials due to the
instability of these compounds when subjected to the high shear rates employed (SANTOS et
al., 2015a).

Considering that membrane emulsification happens drop by drop, it is possible to predict
the diameter of the emulsion droplets by applying balance of capillary and drag forces
(KOSVINTSEV et al., 2005). The membrane emulsification process developed in this research
project was carried out using a dispersion cell (DC), in which the dispersed phase is forced
through the membrane pores in a constant flow forming droplets. As the droplets are being

formed they are involved by the continuous phase, whereas the shear stress applied by the stirrer
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separates the newly formed emulsion droplets from the metallic surface. That is why membrane
emulsification is considered a drop by drop technique (DRAGOSAVAC et al., 2012).

Ginger (Zingiber officinale Roscoe) has been used by humankind for more than 2000
years as a condiment or spice. In addition, ancient peoples knew their ability to stimulate
digestion in a natural way. It was found that the phenolic compounds present in ginger stimulate
production and release of gastric juices, bile, intestinal fluids among others (PLATEL,
SRINIVASAN, 2000). The phenolic compounds with antioxidant capacity present in ginger
extract are basically 6-Gingerol, 6-shogaol, 8-gingerol and 10-gingerol (EL-GHORAB et al.,
2010; SCHWERTNER; RIOS, 2007). Taking into account that phenolic compounds can be
susceptible to thermal degradation, by light, or by oxygen action, the use of microencapsulation
by complex coacervation is a viable solution for its protection.

In summary, this thesis proposes the development and comparative evaluation of two
methods for microencapsulation of ginger oil in a semi-continuous process by complex
coacervation and an alternative to induce the cure of the capsules. In the first method of
coacervation proposed, emulsions of ginger oil in gelatine were atomized over gum Arabic
solutions for complex coacervation. In the second proposal, the emulsion was forced through a
membrane, forming emulsion droplets dispersed in the gum Arabic solution in which
coacervation occurred. A tubular heat exchanger was used to induce the cure of the capsules in

a continuous mode.
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1.2 General objective

The general objective of this project was the development and the comparative
evaluation of two process configurations to induce complex coacervation, for
microencapsulation of ginger oil in gelatin and gum Arabic matrices. Both of these new
methods has potential for scale up and to be carried at least in semi-continuous operation
regime. One of the techniques was based on the atomization of the gelatin/ginger oil emulsion
over the gum Arabic solution. The other method involves the flow of the emulsion through a
metal membrane with a predetermined pore diameter and pore distance, with the subsequent
dispersion of the micelles in the gum Arabic solution in a dispersion cell. The use of a tubular
heat exchanger to achieve the cure of the capsules was evaluated in order to allow scale up of

the complex coacervation process.

1.3 Specific objectives and thesis organization

The present chapter (Chapter 1), present the justification and contextualization of the
main concepts used in this thesis. The Chapter 2 contains the literature review with the basic
concepts used throughout the thesis.

Chapter 3 presents and describes complex coacervation assisted by a two-fluid nozzle,
studying the influence of polymer ratio and emulsion concentration in the capsule formation
and morphology. The atomization equations were written in terms of dimensionless numbers.
The influence of gelatin concentration in the emulsion on the capsules’ size, size distribution,
encapsulation parameters and the formation of chemical interactions expected for complex
coacervation was investigated and compared with coacervation by batch stirring.

In Chapter 4, the influence of atomization process conditions during complex
coacervation was evaluated: the process of atomization (shear rate, shear stress, theoretical
capsule size) was described in terms of process conditions and dimensionless numbers (Weber
and Ohnesorge). A model to determine the coacervated capsule size based on atomization
equation and experimental capsule size was proposed and the influence of coacervation shear
rate, shear stress, Weber and Ohnesorge numbers on encapsulation parameters was examined.

Chapter 5 presents and describes an alternative method to carry out the curing step of
the capsules, bringing complex coacervation from a batch to a semi-continuous process: the
influence of curing flow rate and temperature on capsules’ size, morphology and encapsulation
parameters was studied. Release assays in simulated gastric conditions were done to evaluate

the capsules’ resistance to those conditions in retaining the encapsulated oil.
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In Chapter 6, the production of emulsions of gelatin and ginger oil by membrane
emulsification was studied to be used in complex coacervation by atomization and batch
stirring. Membranes parameters were correlated to droplet size and size distribution in function
of emulsification conditions. Emulsification conditions were optimized to produce emulsion
droplets with determined size and low size distribution. The influence of emulsification shear
stress in the capsules’ size and morphology in coacervation by atomization and batch stirring
was evaluated. In addition, was studied the influence of membrane emulsification parameters,
coacervation method and its process conditions on encapsulation parameters.

In Chapter 7, the feasibility of inducing complex coacervation utilizing a metal
membrane setup was evaluated: coacervation conditions were determined in function of
polymer ratio and coacervation pH, the influence of process conditions during complex
coacervation assisted by metal membranes on capsule size, capsule morphology and
encapsulation parameters was described and compared to atomization and batch stirring.

The main results are summarized and discussed in Chapter 8. The general conclusion of
the thesis is presented in Chapter 9 and suggestions for future studies are presented in Chapter
10.
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CHAPTER 2 - LITERATURE REVIEW

2.1 Microencapsulation

The term "microencapsulation” was introduced by Green and Schleicher (1956), when
the authors registered the patent for capsules that could be used in industries for copying
documents, in which these capsules were able to store and release ink (PAULO; SANTOS,
2017). Over time, different methodologies have been developed and improved in order to
protect a material, which can be called "core", encapsulated material or capsule core, using a
wall material, "wall", carrier agent or encapsulating agent (CARVALHO; ESTEVINHO;
SANTOS, 2016; DESAI; PARK, 2005). In general, microencapsulation can be defined as a
process in which a membrane involves small particles forming systems of micrometric
dimensions of solid, liquid or gas, giving rise to microcapsules: with a single core; or
microspheres: which present a matrix structure with several nuclei. In the literature it is
observed that these terms are sometimes presented as synonyms (HERRERO-VANRELL et al.,
2014; JACKSON; LEE, 1991).

Based on industrial applications of microencapsulation, approximately 68% of them are
in the pharmaceutical industry, 13% in the food industry, 8% in the cosmetics industry and the
remaining 11% are divided between the areas of biomedicine, agriculture, textiles and
electronics (PAULO; SANTOS, 2017). As a rule, the goal is to apply microencapsulation
technology as a means to protect the encapsulated agent from different adverse conditions in
the environment, such as light, moisture, oxygen and interactions with other compounds,
stabilizing the product, thus increasing the life of the encapsulated material (CASANOVA,;
SANTOS, 2016; ZUANON; MALACRIDA; TELIS, 2013).

Furthermore, not only the potential of protection should be considered, as mentioned
above, but also the phenomenon of controlled release of the encapsulated material, triggered
off by physical or chemical phenomena, as well as the thickness of the capsule wall can be
manipulated to alter the permeability and the stability of the material (LAM; GAMBARI, 2014;
MULLER; RADTKE; WISSING, 2002). In addition, microencapsulation can be applied to
mask the unpleasant properties (odour, taste, low pH, visual aspect) of numerous substances
(GOUIN, 2004), may convert liquid materials into solid capsules or granular powders, which
facilitates processing and eliminates the waste of time in product lines or cleaning operations
(FAVARO-TRINDADE; PINHO, 2008; REBELLO, 2009). It is possible to change the
properties of microcapsules to provide specific applications of ingredients as to their

composition, solubility, release mechanism, particle size and shape, in addition to improving
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the nutritional properties of products and enhancing the bioavailability of active compounds,
when these are microencapsulated (DESAI; PARK, 2005; ENDO et al., 2007).

The microencapsulation process basically involves the following steps: formation of an
emulsion or suspension of the encapsulating agent and the active material, formation of the
microcapsule itself, followed by evaporation of the solvent with consequent drying and
resulting in the dry product, when desired (JACKSON; LEE, 1991; SHAHIDI; HAN, 1993).
The encapsulating materials used in microencapsulation represent a variety of compounds that
include carbohydrates (gums, starch, dextrin, sugar, corn syrup, celluloses, among others),
lipids (waxes, oils, mono and diglycerols) and proteins (gluten, gelatin, albumin, milk and soy
proteins) (CORREA-FILHO; MOLDAO-MARTINS; ALVES, 2019; JAFARI et al., 2008).

There are several microencapsulation techniques used commercially, divided into three
main groups: physical methods (atomization, lyophilisation/freeze drying, extrusion,
cocrystallization), chemical (interfacial polymerization, in situ polymerization, molecular
inclusion) and physical-chemical (coacervation, inclusion in liposomes) (JYOTHI et al., 2010;
SHAHIDI; HAN, 1993). The choice of the method depends on a number of factors, including:
desired particle size, physical and chemical properties of the core and wall material, application
of the final product, desired release mechanisms, production scale and cost (ALEMZADEH et
al., 2020; JAFARI et al., 2008). The use of different techniques will result in microcapsules
with particular characteristics (FANG; BHANDARI, 2010). The choice of the
microencapsulation method is directly related to the nature of the material to be encapsulated,
the wall material used, as well as the intended application to the final product (AUGUSTIN;
HEMAR, 2009).

According to Arshady (1993), the critical issues of microencapsulation processes are:
the correct ratio between the encapsulating material and the core, the edibility of the food
containing the encapsulated ingredient, the correct choice of the microcapsule wall material (its
physical-chemical characteristics, solubility, crystallinity, film forming capacity and barrier
properties), the desired size of the microcapsule, the sensitivity of the encapsulated material,
the cost of operation, the applicability for food products and the mechanism for releasing the
active material. However, in practice, generally the decisive criteria in the choice of the

encapsulation methods is the operational cost and the encapsulating material.

2.2 Emulsification
An emulsion is composed of two immiscible liquids (usually oil and water), with one of

the liquids dispersed in the other in the form of small spherical drops. The substance or solution
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that makes up the drops is called the dispersed phase, while the one that makes up the medium
is called the continuous phase. The emulsion formation process consists of mixing two
immiscible liquids through a homogenization step (MCCLEMENTS, 2005). Important
properties of an emulsion are its stability, droplet size and size distribution.

The destabilization of an emulsion can be related to four main phenomena: flocculation,
creaming, coalescence, and phase separation. Flocculation can be defined as the reversible
aggregation of the droplets of the internal phase. Chronologically, it is the first phase of the
change in the stability of an emulsion, followed by creaming or sedimentation, which consists
of the aggregation of flakes previously originated that become a layer arranged on the surface
or bottom of the emulsion, respectively. Because it is easy to measure, creaming is the most
used index as a stability factor, and the lower the creaming, the more stable the emulsion is
(FERREIRA; MALACRIDA; TELIS, 2016; PERRECHIL; CUNHA, 2010). Coalescence is a
process of approximating droplets, during which they unite to form larger droplets, being
irreversible and culminating in the total separation of phases. Flocculation and coalescence
differ from each other by the fact that in flocculation the interfacial droplet film remains intact,
whereas in coalescence this film is broken (DICKINSON, 2003; LACHMAN, LIEBERMAN,
KANIG, 2001; WILLIAMS; PHILLIPS, 2009).

All emulsions are thermodynamically unstable and tend to break down over time,
resulting in two separated liquid phases. However, there is a distinction between
thermodynamic stability and kinetic stability, the first indicating whether the process may or
may not occur, while the second informs the rate at which the process will occur
(MCCLEMENTS, 2005). Information on kinetic stability is important for the development of
products that have desirable properties for a sufficiently long period of time. Thus, to produce
kinetically stable emulsions, it is necessary to add emulsifiers and/or stabilizers (DICKINSON,
2003; WILLIAMS; PHILLIPS, 2009).

In microencapsulation by complex coacervation it is important that the stability of the
emulsion is assured throughout processing time, from the end of the homogenization process
to the beginning of the coacervation process (BUTSTRAEN; SALAUN, 2014). The
emulsification method for subsequent encapsulation by complex coacervation is an important
task to be considered, as the emulsion properties such as stability and droplets’ size distribution
are determined by both the formulation and the homogenization method (VLADISAVLJEVIC;
SCHUBERT, 2003). Conventional emulsifying devices such as rotor and stator type systems
and high-pressure homogenizers provide limited flexibility in terms of controlling the average
particle size and the size distribution having a high energy input (DRAGOSAVAC et al., 2008).
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It should also be considered that traditional homogenization methods can degrade filling
materials due to the instability of these compounds when subjected to the high shear rates
employed (SANTOS et al., 2015).

2.2.1 Ultrasound emulsification

The method of emulsification by ultrasound is well known and can be used in the
production of nano emulsions and/or nano particles, based on the phenomenon of cavitation
(ANTON et al., 2007). It is considered to be a high energy consumption technique, in which
energy is applied to the system by means of piezoelectric quartz probes that respond to the
variation of the electric voltage, by expanding and contracting as a result of this variation
(CANSELIER et al., 2002).

Emulsification by sonication is believed to occur by two possible mechanisms. One of
them results from interfacial waves generated by ultrasound between the lipophilic and
hydrophilic phases, which eventually become very unstable and collapse, causing the lipophilic
phase to form small drops within the hydrophilic phase. A second mechanism is based on
acoustic cavitation: application of low sound frequencies leads to formation of microbubbles
that collapse quickly, generating high shear rates and local turbulence, thus resulting in
homogenization (CANSELIER et al., 2002; FERREIRA et al., 2019).

Results presented by Ferreira, Malacrida, Telis (2016), Gaikwad and Pandit (2008) and
Canselier et al. (2002) show that it is possible to obtain oil in water (O/W) emulsions by
sonification with an average particle diameter between 1 and 4 um with low dispersion of
droplet sizes. Thus, the use of this technique in the formation of emulsions for
microencapsulation by complex coacervation is indicated, both for the formation of stable

emulsions and for obtaining small size drops.

2.2.2 Membrane emulsification

Membrane emulsification can be carried out by different types of membranes such as
glass, ceramic or metal membranes (HANCOCKS; SPYROPOULOS; NORTON, 2016). One
important difference in membrane composition lays on the tortuosity of each individual
channel. In ceramic membranes there are tortuous paths where the dispersed phase has to go
through, whereas in metal membranes the path is a cylindrical channel, with no tortuosity
(EGIDI et al., 2008; GIJSBERTSEN-ABRAHAMSE; VAN DER PADT; BOOM, 2004;
VLADISAVLJEVIC; SCHUBERT, 2003). The results of the differences in the membrane
nature is a lower backpressure of the system and lower shear on the dispersed phase going
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through the pores in metal membranes (HANCOCKS; SPYROPOULOS; NORTON, 2016). In
addition, metal membrane emulsification has received attention precisely because of its ability
to produce particles or droplets with lower size dispersion in addition to be a system that allow
scale up for industrial applications (DRAGOSAVAC et al., 2008; HOLDICH et al., 2020;
KOSVINTSEV etal., 2005; ZAWALA; SZCZEPANOWICZ; WARSZYNSKI, 2015). The use
of membranes has been shown to be efficient in the formation of stable emulsions that present
desirable characteristics to be subsequently microencapsulated by complex coacervation
(PIACENTINI et al., 2013).

Considering that membrane emulsification happens drop by drop as the droplets are
being formed, they are involved by the continuous phase, whereas the shear stress applied by
the stirrer detaches the newly formed droplets from the metallic surface (EGIDI et al., 2008).
In addition, it is possible to predict or engineer the size of the emulsion droplets by a balance
of capillary and drag forces during droplet formation (KOSVINTSEYV et al., 2005). A handful
of recent works studied the application of membrane emulsification, such as production of eco-
friendly emulsions (SANTOS et al., 2015), production of food grade emulsions with different
membrane compositions and morphologies (HANCOCKS; SPYROPOULQOS; NORTON,
2016), comparison of azimuthal and axial oscillation microfiltration for non-Newtonian fluids
(HOLDICH et al., 2018), preparation of micro and nano emulsions (VLADISAVLJEVIC,
2019) and the use of annular crossflow membrane using a single-pass (HOLDICH et al., 2020).

2.3 Complex coacervation
2.3.1 Microencapsulation by complex coacervation

The first reference to the application of coacervation with potential for use in
microencapsulation dates from the late 1920s, when gelatin spheres were obtained by
coacervation (DE JONG BUNGENBERG; KRUYT, 1929). The term "coacervation" comes
from the study of colloid chemistry, where there is phase separation by association of one or
more polymers, and this separation can occur due to changes in ionic strength, temperature, pH
or medium solubility (TIMILSENA et al., 2017b). Thus, microencapsulation by coacervation
is a physical-chemical phenomenon in which spontaneous separation of colloidal liquid phases
occurs where a target material is encapsulated in the process (KAUSHIK et al., 2015). It can be
described as: a) formation of three phases, in which a liquid phase acts as a vehicle, one phase
of the material to be encapsulated, and a third phase of the wall material. The colloid-rich liquid
phase separates from a macromolecular solution as a result of reduction in solubility by

chemical or physical means, such as changing the temperature and pH; b) the colloid-rich phase
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remains in a dispersed state and presents itself as amorphous droplets, which is called
coacervate. These droplets coalesce, forming a clarified liquid layer and another colloid-rich
phase, known as coacervate, which is deposited around the droplets of the active material in a
continuous coating to form the capsule wall; c) solidification of the wall material and insulation
of the capsules (ERATTE et al., 2018; LIU; CHAPEL; SCHATZ, 2017; SILVA et al., 2012;
XIAO et al., 2014a). In the case of simple coacervation there is the action of only one polymer,
while in complex coacervation there must be an interaction between at least two polymers
(XIAO et al., 2014a).

Complex coacervation using the gelatin-gum Arabic system is the most studied and the
process is conducted as shown in Figure 2.1: the core material is emulsified or suspended in
one of the two solutions (usually in gelatin) and the other solution is then added, thus forming
a system with three phases. With a gradual decrease in pH up to 3.8 - 4.5, gelatin acquires
positive charges, which interact with the negative charges of gum Arabic, forming coacervates
that deposit around the droplets of the hydrophobic nucleus (MARFIL et al., 2018). To ensure
greater integrity of the cover, the formation of cross-links of the material with a crosslinking
agent can subsequently be carried out (PRATA et al., 2008; ZUANON; MALACRIDA; TELIS,
2013).

Coacervated microcapsules can be dried to extend their shelf life and to make their use
in dehydrated products viable. For this, drying methods such as freeze drying, oven drying,
solvent removal and drying in ambient conditions can be used. A problem with these methods
is that most of them do not allow individualized particles to be obtained, interfering with the
size of the final product and the release properties of the filling (ERATTE et al., 2014; XIAO
et al., 2014b).



29

Gelatin
Solution

| |

Emulsification

|

Batch stirring Gum

complex Arabic
coacervation

Ginger oil

---------------- pH adjustto 3.5

Cool down (10 C)
Curing step

|

Freeze drying

|

Dried capsules

Figure 2.1. Block diagram of the traditional method of complex coacervation by batch stirring.

Among the main advantages of the use of complex coacervation for microencapsulation
are: micrometric capsules which is a positive factor, considering it has the potential to promote
retention encapsulated material; less aggressive process conditions and variety of biopolymers
that are candidates for possible encapsulating materials, such as gelatin, albumin, gum Arabic,
cellulose, alginate, caseinate, carrageenan, pectin, among others; possibility of high efficiency
and retention in the encapsulation of core ranging from 60 to 90%; low oil migration to the
capsule surface (KAUSHIK et al., 2015; KRALOVEC et al., 2012; SCHMITT et al., 1998). On
the other hand, some disadvantages can be mentioned: with the technology currently available,
the technique can be applied in a batch process, which is time consuming and tends to decrease

the yield of encapsulated material; the stability of the coacervate complexes is directly linked
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to the pH, ionic strength and temperature ranges responsible for their formation, as it is a
reversible process; the need, in most cases, for the particle cross linking process, either by
physical action or by chemical agents, which are often not suitable for use in food due to their
toxicity; attention should be given to the origin of the protein used, taking into account
consumers' food options and allergens to certain proteins; possible occurrence of Maillard
reaction in the processing of the final product that can degrade both the capsule and the
encapsulated material (CONSOLI; HUBINGER; DRAGOSAVAC, 2020; KAUSHIK et al.,
2015; XIAO et al., 2014a).

Studies have shown that there is a correlation between the complex coacervation pH and
the polymer ratio (LI et al., 2018; LV et al., 2014; MA et al., 2019). In order to provide a
successful delivery of the encapsulated oil in intestine conditions the capsules would have to
endure gastric conditions. Few studies have shown that the use of lower coacervation pH values
provides better protection against gastric conditions of the capsule and its core, and a better
release of the core on the intestine (HUANG et al., 20173, 2017b).

2.3.2 Gelatin and gum Arabic

Gelatin is one most used proteins applied both in microencapsulation and in complex
coacervation, due to its low cost, good emulsifying properties, appropriate flavour/sensorial
profile and, being a protein, it has a net charge depending of the medium pH (HECKERT
BASTOS et al., 2020; KARIM; BHAT, 2008). Gelatin is a derivative of collagen, which is
included among the proteins used for food encapsulation due to its ability to form a film and
stable gel at temperatures below 40 °C, provided that its concentration is at least 1 g of gelatin
/ 100 g of solution (MARFIL et al., 2018). This polymer is structured in the form of a triple
helix composed of a repeating chain of amino acids, whose composition depends on the source
from which it is extracted. In general, the three amino acids present in the greatest amount in
gelatin molecules are glycine, proline and hydroxyproline (FERREIRA; MALACRIDA,;
TELIS, 2016; GILSENAN; ROSS-MURPHY, 2000; GOSAL; ROSS-MURPHY, 2000).

Like other proteins, gelatin has an amphoteric character, in which the groups of amino
acids present may be positively or negatively charged depending on the pH of the medium. If
the pH is below the gelatin isoelectric point (Ip), it will tend to have a positive resultant surface
charge, while if the pH is above the gelatin Ip, it will tend to have a negative resultant surface
charge. Also, gelatin can be divided into two types, depending on the type of hydrolysis suffered
in the extraction process. For gelatin called "type A", the extraction takes place by acid

hydrolysis, and its Ip will be in alkaline pH ranges between 7.0 to 9.5. On the other hand, for
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"type B" gelatin, alkaline type hydrolysis occurs and, therefore, the Ip will be at acidic pHs,
between 4.5 t0 5.5 (MARFIL et al., 2018; PRATA et al., 2008).

Gum Arabic is a gum extracted from two species of acacia: Acacia senegal and Acacia
seyal. It has fractions with different chemical structures: the main fraction consists of
polysaccharide chains (ZUANON; MALACRIDA; TELIS, 2013); a protein fraction - about 2%
of the gum - is covalently linked to the carbohydrate and plays a crucial role in determining the
emulsifying and stabilizing properties of gum Arabic (DIVISION et al., 2013). It is a
carbohydrate vastly used in complex coacervation, presenting low viscosity, mild flavour,
protection against volatile oxidation (COMUNIAN et al., 2016; OSMAN et al., 1993; RAY et
al., 1995). It has fractions with different chemical structures and about 70% of it consists of
polysaccharide chains of a highly branched arrangement of galactose, arabinose, rhamnose, and
glucuronic acid with little or no nitrogenous material between them.

From the standpoint of the process proposed in this work, gum Arabic has some essential
characteristics, namely: having structural characteristics that allow it to be adsorbed on
lipophilic surfaces, in addition to presenting high solubility, low viscosity in solution and
Newtonian behaviour in concentrations below 35%. It is negatively charged above pH 2.2 and,
at pH less than 2.2, the dissociation of carboxyl groups is suppressed (DIVISION et al., 2013;
MAREFIL et al., 2018).

2.3.3 Effect of process parameters on complex coacervation

Providing mathematical descriptions of microencapsulation processes by complex
coacervation is an important step towards the development of a continuous process, considering
the reproducibility of results and paving the way for scale up (JEGAT; TAVERDET, 2000;
LEMETTER; MEEUSE; ZUIDAM, 2009).

In studies of the application of hydrodynamic models for microencapsulation by
complex coacervation, it has been shown that the agitation of solutions in complex coacervation
can be correlated with the size of the particles formed, and the agitation parameters can be
determined by the physical parameters of the fluids involved and the power that is exerted in
the system (DOBETTI; PANTALEO, 2002; LEMOS; MARIANO MARFIL; NICOLETTI,
2017). In the last decades, studies have been carried out to describe complex coacervation by
means of the process parameters involved in this phenomenon. This approach is essential when
seeking to increase the scale of production, especially when it is hoped that this technique can

be applied on an industrial scale. According to Jegat and Taverdet (2000), there is a need for
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quantitative description of the variables involved in complex coacervation, thus facilitating the
reproducibility of the results and scaling up. Before these studies with a quantitative focus, what
was observed in the literature was an empirical approach to scale up for complex coacervation,
in which the conclusions obtained were based more on trial and error than on a systematic
process to describe the phenomenon, which could allow the reproducibility of the results
obtained (ACH et al., 2015).

A limited number of previous works described quantitative process variables for
complex coacervation. Lemetter, Meeuse, Zuidam (2009) conducted a careful study in order to
control the capsules morphology produced by complex coacervation. The authors sought to:
identify which were the main parameters involved in the quality of the obtained capsules and,
thus, to understand how these parameters influence the formation of the capsules, in order to
develop a pilot plant for the production of microcapsules that was reliable and reproducible.
Their results showed that the initial size of the emulsion drop plays a major role in the
dimensions of the coacervate capsule, and the size of the emulsion drops can be controlled by
the stirring speed, and other factors. Additionally, it was shown that for the formation of
individualized particles it is necessary that the number of Reynolds is greater than 15000. Also,
there is a strong dependence on the morphological characteristics of the capsules obtained in
function of the conditions of time and temperature in the stage of cooling the solution for cure
of the capsules. Ma, Zhao, Wang and Sun (2019) investigated the influence of polymer
concentration, polymer ratio, core to polymer ratio, stirring speed and coacervation pH on
morphology and oxidative stability of lipid capsules formed by complex coacervation. Lemos,
Marfil, and Nicoletti (2017) evaluated the effects of stirring speed on gelatin-sodium alginate
complex coacervation by batch stirring. Dobetti and Pantaleo (2002) studied the influence of
hydrodynamic conditions on the morphology and size of capsules for encapsulation of water-
soluble drugs in cellulose acetate phthalate. All these studies showed a correlation between the
stirring speed and physical properties of the fluids with the size and morphology of the produced
microcapsules in batch stirring complex coacervation.

Another way to increase production scale with a focus on industrial applicability is to
carry out complex coacervation in continuous process. By using agitators that operate in a
continuous regime, it is possible to agitate and promote coacervation, being possible to control
the flow rate of the solutions, as well as the agitation rate. With the application of this technique,
Chapeau et al. (2017) managed to increase the scale of capsule production by complex

coacervation, from laboratory scale to bench scale.
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Thus, there is a strong tendency and need to seek to describe the complex coacervation
process in a quantitative way, based mainly on the physical parameters of the different solutions
used, agitation parameters, time, temperature, cooling rate, among others, opening path to solid

and reliable scaling-up processes.

2.4 Atomization

Dual-fluid atomization nozzle operates by transferring the momentum between a high-
speed gas stream and a liquid stream. The dynamic air pressure thus breaks the liquid jet into
filaments and droplets (GUILDENBECHER; LOPEZ-RIVERA; SOJKA, 2009). The
properties of the liquids that have greater influence on the atomization process are: density,
surface tension and viscosity. Other factors also affect the characteristics of the resulting spray,
mainly the gas velocity, liquid velocity, gas/liquid mass and velocity ratios, pressure, and
atomizer geometry (OMER; ASHGRIZ, 2011).

The surface tension is an important parameter in atomization, which represents the force
that resists to the increase of the surface area. The higher the surface tension, the greater the
difficulty of the liquid to disintegrate in drops (DUBE, 2000). Like the surface tension, the
viscosity of the fluid exerts resistance to the disintegration of the liquid in drops. Newtonian
liquids do not show variation in viscosity with shear rate, whereas non-Newtonian fluids show
a strong dependence on viscosity with shear rate (BAYVEL et al., 2019a; STEFFE; PH;
PRESS, 1994; STEFFE; DAUBERT, 2006; WOOD, 1995). Density is the physical property
that has less influence on the droplet formation process. This occurs for two reasons: the first
is that the fluids commonly used for atomization have densities close to each other, which
makes it difficult to compare this property between them; the second is that when two fluids of
very different densities are used for testing purposes, the other properties, such as viscosity and
surface tension, also vary widely, which undermines the individual analysis of density
(BAYVEL et al., 2019b).

An effective way to describe the atomization process is the use of dimensionless

2
numbers Weber (We:M) and Ohnesorge (Oh = a

o \oD, pi

atomizing air velocity; V is the emulsion velocity; pq is the density of the atomizing air; D is

), in which Vy is the

the diameter of the discharge orifice of the nozzle; o is the emulsion surface tension; i is the
emulsion viscosity and p the emulsion density. Oh number relates the viscous forces to the

surface tension forces in the solution, whereas We correlates the inertial and surface tensional
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components of the resultant force during atomization. In general, high Ohnesorge values
indicate a low tendency to atomize the system (GUILDENBECHER; LOPEZ-RIVERA;
SOJKA, 2009). According to Cao et al. (2007), in studies of droplet formation the Weber and
Ohnesorge numbers are crucial parameters of the atomization process. When Oh < 0.1, it is
assumed that only We interferes on the atomization process, and for 0.1 < Oh < 1 both We and
Oh will affect atomization (GUILDENBECHER; LOPEZ-RIVERA; SOJKA, 2009). In
addition, different ranges of We results in different regimes of atomization: at 12 < We < 80 a
bag-type liquid’s breakup occurs, at 80 < We < 350 an air-shear breakup occurs, and at We >
350, a catastrophic liquid’s breakup will be present (VARGA; LASHERAS; HOPFINGER,
2003).

A study by Filkova, Huang and Mujumdar (2014) presented a hydrodynamic model with
the purpose of predicting the size of the liquid droplets during the atomization process. It will
be used as reference in an attempt to predict the capsules size after complex coacervation. A
similar approach was adopted by Thybo et al. (2008), to estimate the size of atomized droplets
for spray-dryer scale up. The influence of atomization parameters on distinct
microencapsulation processes has been studied by different approaches, mainly because it
represents a flexible and economical technology to transform liquid solutions into solid
particles/capsules. Ferreira et al. (2019) evaluated the influence of atomization parameters on
microencapsulation of turmeric oleoresin by spray drying, using gelatin and maltodextrin as
wall material. Zuanon et al. (2019) reported that higher values of atomization airflow generated
smaller liquid droplets, potentializing the spray drying/encapsulation process. Moser, Ferreira
and Nicoletti (2019) encapsulating buriti oil in chickpea protein-pectin matrix by spray drying,
studied the influence of airflow on the carotenoid retention and process yield. Jiang et al. (2013)
combined complex coacervation and drying into one step using a novel three-fluid nozzle to
encapsulate o-amylase. Kagpar, Jakubec and Stépanek (2013), using a three-fluid nozzle,
produced crosslinked chitosan particles by spray drying. Chen et al. (2006) explored the release
behaviour and morphology of particles produced using acetaminophen, chitosan and
hydroxypropyl-methylcellulose formed by a 4-fluid nozzle spray dryer. Also using a 4-fluid
nozzle, Ozeki et al. (2005) produced microparticles of water-insoluble and water-soluble drugs,
and doing so, improved water solubility of the particles. In those studies, important advances
in the mathematical description of the atomization as a method to improve the encapsulation
were done. Also, new encapsulation additives and techniques were presented as alternatives to
improve encapsulation by atomization, independently of the method used. This is important

because atomization is an easily scalable technique, what makes it cost effective.
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2.5 Ginger oil

Ginger (Zingiber officinale) is known worldwide and used as a spice or condiment
around the world. For centuries, it has been an important ingredient for Chinese, Japanese, and
Indian medicine. It is used in the treatment of diseases in the respiratory mucous membranes,
rheumatism, nervous diseases, gingivitis, toothache, asthma, constipation, stroke and diabetes
(TAPSELL et al., 2006). Other studies have been carried out to understand specific aspects of
the action of ginger compounds, such as anti-inflammatory action or even in the prevention of
cancer (GRZANNA,; LINDMARK; FRONDOZA, 2005).

Fresh ginger contains about 85-95% water and may be susceptible to microbial,
chemical and biochemical deterioration. Thus, dehydration of ginger or extraction of oils and/or
oleoresins are good alternatives to avoid any type of deterioration. Different processes can be
applied, including microencapsulation, to further promote the viability of the compounds
present in ginger. Among the applications of dry or microencapsulated ginger can be mentioned
the manufacture of ginger spices, use in medicine and cosmetics as well as foods with ginger
flavour, such as soft drinks and sweets (AN et al.,, 2016; FERNANDES et al., 2016;
SCHWERTNER; RIOS, 2007).

The spicy taste of fresh ginger is mainly due to gingerols, which are a homologous series
of phenolic compounds. Among these compounds, the one that presents itself in greater quantity
is 6-gingerol, although smaller amounts of gingerols with different chain lengths may be
present. Studies with these phenolic compounds have shown analgesic, antipyretic,
cardiological effects, inhibiting spontaneous motor activity and prostaglandin biosynthesis and
preventing certain types of cancer (SHOJI et al., 1982; SHUKLA; SINGH, 2007). In addition,
6-gingerol has shown antioxidant and anti-inflammatory properties in other studies
(GRZANNA; LINDMARK; FRONDOZA, 2005). However, when dehydrated or stored for
long periods, 6-gingerol can be oxidized to 6-shogaol, and this compound is not found in fresh
ginger extract (SCHWERTNER; RIOS, 2007).

Studies have achieved good results in encapsulation of ginger oleoresin by spray drying
using gum Arabic, maltodextrin and inulin, reaching oil retention ranging from 48.0 to 93.0%.
Furthermore, the use of ultrasound for the emulsification process was studied, and this method
generated smaller particles when compared to conventional mechanical agitation, such as
ultraturrax for example (FERNANDES et al., 2016). In addition, recent works studied the
microencapsulation of ginger oil by spray drying (MAULIDNA et al., 2020), by electrostatic
interaction (BAN et al., 2020), and by complex coacervation between gelatin and sodium

alginate (WANG et al., 2016). This shows that there is a growing interest on the encapsulation
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of ginger hydrophobic compounds, protecting them from oxidation during processing and

storage.
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Abstract
The objective of this work was to investigate the feasibility of inducing complex coacervation
by atomizing an emulsion of gelatin/ginger oil over a gum Arabic solution, which would be a
first step towards continuous process configuration. The influence of gelatin:gum Arabic ratio
was investigated regarding capsule formation by atomization. In addition, the effects of
emulsion concentration on coacervation by atomization and by batch stirring were studied.
Gelatin:gum Arabic ratio strongly affected the capsule formation. The gelatin concentration
affected the size of capsules for both methods, whereas the increase of gelatin concentration
did not affect encapsulation parameters for atomized capsules. The diameter of microcapsules
varied from 57 to 85 um, encapsulation efficiency varied between 89.74 and 98.7%, and
encapsulation yield ranged from 21 to 88%, with the atomization process resulting in higher
encapsulation yield. The results indicated that microcapsules produced by atomization were

comparable with capsules produced by batch stirring.

Keywords: encapsulation, ginger oil, complex coacervation, atomization, Weber number,

Ohnesorge number.
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3.1. Introduction

The pungent flavour of fresh ginger is mainly due to gingerols, and these compounds
may be susceptible to degradation caused by harsh conditions during production and storage,
decreasing their functional properties (DUGASANI et al., 2010). Thus, different processes,
including microencapsulation, can be applied to promote further viability of the compounds
present in ginger (FERNANDES et al., 2016). Dried ginger or microencapsulated ginger oil
can be applied in the manufacturing of ginger spices, in pharmaceuticals and cosmetics, as well
as in ginger-flavoured foods, such as soft drinks and sweets (SCHWERTNER; RIOS, 2007).
Recent works investigated microencapsulation of ginger oil by spray drying (MAULIDNA et
al., 2020), microencapsulation by electrostatic interaction (BAN et al., 2020) and by complex
coacervation between gelatin and sodium alginate (WANG et al., 2016).

Complex coacervation has been successfully used for microencapsulation of oils and
flavours, with extensive application in the food, agricultural, textile and pharmaceutical
industries (MARTINS et al., 2014). Complex coacervation is usually carried out in batch
configuration, and few studies have been carried out aiming its application in continuous
regime. The reason is that sometimes the method does not allow the production of individual
microcapsules, affecting the granulometry of the powder produced and the releasing properties
of the core material, in addition to the fact that, traditionally, batch process is carried out using
very diluted solutions (BURGESS; PONSART, 1998; ERATTE et al., 2018). The technique is
very versatile and is suitable for protection of compounds against degradation, to prevent loss
of volatiles, in addition to allowing for modulated release and increased stability of the
encapsulated material (XIAQO et al., 2014a). Complex coacervation results from the interaction
of oppositely charged colloidal polymers, which under certain conditions form complexes that
tend to precipitate due to solvent repulsion. As a consequence, two phases are formed, one of
which contains the precipitated coacervate and is called "rich in polymer"”, whereas the other,
in which the solvent remains, is called "poor in polymer” (KAUSHIK et al., 2015; STRAUSS;
GIBSON, 2004). Some important points must be considered in the coacervation process,
including the ratio between the polymeric compounds, the charge density, ionic strength, pH of
the solutions, stability, and solubility of the complexes formed (RUTZ et al., 2017).

The well-known pair of biopolymers gelatin and gum Arabic is often used for studies
on complex coacervation as a reference system, taking into account that their performance is
predictable and they provide proper spherical-shaped microcapsules by the traditional process
of complex coacervation carried out in batch stirring (MARFIL et al., 2018; PIACENTINI et
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al., 2013; PRATA et al., 2008; SHADDEL et al., 2018; ZUANON; MALACRIDA,; TELIS,
2013).

There is a need for quantitative description of the variables involved in complex
coacervation, thus facilitating reproducibility of results and allowing for scale up (JEGAT;
TAVERDET, 2000). In previous studies, application of hydrodynamic models for
microencapsulation by complex coacervation has shown that the stirring speed and the physical
parameters of the fluids involved in the process can be correlated with the size of the resulting
microcapsules (DOBETTI; PANTALEO, 2002; LEMETTER; MEEUSE; ZUIDAM, 2009;
LEMOS; MARIANO MARFIL; NICOLETTI, 2017). In addition, description of the complex
coacervation process by non-dimensional numbers is an important step towards scale up and,
ultimately, to allow for development of a continuous process (JEGAT; TAVERDET, 2000).

A possible process configuration to carry out complex coacervation as a continuous
process is based on atomization. By atomizing the gelatin/ginger oil emulsion over a vessel
containing gum Arabic solution, complex coacervation between the biopolymers takes place on
the surface of the emulsion droplets that are formed during the atomization step, as it flows
through the gum Arabic solution. In this sense, studying the atomization step and atomized
droplet formation is crucial in order to obtain efficient oil encapsulation. The atomization
process can be described by the non-dimensional numbers Weber (We) and Ohnesorge (Oh).
We number correlates the inertial and surface tensional components of the resultant force during
atomization, whereas Oh relates the viscous forces with the surface tension forces in the liquid.
According to Varga et al. (2003), different ranges of We correspond to different patterns of
liquid atomization: bag-type breakup of the liquid occurs at 12 < We < 80, atomization by air-
shear breakup occurs at 80 < We < 350, and catastrophic breakup at We > 350. In addition,
when Oh < 0.1, it is possible to assume that only We affects the atomization process, whereas
for 0.1 < Oh < 1 the system is in the transition regime, in which both We and Oh exert influence
(GUILDENBECHER; LOPEZ-RIVERA; SOJKA, 2009). The effects of atomization in the
functionality of particles produced by a number of encapsulation processes have been
investigated by different approaches, mainly because it represents a flexible and economical
choice to transform liquid materials into particles. Jiang et al. (2013) presented a study for
enzyme encapsulation process in which the complex coacervation and drying processes are
combined into a single step, using a novel three-fluid nozzle for atomization. Kaspar et al.
(2013) produced chitosan microparticles crosslinked by tri-polyphosphate by spray drying,

using a three-fluid nozzle. Chen et al. (2006) studied acetaminophen particles produced with
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chitosan and hydroxypropyl-methylcellulose using solid dispersions formed by a 4-fluid nozzle
spray dryer, evaluating their sustained release and morphological characteristics.

In this context, the aim of this work was to first investigate the influence of gelatin:gum
Arabic ratio on the formation of microcapsules by complex coacervation induced using a two-
fluid atomization nozzle. Once a proper ratio between the polymers was established, we
evaluated the effects of gelatin concentration in the emulsion on the atomization and
coacervation processes. The size of wet microcapsules, infrared spectrum, and encapsulation
performance parameters were evaluated and compared with complex coacervation carried out
by batch stirring. In addition, a study of the atomization process using hydrodynamic models
was applied, and the results were correlated with the microencapsulation performance.

3.2 Material and methods
3.2.1 Material

Cold pressed ginger oil (Gran Qils, Sdo Paulo, Brazil) was used as microencapsulated
core material. Type B gelatin, 240 bloom (Gelita, Mococa, Brazil) and gum Arabic (Dinamica,
Campinas, Brazil) were used as wall material. Glacial acetic acid (Dindmica, Campinas, Brazil)
was used for pH adjustment. Hydrochloric acid 4 N (Dindmica, Campinas, Brazil) was used to
digest the capsules to release the encapsulated oil. Hexane (Dinamica, Campinas, Brazil) was

used as organic solvent for oil extraction.

3.2.2 Preparation of ginger oil/gelatin emulsions and gum Arabic solution

Oil-in-water emulsions were prepared by dispersing ginger oil in agueous gelatin
solution. The mass ratio of oil:gelatin was maintained as 1:1 in all assays and concentration of
gelatin in the aqueous solution ranged from 1 to 10 g of gelatin/100 g. Primary emulsification
was performed using high shear homogenizer Ultra Turrax T-25 (IKA, Germany) at 15,000
rpm for 2 min, followed by secondary homogenization by ultrasound (Sonic Ruptor 4000
ultrasonic probe, Omni International, USA) at frequency of 20 kHz for 3 minutes with nominal
power of 210 W.

The aqueous solution of gum Arabic (1 g/100 g) was prepared by adding the polymer
to preheated (50 °C) deionized water and by magnetic stirring until complete dissolution. The

concentration of gum Arabic in the solution was the same in all the assays.
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3.2.3 Ginger oil/gelatin emulsion and gum Arabic solution characterization

Surface tension measurements of the ginger oil/gelatin emulsion and gum Arabic
solution, were done using an Attension Sigma 701 tensiometer (Biolin Scientific, Sweden) by
the Wilhelm plate method using a platinum plate. Density of the solutions was determined using
a densimeter Attension Sigma 701 (Biolin Scientific, Sweden) with glass sphere probe.
Rheological behaviour was evaluated through flow curves determined in a rheometer
AR2000ex (TA Instruments, USA), equipped with Peltier system for temperature adjustment
(35 °C) and cone and plate geometry. The emulsion stability was evaluated using transparent,
graduated, plastic tubes, centrifuged at 50xg (model Z 326 K, Hermle, Germany) for 5 minutes.
The tubes were observed in order to detect the appearance of a cream layer or free oil on the
upper part of the emulsion, but there was no evidence of creaming or phase separation after
centrifugation (FERREIRA et al., 2016).

3.2.4 Complex coacervation in batch stirring

For complex coacervation in batch stirring, the ginger oil/gelatin emulsion (22 to 200
mL) (50 £ 1 °C) was added to the gum Arabic solution (380 mL) (50 + 1 °C) in a 1 L beaker,
and the mixture was kept under magnetic stirring (approximately 300 rpm). The pH (3.5+0.1)
was adjusted using glacial acetic acid and the system was immersed in an ice bath, maintaining
agitation for slow cooling until 10 £ 1 °C. After 24 hours, the sedimented particles were
transferred to aluminium trays and frozen in ultra-freezer (Liobras, FV 500, Brazil) at -40 °C
and freeze-dried (Liobras, L101, Brazil) at less than 500 umHg for 72 hours. The dried samples
were ground, packed in aluminium foil for light protection and stored in a desiccator with silica
gel for further analysis.

3.2.5 Complex coacervation by atomization

For complex coacervation by atomization, the ginger oil/gelatin emulsion was
atomized over the aqueous solution of gum Arabic using a dual fluid atomizer nozzle (0.7 mm
diameter, Labmag, Brazil), with controlled air and emulsion flowrates. The pH of the emulsion
and of gum Arabic solution were adjusted to 3.5 using glacial acetic acid (> 96%), before
atomization. The atomization conditions and additional operational parameters were
determined based on the results of exploratory assays, and are summarized in Table 3.1. The
nozzle was positioned at a fixed height of 0.2 m above the vessel containing gum Arabic

solution as described in Figure 3.1. Air flowrate was controlled using a rotameter FT074-02-
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CA-VN (Omega, Stamford, USA). After all the emulsion was atomized, the system was
immersed in an ice bath until reaching 10 £ 1 °C and then stored at 5 = 1 °C in refrigerator.

Table 3.1. Physical properties of atomization air, dimensions of the atomization nozzle and
operational parameters of atomization.
Characteristics of the two fluid nozzle

Diameter of emulsion outlet (Dy) - (mm) 0.7
Internal diameter of air outlet (Dint) - (mm) 1.90
External diameter of air outlet (Dext) - (mm) 2.80

Physical properties of the atomization air (25 °C)

Density (pg) - (kg m™3) 1.23
Viscosity (Hg) - (LPa s) 18
Atomization process parameters

Atomization air volumetric flow rate (Qg) - 104 (m®s™) 3.60
Emulsion volumetric flow rate (Qi) - 10°7 (m3s™?) 2.45

To determine the influence of the ratio between the polymers (gelatin:gum Arabic) on
the complex coacervation process, the emulsion previously prepared, as described in section
3.2.1, was atomized over the gum Arabic solution. Concentrations of the gelatin/ginger oil
emulsion and of the gum Arabic solution were fixed at 1 g of polymer/100 g and the gelatin:gum
Arabic mass ratio was varied (in the range of 1:0.5 to 1:10) by keeping the volume of atomized
emulsion constant and increasing the volume of gum Arabic solution for each assay.

Peristaltic pump
£ Di.

Rommcter
Atomlzatlon air U

Atomized emulsion

<= droplets

Gelatin/ginger .
oil emulsion pH = 3.5

02m

Gum Arabic
solution

: pH =3.5

Figure 3.1. Schematic diagram of the complex coacervation process by atomization.
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3.2.6 Characterization of wet microcapsules

Density of the wet microcapsules formed by complex coacervation was determined
in a densimeter DMA™ 4500 M (Anton Paar, Austria). After coacervation, the suspension
containing the microcapsules was stored at 5 °C for 24 hours to allow particles to settle and
approximately 2 mL of the precipitate were collected using a Pasteur pipette. The density
determination was done at 10 °C. The total solids of the supernatant were determined by
gravimetry in oven at 105 °C.

The microstructure of wet microcapsules was evaluated using an optical microscope
(CX31-111, Olympus, Japan) coupled with a video camera (SIS-SC30). The samples were
conditioned on glass slides without dilution. The scanned images were analysed by Image Pro
Plus 6.0 software (Media Cybernetics Inc., USA) for measurement of microcapsule diameter.
The reported diameter is the mean calculated after measurement of 300 microcapsules per

treatment.

3.2.7 Characterization of dried microcapsules

After complex coacervation the microcapsules were freeze-dried as described in item
3.2.3 and subjected to analysis as follows. Encapsulation efficiency (EE) and encapsulation
yield (EY) were calculated based on the oil content initially present in the emulsion (Ol), the oil
present on the surface of the microcapsules (OS), and in the total oil present in the microcapsules
(OT). To determine OS, 100 mg of microcapsules and 10 mL of hexane were placed in a capped
test tube and shaken for one minute. The organic phase was filtered and transferred to Petri
dishes. The solvent was evaporated at room temperature in a hood and then kept at 60 °C until
maintaining a constant weight. To determine OT, 100 mg of microcapsules were dispersed in
20 mL of 4 N hydrochloric acid solution and shaken for 1 hour at 35 °C for dissolution of the
wall material. Then, 13 mL of hexane were added and stirred for 10 hours at 25 °C, forming a
two-phase system. The non-organic and organic phases were separated by centrifugation
(model Z 326 K, Hermle, Germany) at 10000xg for 30 minutes and the organic phase
containing hexane and oil was transferred to Petri dishes. The solvent was evaporated at room
temperature in a hood and then at 60 °C until maintaining a constant weight. The EE and EY
were calculated by Equations 3.1 and 3.2 (TONON; GROSSO; HUBINGER, 2011; WANG;
ADHIKARI; BARROW, 2014), respectively.

oT-0S
oT

EE(%) = x 100 (3.1)

EY (%) = - X 100 (3.2)
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Fourier transform infrared spectroscopy (FTIR) was performed on a Prestige-21 IR
spectrometer (Shimadzu, Japan). The analysis was performed using potassium bromide tablets
from 400 to 4000 cm " with a resolution of 8 cm™.

The morphology of the dried microcapsules was analysed by SEM microscope (FEI,
USA), with spot 4.0 and 25 kV. Microcapsules were deposited on carbon tape and metallized
with a thin gold layer of 5 nm. The images were obtained with topography detector to visualize

the surface morphology of the samples.

3.2.8 Mathematical description of the atomization process

The atomization process was evaluated through the Weber (Equation 3.3) and
Ohnesorge (Equation 3.4) non-dimensional numbers, and the theoretical Sauter diameter, D32,
(Equation 3.5) of the emulsion droplets after being atomized in the pneumatic nozzle and before
getting in contact with the gum Arabic solution (FILKOVA; HUANG; MUJUMDAR, 2014).

2
We = psVe —Vi)"D1 (3.3)
o
Oh =21 (3.4)
\oD, pi
_ 535x103Vo 301, M _~045
=227 ¥ X o :
D3, VoV It + 597 x 10 0 Tori (3.5)

In which Q) and Qg are the volumetric flowrates of liquid and air, respectively; Vjq is the
atomizing air velocity; V) is the emulsion velocity; py is the density of the atomizing air; Dy is
the diameter of the discharge orifice of the nozzle; ¢ is the emulsion surface tension; [ is the

emulsion viscosity and p the emulsion density.

3.2.9 Statistical analysis

All the assays were performed in triplicate. The results of the analytical
determinations are expressed in arithmetic average (AV) submitted to analysis of variance
(ANOVA) and comparison of means by Tukey test with probability level at 5% (p < 0.05),
using statistical software Minitab 17 (MINITAB, State College - PA, USA). The uniformity of
the data (size distribution) was presented as variation coefficient [VC=(SD/AV)*100], in which

SD stands for standard deviation.
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3.3 Results and discussion
3.3.1 Characterization of ginger oil/gelatin emulsion and gum Arabic solution

The emulsions produced were stable during the whole atomization process. No phase
separation and no creaming were observed for all formulations. This is important because it
assured that the flocculation or coalescence of the oil droplets prior to complex coacervation
will not affect the encapsulation parameters.

As presented in Table 3.2, the density of the ginger oil/gelatin emulsion ranged from
997 to 1058 kg/m?®, being directly proportional to gelatin/ginger oil concentration, as the
proportion between oil and gelatin in the emulsion was fixed at 1:1 for all emulsions. The
apparent viscosity was also proportional to gelatin concentration, varying from 0.0013 to
0.0483 Pa-s, with the determination coefficients, R?, of the rheological models being higher
than 0.995. The samples with 6 and 10 g of gelatin/100 g of emulsion presented rheological
behaviour of Bingham fluids. The samples with less gelatin concentration behaved like
Newtonian fluids. Considering that the main difference between a Newtonian and Bingham
fluid lays on an initial shear stress prior to flowing that is observed in Bingham fluids, the
difference on the rheological behaviour should not have effects on the atomization of the
emulsion, which occurs at high shear rates (STEFFE; PH; PRESS, 1994). The surface tension
varied from 39 to 53 mN/m, which is a range similar to those observed in other investigations
involving atomization of gelatin solutions (PITT et al., 1996). In a work measuring atomized
droplets of Newtonian and non-Newtonian fluids, Mansour and Chigier (1995) reported surface
tensions of 73 mN/m. Thybo et al. (2008) investigating the scale up of spray dryers, used
solutions with surface tension varying from 23 to 72 mN/m. Studying the relationship between
surfactant structure and surface tension in gelatin solutions, Pitt et al. (1996) presented surface

tension values varying from 23 to 60 mN/m.

Table 3.2. Physical-chemical properties of the gelatin/ginger oil emulsions and gum Arabic
aqueous solution.

Polymer Apparent Rheological
. ymer Density? Surface Tension? ppare model’s best
Liquid Phase concentration Viscosity fit/R?
(9/1009) (kg/m) (mN/m) (Pa-s)
1 997.0+0.7% 45.4+0.2° 0.0016 Newtonian/0.998
Ginger oil/GE 2 999.3+1.1¢% 49.7+0.3 0.0025  Newtonian/0.999
ergnulsion 4 1005.0+2.0°¢ 49.2+0.3" 0.0054 Newtonian/0.999
6 1008.7+2.4° 48.8+0.2° 0.0116 Bingham/0.999
10 1058.0+4.72 52.4+0.52 0.0483 Bingham/0.999
Gum Arabic 1 994.3+1 6¢ 39.64+1.1 00013  Power law/0.995

solution
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!Mean values + standard error (n = 3); ?Mean values + standard error (n = 10);
*Different letters in superscript in each column indicate significant differences (Tukey test, p <
0.05).
3.3.2 Influence of polymer ratio on complex coacervation by atomization

The ratio of gelatin:gum Arabic was fundamental to formation of regular shaped
microcapsules in the complex coacervation carried out by atomization. Based on the results
obtained varying the gelatin:gum Arabic ratios from 1:0.5 to 1:10 (Table 3.3), it was possible
to classify the treatments into three main groups with distinct characteristics. Despite all the
groups ending up in phase separation, they resulted in particles with different morphology, as
shown by the typical images of each group presented in Table 3.3.

Group I, with ratios 1:0.5, 1:1 and 1:1.2 (gelatin:gum Arabic) resulted in particles with
non-spherical conformation, contrary to what would be expected to complex coacervation. The
particles in group | had undefined steric conformation, in which there were some regions around
the particles resembling a membrane, incipiently exhibiting the shape expected in
microcapsules formed by complex coacervation. This suggests that the formulations in this
group might be lacking gum Arabic, which would be necessary to fully attend the
thermodynamic requirements for complex coacervation. In previous studies of complex
coacervation by batch stirring (LV et al., 2014; MARFIL et al., 2018; SHADDEL et al., 2018;
ZUANON; MALACRIDA; TELIS, 2013) using the pair gelatin and gum Arabic, have shown
that the optimum ratio between the polymers was 1:1, for pH around 4.5.

Group Il encompasses the assays carried out with ratios 1:1.5, 1:1.8, 1:2, and 1:3
(gelatin:gum Arabic), which resulted in spherical microcapsules as expected in complex
coacervation. The range of polymer ratios used in group Il seems to meet the kinetic and
thermodynamic criteria for both phase separation and complex coacervation. Li et al. (2018) in
a study of complex coacervation using fish gelatin and gum Arabic also found the ratio of 1:2
(gelatin:gum Arabic) as the optimum coacervation condition at pH 3.5, the same condition used
in this work.

Finally, in group I11, the ratios 1:4, 1:5, 1:7, and 1:10 (gelatin:gum Arabic) resulted in
phase separation but there was no capsule formation, although the particle morphology was
different from the observed in group I. Particles in group 111 had a flake-like morphology, with
no tendency to form large aggregates and appearing to be less dense than those observed in
group I, with lesser amount of polymer deposited on the particle surface. A possible explanation
for this result might be that, after part of the gum Arabic had been used for complex

coacervation with gelatin, the excess gum Arabic begins the process of enclosing the individual
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particles previously formed, destabilizing the system and resulting in particles with an
undefined morphology.

Thus, it is possible to say that the ratio between the polymers used for complex
coacervation have great interference on the capsule formation. All samples in group 2 presented
spherical morphology, however the ratio 1:1.8 (gelatin:gum Arabic) presented more
individualized capsules, with less aggregation, which was possible to observe by examining
various images of the different treatments (images not shown). The optimum ratio of
gelatin:gum Arabic showed to be between 1:1.5 to 1:3 and the optimum ratio chosen for the
next steps was 1:1.8, based on the lower degree of microcapsule aggregation. For ratios under
1:1.5 (Group 1) there is a lack of polymer to form the capsule membrane and to produce
spherical particles. On the other hand, for ratios above 1:3 (Group I11), the excess of polymers

destabilizes the capsule structure.

Table 3.3. Effects of the polymer ratio (gelatin:arabic gum) on capsule formation and
morphology produced using complex coacervation by atomization. Ratios of polymers are
classified in groups in function of the particle/capsule morphology in each group.

Group Gelatin:gum Arabic Description Morphology*

1.05 No capsule formation.
I 11 Tendency to form large
112 aggregates.
’
iig Microcapsule formation
I 12 with defined spherical
1j3 morphology.
1:4 No capsule formation.
. Formation of particles : :
1:5 i
i - with flake-like y* - %
y morphology. iy
1:10 phology - e 3

*Scale bars correspond to 100 pum
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There are some other important characteristics of the proposed atomization process
that must be considered and could help explain the differences in the most suitable ratio between
gelatin and gum Arabic to achieve complex coacervation in comparison with the conventional
batch stirring configuration. Firstly, in order to allow for adoption of a continuous regime
processing in future studies, it was necessary to acidify the oil/gelatin emulsion and the gum
Arabic solution before their contact, which occurs when the atomized emulsion droplets sink in
the gum Arabic solution vessel. This early acidification step may lead to formation of
intrapolymer complexes, mainly in gelatin, before the effective contact between the protein and
the polysaccharide. The acidification kinetics, in turn, may affect the size and morphology of
aggregates and coacervates due to different rates in intra/interpolymer complexation (GIRARD
et al., 2004). In addition, in order to keep the viscosity of the liquid phases unaltered in all the
assays, changes in the ratio gelatin:gum Arabic were made by increasing the amount of gum
Arabic solution in the vessel (see item 2.4), instead of increasing the concentration of gum
Arabic in the solution, which was kept fixed at 1 g of gum Arabic/100 g of solution. This
strategy may have affected the fluid dynamic of the atomized emulsion droplets after
submerging in the gum solution. Taking into account that complex coacervation is supposed to
be a nucleation and growth type process (SANCHEZ; MEKHLOUFI; RENARD, 2006), the
kinetic constraints of the process could explain the results presented in Table 3.3. Our
hypothesis is that the early acidification of the gelatin could result in partial unfolding of the
protein structure, exposing charged groups that could readily interact with other charged
molecules in the vicinity. When the previously acidified emulsion is atomized over a small
volume of gum Arabic solution, the possibility of gelatin-gelatin interactions between
oppositely charged patches, in the same polymer-type molecules, may result in particle
aggregation as observed in group | treatments (DE VRIES, 2004). On the other hand, the small
flake-like particles observed in group 111 might be a result from the high dispersion of atomized
emulsion droplets over a large volume of gum Arabic solution, which would hinder the growth
of coacervate nuclei, as there were not enough gelatin molecules in the particle surface to
interact with the gum Arabic available in solution. Thus, the range of gelatin:gum Arabic ratios
included in group Il seems to represent the most favourable balance between the operational
parameters to achieve individual and spherical microcapsules by complex coacervation by
atomization.

Several studies have shown a direct correlation between polymer ratio and complex
coacervation pH (LI et al.,, 2018; LV et al., 2014; MA et al., 2019). Considering future

applications of the capsules on investigation of targeted release in intestine conditions, the pH
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for this study was 3.5. The capsules would have to endure gastric conditions, and studies have
shown that the use of lower coacervation pH values potentialize gastric protection of the
capsule, the core and intestine core release (HUANG et al., 2017b, 2017a).

3.3.3 Characterization of wet microcapsules produced by atomization and batch stirring

This section discusses the effects of variation in the concentration of gelatin in the
emulsion (1 to 10 g of gelatin/ 100 g of emulsion) during complex coacervation induced by
atomization, keeping the ratio gelatin:gum Arabic fixed at 1:1.8, and the results are compared
with batch stirring coacervation. All the conditions investigated resulted in formation of
microcapsules for both processing strategies, atomization and batch stirring (Figure 3.2). This
is an indication that the ratio between the polymers may play a more important role on capsule
formation than the emulsion concentration. Another important is that we assayed emulsions
with gelatin concentration up to 10 g of gelatin/100 g of emulsion, with successful particle
formation in both methods tested, atomization and batch stirring. This is an important
achievement in order to increase the yield of microcapsules with less intensive use of water in
the process.

The mean diameter of the capsules produced by the atomization method varied from
57 to 85 um and, except for the most concentrated emulsion, they were slightly smaller than
those of batch stirring (Table 3.4). The capsule size obtained is in agreement with the results of
Alvim and Grosso (2010) whom obtained capsules of paprika oil by complex coacervation
using gelatin and gum Arabic with diameters around of 52 um. The variation coefficient (VC)
for atomized particles ranged from 21 to 31 %. In the case of the most concentrated emulsions,
the variation coefficient indicates that the atomization method produced particles with a wider
size distribution than batch stirring. Nevertheless, it is important to highlight that all the assayed
conditions produced microcapsules smaller than 100 pum, which is important for further
application in food formulation in order to avoid a grainy mouthfeel (SHAHIDI; HAN, 1993;
WYNN; PARIKH, 2013). The precipitate bulk density of capsules was higher for the
atomization process, indicating that those capsules would have a higher sedimentation velocity
than capsules produced by batch stirring. The precipitate bulk density for the atomization
method varied from 1009 to 1022 kg/m?, and a higher density may be an important factor
considering that particle separation is done by sedimentation.

The capsules formed by batch stirring complex coacervation presented mean
diameters ranging from 63 to 79 um (Table 3.4). Different studies report different ranges of
microcapsule size produced by batch stirring complex coacervation, such as 61 to 144 pum
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(ROCHA-SELMI; FAVARO-TRINDADE; GROSSO, 2013), 97 to 690 um (MARFIL et al.,
2018), and 46 to 53 um (ZUANON; MALACRIDA; TELIS, 2013). This indicates that the
coacervation parameters have strong influence on the overall size of microcapsules. The VC of
the microcapsules produced by batch stirring ranged from 19 to 26%, indicating uniformity of
the capsules regarding their mean diameter (MORELLI; HOLDICH; DRAGOSAVAC, 2017).
The precipitate bulk density of capsules produced by batch stirring was smaller varying from
1003 to 1014 kg/m?® (Table 3.4).

The total solids in the supernatant solution after the complex coacervation process for
both methods varied from 0.13 to 0.22%. The total solids in the supernatant solution increased
with the increasing concentration of the ginger oil/gelatin emulsion. Nevertheless, all the values
were similar and very low for both processes, which is an indication that the method applied to
carry out the complex coacervation did not affect the effectiveness of the phase separation.

The microcapsules produced by both methods presented regular and mostly spherical
morphology (Figure 3.2). For samples with lower gelatin concentration the capsules were closer
together, whereas with increasing polymer concentration in the emulsion the capsules presented
a more defined boundary. Also, the capsules produced by atomization seemed more
individualized than the capsules produced by batch stirring. The authors believe that this could
happen due to the nature of the droplet formation process: in atomization the droplets are
individually formed in the nozzle, thus resulting in more separated capsules. In addition, as
discussed in section 3.2, the early acidification of the gelatin/ginger oil emulsion that is
necessary for coacervation by atomization, may promote the interaction between the positively
charged gelatin amine groups with the gum Arabic's negatively charged carboxyl groups,
resulting in capsules further apart. Otherwise, there were no major differences between the
capsules produced by batch stirring and by atomization, and the microcapsules also had similar
morphology to those presented in different studies of complex coacervation (ALVIM,;
GROSSO, 2010; LI et al.,, 2018; LV et al., 2014; SHADDEL et al.,, 2018; ZUANON;
MALACRIDA; TELIS, 2013).

It is important to remark that this work is an initial step towards the development of a
continuous process for complex coacervation, and future works should be carried out to
optimize the atomization conditions in order to decrease the size distribution or even engineer
the particle sizes. The sample 2GE/3.6GA in both coacervation methods produced the smallest
microcapsules. In addition, except for the treatment 1GE/1.8GA, all the samples presented
significantly different sizes between the processes, indicating that the process configuration

may be a variable to be considered when engineering the size of microcapsules.
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Batch Stirring Atomization

1GE/1.8GA

2GE/3.6GA

10GE/18GA

Figure 3.2. Optical microscopy morphology of wet microcapsules produced by atomization and
batch stirring, keeping constant ratios of ginger oil:gelatin (1:1) and gelatin:gum Arabic (1:1.8),
and using different concentrations of gelatin in the emulsion: (a), (b) 1 wt%; (c), (d) 2 wt%; (e),
(F) 4 wt%; (g), (h) 6 wt%; (i), (j) 10 wt%. Scale bars correspond to 100 pum.



Table 3.4. Physicochemical properties of wet microcapsules produced by atomization and batch stirring. keeping constant ratios of ginger
oil:gelatin (1:1) and gelatin:gum Arabic (1:1.8). and using different concentrations of gelatin in the emulsion.

52

Batch stirring Atomization
. - . - Precipitate
sample code Gelatln_ Ginger oil Gurr_1 _Mean X VC Total solids |2n Preuplta_te2 _Mean . VC Total solids I? bulk

concentration Arabic diameter supernatant bulk density diameter supernatant density?

(g 100g™) (g100g%) (g 100g7) (nm) (%) (%) (kg m®) (nm) (%) (%) (kg m®)
1GE/1.8GA 1 1 1.8 79.4° 22.3 0.13+0.01 1003.6+0.24 77.3% 21.6 0.13+0.01 1009.8+0.4
2GE/3.6GA 2 2 3.6 63.7¢ 20.8 0.15+0.00 1010.6+0.68 57.1¢ 20.1 0.15+0.01 1019.2+0.3

d

4GE/7.2GA 4 4 7.2 74.9¢ 25.4 0.18+0.00 1007.1+0.13 64.9 21.0 0.18+0.00 1015.0+0.6
6GE/10.8GA 6 6 10.8 79.7° 19.0 0.20+0.00 1012.7+0.32 61.90¢ 31.0 0.19+0.00 1017.6+0.6
10GE/18GA 10 10 18 79.5° 24.4 0.22+0.00 1013.9+0.11 84.82 29.2 0.22+0.00 1022.1+0.1

!Mean values * standard error (n = 300); ?Mean values + standard error (n = 3); "Different letters in superscript indicate significant differences

(Tukey test. p < 0.05)
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3.3.4 Mathematical description of the atomization process and complex coacervation by
atomization

The possibility of engineering the size of the produced microcapsules with basis on the
selection of the atomization parameters is a relevant task, thus in this section we discuss the
possible correlations between the size distribution of the produced microcapsules and the
operational conditions of the atomization process.

First, we will consider prediction of the emulsion droplet sizes leaving the atomization
nozzle, given by Equation 3.5. According to this model, if the atomizing air velocity (Vy=106.6
m/s) is much greater than the emulsion velocity (Vi = 0.64 m/s), the term (Vgq— Vi) becomes
approximately equal to Vg. The Reynolds number for the atomization air stream is calculated
as Reg=pgVghg/Hg, in which byg is the air-layer thickness, given by bg=(Dext-Dint)/2, with Dexand
Dint being the external and internal diameters of the air outlet channel, and pg is the atomization
air viscosity. Upon rearranging Equation 3.5 using Equations 3.3 and 3.4, it is possible to
estimate the Sauter mean diameter of the emulsion droplets produced by atomization in function
of non-dimensional numbers (Equation 3.6), with the maximum difference between the

estimated Sauter diameters using Equations 3.5 and 3.6 being smaller than 0.5%.

3
D', = 5.35 X 105(%)(%) +5.97 x 105 2L (0h/D)°* (3.6)

When analysing the Sauter mean diameter of the emulsion droplets in the atomization
process and the experimental mean diameter of the microcapsules after complex coacervation
(Figure 3.3), it is possible to observe that both had similar correlations with the treatments
applied. The D3> and the experimental mean diameter values have a similar behaviour, except
for the highest We number and lowest Oh number (1GE/1.8GA; Oh =0.009). This demonstrates
that the emulsion droplet sizes formed in the atomization nozzle affects the final diameter of
the complex coacervated microcapsules. Considering that the atomization conditions (described
mainly by the We number) were constant in all the assays, the emulsion formulation was the
main factor causing the divergence of the trends between the experimental data and predictions
of the hydrodynamic model. The Oh number is directly dependent on the properties of the liquid
atomized, being directly correlated with the viscosity of the liquid (ALISEDA et al., 2008).
Thus, hydrodynamic models such as Equations 3.5 or 3.6 may not be suitable to describe
atomization process of emulsions with lower viscosity or lower Oh number. Nevertheless, a
model expressed in function of non-dimensional numbers (Equation 3.6), that is able to predict
the size of microcapsules, is an important result for future applications on scale up of the

process.
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The Weber number varied from 183 to 212, meaning that the emulsion droplets were
formed by shear breakup of the air on the liquid interface (GUILDENBECHER; LOPEZ-
RIVERA; SOJKA, 2009). The variation of We values were due to changes in the formulation
and not in the atomization parameters. Based on the results presented so far, it is possible to say
that the hydrodynamic model (Equation 3.6) could be used to predict the final diameter of
capsules when atomizing emulsions with Oh > 0.01. This hypothesis and the influence of the

We number will be further studied in a future paper.
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Figure 3.3. Experimental mean diameter (m) of wet microcapsules produced by atomization
keeping constant ratios of ginger oil:gelatin (1:1) and gelatin:gum Arabic (1:1.8), with different
concentrations of gelatin in the emulsion, and predicted Sauter mean diameter by Equation 3.6
(==) in function of Weber number.

3.3.5 Characterization of dried microcapsules produced by atomization and batch stirring
Fourier transform infrared spectroscopy (FTIR) is a valuable technique to investigate
the occurrence of chemical interactions or bonds between compounds, such as those expected
in complex coacervation (LEMOS; MARIANO MARFIL; NICOLETTI, 2017; SANTOS et al.,
2015b). The FTIR spectra of pure gelatin shows a peak of amide A around 3580 s* and the
same peak is not observed in the spectra of the capsules (Figure 3.4). Amide A has its band
between 2300 and 3600 s (ANVARI; CHUNG, 2016), which leads to the conclusion that
gelatine’s amide A portion may be in part responsible for the interaction with the gum Arabic.

The gum Arabic spectra presented the characteristic bond of —OH around 3350 s and the
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stretching of -COO" at 1617 s (Figure 3.4). The peaks for amide B (3000 to 3100 s™) can be
observed in pure gelatin and in lower intensity in all capsules around 3010 s, indicating an
interaction in this region (WANG et al., 2016). Amide | peak can be seen in around 1650 s™.
This result is in accordance with Anvari and Chung (2016) that reported Amide I bond at 1630
st and Muyonga et al. (2004) that reported it between 1600 and 1700 s. Amide 11 bonds can
be seen around 1550 s and there is a decrease of this band on the capsules when compared to
pure gelatin, which indicates that an interaction might be occurring between such functional
groups in the molecules of gelatin and gum Arabic (GARCIA-SALDANA et al., 2016;
MUYONGA; COLE; DUODU, 2004). The spectra for the microcapsules presented a peak at
1450 cmt, which is indicative of successful electrostatic interaction between the amine group
of gelatin with the free carboxylic from gum Arabic (SHADDEL et al., 2018). In general, the
spectra of the microcapsules were similar, being possible to state that the capsules produced by
atomization have a chemical signature similar to those produced by batch stirring, which is
considered as the standard method for complex coacervation.

The morphology of the freeze-dried capsules was investigated by scanning electron
microscopy. Within each coacervation method - atomization and batch stirring - there were no
apparent differences detected in the micrographs. Therefore, in order to allow comparison
between both treatments, the micrographs obtained for the sample 4GE/7.2GA, produced by
batch stirring (Figure 3.5) and by atomization (Figure 3.6) are presented. The microcapsules
produced by atomization seemed to be less aggregated, which was also observed in the dried
powder. The microcapsules produced by batch stirring have a smooth surface (Figure 3.5¢c)
whereas the microcapsules produced by atomization have bubbles or globules under the surface
of the capsules (Figure 3.6¢). The authors attribute these structures to oil droplets close to the
capsule surface, trapped within the matrix. When the emulsion goes through the nozzle, it
suffers shear forces caused by the atomization air, which may change the emulsion
microstructure, creating a more heterogeneous distribution of the oil droplets inside the
atomized particle. In addition, no porosity was observed on the SEM images, indicating high
encapsulation efficiency of the core material (JIANG et al., 2013). The fact that there were not
major differences between the capsules produced by the different methods, except for the small
globules under the surface, is positive, confirming that complex coacervation by atomization
generates capsules with similar morphology to those obtained by the traditional method of batch

stirring complex coacervation.
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Figure 3.4. Infrared spectra of wall materials and microcapsules produced by atomization (AT)
and batch stirring (BS) keeping constant ratios of ginger oil:gelatin (1:1) and gelatin:gum
Arabic (1:1.8), with different concentrations of gelatin in the emulsion.
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Figure 3.5. Scanning electron micrographs showing morphology of the capsules produced by
batch stirring complex coacervation of sample 4GE/7.2GA at magnifications of: (a) 500x; (b)
4000x; (c) 8000x.

Figure 3.6. Scanning electron micrographs showing morphology of the microcapsules produced
by atomization complex coacervation of sample 4GE/7.2GA at magnifications of: (a) 500x; (b)
4000x; (c) 8000x

The encapsulation efficiency (EE) and encapsulation yield (EY) are presented in Table
3.5 and should be taken into consideration in order to determine the efficiency of the
microencapsulation process (ERATTE et al., 2014). For all the formulation tested along with
method of complex coacervation, the values of EE varied from 89.7 to 98.7% (Table 3.5).
Alvim and Grosso (2010) obtained similar results while studying the application of crosslinking
agents in microencapsulation by complex coacervation. Zuanon et al. (2013) reported an EE in
the range of 49.4 to 72.5%, while microencapsulating turmeric oleoresin with gelatin and gum
Arabic. Moser et al. (2019) obtained an EE of 82 to 91% in a study about the influence of spray
drying parameters on the microencapsulation of buriti oil by chickpea protein/pectin
electrostatic interaction. The high values of EE obtained for complex coacervation by
atomization in the present study, are evidence of its potential for microencapsulation. The EY
for microcapsules produced by batch stirring ranged from 21.5 to 64.6% (Table 3.5), and the
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sample 1GE/1.8GA showed the highest encapsulation yield for this method. Wang et al. (2016)
studied the influence of pH, mass ratio, polymer concentration and core to wall material ratio,
on batch stirring complex coacervation of gelatin and sodium alginate to encapsulate ginger oil,
and reported EY varying from 40 to 70%. On the other hand, the EY of microcapsules produced
by atomization varied from 67.3 to 88.7%, being significantly higher than those produced by
batch stirring with the same formulation, with the exception of samples with lower gelatin
concentration (1GE/1.8GA and 2GE/3.6GA) that presented no significant difference. This
indicates that emulsion with gelatin concentration higher than 2 % (w/w) endure better the shear
forces during the atomization step, entrapping the oil and resulting in higher EY. The higher EY
observed for atomized microcapsules may be due to the spray process, by which the emulsion
droplets come in contact with the gum Arabic solution in a spherical shape previously defined
by the atomization process. Thus, it is expected that the adsorption of gum Arabic around the
droplet of atomized emulsion may start faster than in batch stirring, which would prevent oil
leaking from the stabilizing protein layer and ensuring high encapsulation yield properties.
Various values of EY have been reported using ginger oil and spray drying: Ban et al. (2020)
reported EY values of 55 to 89%, Ferreira et al. (2019) reported EY values of 3 to 77% and
Maulidna et al. (2020) obtained EY values from 60 to 72%. Therefore, it could be inferred that
the combination of high encapsulation efficiency with the superior encapsulation yield in
microcapsules produced by atomization, is a promising result.

We correlated EY with the experimental mean diameter for microcapsules produced by
both methods (Figure 3.7) and observed that the encapsulation yield for capsules produced by
batch stirring tends to decrease with the increase in mean diameter. The relationship between
capsule size and EY can be attributed to the total surface area of the system, that increases with
decreasing capsule size, thus promoting higher EY (ZUANON et al., 2019). The same
correlation was observed for the capsules produced by atomization, although with a much lower
effect. This may be related to the shear forces that the emulsion goes through during the
atomization process, which causes a second homogenization at the atomization nozzle,
counterbalancing the effect of the total surface area, providing high values of EY even for larger

capsules.
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Table 3.5. Encapsulation efficiency (EE), encapsulation yield (EY), and water content of dried
microcapsules produced by atomization and batch stirring complex coacervation.

Batch stirring Atomization
Water
Sample code EE! EY? contentl EE! EY? Water content!
(%) (%) (g/100 g, wb) (%) (%) (9/100 g, wb)
1GE/1.8GA 94.4+1.4%¢  64.6+9.8% 2.20+0.01 94.3+0.5%¢  80.9+1.6% 2.13+0.00
2GE/3.6GA 93.5+1.7%¢ 5524796 3.00+0.03 91.5+0.8™ 83.3+2.5% 2.71+0.01
4GE/7.2GA 89.7£1.2° 31.245.3¢%¢ 1.61+0.00 96.1+0.0%¢  78.1+2.9% 2.65+0.01
6GE/10.8GA 94.2+2.2%¢ 21.5+4 4% 2.51+0.01 97.3+0.1%® 88.7+0.7¢ 2.92+0.02
10GE/18GA 95.5+2.0%¢  27.246.9%¢ 3.00+0.02 98.7+0.12 67.314.2% 3.15+0.02

!Mean values + standard error (n = 3); "Different letters (EE) or symbols (EY) in superscript
indicate significant differences (Tukey test, p < 0.05); wb: wet basis
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Figure 3.7. Encapsulation yield (EY) of the dried capsules produced by atomization (e) and
batch stirring (A ), in function of the experimental mean diameter of wet microcapsules.
3.4. Conclusions

We proposed a process configuration that demonstrated to be feasible for producing
microcapsules of ginger oil by complex coacervation in gelatin/gum Arabic by atomization,
representing an initial step towards the development of a process that can be performed in a
continuous regime. The ratio between the polymers used for complex coacervation had a strong
influence on the formation and morphology of microcapsules by atomization. The increase of

gelatin concentration on the atomization process, did not affect the encapsulation parameters.
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FTIR and SEM analyses revealed that microcapsules produced by batch stirring and by
atomization had similar morphology and chemical signature. As it was expected for the
complex coacervation technique, encapsulation efficiency was higher than 89% with no
differences between samples coacervated by batch stirring and by atomization. On the other
hand, the microcapsules produced by atomization presented significantly (p < 0.05) higher
encapsulation yield than batch stirring. The final diameter of the microcapsules could be well
correlated with an empirical hydrodynamic model to predict the Sauter mean diameter of
atomized emulsion droplets for Ohnesorge numbers higher than 0.01. Hence the use of
atomization for complex coacervation showed potential for microencapsulation of ginger oil,

representing a step forward towards complex coacervation in continuous process.
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Symbol Definition

We Weber number

Oh Ohnesorge number

Di Diameter of emulsion outlet

Dint Internal diameter of air outlet

Dext External diameter of air outlet

D32 Sauter mean diameter - Equation 3.5
Sauter mean diameter in function of

D'a2 atomization non dimensional
numbers - Equation 3.6

Vg Atomization air’s velocity

Vi Emulsion’s velocity

Qg Atomization air volumetric flow rate

Qi Emulsion volumetric flow rate

i Emulsion’s apparent viscosity

Mg Atomization air’s viscosity

Do Atomization air’s density

o Emulsion’s surface tension

o Emulsion’s density

Reg Atomization air’s Reynolds number

by Atomization air layer thickness

EE Encapsulation Efficiency

EY Encapsulation yield

0OsS Capsule surface’s oil

oT Capsule total oil
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Abstract
This study investigates the influence of the atomization parameters on complex coacervation
by atomization, and is following a preceding study that presented the technique and investigated
the effects of formulation. Complex coacervated capsules were produced by atomization, using
emulsions with 1 and 6 %(w/w) of gelatin and ginger oil atomized over a 1 %(w/w) solution of
gum Arabic, at constant polymer ratio of 1:2 (gelatin:gum Arabic) at pH 3.5. The air velocity
at the nozzle varied from 72 to 168 m/s and the emulsion velocity at the nozzle varied from 0.4
to 0.6 m/s, maintaining the air to liquid velocity ratio at 170, 220 and 270. The mean diameter
of the microcapsules produced varied from 52 to 75 um and no crosslinking agents were used.
The influence of atomization numbers Weber (We) and Ohnesorge (Oh), shear rate and shear
stress on the encapsulation performance was carried out and a proposed model was able to
predict the final size of the microcapsules produced at e > 180 and Oh = 0.063. Encapsulation
efficiency varied from 9 to 95 %, and encapsulation yield varied from 50 to 99 %. Finally,
optimum conditions based on size prediction and microencapsulation parameters were

proposed.

Keywords: Weber number, Ohnesorge number, particle size, encapsulation efficiency,

encapsulation yield, gelatin, gum Arabic.
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4.1. Introduction

Microencapsulation is an innovative technique that is intended to help tackle the
increasing demand on value added products for food and pharmaceutical industries (PAULO;
SANTOS, 2017). These industries have a growing interest in techniques to produce functional
products with nutritional quality, safety, and improved shelf-life that can offer health benefits
(CORREA-FILHO; MOLDAO-MARTINS; ALVES, 2019). One of the core materials of
interest to be microencapsulated is ginger oil, in which microencapsulation can be applied to
increase the stability of its antioxidant and antimicrobial compounds (FERNANDES et al.,
2016).

Microencapsulation by complex coacervation is an elegant solution to protect
materials that are sensitive to high temperatures and to encapsulate hydrophobic substances,
while providing high values of encapsulation efficiency (ALVIM; GROSSO, 2010; HECKERT
BASTOS et al., 2020). During complex coacervation, ionic interactions between oppositely
charged polymers cause aggregation of the polymer molecules and phase separation. If the core
material chosen to be encapsulated is hydrophobic, an emulsion may be formed with one or
both of the encapsulating polymers (TIMILSENA et al., 2019; ZUANON; MALACRIDA,
TELIS, 2013). Gelatin and gum Arabic are among the most used pair for complex coacervation,
mainly due to their, emulsifying properties, electrochemical compatibly and because they are
able to form spherical shaped coacervated capsules (PRATA et al., 2008). Once the complex
coacervated capsules are formed, they tend to behave like the hydrogels that they originated
from, with size varying from 30 to 500 pum, depending on the formulation and complex
coacervation conditions (GONCALVES et al., 2018; KRALOVEC et al., 2012).

Providing mathematical descriptions of microencapsulation processes by complex
coacervation is an important step towards the development of a continuous process, considering
the reproducibility of results and paving the way for scale up (JEGAT; TAVERDET, 2000;
LEMETTER; MEEUSE; ZUIDAM, 2009). A limited number of previous works described
quantitative process variables for complex coacervation. Ma et al. (2019) investigated the
influence of polymer concentration, polymer ratio, core to polymer ratio, stirring speed and
coacervation pH on morphology and oxidative stability of lipid capsules formed by complex
coacervation. Lemos, Marfil, and Nicoletti (2017) evaluated the effects of stirring speed on
gelatin-sodium alginate complex coacervation by batch stirring. Dobetti and Pantaleo (2002)
studied the influence of hydrodynamic conditions on the morphology and size of capsules for

encapsulation of water-soluble drugs in cellulose acetate phthalate. All these studies showed a
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correlation between the stirring speed and the fluids’ physical properties with the size and
morphology of the produced microcapsules.

One novel approach to induce complex coacervation is using a two-fluid nozzle
(FERREIRA; NICOLETTI, 2021). By atomizing an oil-in-water emulsion stabilized by gelatin
over a vessel containing aqueous gum Arabic solution, both solutions with pH below gelatin
pl, complex coacervation between the polymers occurs, encapsulating the oil droplets. One
important characteristic of this coacervation design is that it allows operation as a continuous
process. In this configuration, formation of the back bone of the final microcapsules resides on
the atomization process, by which the emulsion droplets are individually formed due to the
shear forces exerted by the atomization air on the emulsion when using a two-fluid nozzle
(KEMP et al., 2013; MANSOUR; CHIGIER, 1995). Complex coacervation occurs as the
emulsion droplets flow through the gum Arabic solution, and that is the reason why
understanding the quantitative and qualitative effects of the atomization process on
microcapsules’ size and on the encapsulation parameters is crucial to improving the overall
process performance.

The influence of atomization parameters on distinct microencapsulation processes has
been studied by different approaches, mainly due to it representing a flexible and economical
technology to transform liquid solutions into solid particles/capsules. Ferreira et al. (2019)
evaluated the influence of atomization parameters on microencapsulation of turmeric oleoresin
by spray drying, using gelatin and maltodextrin as wall material. Zuanon et al. (2019) reported
that higher values of atomization airflow generated smaller liquid droplets, potentializing the
drying/encapsulation process. Moser, Ferreira and Nicoletti (2019) encapsulated buriti oil in
chickpea protein-pectin matrix by spray drying and studied the influence of airflow on the
carotenoid retention and process yield. Jiang et al. (2013) combined complex coacervation and
drying into one step using a novel three-fluid nozzle to encapsulate a-amylase. Kaspar, Jakubec
and Stépanek (2013), using a three-fluid nozzle, produced crosslinked chitosan particles by
spray drying. Chen et al. (2006) explored the release behaviour and morphology of particles
produced using acetaminophen, chitosan and hydroxypropyl-methylcellulose formed by a 4-
fluid nozzle spray dryer. Also using a 4-fluid nozzle, Ozeki et al. (2005) produced
microparticles of water-insoluble and water-soluble drugs, and doing so, improved water
solubility of the particles.

An effective way to describe the atomization process is the use of non-dimensional
numbers Weber (We) and Ohnesorge (Oh). Oh number relates the viscous forces with the

surface tension forces in the solution, whereas We correlates the inertial and surface tensional
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components of the resultant force during atomization. When Oh < 0.1, it is assumed that only
We interferes on the atomization process, and for 0.1 < Oh < 1 both We and Oh will affect the
atomization process (GUILDENBECHER; LOPEZ-RIVERA; SOJKA, 2009). In addition,
different ranges of We results in different regimes of atomization: at 12 < We < 80 a bag-type
liquid’s breakup occurs, at 80 < We < 350 an air-shear breakup occurs, and at We > 350, a
catastrophic liquid’s breakup will be present (VARGA; LASHERAS; HOPFINGER, 2003). In
a former study (FERREIRA; NICOLETTI, 2021), our group rewrote a hydrodynamic model
presented by Filkova, Huang and Mujumdar (2014) in terms of We and Oh, with the purpose of
predicting the size of microcapsules formed by complex coacervation by atomization, using a
two-fluid nozzle. A similar approach was adopted by Thybo et al. (2008), to estimate the size
of atomized droplets for spray-dryer scale up.

The aim of this work was to study the influence of atomization parameters (air and
liquid flow) and emulsion formulation, both expressed as different values of We and Oh
numbers, on the size and encapsulation performance of microcapsules produced by complex
coacervation using a two-fluid nozzle. A mathematical description of the atomization and
encapsulation process was proposed in function of We, shear rate and shear stress at the nozzle.
Finally, a mathematical model was proposed to predict the size of the microcapsules after
coacervation, in function of the atomization parameters. This study complements a previous
work (FERREIRA; NICOLETTI, 2021), in which the effect of polymer ratio and emulsion

concentration was evaluated.

4.2. Material and methods
4.2.1 Materials

Cold pressed ginger oil (Gran Oils, S&o Paulo, Brazil) was microencapsulated using
type B gelatin, 240 bloom (Gelita, Mococa, Brazil) and gum Arabic (Dindmica, Campinas,
Brazil) as wall materials. The analytical-grade reactants glacial acetic acid (Dinamica,
Campinas, Brazil), hydrochloric acid (Dinamica, Campinas, Brazil), and hexane (Dinamica,

Campinas, Brazil) were used in the production and analyses of microcapsules.

4.2.2 Preparation of ginger oil emulsion and gum Arabic solution

Before atomization, ginger oil was dispersed in aqueous gelatin solution at mass ratio
oil:gelatin of 1:1, forming primary O/W emulsions. Emulsions containing 1 and 6 g gelatin/100
g of emulsion were tested. Emulsification was performed by high-shear homogenization in

Ultra Turrax T-25 (IKA, Germany) at 15000 rpm for 2 min, followed by ultrasound
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homogenization using Sonic Ruptor 4000 ultrasonic probe (Omni International, USA) at 20
kHz and nominal power of 210 W continuously for 3 minutes.
The solution of gum Arabic (1 g/100 g) was prepared by gum addition to preheated

deionized water (50 °C) under magnetic stirring until complete dissolution.

4.2.3 Complex coacervation by atomization

Complex coacervation by atomization was achieved following the procedure
previously described by Ferreira and Nicoletti (2021). The ginger oil/gelatin emulsion was
atomised over the aqueous solution of gum Arabic, both solutions with pH previously adjusted
to 3.5, using a two-fluid nozzle (0.7 mm diameter, Labmaq, Brazil), with controlled airflow and
emulsion feed flow adjusted to conditions described in item 2.6. The nozzle dimensions and

atomization air physical properties are presented in Table 4.1.

Table 4.1. Physical properties of atomization air and dimensions of the atomization nozzle.

Characteristics of the two fluids nozzle

Diameter of emulsion outlet (Dy) - (m) 7.00x10%
Internal diameter of air outlet (Dint) - (M) 1.90x 103
External diameter of air outlet (Dext) - (M) 2.80x103
Emulsion outlet area - (m?) 3.85x 10
Atomization air outlet area - (m?) 3.32x107

Physical properties of the atomization air (25 °C)

Density (pg) - (kg/m®) 1.23
Viscosity (lg) - (Pas) 1.80x100®

The nozzle was initially positioned at a fixed height of 0.2 m above the vessel containing
gum Arabic solution. Airflow was controlled using a rotameter FT074-02-CA-VN (Omega,
Stamford, USA) as described in Figure 4.1. At the end of the complex coacervation process the
system was immersed in ice bath until attaining (10 + 1) °C. After 24 hours, the particles were
transferred to aluminium trays and frozen in ultra-freezer (Liobras, FV 500, Brazil) at -40 °C
and freeze-dried (Liobras, L101, Brazil) for 72 hours. The samples were then ground, packed

in aluminium foil for light protection and stored in desiccator with silica gel for further testing.
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Figure 4.1. Design for atomization of the gelatin/ginger oil emulsion over the gum Arabic
solution for microencapsulation by complex coacervation.

4.2.4 Optical microscopy analysis

The microstructure and size of wet capsules were evaluated in optical microscope
(CX31-111, Olympus, Japan) coupled with a video camera (SIS-SC30). Samples were deposited
over glass slides without dilution. The scanned images (2048x1532 pixels, 4x-optical
magnification) were analysed by Image Pro Plus 6.0 software (Media Cybernetics Inc., USA)
using the three-point circle function for measuring the size of each individual capsule, taking

the average diameter of 500 microcapsules per sample (d).
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4.2.5 Microencapsulation performance

Microencapsulation parameters were determined as described by Tonon, Grosso and
Hubinger (2011) and by Wang, Adhikari and Barrow (2014) with modifications. Encapsulation
efficiency (EE) and encapsulation yield (EY) were determined in freeze-dried microcapsules,
based on the oil content initially present in the emulsion (Ol), oil present on the surface of
microcapsules (OS), and total oil present in the microcapsules (OT). To determine OS, 100 mg
of microcapsules and 10 mL of hexane were added to a capped test tube and shaken for one
minute. The organic phase was filtered, transferred to Petri dishes, and the solvent was
evaporated first at room temperature in a hood, and finally in an oven at 60 °C until constant
weight. To determine OT, 100 mg of microcapsules were dispersed in 20 mL of 4N
hydrochloric acid solution and shaken for 1 hour at 35 °C for dissolution of the wall material.
Then, 13 mL of hexane were added and stirred for 10 hours at 25 °C, forming a two-phase
system. The non-organic and organic phases were separated by centrifuging (model Z 326 K,
Hermle, Germany) at 10000xg for 30 minutes and the organic phase was transferred to Petri
dishes. The solvent was evaporated first at room temperature in a hood and finally in an oven
at 60 °C, until constant weight (FERREIRA; NICOLETTI, 2021). The EE and EY were
calculated by Equations 4.1 and 4.2, respectively.

EE(%) = 27> x 100 (4.1)
EY (%) = 21 X 100 4.2)

4.2.6 Mathematical description of the atomization process

The atomization process was described by means of non-dimensional numbers: Weber
(We, Equation 4.3), Ohnesorge (Oh, Equation 4.4), Reynolds number for atomization air (Reg,
Equation 4.5), and Emulsion’s Reynolds number at the nozzle (Ren, Equation 4.6). Equation
4.7 (FERREIRA; NICOLETTI, 2021) is a hydrodynamic model to predict the size of atomized
emulsion droplets (D ’32) after leaving the nozzle in function of atomization non-dimensional
numbers , whereas Equation 4.8 describes the velocity of the emulsion waves (V) leaving the
nozzle (FILKOVA; HUANG; MUJUMDAR, 2014; GUILDENBECHER; LOPEZ-RIVERA,
SOJKA, 2009; VARGA; LASHERAS; HOPFINGER, 2003).

_ A2
We = w (4.3)
_ up
Oh = o (4.4)
Re. — PaYaPg (4.5)
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Re, = Pl by (46)
My
D'y =535 x 105(-L ”9)(0“Reg) +597 x 1052 % (Oh\/_)°45 4.7
_ \/EVZJF«/EVQ)
= (e (4.8)

In which Qi and Qg are the volumetric flows of emulsion and air, respectively; Vq is the
atomization air velocity; V) is the emulsion velocity; pq is the density of atomization air; D is
the diameter of the nozzle’s discharge orifice; o is the emulsion surface tension; p is the
emulsion apparent viscosity; o is the emulsion density; the parameter by is the thickness of the

2Cbgp1
Pg/Reg

emulsion wavelength caused by the atomization air leaving the nozzle; C is a constant (1.2)
inherent to the coaxial two-fluid nozzle (MARMOTTANT; VILLERMAUX, 2002; VARGA;
LASHERAS; HOPFINGER, 2003).

The atomization parameters (Table 4.2) were defined based on the equipment

air layer, being equal to 0.45 mm; g is the atomization air viscosity; 1, = is the

available in the facility and in order to guarantee that air velocity was much greater than
emulsion velocity, making sure that the process would occur at the high-speed air stream regime
(VARGA et al., 2003). The air and emulsion velocity were calculated using the information in
Tables 4.1 and 4.2 and knowing that V = Q/A, where V is the velocity, Q the volumetric flow
and A flowing area, for atomization air and emulsion both at the nozzle (MUNSON et al., 2013).



70

Table 4.2. Atomization conditions for complex coacervation assays.
Atomization condition

Sample Emulsion oh Emulsion flow  Air flow VoV
Code* composition . (m3/s) ¢Vl We
(ml/min) 4
x10

G1-AC1 9.8 2.36 170 94
G1-AC2 8.8 2.75 220 129
G1-AC3 8.2 3.15 270 168
G1-AC4  Gelatin:oil ratio 14.7 3.54 170 212
G1-AC5 1:1 0.009 12.6 3.93 220 262
G1-AC6 1ggelatin/100 g 11.3 4.33 270 318
G1-AC7 19.6 4.72 170 377
G1-AC8 16.4 5.11 220 443
G1-AC9 14.4 5.51 270 515
G6-AC1 9.8 2.36 170 88
G6-AC2 8.8 2.75 220 120
G6-AC3 8.2 3.15 270 157
G6-AC4  Gelatin:oil ratio 14.7 3.54 170 197
G6-AC5 1:1 0.063 12.6 3.93 220 244
G6-AC6 6 g gelatin/100 g 11.3 4.33 270 296
G6-AC7 19.6 4.72 170 351
G6-AC8 16.4 5.11 220 413
G6-AC9 14.4 5.51 270 480

*The number following letter G indicate gelatin concentration and the number following letters
AC refers to atomization condition

4.2.7 Statistical analysis

All the tests were performed in repetition in order to guarantee robust results. For the
microencapsulation parameters the assays were performed in triplicate. The results of analytical
determinations are expressed in arithmetic average (AV) submitted to analysis of variance
(ANOVA) and comparison of means by Tukey test with probability level at 5% (p < 0.05),
using statistical software Minitab 17 (MINITAB, State College - PA, USA) (FERREIRA;
MALACRIDA; TELIS, 2016). The uniformity of data (size distribution) was evaluated through
the coefficient of variation [CV = (SD/AV)*100], in which SD stands for standard deviation
(MORELLI; HOLDICH; DRAGOSAVAC, 2017). The model to predict final diameter of
microcapsules as a function of atomization parameters was determined by non-linear regression
using Gauss-Newton algorithm, with 200 maximum iterations, tolerance of 0.00001 and
significance level of 95% (GRATTON; LAWLESS; NICHOLS, 2007; MANSOURKHAKI;
HAGHIRI; BERANGI, 2018).
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4.3. Results and discussion
4.3.1 Effects of atomization conditions on the size of wet microcapsules

The major goal of this work was investigating the effect of atomization parameters on
the size distribution and microencapsulation performance, as expressed by encapsulation
efficiency and encapsulation yield in the complex-coacervated microcapsules. The size and size
distribution of microcapsules is of great relevance, as it affects one of the major functional
properties of this type of system, which is the release profile of the encapsulated material
(CANAPLE; REHOR; HUNKELER, 2002; YOUSEFDOOST et al., 2019). In general, the
proposed process was able to produce microcapsules with diameters smaller than 100 um when
measured in the wet state, i.e., measured by optical microscopy before freeze drying (Table
4.3). Different studies present a broad range of capsule size formed by batch stirring complex
coacervation: 132 to 490 um on the microencapsulation of buriti oil using gelatin/sodium
alginate complex at different stirring speeds (LEMOS; MARFIL; NICOLETTI, 2017); 97 to
689 um in microencapsulation of palm oil using gelatin/gum Arabic as wall material (MARFIL
et al., 2018); and 35 to 80 um in encapsulation of black raspberry anthocyanin using
gelatin/gum Arabic (SHADDEL et al., 2018).

When the atomized ginger oil emulsion contained 1%(w/w) of gelatin, the average
diameter (d) of wet capsules varied from 52 to 75 um with CV ranging from 17 to 35%, whereas
the capsules produced using ginger oil emulsions containing 6%(w/w) of gelatin presented
average diameter between 57 and 67 um with CV in the range of 19 to 25%. This indicates that
the emulsion with higher gelatin concentration resulted in capsules with smaller size dispersion.
In previous studies, Morelli, Holdich and Dragosavac (2017) produced wet capsules with a CV
of 17% under optimum conditions for cell microencapsulation using membrane emulsification,
which is considered a suitable process to produce particles with low polydispersity. Thus, it is
possible to conclude that the technique proposed in this study is promising to allow particle
engineering with convenient size properties. Values of CV between 15 and 30% are considered
indicative of medium size dispersion and a controlled process (BROWN; BROWN, 1998). In
general, the size distributions of wet capsules produced with 6%(w/w) of gelatin (Figure 4.2b)
were narrower and more similar than those with 1%(w/w) of gelatin (Figure 4.2a). This
corroborates with the CV values presented in Table 4.3, and indicates that the atomization
parameters had lower influence on the wet particle size resulting from atomization of emulsions
with higher gelatin concentration and, as a consequence, higher Oh number (BONDAREVA et
al., 2019; KEMP et al., 2013). It is important to highlight that all the atomization conditions
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applied, for emulsion containing both gelatin contents, 1 and 6 %(w/w) of gelatin/ginger oil,
produced capsules with spherical shape (Figures 4.3 and 4.4), showing that the tested variations
on Oh and We did not affect the morphology of the complex-coacervated microcapsules

produced by atomization.

Table 4.3. Experimental average diameter (d) and respective coefficient of variation (CV) for
wet microcapsules, and encapsulation efficiency (EE) and encapsulation yield (EY) for freeze
dried microcapsules.

Wet capsules

Freeze dried capsules

Sample

Code di* cVv EEZ* EY2* Water content
(um) (%) (%) (%) (%, wet basis)>*

G1-AC1 61.5% 28.9 744 +55%¢9 0964 +222 1.4 + (. 2bcdef
G1-AC2 75.02 35.5 65.2+2.8% 896+ 252 1.3 +0.1%f
G1-AC3 73.7% 26.1 784418 97.9+0.22 1.9 + (.2abcdef
G1-AC4 71.52 20.4 53.3+2.0 958 +0.52 1.6 + 0, 2dbcdef
G1-AC5 73.12 17.6 63.5+2.1% 90.5+ 3.0 0.5+ 0.0°f
G1-AC6 65.7° 17.8 57.6+0.1°F  89.7 + 2.6% 0.3+0.1f
G1-AC7 73.6° 25.9 441+0.3" 938+4.6° 0.2+ 0.0
G1-AC8 58.0¢f 20.7 39.4+249 99.0+0.17 0.2 +0.0f
G1-AC9 52.59 19.8 9.4+509" 97.6+1.28 0.1+0.0f
G6-AC1 67.1° 23.6 95.2+14% 932+4.92 3.6+0.8%
G6-AC2 66.7° 24.1 952+13* 97.8+0.42 1.3 + 0.5¢def
G6-AC3 65.6° 25.2 95.6+0.80  96.8+2.0% 2.6 + 0.8%bcde
G6-AC4 64.8" 21.1 89.0+0.8% 99.1+0.12 2.9 + 0.92bcd
G6-AC5 61.9% 215 94.0+1.68 91.3+4.4 1.3 + 0.20f
G6-AC6 60.8% 20.0 88.3+0.7%¢ 534+5.1° 3.5 + 0.4%¢
G6-AC7 66.4° 215 84.4+1.2% 509+6.3° 3.0 + 0.13cd
G6-AC8 61.9¢ 21.3 84.6+4.9%¢ 591 +9.09° 3.7+0.22
G6-AC9 57.3f 19.7 86.3+1.4% 515+16° 2.7 + 0.12bcde

!Mean values (n = 500); Mean values + standard error (n = 3); *Different letters in superscript

in each column indicate significant differences (Tukey test, p < 0.05)
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Figure 4.2. Size distribution of wet microcapsules produced with emulsions containing (a)
1%(w/w) of gelatin and (b) 6%(w/w) of gelatin.
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Figure 4.3. Morphology of wet complex-coacervated microcapsules produced by different atomization conditions of emulsion containing 1 %(w/w)
of gelatin: (a) G1-AC1, (b) G1-AC2, (c) G1-AC3, (d) G1-AC4, (e) G1-ACS5, (f) G1-ACS6, (g) G1-AC7, (h) G1-ACS, (i) G1-AC9. Lower bar
indicates 200 pum.
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Figure 4.4. Morphology of wet complex-coacervated microcapsules produced by different atomization conditions of emulsion containing 6 %(w/w)
of gelatin: (a) G6-AC1, (b) G6-AC2, (c) G6-AC3, (d) G6-AC4, (e) G6-AC5, (f) G6-AC6, (g) G6-AC7, (h) G6-ACS, (i) G6-AC9. Lower bar
indicates 200 pm.
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The ratio between the velocities of the atomization air and emulsion (Vg/Vi) had
influence on the wet capsule diameter (Table 4.3). For atomization conditions (explained in
Table 4.2) AC7, AC8 and AC9, the increase on Vg/V)values decreased significantly the capsule
diameter, for both formulations (Table 4.3). Considering that We > 350 was observed for these
atomization conditions, it is possible to say that when the atomization process occurs on
catastrophic regime (VARGA,; LASHERAS; HOPFINGER, 2003), the increase Vg/V)
significantly decreases the size of the capsules formed. In a study of atomization of xanthan
gum solution, the same trend was observed, in which increasing Vg/V, decreased the size of the
droplets formed, and the droplet size ranged from 50 to 130 pum for 25 < Vy/V| < 252
(MANSOUR; CHIGIER, 1995).

The atomization process in a two-fluid nozzle is caused by shear forces that occurs at
the interface between sprayed liquid and surrounding atomizing air, which emerges at high
velocity from the annulus (KEMP et al., 2016). The air velocity, Vg, is much higher than the
liquid velocity, Vi, in such a way that the transfer of kinetic energy and the resulting shear stress
at the gas-liquid interface cause break up of liquid into droplets (KEMP et al., 2013; VARGA,
LASHERAS; HOPFINGER, 2003). Thus, atomization performance and the resulting particle
sizes are affected by the rheology of the atomized liquid and by the atomization conditions,
which will determine the applied shear rate.

The values of density (o) ,viscosity () and superficial tension (o) of the emulsion were
determined in a previous study and were used for the determination of the non-dimensional
numbers (FERREIRA; NICOLETTI, 2021). For emulsions with 1 g of gelatin/100 g, ;= 997.0
kg/m? and ¢ = 45.4 mN/m. For emulsions with 6 g of gelatin/100 g, o = 1008.7 kg/m® and ¢ =
48.8 mN/m. The rheological behaviour, determined previously of emulsions containing 1 g of
gelatin/100 g follow the Newtonian model (Equation 4.9), with z4 = 0.0016 Pa-s, and those with
6 g of gelatin/100 g of emulsion can be described by the Bingham model (Equation 4.10), with
m = 0.0057 Pa and g4 = 0.0116 Pa-s (FERREIRA; NICOLETTI, 2021). The shear rate
experienced by the liquid in a two-fluid atomization nozzle can be calculated by Equation 4.11
(ALISEDA et al., 2008).

TNewton = MV (4.9)
TBingham = To T+ Wy (4.10)
. VWaU

Yreal = ] (4-11)

wav

The shear rate and We number do not depend on the rheological properties of the fluid
(STEFFE; PH; PRESS, 1994) and, as can be seen in Figure 4.5a, a linear relationship exists
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between these variables. This is of interest, considering that the expression to calculate We is

simpler and requires less parameters than are necessary to calculate shear rate using Equation

4.11, being both independent of the atomized liquid’s viscosity. A linear regression of shear

rate versus We (Equation 4.12) resulted in determination coefficient, R?, of 0.99.

Vmoder = 25.3 We + 2247.3
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Figure 4.5. Shear rate (a) and shear stress (b) versus Weber number for atomization of ginger
oil/gelatin emulsions: (m) real shear rate (Equation 4.11); (—) Equation 4.12; (e) real shear
stress (Equation 4.15) for 1% (w/w) of gelatin; () Equation 4.13; (A) real shear stress
(Equation 4.16) for 6 % (w/w) of gelatin; (---) Equation 4.14.

The shear rate () varied from 4220 to 14500 s (Figure 4.5a). In general, proteins

can sustain shear stress values up to 10° s without affecting its structural amino acids’ chain,

and usual spray drying processes have shear rates varying from 10* to 10° s* (AMERI; MAA,
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2006). Moser, Ferreira and Nicoletti (2019) reported 7 ranging from 1.6x10° to 1.7x10° s

while microencapsulating buriti oil in chickpea protein-pectin matrix. In a study of atomization
of xanthan gum solution, Mansour and Chigier (1995) presented values of droplet sizes varying

from 50 to 130 pum for ¥ between 786 and 9754 s*. Considering that the emulsifying agent

used throughout this study was gelatin, it is possible to say that the highest shear forces applied
during the atomization process are on the lower range of usual spray drying processes, and thus,
no mechanical denaturation of the proteins should occur (AMERI; MAA, 2006).

When the atomized liquid is an emulsion, it is important to know the magnitudes of
shear stress (7) it will undergo, as this knowledge helps predict if the emulsion will endure the
stress applied in the nozzle, which on its turn may affect the size, morphology and functionality
of microcapsules (Ferreiraetal., 2016). In such a way, shear stress was also correlated with We.
Equation 4.12 was combined with Equation 4.9 resulting in Equation 4.13 which represents a
model of shear stress for Newtonian fluids (zmn). Equation 4.12 was also combined with
Equation 4.10 resulting in Equation 4.14 which gives a model of shear stress for Bingham fluids
(zmb). In addition, the real shear stress was calculated combining Equations 4.9 and 4.11, and
Equations 4.10 and 4.11, which resulted in Equations 4.15 for Newtonian fluids, and 4.16 for
Bingham fluids, respectively. The results of both approaches for calculating shear stress at the

atomization nozzle, in function of Weber number, are presented in Figure 4.5b.

Tmn = W (25.3 We + 2247.3) (4.13)
Tmp = To + ,ul(25.3 We + 2247.3) (4.14)
VWa'V
Trn = E 23] (4-15)
VWa'V
Trp = To T ey (4.16)

The shear stress applied at the atomization nozzle had different effects on the average
diameter of the microcapsules produced with distinct gelatin contents in the emulsion (Figure
4.6). For samples produced with 1%(w/w) of gelatin, d remained between 60 and 75 um for
shear stress increasing from 6 to 20 Pa, then drastically dropped below 60 pm for further
increase in z. On the other hand, for samples produced with 6%(w/w) of gelatin, d remained
between 60 and 67 um up to 7= 151 Pa, then decreasing to its lowest value (57.2 um) at higher

shear stress.
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Figure 4.6. Experimental average diameter of wet complex-coacervated microcapsules
produced with 1%(w/w) (m) and 6%(w/w) () of gelatin in function of the real shear stress at
the nozzle calculated by Equations 4.15 and 4.16.

The average diameter of the wet complex-coacervated microcapsules were also
correlated with Weber number by applying a non-linear regression using Gauss-Newton
algorithm, which resulted in Equation 4.17. The regression was applied for both emulsion
formulations, independently. Ferreira and Nicoletti (2021) showed that a hydrodynamic model
was able to predict the diameter of coacervated wet microcapsules produced by atomization at
Oh > 0.01. Taking into account that atomization of the emulsion containing 6 %(w/w) of gelatin
resulted in Oh = 0.063, it was expected to obtain a good correlation for this emulsion, but not
necessarily for the more diluted emulsion that contained only 1 %(w/w) of gelatin, for which
Oh =0.0009.

OhReg

D'y e = aCChtt) %) 4 & (OhDy (4.17)
In which a = 58415, b = 300000, and n = 0.52.

As it can be seen in Figure 4.7, D3 calculated by Equation 4.7 presented a similar
trend to the experimental diameters obtained, especially for the formulation with 6 %(w/w) of
gelatin. Doing so, Equation 4.7 was used as the starting function for fitting the experimental

data of wet capsules and performing the nonlinear regression.
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Figure 4.7. Experimental diameter (m) for coacervated microcapsules produced with (a) 1
%(w/w) gelatin and (b) 6 %(w/w) gelatin in function of We number; (---) D32 (Equation 4.7);
(—) D32cc (Equation 4.17).

The model D’3»cc (Equation 4.17) obtained did not fit the data for samples with 1
%(w/w) gelatin (Figure 4.7a). This result was expected, as these samples had Oh < 0.01, and as
observed by Ferreira and Nicoletti (2021), models such Equation 4.7 were not able to predict
the final diameter of the capsules in this condition, which could be attributed to the low viscosity
of the sample. For samples containing 6 %(w/w) gelatin, two situations appeared (Figure 4.7b).
For We < 180, Equation 4.17 did not fit properly the experimental data, whereas for We > 180
the model fit the data with 95 % of confidence, evidencing an increase in the correlation with
increasing values of We. Varga et al., (2003) stated that liquid bag-type breakup occurs at 12 <

We < 80, and atomization by air-shear breakup occurs for 80 < We < 350. Based on this



81

information, prediction of wet microcapsule size begins to be more representative when the

emulsion droplets are at the mid region of air-shear breakup regime.

Table 4.4. Statistical parameters of the lack-of-fit of the non-linear regression to obtain
Equation 4.17, for samples with 6 % (w/w) of gelatin.

Lack of fit

Source DF SS MS F P

Error 15 47.8884 3.19256
Lack of fit 3 20.8622 6.95405 3.09 0.068
Pure error 12 27.0263 2.25219

Summary

Interactions 6

Final SSE 47.8884

DFE 15

MSE 3.19256

S 1.78677

Table 4.4 presents the results of the lack-of-fit test obtained during the non-linear
regression to obtain Equation 4.17. The standard deviation of the fitted values, S = 1.80 (um)
for We > 180, is considered a good result for predicting particle sizes in the domain of particle
engineering, and the lack-of-fit was not significant for the model at the level of 95% (p > 0.05).
In addition, the distribution of residues is close to a normal distribution (Figures 4.8a, 4.8¢), the
residual values are randomly distributed with constant variance (Figure 4.8b), and are
independent from each other (Figure 4.8d). Therefore, it is possible to say that Equation 4.17
appropriately predicted the final diameter of wet capsules with 6 %(w/w) of gelatin produced
by complex coacervation by atomization for We > 180. Nevertheless, Equation 4.17 was not
able to predict the final diameter of capsules with 1 %(w/w) of gelatin.

In studies for determination of semi-empirical models for atomization droplets, a
similar approach was done for several fluids, with different rheological behaviours and nozzle
characteristics also resulting in a good fit between the experimental and modelled values, with
coefficient of correlation varying from 0.933 t0 0.972 (MANSOUR; CHIGIER, 1995) and from
0.961 t0 0.994 (THYBO et al., 2008).



82

Normal Probability Plot a Versus Fits b
99 30 - .
90
_ 1.5 . g -
= E . '
8 so '% 00 --» Py
d o
10 -15 * :
L ]
1 -3,0
-5,0 2,5 0,0 25 5,0 60,0 61,5 63,0 64,5 66,0
Residual Fitted Value
Histogram C Versus Order d
3,0
48
15
g 36 3
e
g— 24 u 00
2 &
1,2 -15
0,0 -3,0
-3 -2 A 0 1 2 3 2 4 6 8 10 12 14 16 18
Residual Observation Order

Figure 4.8. Residue plots of the non-linear regression of the model - Equation 4.17, for samples
with 6 %(w/w) of gelatin.

4.3.2 Encapsulation efficiency and encapsulation yield in freeze dried microcapsules

The technique of microencapsulation by complex coacervation is known to produce
capsules with high encapsulation efficiency (TIMILSENA et al., 2019). In addition to high
encapsulation efficiency, i.e., to have most of the encapsulated material inside the capsule,
rather than on its surface, it is important to retain most of the initial mass of encapsulated
material throughout the microencapsulation process (OZKAN et al., 2019). In this work, the
values of EE varied from 9 to 78% for freeze-dried capsules produced by atomization of
emulsions containing 1 %(w/w) gelatin, and from 84 to 95% for capsules produced with 6
%(w/w) gelatin in the atomized emulsion (Table 4.3). The high EE obtained when using the
more concentrated emulsions are comparable to values reported for complex coacervation
carried out by batch stirring using gelatin and Arabic gum as wall materials, with (ALVIM,;
GROSSO, 2010) and without (COMUNIAN et al., 2016; MARFIL et al., 2018; QV; ZENG;
JIANG, 2011) crosslinking agents. A study of encapsulation of P-carotene by complex
coacervation using a blend of casein and gum guar with genipin as crosslinking agent resulted
in EE varying from 57 to 65 % (THAKUR et al., 2017). In addition, lower values of We and y
, as showed in Figure 4.5a and Table 4.2, tend to provide higher values of EE (Table 4.3). Lemos
et al. (2017) reported values of 80% of EE for shear rate values from 90 to 306 s* in
encapsulation of buriti oil by complex coacervation. Even though the shear rates used in this
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study were significantly higher (4220 to 14500 s?), the EE are comparable. The EY values
ranged from 89 to 99% for samples produced from emulsions containing 1 %(w/w) gelatin, and
between 50 and 99% for samples produced by atomization of emulsions containing 6 %(w/w)
gelatin. A similar range of EY (50 -90 %) was reported in a study of p-carotene by complex
coacervation using casein/gum tragacanth as wall material with genipin as crosslinking agent
(JAIN et al., 2016). In a study comparing combinations of gelatin, chitosan and gum Arabic in
complex coacervation by batch stirring, capsules with gelatin and gum Arabic had an EY of 90
% (GONCALVES et al., 2018). Studying the microencapsulation of anchovy oil using one and
two-steps batch stirring complex coacervation using gelatin and sodium hexametaphosphate as
shell materials, Wang et al. (2019) achieved 95% of encapsulation yield with the use of
crosslinking agents.

As it was already mentioned, the shear rate applied at the atomization nozzle - which
can be represented by Weber number (Figure 4.5a) - is critical for the stability of emulsions and
for encapsulation performance, thus EE and EY were represented in function of the We (Figure
4.9). For microcapsules produced by atomization of emulsions containing 1 %(w/w) gelatin,
encapsulation yield was not affected by the increase in Weber number (Figure 4.9a). For We >
250, however, there was an increase in OS and, as a consequence, a decrease in EE. This
suggests that, despite samples produced from the lesser concentrated emulsion being able to
carry most of the oil in all atomization conditions applied, a part of it may be moved to the
surface of the capsules at high values of We. The increase in Weber values implies a higher
influence of the inertial forces during the atomization process over the surface tension forces,
and this higher stress on the emulsion may cause it to lose stability, releasing the oil from the
inner droplets and increasing the values of OS. It is important to note that one of the main
reasons to microencapsulate a certain core material is to protect it against harsh conditions (e.g.
light or oxygen oxidation), keeping the core inside the capsule (GONCALVES et al., 2018).
Moser et al., (2019) studying the encapsulation of buriti oil by spray drying in chickpea protein-
pectin matrix and the influence of non-dimensional numbers during the atomization process,
reported values of EE between 81 and 92%, for We > 420. Microencapsulation by spray drying
and by complex coacervation are quite different in their nature, and because of this, the
atomization process interferes in different mechanisms, which may explain the distinct
behaviour of EE in function of We in both works. The microcapsules produced with emulsions
containing 6 %(w/w) gelatin showed a different trend (Figure 4.9b). In this case, OS did not
change with increasing We and, as a result, EE did not change as well, remaining higher than

89%. In microencapsulation of tuna oil using whey protein isolate and gum Arabic, Eratte,
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Wang et al. (2014) reported values of 11.4 % of OS and 72.9 % for EE for capsules dried in a
freeze drier. On the other hand, EY decreased significantly from a plateau around 90% to
another plateau around 50% for We > 250. This indicates that for We > 250, part of the
encapsulated core was not carried inside nor outside of the capsules during the encapsulation
process. This may be directly related with the emulsion’s structure, whether it is able or not to
keep its stability when receiving the shear forces on the atomization process. Also, this may be
related with the transition of the atomization regime from air-shear breakup to catastrophic
breakup, where the morphology of the droplet changes due to the shear stress caused on the
liquid by the atomization air (ALISEDA et al., 2008; GUILDENBECHER; LOPEZ-RIVERA;
SOJKA, 2009; VARGA; LASHERAS; HOPFINGER, 2003). Finally, the water content (Table
4.3) in microcapsules produced from emulsions containing 1 %(w/w) gelatin (0.1 to 1.9%)
tended to be lower than in capsules produced with emulsions containing 6 %(w/w) gelatin (1.3
to 3.6%), which may be explained by the high hygroscopicity of the gelatin (FERREIRA,;
MALACRIDA; TELIS, 2016).
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Figure 4.9. Encapsulation yield (m), encapsulation efficiency (#), and oil at the surface of
microcapsules ( A) versus Weber number for emulsions produced with (a) 1 %(w/w) of gelatin
(Oh =0.009), and (b) 6 %(w/w) of gelatin (Oh = 0.063).
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4.4. Conclusions

It was possible to determine a model to predict the final diameter of the complex
coacervated capsules produced by atomization. The conditions for which the model was able to
predict the diameter of the microcapsules were Oh =0.063 and We > 180. A model for the shear
rate at the atomization nozzle was proposed in function of the Weber number. The atomization
parameters did not affect the morphology of the capsules produced.

The encapsulation efficiency and encapsulation yield were affected differently by the
shear stress and Weber number, depending on the Oh value of the emulsion atomized. For
capsules produced with 1 %(w/w) of gelatin the encapsulation efficiency with increasing of We.
Capsules produced with 6 %(w/w) of gelatin were affected more on their encapsulation yield.
From the results, two possible scenarios might be considered regarding the optimum conditions
to produce complex-coacervated microcapsules by atomization: the first one considers the size
prediction as the main factor and, in this case, We > 180 and Oh > 0.01 are mostly indicated; in
the second scenario, when trying to maximize EE and EY, We < 250 and Oh > 0.01 would be
most indicated. Taking both factors into consideration, size prediction and microencapsulation
parameters, 180 < We < 250 and Oh > 0.01 would be considered as optimum conditions.

This investigation on complex coacervation carried out by atomization presented a
comprehensive study of how the atomization parameters may affect the size of the ginger oil
capsules produced, and its encapsulation parameters, for complex coacervation with gelatin and

Arabic gum as wall material.
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Symbol Definition

EE Encapsulation Efficiency - Equation 4.1

EY Encapsulation yield - Equation 4.2

0sS Capsule surface’s oil

oT Capsule total oil

Ol Emulsion initial oil content

We Weber number - Equation 4.3

Oh Ohnesorge number - Equation 4.4

Reg Atomization air’s Reynolds number - Equation 4.5

Ren Emulsion’s Reynolds number - Equation 4.6

D3 Sauter mean diameter in function of atomization non dimensional
numbers - Equation 4.7

Vw Velocity of the emulsion waves leaving the nozzle - Equation 4.8

TNewton Newtonian shear stress - Equation 4.9

TBingham Bingham shear stress - Equation 4.10

Yreal Emulsion’s real shear rate at the nozzle - Equation 4.11

Ymodel Model of emulsion’s shear rate at the atomization nozzle in
function of We - Equation 4.12

Tmn Shear Stress model for Newton fluids - Equation 4.13

Tmb Shear Stress model for Bingham fluids - Equation 4.14

Trn Shear Stress real for Newtonian fluids - Equation 4.15

Trb Shear Stress real for Bingham fluids - Equation 4.16

D ’32cc Model to predict diameter of the complex coacervated capsules
produced by atomization - Equation 4.17

D Diameter of emulsion outlet

Dint Internal diameter of air outlet

Dext External diameter of air outlet

d Capsule experimental average diameter

\Z Atomization air’s velocity

Vi Emulsion’s velocity

Qg Atomization air volumetric flow rate

Qi Emulsion volumetric flow rate

pl Emulsion’s apparent viscosity

Hg Atomization air’s viscosity

Lo Atomization air’s density

o Emulsion’s surface tension

Jo Emulsion’s density

Atomization air layer thickness
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CHAPTER 5 - USE OF A TUBULAR HEAT EXCHANGER TO ACHIEVE COMPLEX
COACERVATION IN A SEMI-CONTINUOUS PROCESS: EFFECTS OF CAPSULES
CURING TEMPERATURE AND SHEAR RATE

Sungil Ferreiral*, Vania Regina Nicoletti*

1S30 Paulo State University (UNESP), Department of Food Engineering and Technology, S&o
Jose do Rio Preto — SP, 15054-000, Brazil

Abstract

The main objective of this study was to convert the cure of the capsules produced by complex
coacervation in a continuous process. To achieve this, a tubular heat exchanger operating in
continuous mode was used. The complex coacervation step was induced by atomization and
compared with the traditional batch stirring method. The influence of curing step was evaluated
by varying the tubular heat exchanges curing flow rate (2.4, 5.3 and 8.3 mL/s) and the curing
temperature (8, 10 and 11.5 °C), immediately after the coacervation step. One important result
reported in this study is the reduction in total time to cure the capsules, that varied from 2.7 to
9.4 minutes, without affecting the capsules morphology, size and encapsulation parameters.
The capsules size varied from 22 to 36 um, the encapsulation yield ranged from 66 to 93 % and
the maximum oil released during simulated gastric conditions was less than 14 %. This indicates
that this new configuration to carry out complex coacervation in a semi-continuous process is
effective in producing proper capsules and it opens important possibilities to scale up the

process, making it cheaper, faster and more efficient.

Keywords: Microencapsulation, scale up, cooling rate, atomization, process optimization,

simulated gastric conditions
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5.1. Introduction

There is constant growing interest in studying microencapsulation by complex
coacervation for industrial applications (TANG; SCHER; JEOH, 2020; ZHOU et al., 2020).
Complex coacervation is a versatile technique that allows encapsulation of core materials of
different natures (e.g. hydrophobic, hydrophilic, cells) by using single or double emulsions
(COSTA etal., 2020; FRAJ et al., 2021; ZHAO et al., 2020). Briefly, the formation of complex
coacervated capsules happens due to an electrostatic interaction between two polymers (a
protein and a polysaccharide) with opposite electric net change, followed by the solvent
repulsion (VEIS, 2011; ZHOU et al., 2020).

This work is the third part of a series of studies with the objective to present new
configurations to induce complex coacervation. In the first two parts, atomization was applied,
evaluating the influence of formulation and atomization conditions (FERREIRA; NICOLETTI,
2020, 2021). The process was described in function of dimensionless numbers and studies of
particle engineering and mathematical modelling were done. In these studies, the authors
focused in production of coacervated capsules that can be used either in their wet or dried state.
There is a growing demand of new alternatives to scale up complex coacervation. In this
scenario, atomization is one approach that has been studied, considering its low operating cost
and scale up possibility. Jiang et al. (2013) described the use of a three-fluid nozzle to
encapsulate a-amilase by complex coacervation. Another approach was described by Tang et
al. (2020), in which the coacervation during spray drying was achieved by using highly volatile
solvents that, when evaporating would lead to pH adjustment, inducing the coacervation.

To thermodynamically promote the encounter between the polymers and to ensure
that all binding sites are available, the coacervation step occurs at high temperatures, around 50
°C (KAYITMAZER, 2017; LV et al., 2014). When this happens under proper conditions, phase
separation and capsule formation is observed. With the capsules formed, the system must be
cooled to induce the capsules’ cure and hardening. Along the curing step, gelatin solidifies and
the interaction with the polysaccharide increases, enhancing the mechanical and chemical
resistance of the capsules (DA SILVA SOARES et al., 2019; FUNAMI et al., 2007).
Nevertheless, the curing step is a known bottle neck of the whole coacervation process. There
are no studies evaluating the influence of the curing step on the formation of the capsules and
on their properties. Usually, complex coacervation uses slow cooling rates to allow the cure of
the capsules (LAMPRECHT; SCHAFER; LEHR, 2000; LEMETTER; MEEUSE; ZUIDAM,
2009; LEMOS; MARIANO MARFIL; NICOLETTI, 2017; RODRIGUES DA CRUZ et al.,
2019; XIAO et al., 2016). If the system is cooled too fast the capsules may lose their
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conformation and release the encapsulated material. Traditionally, the curing step is done by
cooling the system (capsules + supernatant/solvent) in a jacketed vessel. What the authors
propose in this study is to perform the curing of the capsules in continuous process, by using a
tubular heat exchanger with controlled flow rate and temperature. Since the coacervation step
is done in batch mode, the whole complex coacervation process would be considered a semi-
continuous process.

Therefore, the main objective of this study is to introduce, evaluate and describe the
use of a tubular heat exchanger to promote the cooling and curing of complex coacervation
capsules in a continuous mode. By doing so, it is expected to achieve a significant decrease of
the curing time, to carry out the complex coacervation process (coacervation step + curing step)
in a semi-continuous configuration, and to facilitate the scale up of the coacervation process.
The influence of the coacervation step (atomization or batch stirring) and of curing conditions
(flow rate and temperature) on capsules’ morphology, size, size distribution, encapsulation

parameters and resistance to simulated gastric conditions was evaluated.

5.2. Material and methods
5.2.1 Materials

Cold pressed ginger oil (Gran Oils, Brazil) was used as core material. The wall
material applied to achieve complex coacervation was type B gelatin, 240 bloom (Gelita,
Brazil) and gum Arabic (Dindmica, Brazil). Glacial Acetic Acid (Dinamica, Brazil),
Hydrochloric acid (Dindmica, Brazil) and hexane (Dindmica, Brazil), all analytical-grade, were
used during production and analyses of microcapsules. Pepsin with proteolytic activity of

1:10000 was used during simulated gastric fluid assays (Dinamica, Brazil).

5.2.2 Preparation of gelatin/ginger oil emulsion and gum Arabic solution

To form the primary O/W emulsion, ginger oil was dispersed in aqueous gelatin
solution at mass ratio oil:gelatin of 1:1. Emulsions containing 6 g gelatin/100 g of solution were
tested, based on previous results (FERREIRA; NICOLETTI, 2020, FERREIRA; NICOLETTI,
2021). Emulsification was performed at 15000 rpm for 2 min in Ultra Turrax T-25 (IKA,
Germany) homogenizer, followed by ultrasound homogenization at 20 kHz and nominal power
of 210 W continuously for 3 minutes, using Sonic Ruptor 4000 ultrasonic probe (Omni
International, USA) (FERREIRA et al., 2019; FERREIRA; MALACRIDA; TELIS, 2016). The
1371.5 g of solution of gum Arabic (1 g/100 g), per sample, was prepared by gum addition to
preheated deionized water (50 °C) under magnetic stirring until complete dissolution.
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The gelatin/ginger oil emulsion and the gum Arabic solution had their pH adjusted to
3.5 using glacial acetic acid prior to the complex coacervation induction.

5.2.3 Complex coacervation in semi-continuous process by atomization and batch stirring

The approach proposed in this study configures a semi-continuous process to achieve
complex coacervation, as the process itself is divided in two main steps or unit operations. The
first step was the induction of complex coacervation by mixing of the ginger oil/gelatin
emulsion with the gum Arabic solution. The second step to transform the curing step of the
complex coacervation process into a continuous one, using a tubular heat exchanger with
controlled temperature and flow rate. The schematic drawing of the system employed is shown
in Figure 5.1 and the results related to the characteristics of the particles obtained comparing
complex coacervation step done by atomization and compared with the traditional method of
batch stirring. For each treatment 100 g of emulsion and 1371.5 g of gum Arabic solution were
used.

Complex coacervation in batch stirring was carried out as described by Marfil et al,
(2018) and Ferreira and Nicoletti (2021), with the difference that the pH of the solutions was
adjusted prior to the coacervation step. The gelatin/ginger oil emulsion (50 £ 1 °C) was added
to the gum Arabic solution (50 = 1 °C) in a 2 L beaker. The mixture was kept under stirring
(approximately 300 rpm) while it was being pumped through the tubular heat exchanger to
promote the cure of the capsules.

Complex coacervation by atomization was induced following the method described
by Ferreira and Nicoletti (2020) and Ferreira and Nicoletti (2021). The gelatin/ginger oil
emulsion was atomized the solution of gum Arabic. Atomization was promoted using a two-
fluid nozzle (Labmag, Brazil) with 0.7 mm diameter of emulsion outlet, 1.2 and 1.6 mm internal
diameter and external diameter of air outlet, respectively. The emulsion flow rate was 2.11x10
"m?3s, controlled using a peristaltic pump LDP-201-3 (MS Tecnopon, Brazil). The atomization
air flow rate was 3.93x10* m®/s, controlled using a rotameter FT074-02-CA-VN (Omega,
USA). The nozzle was positioned at 0.2 m above the level of gum Arabic solution kept under
heating (50 °C) (Figure 5.2). Once all ginger oil emulsion was atomized, the solution was
pumped through a heat exchanger to promote the cure/cooling of the capsules.

The cure of the capsules was achieved using a heat exchanger (Figure 5.1). The
suspension containing the capsules was pumped through a copper pipe folded as a coil, with
3.05 mm of internal diameter and 4.5 m of length. The copper pipe was installed inside a PVC
pipe of 0.65 m in length and 0.14 m of diameter, closed in both sides, with four openings being
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two for inlet and outlet of the coolant fluid and two for inlet and outlet of the suspension
containing the capsules. A peristaltic pump BP 600/1 (Milan, Brazil) was used to pump the
capsule suspension throughout the heat exchanger, with flow rates varying from 2.4 to 8.3 mL/s.
A thermostatic bath TE-2005 (Tecnal, Brazil) was used to control the temperate and to cool the
water that flowed inside the PVC shell, acting as the coolant fluid, with temperature that was
assumed constant throughout the process. Assays were carried out with coolant temperature set
on the thermostatic bath varying from 8 to 11.5 °C. The cooling rate (CR) was calculated
correlating the temperature difference between the inlet and outlet capsules mixtures (AT) with
the residence time (t) of the mixtures inside the heat exchanger [CR=AT/].

The shear rate (y) during the curing step was considered as the maximum shear rate
and it was determined using Equation 5.1 (STEFFE; DAUBERT, 2006).

y=—% (5.1)
In which Q is the volumetric flow rate and r being the radius of the internal pipe.

After the cooling/hardening step, images of the wet capsules were collected to further
analysis, as described in section 5.2.4. The precipitated capsules were transferred to aluminium
trays and frozen in ultra-freezer FV 500 (Liobras, Brazil) at -40 °C and dried in a freeze drier
L101 (Liobras, Brazil) for 72 hours. The samples were then ground, packed in aluminium foil

for light protection and stored in desiccator with silica gel for further testing.
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Figure 5.1. Schematic design of the heat exchanger used to cure the complex coacervated capsules, produced by batch stirring and atomization, in

semi-continuous configuration.
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5.2.4 Characterization of wet capsules

The microstructure of wet capsules was evaluated in optical microscope (CX31-Ill,
Olympus, Japan) coupled with a video camera (SIS-SC30). Samples were deposited over glass
slides without sample dilution. The scanned images were analysed by Image Pro Plus 6.0
software (Media Cybernetics Inc., USA) for measurement of particle diameter, taking the
average diameter of 600 microcapsules, in triplicate, per sample. The wet microcapsules bulk
density was determined in a densimeter DMA™ 4500 M (Anton Paar, Austria) at 10 °C after

complete phase separation, measuring only the precipitated, in triplicate.

5.2.5 Microencapsulation performance

Encapsulation parameters were determined following methods described by Tonon,
Grosso and Hubinger (2011) and by Wang, Adhikari and Barrow (2014) with modifications.
Encapsulation efficiency (EE) and encapsulation yield (EY) were determined in dried capsules,
considering the oil initially added in the emulsion (Ol), the oil at the surface of capsules (OS)
and the total oil present in the capsules (OT) after freeze drying. To determine OS, 100 mg of
capsules and 10 mL of hexane were shaken for one minute. The mixture was filtered and the
hexane was evaporated at room temperature in a hood, then in an oven at 60 °C. To determine
OT, 100 mg of dried capsules were added to 20 mL of 4N hydrochloric acid solution (pH = 0.8)
and shaken for 1 hour at 35 °C. Then, 13 mL of hexane were added and the mixture shaken for
10 hours at 35 °C, forming a two-phase system, which was separated by centrifuging (model Z
326 K, Hermle, Germany) at 10000xg for 30 minutes. The organic phase (hexane + ginger oil)
was transferred to Petri dishes and the hexane was evaporated at room temperature in a hood
followed, then in an oven at 60 °C. The EE and EY were calculated by Equations 5.2 and 5.3,

respectively.

_ 0T-0S
~ or

EY (%) = 21 X 100 (5.3)

EE (%) x 100 (5.2)

5.2.6 Encapsulated ginger oil release in simulated gastric conditions

The release of ginger oil from the capsules in simulated gastric conditions was evaluated
as described by da Silva Soares et al. (2019), Rutz et al. (2017), and Timilsena et al. (2017)
with adaptations. A simulated gastric fluid (SGF) was prepared by adding 2 g of NaCl and 3.2
g of pepsin (1:10000) CAS 9001-75-6 into a 1 L volumetric flask with 500 mL of distilled water

and shaken until complete solid dissolution. Then 7 mL of HCI 36% (v/v) was added to the



94

volumetric flask and the volume completed to 1 L with distilled water, being the pH of the SGF
1.2. To perform the release assays, 200 mg of dried capsules were added to 20 mL of SGF at
37 °C and incubated for time periods varying from 0 to 120 minutes in a flask shaker at 37 °C.
After the incubation period, 10 mL of hexane were added, the mixture was agitated and
centrifuged in a Z 326 K centrifuge (Hermle, Germany) at 10000xg for 5 minutes. The organic
phase (hexane + ginger oil) was transferred to Petri dishes and the hexane was evaporated at
room temperature in a hood, then in an oven at 60 °C to determine the amount of ginger oil

released considering the total encapsulated.

5.2.7 Statistical analysis

All the tests were performed at least in triplicate. The results of analytical
determinations are expressed in arithmetic average (AV) submitted to analysis of variance
(ANOVA) and comparison of means by Tukey test with probability level at 5% (p < 0.05),
using statistical software Minitab 17 (MINITAB, State College - PA, USA). The uniformity of
data (size distribution) was evaluated through the coefficient of variation [CV = (SD/AV)*100],

in which SD stands for standard deviation.

5.3. Results and discussion.
5.3.1 Complex coacervation as a semi-continuous process

Complex coacervation to produce the ginger oil capsules was carried out using
emulsions with 6 % w/w of gelatin/ginger oil and gum Arabic solution (1% w/w). Previous
work (FERREIRA; NICOLETTI, 2020, 2021) showed that this formulation provides high
values of both encapsulation efficiency (EE) and encapsulation yield (EY). Complex
coacervation was performed successfully, comparing atomization with batch stirring. In
complex coacervation by atomization there is a relationship between the emulsion droplets,
which have the influence of the atomization conditions, formed on the two fluid nozzle and the
coacervated capsules coacervated after the contact of the droplet emulsion with the gum Arabic
solution. The same effect is not present for capsules produced by batch stirring (FERREIRA,
NICOLETTI, 2021). For conciseness and since all the capsules after complex coacervation step
had the same spherical multinuclear morphology for both atomization and batch stirring, it will
not be further discussed in this study. Right after the ginger oil/gelatin emulsion and gum Arabic
solution were mixed in complex coacervation by batch stirring, or all the emulsion was

atomized in complex coacervation by atomization, the cooling step took place in the heat
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exchanger. To accomplish the cure/hardening of the capsules the concept of a tubular heat
exchanger described in section 2.3.3 and Figure 5.1. The cooling rate varied from 1.7 to 9.2
°C/s (Table 5.1). When coacervation was induced by atomization the cooling rates were smaller,
what is explained considering that, despite the gelatin/ginger oil emulsion and gum Arabic were
both at 50 °C before the coacervation step, atomization air exerts a cooling effect on the mixture
containing the soft capsules and the supernatant solution.

Two main parameters were varied independently in the curing step, the curing flow
rate (2.4, 5.3, and 8.3 mL/s), and the coolant temperature (8.0, 10.0, and 11.5 °C) that will be
referred as curing temperature, whereas the dependent responses studied were the turbulence or
shear rate inside the internal tube and the average particle size, size distribution, encapsulation
performance and capsule resistance to gastric conditions. Pumping the capsule suspension
through the heat exchanger potentializes the convection heat transfer coefficient inside of the
internal pipe, what does not happen when curing is done in a jacketed vessel. In addition, the
shear forces during the process may help decrease the size of the capsules. One important
process parameter that was considerably improved was the curing time. The curing time ranged
from 162 to 562 s (2.7 to 9.4 min) resulting in formation of spherical capsules in all the
conditions applied. The total curing time, i.e. the residence time, is a function of the curing flow
rate, since the total heat exchanger area and length of the internal tube was not changed
throughout the assays. This is a relevant result, as it demonstrates that it is possible to produce
intact and spherical microcapsules by cooling the suspension in a tube with small diameter, thus
enlarging the heat transfer area and accelerating the process, which was achieved in times much
smaller than it would be feasible using a jacketed vessel and takes hours to be completed. The
laboratory scale method to cure the capsules after complex coacervation is by using an jacketed
vessel or an ice bath, in a way that the cooling process is slow, which can reach up to hours to
cool around 1 litre of solution (LAMPRECHT; SCHAFER; LEHR, 2000; LEMETTER;
MEEUSE; ZUIDAM, 2009; LEMOS; MARIANO MARFIL; NICOLETTI, 2017,
RODRIGUES DA CRUZ et al., 2019; XIAO et al., 2016). In previous studies of complex
coacervation by atomization in laboratorial scale, the cooling time varied from 30 to 60 minutes,
depending of the final volume of the previous (FERREIRA; NICOLETTI, 2020, 2021).
Evaluating the laboratorial method of curing the capsules, from a heat transfer efficiency point
of view, it is possible to say that the process has potential for further improvement. Since usually
there is no agitation of the coolant fluid, the convective heat transfer coefficient has the
tendency to assume small values. This contributes to a larger thermal boundary layer,

decreasing the overall heat transfer INCROPERA et al., 2013). The same is true to the mixture
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of supernatant and coacervated capsules being cooled. In general, the agitation during the curing
of the capsules in done using low stirring rates (ACH et al., 2015; BUTSTRAEN; SALAUN,
2014; COMUNIAN et al., 2018; MARFIL et al., 2018). There are studies that evaluate the
influence of stirring speed (DOBETTI; PANTALEO, 2002; JEGAT; TAVERDET, 2000;
LEMOS; MARIANO MARFIL; NICOLETTI, 2017), however the cooling process is still
carried out slowly.

In this sense, the possibility of carrying out complex coacervation in a semi-
continuous process, without the necessity of jacketed tanks to cure the capsules and with
substantial gains in process time are a significant advance. Thus, in the next sections the
influence of the curing process conditions on capsules size, morphology, encapsulation
performance and gastric stability, will be discussed providing a basis to the feasibility of this

configuration for future applications.

5.3.2 Influence of cooling parameters on wet capsules density, size and morphology

The influence of process conditions over thermodynamic conditions on the
determination of capsules size distribution can be further observed in Figure 5.2. The size
distribution of capsules produced by batch stirring (Figure 5.2a, 5.2b and 5.2c¢) is significantly
wider than for the capsules coacervated by atomization (Figure 5.2d, 5.2e and 5.2f). The
capsules cured with flow rate of 8.3 mL/s presented the narrower size distribution, in which
capsules coacervated by atomization reached its percentage peak of particle percent between
20 and 25 um (Figure 5.2f). This shows the importance to take into consideration both
parameters, capsules mean diameter and size distribution, when studying the influence of
different parameters on capsules/particle size profile during encapsulation processes.

When considering the influence of curing temperature, the highest flow rate presented
a slight tendency of increasing diameter with increase in curing temperature (Figures 5.2c and
5.2f). Capsules coacervated by batch stirring and cured in those conditions presented a
significant increase in its size. It is important to point out that, to the best of our knowledge,
this is the first time that a study evaluates the influence of the curing temperature on the complex
coacervation process.

The morphology of the capsules produced could be divided in three main groups,
which were directly correlated with the process conditions during the curing step, independently
of the coacervation method (Figure 5.2). For flow rate of 2.4 mL/s, it is possible to see a high
number of individually separated capsules. As the flow rate increased (5.3 mL/s) the capsules

started to became less separated and finally at 8.3 mL/s the capsules could not be easily
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identified separated, forming clusters of capsules. In addition, the tendency to form clusters
increased with the increase of the curing temperature in the heat exchanger. The process of
curing or hardening of the capsules is linked with the change of the gelatin structure, as the
capsule temperature decreases. For lower flow rates, the residence time of the capsules in the
heat exchanger increases, allowing a more intense cooling effect. The residence time was 13
seconds for flow rate of 2.4 mL/s, 6 seconds for flow rate of 5.3 mL/s and 4 seconds for flow
rate of 8.3 mL/s. On the other hand, at the same flow rate, as lower is the curing temperature in
the heat exchanger, higher will be the cooling rate (Table 5.1). The results obtained corroborate
with what would be expected considering the residence time of the capsules and cooling rate in
the heat exchanger, i.e., higher cooling rates allow formation of more individual particles
However, it was observed that there is a limit over which the increase in the cooling rate
hampers formation of capsules. Preliminary assays (data not published) showed that for curing
temperatures as low as 6 °C (using the same heat exchanger) there was no capsule formation.
The authors attributes that when the cooling rate is too high, the change on the gelatin structure
during its gelation may happens too fast, in such a way that gelatin loses its ability to interact
electrostactly between its triple helixes and with gum Arabic, destabilizing the capsules wall.
In gelatin solution above 40 °C each molecule assumes a random coil configuration of a single
polypeptide chain (BUREY et al., 2009; FINER et al., 1975). As the system is cooled, there is
a conformational transition to random coil-to-helix conformation. Burey et al. (2009) describes
the gelation of gelatin in two main steps: “setting” where the network is formed due to the
interaction between several regions of the triple helix and “ageing” where the strength of the
gel is established to due to the mobility of the chains and the adjustment in function of
temperature of hydrogen bonding inside the polypeptide chain. In this sense, if the change on
temperature happens too fast, there is no strengthen of the initial interchains interaction, and
proper gelation is not observed (FINER et al., 1975; JOHNSTON-BANKS, 1990; KASAPIS et
al., 2003). Considering that the ageing step in gelatin gelation takes a long time, it would explain
why the curing step after complex coacervation must be either slow or have a low cooling rate.

With regard to differences between both methods of complex coacervation, as the
coacervation induced by atomization employed air at 25 °C to break down the emulsion
(initially at 50 °C) to small droplets, the atomization air contributed to the cooling effect on the
system prior to the heat exchanger. Thus, the variation between inlet and outlet temperature of
samples coacervated by atomization was always smaller than for samples coacervated in batch
stirring (Table 5.1). Samples coacervated in batch stirring entered the heat exchanger at 50 °C,

whereas samples coacervated by atomization entered the heat exchanger at 36 °C. This caused
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batch stirred samples with flow rate of 8.3 mL/s to present higher degrees of capsule
agglomeration (clusters) than the atomized samples under the same curing conditions (Figure
5.2). In addition, the sample coacervated by batch stirring, with flow rate of 8.3 mL/s and curing
temperature of 11.5 °C exited the heat exchanger at 17 °C, being the only one above 15 °C
(Table 5.1). It is known that when the curing process stops at temperatures above 14 °C, capsule
agglomeration is more likely to happen (LEMETTER; MEEUSE; ZUIDAM, 2009). In spite of
capsules atomized and cured under the same conditions and exiting the heat exchanger at 15 °C
presented some degree of agglomeration, it was still possible to distinguish the individual
capsules, what was not possible in the batch stirred capsules. Lemetter et al. (2009) reported
similar morphology of aggregated capsules, which was attributed to the need of controlling both

stirring speed and curing temperature.
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Figure 5.2. Size distribution and morphology of wet microcapsules coacervated by batch
stirring (a, b and ¢) and atomization (c, d and e). Curing flow rate data are represented in
separated graphs, being 2.4 mL/s (862 s*) (aand d), 5.3 mL/s (1904 s™) (b and €) and 8.3 mL/s
(2981 s1) (c and ).
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Table 5.1. Curing operational parameters and capsules size, size distribution, encapsulation parameters and maximum oil released in simulated

gastric conditions.

Heat exchanger conditions during cooling/hardening step

Wet capsules

Dried capsules

Complex

Heat

Heat

Sample coacervation exchanger exchanger Curing Temper'ature Tempera@ure Cooling Capsule mean Capsul(_e bulk EE EY? oil releasgd
Code Temperature  variation!  after curing rate diameter? density? after 120 min®
method flow rate  shear rate
(mifs) (sY) (°C) (°C) (°C) (°Cls) (um) (kg/m?) (%) (%) (%)

BSQ2WT8 8.0 40.0 10.0 2.9 30.0+10.7%f 1013.2" 99.2+0.0*  89.2+0.0%® 11.0+1.4%
BSQ2WT10 24 862 10.0 38.5 11.5 2.8 29.5+9 54f 1013.6¢9 99.1+0.1*  77.1+0.5¢d 8.40.4bcd
BSQ2WT11 11.5 36.5 13.5 2.7 31.349.80« 1012.9' 98.9+0.3? 66.1+0.4° 14.0+2.12
BSQ5WTS8 8.0 38.5 11.5 6.2 24.8+6.3ik 1011.8 99.0+0.0°  89.2+1.9%® 8.3+0.1Pcde
BSQ5WT10 Batch stirring 5.3 1904 10.0 38.0 12.0 6.1 26.8+6.2" 1013.3" 99.240.18  84.0+1.7%¢ 6.5+0,300ef
BSQ5WT11 11.5 35.5 14.5 5.7 25.6+6.31 1011.6% 98.9+0.1*  71.4+3.5% 6.8+2,7cdef
BSQ8WTS8 8.0 36.5 135 9.2 24.8+3 .9k 1013.6¢9 99.3+0.1*  87.4+1.6%° 10.8+0.3%
BSQ8WT10 8.3 2981 10.0 35.0 15.0 8.8 28.8+4.8¢f 1016.78 99.440.12  71.2+2.9% 5.3+0.500f
BSQ8WT11 11.5 33.0 17.0 8.3 35.9+7.02 1014.2f 99.4+0.22 91.8+6.72 4.1+1.9f
ATQ2WTS 8.0 26.5 9.5 1.9 32.2+9.7b¢ 1016.2° 98.5+0.4*  78.4+2.1 8.5+1.6
ATQ2WT10 24 862 10.0 25.0 11.0 1.8 30.6+9.5¢€ 1015.4¢ 98.2+1.08  79.2+1.20 5.6+0,1.cdef
ATQ2WT11 115 23.0 13.0 1.7 33.1+8.5 1014.9° 98.4+0.1°  93.5+6.4° 5.7:+0.5¢df
ATQ5WTS 8.0 24.5 115 4.0 29.9+7 9def 1015.7¢ 99.4+0.22  70.9+4.9% 8.6+2.0°°
ATQ5WT10 Atomization 5.3 1904 10.0 24.0 12.0 3.9 28.4+7 2fdh 1014.7¢ 99.5+0.0°  76.8+2.5¢ 4.6+0.0°f
ATQ5WTI11 11.5 22.0 14.0 3.5 27.5+6.29 1014.3f 99.740.08  84.1+1.23c 6.2+1, 1 cdef
ATQ8WTS 8.0 26.0 10.0 6.6 22.3+4.8 1013.3" 97.8+0.72  70.8+7.3% 3.6+0.1°
ATQ8WT10 8.3 2981 10.0 23.0 13.0 5.8 23.4+4.74 1014.8¢° 97.840.28  86.2+5.23¢ 3.2+0.2
ATQ8WTI11 11.5 21.0 15.0 5.3 25.6+4.61 1014.8° 08.1+1.228  85.2+4.93¢ 4.7+0.30%f

!Difference of inlet and outlet temperature of the capsules on the heat exchanger; 2Mean values * standard error (n = 600); *Mean values + standard
error (n = 3); *The number after “Q” indicate heat exchanger flow rate, the number following “T” refers to heat exchanger (curing) temperature,
“BS” stands for batch stirring and “AT” refers to atomization. *Different letters in superscript in each column indicate
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The overall capsule diameters varied from 22.3 to 35.9 um. For capsules produced by
batch stirring the wet capsules’ diameter varied from 24.8 to 35.9 um and from 22.3 to 33.1 um
to capsules coacervated by atomization (Table 5.1). From a technological and sensory point of
view, having particles or capsules with sizes smaller than 100 um is highly desirable to avoid
a “grainy” texture on the final product (LEE; LEE; DONOVAN, 2014). These results indicate
that the use of a heat exchanger in a continuous mode instead of cooling in a jacketed vessel
decreases the size of the capsules. In previous studies, in which complex coacervation was
induced by atomization and curing the capsules was done in an cooled agitated vessel, the
capsules size ranged from 57 to 85 um (FERREIRA; NICOLETT]I, 2021) and from 52 to 75
um (FERREIRA; NICOLETTI, 2020). The smaller capsule size may be attributed to the higher
shear forces, which decreases the size of the capsules in the beginning of the curing step, when
temperature is not low enough to solidify the capsule wall. The capsules sizes obtained in this
study are comparable to those reported in the literature using gelatin and gum Arabic: 61 to 144
pum in encapsulation of lycopene (ROCHA-SELMI; FAVARO-TRINDADE; GROSSO, 2013);
46 to 53 pum in encapsulation of turmeric oleoresin (ZUANON; MALACRIDA; TELIS, 2013),
38 to 58 um (GUO; ZHAO, 2008) and 35 to 80 um in encapsulation of blackberry anthocyanin
(SHADDEL et al., 2018). In recent study where the complex coacervation and spray drying
were combined in one step, Tang et al. (2020) reported capsules size from 13 to 18 um.
Hernandez-Nava et al. (2020) obtained 21 to 94 um in encapsulation of oregano oil using gelatin
and chia mucilage by complex coacervation followed by spray drying.

The increase in shear rate caused by the increase in flow rate of the mixture containing
the coacervated capsules had different effects on the capsules size for both coacervation
methods (Figure 5.3). When capsules were produced by batch stirring, the increase in shear rate
did not have a clear effect on the average size of the capsules (Figure 5.3a). This may be
explained because at higher shear rates, although the system becomes more turbulent, which
could contribute to decrease the size of the capsules, the residence time is too short to properly
cool down the particles, allowing the capsules to agglomerate, thus increasing the overall size.
When complex coacervation was induced by atomization, the increase in shear rate during the
curing step caused the capsules size to decrease (Figure 5.3b). The difference on the relationship
between capsules size and the shear rate applied can be attributed to the influence of the
atomization air. Also, coacervation by batch stirring is a process driven mainly by
thermodynamic forces, where those forces form the capsules and determine their size. On the
other hand, coacervation by atomization has a contribution of the process conditions during

atomization that forms base or foundation of the capsule when the emulsion is atomized in the
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nozzle (FERREIRA; NICOLETTI, 2021). The increase of shear rate increases the energy
applied on the system that decreases the size of the capsules. Since atomized capsules have
already lower temperature at the beginning of the curing step the agglomeration is supressed,
promoting the hardening of the capsules as expected. Some studies varying the shear forces in
different ranges also reported that the increase in turbulence decreases the size of coacervated
capsules (JEGAT; TAVERDET, 2000; LEMETTER; MEEUSE; ZUIDAM, 2009; LEMOS;
MARIANO MARFIL; NICOLETTI, 2017).

A clear effect of the increasing shear rate was the decrease in the coefficient of
variation (CV) of the capsules that ranged between 16 and 35 % (Figures 5.3b and 5.3d). This
indicates an increase on the uniformity of the capsules sizes formed at higher values of shear
rate. Having capsules with higher size uniformity is important mainly for targeted or controlled
delivery of drugs, where is important to estimate, with the highest possible precision, the
content of active core per capsules or per unit mass of capsules (MORELLI; HOLDICH,;
DRAGOSAVAC, 2017; PIACENTINI et al., 2013). Generally, CV values under 30 % are
associated to samples with medium size distribution and under 15 % to low size distribution
(BROWN; BROWN, 1998). Gomez-Estaca et al. (2016) reported CV of 30% in complex
coacervation between gelatin and cashew gum, Morelli et al. (2017) obtained CV between 19
and 23 % in complex coacervation for cell encapsulation and Ferreira and Nicoletti (2020)
obtained CV from 17 to 35 % in complex coacervation by atomization between gelatin and gum
Arabic with cooling in an agitated vessel.

One important physical property, considering the separation of the capsules formed
by complex coacervation, is the capsules density (Table 5.1). Capsules with higher density are
of interest when separating these capsules from its supernatant solution by
gravity/sedimentation (PAWAR; BOHIDAR, 2011). The overall density of the capsules
coacervated by atomization (1013 to 1016 kg/m®) was in the same range of the capsules
coacervated in batch stirring (1011 to 1016 kg/m?). After the curing step, the sedimentation of
the capsules from the liquid supernatant took less than 5 minutes. In previous work, the capsules
density increased from 1003 to 1022 kg/m? by increasing gelatin concentration (FERREIRA,;
NICOLETTI, 2021). In encapsulation of eugenol by complex coacervation using gelatin and

sodium alginate Shinde and Nagarsenker (2011) reported dry capsule density of 1059 kg/m?.
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Figure 5.3. Experimental mean diameter and respective variation coefficient of wet
microcapsules produced by batch stirring (a and b) and atomization (c and d) in function of
shear rate during cooling. The symbols correspond to curing temperature of 8 °C (A), 10 °C (o)
and 11.5 °C (o).

5.3.3 Influence of curing parameters on encapsulation performance of dried capsules

The results previously discussed in sections 5.3.1 and 5.3.2 were obtained analysing
wet capsules, right after the curing step. Encapsulation efficiency and yield were determined
and will be discussed with regard to the freeze-dried capsules. The values of encapsulation
efficiency (EE) were above 97 % for both coacervation methods and all curing conditions
(Table 5.1). This is an important property when considering the capsule ability to protect the
encapsulated core against harsh conditions after the production, instead of just transporting the
core (COMUNIAN et al., 2013; ROJAS-MORENO et al., 2018). Complex coacervation is
traditionally used and studied because, when carried out properly, produces capsules with high
EE values (TIMILSENA et al., 2019; VEIS, 2011). The EE values obtained in this work are in
accordance with previous results obtained for complex coacervation by atomization and batch
stirring but cured in jacketed agitated vessel, in which different formulations caused EE to vary
from 89 to 98% (FERREIRA; NICOLETT]I, 2021), whereas the variation on the atomization
conditions and emulsion concentration resulted in capsules with EE varying from 9 to 95 %
(FERREIRA; NICOLETTI, 2020). Different values of EE were reported on literature: 82 % in
encapsulation of pequi oil using gelatin and gum Arabic (DO NASCIMENTO et al., 2020); 57

to 65 % in encapsulation of -carotene with casein and gum guar as wall material (THAKUR
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et al., 2017) and 55 to 81 % in encapsulation of ginger oil by complex coacervation having as
wall material whey protein isolate/gum Arabic and gum Arabic/chitosan (TAVARES;
NORENA, 2020).

The overall encapsulation yield (EY), which represents the capsules capacity to
transport the initial oil content throughout the process, varied from 66 to 93 % (Table 5.1). For
capsules produced by batch stirring the EY ranged from 66 to 91 %. Capsules for which
coacervation was induced by atomization presented slightly higher values of EY, which varied
from 70 to 93 %. In general, the increase in the flow rate (shear rate) during cooling caused a
slight decrease of EY (Table 5.1), with exception of sample BSQ8T11 that will be further
discussed in this section. The overall values of EY are in consonance with other studies of
complex coacervation of ginger oil, which reported EY varying between 21 to 88 %
(FERREIRA; NICOLETTI, 2021), 50 to 99 % (FERREIRA; NICOLETTI, 2020), 36 to 69 %
(RIOS-MERA et al., 2019) and 40 to 70 % (WANG et al., 2016).

The influence of the curing temperature is presented in Figure 5.4. As a general trend,
for capsules produced by batch stirring, the increase of curing temperature caused the EY to
decrease significantly (Figure 5.4a). The only situation where there was significant increase of
EY with increase of curing temperature was above 10 °C for flow rate of 8.3 mL/s. On the other
hand, for capsules produced by atomization, the increase of the curing temperature caused the
EY value to increase (Figure 5.4b). These opposite behaviours between capsules produced by
atomization and batch stirring may be attributed to the different procedures involved in capsule
formation. Capsules coacervated in batch stirring are formed primarily by the electrostatic
interaction and solvent repulsion that induces phase separation and capsule formation
(ERATTE et al., 2018; TIMILSENA et al., 2019; VEIS, 2011). Since this is a slow process,
when the capsules are submitted to low curing temperatures, often the gelatine/gum Arabic
interactions are not completely formed and the occurrence of shear forces on the capsules allows
the ginger oil (core) to leave the capsule, decreasing the EY. In parallel, the effects of process
conditions on coacervated capsules induced by atomization may happen in two interconnected
moments: first, the atomization air causes the droplet temperature to decrease and thus promotes
some organization of the gelatin structure; second, as these atomized droplets with some
structural organization get in contact with the gum Arabic solution, the process of coacervation
(interaction) is potentialized, creating a mechanically stronger capsule in a shorter time. When
these capsules undergo shear during the curing step, as the gelatin/gum Arabic interaction is
already underway, lower curing temperatures causes the structure to contract and repulse the

solvent faster than in proper conditions, causing the oil to be expelled from the capsules as well.
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For higher curing temperature, the curing of the capsules is gentler, expelling less oil during the
hardening process due to the influence of gelatin gelation, as discussed in section 5.3.2. A
hypothesis is that, if higher curing temperature were applied for capsules produced by batch
stirring, they could present similar behaviour to capsules produced by atomization. One
indication of this can be observed for sample BSQ8T11 (curing flow rate of 8.3 mL/s and curing
temperature of 11.5 °C coacervated in batch stirring), for which EY was among the highest (91.8
%). Since this sample had the shortest residence time (curing time) and highest curing
temperature, the capsules would not be completely cured, forming clusters, as discussed in
section 5.3.2 (Figure 5.2). The capacity of storing the oil in this case was attributed to the its
possible entrapment inside the clustered structure, increasing the oil retention and EY.
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Figure 5.4. Encapsulation yield (EY) of the dried capsules produced by batch stirring (a) and
atomization (b) in function of the curing temperature. The symbols correspond to curing flow
rate (shear rate) of 2.4 mL/s (862 s) (A), 5.3 mL/s (1904 s%) (o) and 8.3 mL/s (2981 s%) (o).
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5.3.4 Oil release under simulated gastric conditions

The oil released (OR) in simulated gastric conditions was evaluated along 120 min
for both complex coacervation methods and all curing conditions (Figure 5.5). Samples
produced by atomization released less oil and had a lower oil release rate than capsules
produced by batch stirring. In general, most of the oil was released between 0 and 60 minutes
for batch stirred samples and between 0 and 30 minutes for atomized samples. The literature
reports different times for the release of encapsulated core in gastric conditions, which can be
attributed to different formulations, coacervation conditions, degree of interaction between the
polymers and other reasons, but the reported times are of the same order of magnitude of those
found in this work. Souza et al. (2019) reported release of core material around 45 minutes from
complex coacervated capsules of gelatin and gum Arabic, whereas da Silva Soares et al. (2019)
observed release of core material until 15 minutes from capsules produced by complex
coacervation between sodium alginate and ovalbumin.

When considering the influence of the curing temperature on the OR profile of batch
stirred samples, flow rate of 2.4 mL/s and curing temperature of 11.5 °C produced capsules with
the highest OR (Figure 5.5a). From 0 to 60 minutes higher curing temperature released more
oil, what may indicate not proper curing of the capsules. For curing flow rate of 5.3 mL/s the
curing temperature presented no influence, with OR until 60 minutes (Figure 5.5b). For curing
flow rate of 8.3 mL/s the increase of curing temperature decreased the OR over time (Figure
5.5¢). This means that the curing the temperature affects OR in an opposite way, depending of
the curing flow rate. As discussed in section 5.3.3, this was attributed to formation of clusters
of capsules, that sterically promotes retention of oil. Taking into consideration the influence of
the curing flow rate, at 11.5 °C and 2.4 mL/s OR is always increasing over time, but for higher
flow rates OR increases overtime only until 60 minutes. The curing temperature affected
differently the OR profile of atomized samples, mainly for flow rate of 2.4 mL/s where lower
curing temperature caused higher OR overtime (Figure 5.5d). For atomized samples most of
the oil was released until 30 minutes, except when curing temperature was 11.5 °C when,
independently of the curing flow rate, OR growth rate over time was constant. Flow rates of 5.3
and 8.3 mL/s presented similar OR profiles overtime independently of the curing temperature,
being equal or smaller than 6% (Figure 5.5e and 5.5f). As the atomized capsules presented less

formation of clusters there was less oil retention between agglomerated capsules.
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Figure 5.5. Oil released (OR) over time for several curing conditions for capsules coacervated
by batch stirring (a, b and c¢) and atomization (c, d and e). Curing flow rate are represented in
separated graphs, being 2.4 mL/s (862 s*) (aand d), 5.3 mL/s (1904 s™) (b and €) and 8.3 mL/s
(2981 s) (c and f) and the symbols correspond to curing temperature of 8 °C (A), 10 °C (o)
and 11.5 °C (o).

The maximum release attained after 120 minutes under gastric conditions, varied from
4 to 14 % for complex coacervation induced by batch stirring, and from 3 to 8 % for
coacervation induced by atomization (Table 5.1). These results are equal or better than results
of gastric stability of coacervated capsules reported in the literature. Souza et al. (2019)
described lactase release of less than 20 % in complex coacervation between gelatin and gum
Arabic. In complex coacervation between gelatin and gum Arabic with extra crosslinking by
tannic acid, Zhang et al. (2011) presented core release of 46 %. In encapsulation of black pepper
oil using lactoferrin and sodium alginate, Bastos et al. (2020) reported OR up to 24 %.

The low values of maximum OR in gastric conditions obtained in this work were
expected, since the formulation was optimized by using a low pH (3.5) to induce complex

coacervation (FERREIRA; NICOLETT]I, 2021). Studies have shown that capsules produced by
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complex coacervation at low pH tend to present higher gastric resistance (HUANG et al.,
2017b, 2017a). The higher resistance to gastric conditions can be attributed to several factors.
One is that when coacervation is induced at a lower pH, the gelatin surface conformation is
organized in a way that can decrease its proteolysis by pepsin (FUNAMI et al., 2007). Since
most of oil is released from the capsules by the proteolysis, with less active sites for the pepsin
to act, less oil would be released (DA SILVA SOARES et al., 2019; DUPONT et al., 2018). A
second explanation to higher gastric resistance is that for gelatin and gum Arabic, lower
coacervation pH requires higher gum Arabic over gelatin ratio (FERREIRA; NICOLETTI,
2021; LI et al.,, 2018). Since pepsin does not hydrolyses the polysaccharide, higher
concentrations of this polymer may shield the gelatin from proteolysis, thus decreasing the
maximum OR (DA SILVA SOARES et al., 2019).

5.4. Conclusions

This work presented a novel method to carry out the cooling/curing step after complex
coacervation. It opens new and promising doors to complex coacervation scale up and to carry
out the process in continuous operation.

The curing process conditions (temperature and flow rate) had influence on capsule
morphology, size and encapsulation parameters. Capsules for which coacervation was induced
in batch stirring, with higher curing temperature and flow rate produced agglomerates or
clusters of capsules that improved encapsulations parameters. The increase in shear rate (flow
rate) decreased the size of atomized capsules. The encapsulation parameters obtained were
satisfactory, with high encapsulation efficiency (> 97%) and high encapsulation yield, mainly
for atomized capsules. The oil release in simulated gastric conditions assays was low (less than
15%), mainly for atomized capsules. This indicates that curing coacervated capsules using a
heat exchange in a continuous step produces capsules resistant to gastric conditions.

The results presented in this study indicates that the use of a tubular heat exchanger
to cool/cure the capsules after coacervation is a promising configuration to carry out
encapsulation by complex coacervation. There are real opportunities to scale up the process of

complex coacervation and to perform it in a semi-continuous configuration.
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Abstract

This study aimed to produce emulsion droplets using metal membranes to be used in complex
coacervation in batch stirring and by a new method in which coacervation is induced using a
two-fluid nozzle. Investigation on the optimum membrane morphology, dispersed phase
injection rate and emulsification shear stress was carried out. Emulsions of gelatin and ginger
oil (4 and 10 % w/w) were produced by membrane emulsification in a dispersion cell, with
droplet sizes varying from 32 to 128 um; gelatin concentration had great influence on droplet
size and size distribution. Complex coacervation between gelatin and gum Arabic was carried
out by atomization and batch stirring, and the size of the parent emulsion droplets, coacervation
shear stress and emulsion formulation influenced the size of the capsules produced, which
varied from 35 to 151 um. Batch stirring complex coacervation produced single core capsules
and atomization coacervation produced multicore capsules, both with spherical morphology.
Encapsulation yield of dried capsules varied from 37 to 99% and encapsulation efficiency 5 to
66 %. Formulation had a greater effect on the encapsulation efficiency than on the encapsulation

yield.

Keywords: particle size distribution, dispersion cell, membrane morphology, dimensionless

numbers, low shear emulsification.
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6.1. Introduction

The always growing application of ginger oil in several products in the food industry
is mainly due to its pungent taste and characteristic odour, allied to functional properties such
as antimicrobial and antioxidant activities (BAN et al., 2020; FERNANDES et al., 2016). The
use of microencapsulation techniques for ginger oil is efficient, not only to increase protection
of the functional compounds, but also may provide conditions to targeted delivery and
controlled release of those compounds (KHODE; KATRE, 2019; MAULIDNA et al., 2020). A
few methods of microencapsulation of ginger oil are reported in the literature, such as: spray
drying (MAULIDNA et al., 2020), electrostatic interaction (BAN et al., 2020), and complex
coacervation between gelatin and sodium alginate (WANG et al., 2016). The literature
describes several technigues of microencapsulation of lipophilic compounds, in which the goal
is to increase the oil bioavailability, to promote protection against degradation by physically
shielding the oil using biopolymers to reduce contact between oxidizing agents (CORREA-
FILHO; MOLDAO-MARTINS; ALVES, 2019; RUTZ et al., 2017). The main techniques of
microencapsulation for oil protection and application are spray or freeze drying of stable
emulsions, ionic gelation followed or not by protein layering, and complex coacervation
(GONCALVES; ESTEVINHO; ROCHA, 2016; KANDANSAMY; SOMASUNDARAM,
2012; PAULO; SANTOS, 2017). Complex coacervation is a technique known to be effective
for microencapsulation of oils and applications in food, pharmaceutical and agricultural
industries, providing high values of encapsulation efficiency (ALEMZADEH et al., 2020;
MARTINS et al., 2014).

Complex coacervation is carried by three independent steps: emulsification,
coacervation, and shell formation (HECKERT BASTOS et al., 2020). The emulsification
method for subsequent encapsulation by complex coacervation is an important task to be
considered, taking into account that many of the properties of the emulsions, such as stability,
volume fraction of the dispersed phase, droplets’ size distribution and average particle diameter,
are determined by both the formulation and the homogenization method (VLADISAVLJEVIC;
SCHUBERT, 2003). Conventional emulsifying devices such as rotor and stator type systems,
high-pressure homogenizers and ultrasonic homogenizers provide limited flexibility in terms
of controlling the average particle size and the size distribution having a high energy input
(DRAGOSAVAC et al., 2008). It should also be considered that traditional homogenization
methods can degrade filling materials due to the instability of these compounds when subjected
to the high shear rates employed (SANTOS et al., 2015). Membrane emulsification can be

carried out by different types of membranes such as glass, ceramic or metal membranes
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(HANCOCKS; SPYROPOULOS; NORTON, 2016). The one important difference on
membranes composition lays on the tortuosity of each individual channel. In ceramic
membranes there are tortuous paths where the dispersed phase has to go through, whereas in
metal membranes the path is a cylindrical channel, with no tortuosity (CONSOLI; HUBINGER,;
DRAGOSAVAC, 2020; EGIDI et al., 2008; GIJSBERTSEN-ABRAHAMSE; VAN DER
PADT; BOOM, 2004; VLADISAVLJEVIC; SCHUBERT, 2003). The results of the differences
in the membrane natures is a lower backpressure of the system and lower shear on the dispersed
phase going through the pores for metal membranes (HANCOCKS; SPYROPOULOQOS;
NORTON, 2016). In addition, metal membrane emulsification has received attention precisely
because of its ability to produce particles or droplets with low size dispersion in addition to be
a system that can be scaled up for industrial scale (DRAGOSAVAC et al., 2008; HOLDICH et
al., 2020; KOSVINTSEV et al., 2005; ZAWALA; SZCZEPANOWICZ; WARSZYNSKI,
2015).

The use of membranes has been shown to be efficient in the formation of stable
emulsions that present desirable characteristics to be subsequently microencapsulated by
complex coacervation (PIACENTINI et al., 2013). Considering that membrane emulsification
happens drop by drop, as the droplets are being formed they are involved by the continuous
phase, whereas the shear stress applied by the stirrer detaches the newly formed droplets from
the metallic surface (EGIDI et al., 2008). In addition, it is possible to predict or engineer the
size of the emulsion droplets by a balance of capillary and drag forces during the droplet
formation (KOSVINTSEV et al., 2005). A handful of recent works studied the application of
membrane emulsification, such as production of eco-friendly emulsions (SANTOS et al., 2015),
production of food grade emulsions with different membrane compositions and morphologies
(HANCOCKS; SPYROPOULOS; NORTON, 2016), comparison of azimuthal and axial
oscillation microfiltration for non-Newtonian fluids (HOLDICH et al., 2018), preparation of
micro and nano emulsions (VLADISAVLIEVIC, 2019) and the use of annular crossflow
membrane using a single-pass (HOLDICH et al., 2020).

Complex coacervation is a result of the interaction polymers oppositely charged that,
due to solvent repulsion, precipitate due to the solvent repulsion (KAUSHIK et al., 2015).
Traditionally complex coacervation is carried out in batch stirring, where the polymers are
mixed together and the coacervation is induced by pH adjustment “in loco” in order to promote
electrostatic interaction. There are a few alternatives to induce complex coacervation, one of
them is using atomization nozzles, were the solutions have pH adjusted beforehand. In previous

works the induction of complex coacervation by atomizing the oil emulsified in gelatin over a
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gum Arabic solution was studied (FERREIRA; NICOLETTI, 2020, 2021). Another approach
Is to induce complex coacervation using a three-fluid nozzle, in which the coacervation, shell
formation and drying happens in a single step (JIANG et al., 2013). A few studies were done
on membrane emulsification followed by batch stirring complex coacervation: for
encapsulation of cells and colonic delivery (MORELLI; HOLDICH; DRAGOSAVAC, 2017)
and production of oil droplets using fish gelatin and gum Arabic (PIACENTINI et al., 2013).
However, the literature does not report the use of emulsions produced by metal membranes in
complex coacervation by atomization.

For the first part of the study, Tween 20 solution (2% w/w) was used as continuous
phase, considering that it is a model test system for studies comparing different membranes and
emulsification conditions (HOLDICH et al., 2020; KOSVINTSEV et al.,, 2005). On the
optimization studies of membrane emulsification, the goal was to determine the main
parameters affecting membrane emulsification and to determine which membrane would be
used for further emulsification assays. Two membranes were tested: membrane | (pore diameter
Dp = 28 um; pore spacing Bp = 102 um) and membrane II (pore diameter Dp = 24 pum; distance
between pores Bp = 250 um). The pore size has direct influence on the dispersed phase flux
through the membrane. The pores spacing interferes with the proper formation and separation
of the emulsion droplet from the metal surface before it has contact with another droplet formed
in a surrounding pore (MORELLI; HOLDICH; DRAGOSAVAC, 2017).

The objective of this work was to study the influence of metal membrane
emulsification carried out using a dispersion cell, in complex coacervation by batch stirring and
induced by a two-fluid nozzle. Optimization of membrane emulsification conditions was done
using two membranes with different characteristics. Once the best conditions were delineated
and the adequate membrane was chosen, gelatin/ginger oil emulsion was formed and used in
complex coacervation assays. Finally, the morphology and size of the wet capsules and the
encapsulation performance of the dried capsules were evaluated in function of the

emulsification and complex coacervation conditions.

6.2. Material and methods
6.2.1 Materials

Cold pressed ginger oil (Gran Oils, Brazil) was used as dispersed phase and
microencapsulated core material. As a model test system for membrane emulsification was used
Tween 20 (polyoxyethylene sorbitan monolaurate) (Fluka, United Kingdom). Type B gelatin,
240 bloom (Gelita, Mococa, Brazil) and gum Arabic (Dindmica, Brazil) were used as wall
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material. Glacial acetic acid (Dindmica, Brazil) was used to pH adjustment. Hydrochloric acid
4 N (Dindmica, Brazil) was used to digest the capsules to release the encapsulated oil. Hexane

(Dinamica, Brazil) was used as organic solvent for oil extraction.

6.2.2 Membrane emulsification

Two studies on membrane emulsification were carried out in this work. First, a
broader study on the optimization of emulsification conditions varying the membrane
morphology, the injection rate and the agitation/shear stress generated by the paddle stirrer was
performed, using a dispersion cell (Micropore Technologies Ltd., United Kingdom) as
presented in Figure 6.1. Tween 20 aqueous solution (2 % w/w) was used as continuous phase
and ginger oil was used as dispersed phase. The stirrer driven by a motor powered by an AC
207-253 V power supply was used with voltage varying from 4 to 14 V, resulting in 540 to
2300 RPM or 56 to 240 rad/s, which corresponded to an applied shear stress of 7.3, 21.2, 46.1
and 68.1 Pa. The injection rate of ginger oil (dispersed phase) in the Tween 20 solution was of
1, 5 and 10 mL/min. Ginger oil was used at final concentration of 5 % (v/v) of the emulsion.
Two nickel membranes (Micropore Technologies Ltd., United Kingdom) were tested during
the optimization of the emulsification processes, membrane | (pore diameter Dp = 28 pum; pores
spacing Bp = 102 pum) and membrane II (Dp = 24 um; B, = 250 pm), generating 24
emulsification conditions in total.

Based on the results of these assays, membrane Il was chosen for further tests and the
process conditions were narrowed down. A second set of membrane emulsification assays was
carried out by dispersing ginger oil in aqueous gelatin solution for subsequent complex
coacervation. Aqueous solutions of gelatin with concentrations of 4 and 10 % (w/w) were
evaluated and the ratio of added ginger oil to gelatin concentration was 1:1 (gelatin:ginger oil)
for all assays. Ginger oil was emulsified in the gelatin solution using the dispersion cell with
membrane Il. A stirrer driven by a motor powered by an AC 207-253 V power supply had
voltage varying from 4 to 11 V, that corresponded to 540 to 1780 RPM or 56 to 186 rad/s, or
applied shear stress of 13.0 to 97.4 Pa for emulsions with 4 % (w/w) of gelatin/ginger oil and
12.6 to 163.8 Pa for emulsions with 10 % (w/w) of gelatin/ginger oil. The injection rate of
ginger oil (dispersed phase) in the continuous phase (gelatin solution 4 and 10 % (w/w)) was of
5 mL/min. Six different treatments were tested during membrane emulsification (Table 6.1).
Initially, there is only the continuous phase (gelatin solution) inside the cylinder. By the end of
the process the cylinder contains both dispersed (ginger oil) and continuous phase, forming a

O/W emulsion.
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Figure 6.1. Experimental configuration and schematic diagram of dispersion cell (DC), used for
emulsification of ginger oil in gelatin solution using metal membranes. DC with simple paddle
stirrer above a nickel flat-disc membrane, in which T = 0.04, D = 0.032 m, D, = 0.033 m and

b =0.012 m.



Table 6.1. Operational parameters, size, size distribution of membrane emulsification and atomization, and encapsulation parameters.
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Membrane emulsification

Complex coacervation

Wet capsules

Dry capsules

Gelatin and Agitation Emulsification E(;r:glsign Emulsion’s Coacervation Capsule’s Capsule's

Sample Code ginger oil Oh g P droplet We mean P EE® RO®
. at DC shear stress mean Shear Stress . ) VC
concentration di L VC diameter
iameter

(9/ 100 g of 0 0 0 0

emulsion) (rpm) (Pa) (um) (%) (Pa) (Hm) (%) (%) (%)
4GEM1BS 0 0 151.3+15.2¢8 10 12.942 2N 36.7+0.4¢
4GEM1AT1 a 23 87 47.8+5.34 11 N.A. N.A.
AGEM1AT?2 540 13 128435 28 48 242 57.7+7.9% 14 N.A. N.A.
A4GEM1AT3 77 475 46.4+8.8'm 19 N.A. N.A.
4GEM2BS 0 0 109.8+12.0° 11 19.2+0.1foni 94.2+0.2%
4GEM2AT1 c 23 87 59.0+7.89 13 25.0+0.2¢fgh 37.4+1.9¢
AGEM2AT?2 4 0.03 1070 42 95412 13 48 202 41.7+3.8° 9 27.2+1.0%0  87.6+1.1%
A4GEM2AT3 77 475 46.3+9.6'™ 21 31.7+1.0%f 87.5+1.9%¢
4GEM3BS 0 0 76.8+8.7 11 5.4+0.1i 99.7+0.08
4GEM3AT1 d 23 87 56.1+6.6M 12 9.3+0.11 99.5+0.18
AGEM3AT?2 1780 97 67+8 12 48 202 44.1%4.7™ 11 34.0+1.0%  99.0+0.5°
A4GEM3AT3 77 475 35.0+4.5¢4 13 39.7+2.0¢d 99.6+0.08
10GEM1BS 0 0 79.8+12.4° 16 13.1+4.2Ni 71.3+0.5¢
10GEM1AT1 b 195 82 45,2+6.Q0mno 13 N.A. N.A.
10GEM1AT2 540 13 109431 28 406 228 52.2+6.5 12 N.A. N.A.
10GEM1AT3 657 447 43.3+6.3°P 15 N.A. N.A.
10GEM2BS 0 0 100.8+14.2¢ 14 17.4+0.69" 99.0+0.92
10GEM2AT1 . 195 82 35.5+4.2¢4 12 47.140.7% 99.6+0.28
10GEM2AT?2 10 0.25 1070 57 3248 24 406 228 46.5+7.9'm 17 64.7+£3.3¢2 77.6+0.1¢
10GEM2AT3 657 447 47.7+6.84 14 49.8+2.10 70.9+1.6¢
10GEM3BS 0 0 89.7+9.4¢ 10 33.1+5.1% 92.6+0.4%
10GEM3AT1 . 195 82 55.1+8.41 15 24.2+0.8¢fth 72.5+0.3¢
10GEM3AT2 1780 164 34x1 22 406 228 52.6+6.1) 12 56.2+4.0% 87.7+5.3%¢
10GEM3AT3 657 447 49.246.2% 13 66.0+0.92 78.9+3.6%

!Mean values + standard error (n = 300); 2Mean values * standard error (n = 600); *Mean values + standard error (n = 3); N.A: Not applicable; *The number preceding “GE”
indicate gelatin concentration, the number following “M” refers to membrane emulsification rpm/shear stress, the number following letters “AC” refers to atomization condition
and “BS” stands for batch stirring. Different letters in superscript in each column indicate significant differences (Tukey test, p < 0.05)
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6.2.3 Mathematical description of the membrane emulsification process

The emulsification process can be described in function of the shear stress applied
during the membrane homogenisation. Equation (6.1) can be used to determine the boundary
layer thickness (LANDAU; LIFSHITZ, 1966). Figure 6.1 presents the dimensions of the DC.

5= [+~ (6.1)

The radial distance at which the shear stress is maximum is called transitional radius

and can be determined by equation (6.2):

Terans = 1232 (057 +2) (9)0'036 0016 _Reme (6.2)

T 1000+1.43Reme
in which D is the stirrer diameter, T is the dispersion cell diameter, b is the blade height, and n
is the number of impeller blades. The Reynolds number during membrane emulsification (Reme)
can be defined by equation (6.3):

D2
Reme = wsz (6.3)

in which p and p are the continuous phase density and viscosity, respectively, and ® is the
angular velocity in rad/s.
The maximum shear stress applied on the system by the stirrer paddler can be

determined using equation (6.4).

_ 0.825uwrtrans
Tmax = 5 (6-4)

Finally, using a simple force balance at the pore exit between the capillary (Fca=ndpy)
and drag force (Farag= 97tdp((da/2)?-1p?)Y?), a model to predict the droplet diameter (dq) can be
determined. Assuming that in order to form droplets at the surface of the membrane Fca = Farag,
where rp is the pore radius and vy is the interfacial tension and solving it for dg results in equation
(6.5) (KOSVINTSEYV et al., 2005).

J1812rp2+2\/811’4rp4+412rp2y2

dd=

(6.5)

37

6.2.4 Characterization of emulsion and biopolymer solutions

The interfacial tension between the ginger oil/Tween 20 solution, ginger oil/gelatin
solution and the surface tension measurements of the emulsion containing gelatin and ginger
oil were measured in an DB2KS tensiometer (White Electric Instrument, United Kingdom) by
the Du Noly ring method using a platinum ring. The density of the gelatin solutions and

gelatin/ginger oil emulsions were determined in a densimeter DMA ™ 4500 M (Anton Paar,
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Austria) at 35 °C. The rheological behaviour was evaluated in a rheometer AR100-N (TA
Instruments, USA) at 35 °C using a cone and plate geometry where the flow curves were
determined. The parameters determined and used in the calculations of membrane
emulsification and atomization are presented in Table 6.2. The emulsion droplet sizes and
morphology were evaluated using an optical microscope GXML3201(GX microscopes, United
Kingdom) coupled with a Retiga 6000 colour camera and the scanned images were analysed by
Image Pro Plus 6.0 software (Media Cybernetics Inc., USA) for measurement of droplet

diameters, reporting the average diameter of 300 droplets per sample.

6.2.5 Complex coacervation in batch stirring

Complex coacervation in batch stirring was done following the method described by
Marfil et al. (2018), with modifications. Ginger oil/gelatin emulsions (4 and 10 % w/w) (106 g)
(50 £ 1 °C) was added to the gum Arabic solution (1 % w/w) (890 and 1680 g) (50 +1°C)ina
2 L beaker, and the mixture was kept under magnetic stirring (approximately 300 rpm). The pH
(3.5 £ 0.1) was adjusted using pure glacial acetic acid and the system was immersed in an ice
bath, maintaining agitation for slow cooling until 10 £ 1 °C. After 24 hours, the sedimented
particles were transferred to aluminium trays and frozen at -20 °C. Drying was carried out by
lyophilisation for 72 hours for further analyses.



Table 6.2. Physicochemical properties of gelatin and Tween 20 solutions used during membrane emulsification assays and ginger oil/gelatin

emulsions used during complex coacervation.

. Polymer . . Interfacial tension  Continuous Continuous . . Emulsion
Continuous : Ginger oil . h h Emulsion  Emulsion f
hase concentration concentration continuous phase phase viscosity!  density? surtace
P phase/ginger oil>  viscosity density tension?
(9/100 g) (9/100 g) (mN/m) (mPa-s) (kg/m?) (mPa-s) (kg/m?) (mN/m)
Gelati 4 4 9.3+0.1 5.2 1006.2+0.0 5.9 1002.4+0.1  49.9+0.4
elatin
10 10 11.3+0.3 48.3 1025.3+0.0 48.1 1010.5+0.1  52.3+0.2
Tween 20 2 5 5.1+0.2 1.02 999.5+0.0 - - -

!Mean values * standard error (n = 3); Mean values * standard error (n = 10)
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6.2.6 Complex coacervation by atomization

Complex coacervation by atomization was carried out as described by Ferreira and
Nicoletti (2020) and Ferreira and Nicoletti (2021). Ginger oil/gelatin emulsions (4 and 10 %
w/w) (106 g) were atomized over the aqueous solution of gum Arabic (1% w/w) (890 and 1680
g) using a two-fluid nozzle (0.7 mm diameter, Labmaq, Brazil), with controlled air and
emulsion flowrates. The pH of the emulsion and of gum Arabic solution were adjusted to 3.5
before atomization. The atomization conditions and additional operational parameters are
summarized in Table 6.3. The nozzle was positioned at a fixed height of 0.2 m above the vessel
containing gum Arabic solution as described in Figure 6.2. Air flowrate was controlled using a
rotameter FT074-02-CA-VN (Omega, USA). At the end of the coacervation process the system

was immersed in an ice bath until reaching 10 = 1 °C and then stored at 5 £ 1 °C in refrigerator.

Table 6.3. Physical properties of atomization air, dimensions of the atomization nozzle and
operational parameters of atomization.

Characteristics of the two fluid nozzle

Diameter of emulsion outlet (Dy) - (mm) 0.7

Internal diameter of air outlet (Dint) - (mm) 1.90
External diameter of air outlet (Dext) - (mm) 2.80
Emulsion outlet area - (mm?) 0.385
Atomization air outlet area - (mm?) 3.32

Physical properties of the atomization air (25 °C)
Density (pg) - (kg m™) 1.23
Viscosity (lg) - (UPa s) 18

Atomization process parameters

Atomization air volumetric flow rate (Qg) -10°%* (m®s™) 2.36 t0 5.51
Emulsion volumetric flow rate (Qi) - 10" (m3s?) 1.63 to 2.40
Atomization air velocity (Vg) - (m s2) 71.1t0 165.2

Emulsion velocity (Vi) - (m s?) 0.42t0 0.64
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Figure 6.2. Schematic diagram of the complex coacervation process by atomization.

The complex coacervation by atomization process using a two-fluid nozzle was
evaluated through the Weber (We, Equation 6.6) and Ohnesorge (Oh, Equation 6.7) numbers
(FILKOVA; HUANG; MUJUMDAR, 2014). The shear stress during the atomization process
was determined in function of the Weber number. Emulsions with 4 % (w/w) of gelatin/ginger
oil behaved like a Newtonian fluid and Equation 6.8 was used to determine its shear stress
during atomization. For emulsions with 10 % (w/w) of gelatin/ginger oil, which behaved as a
Bingham fluid, Equation 6.9 was used (FERREIRA; NICOLETT], 2020).

We = PoVs =V)* D1 (6.6)
o

oh=_2 (6.7)
\oD, pi

T, = (25.3 We + 2247.3) i, (6.8)

Tp = To + 1 (25.3 We + 2247.3) (6.9)
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In which Vjy is the atomizing air velocity; V) is the emulsion velocity; pg is the density of the
atomizing air; Dy is the diameter of the discharge orifice of the nozzle; ¢ is the emulsion surface

tension; py is the emulsion viscosity and o the emulsion density.

6.2.7 Characterization of wet microcapsules

The microstructure of wet microcapsules was evaluated using an optical microscope
GXML3201(GX microscopes, United Kingdom) coupled with a Retiga 6000 colour camera.
The samples were conditioned on glass slides without dilution. The scanned images were
analysed by Image Pro Plus 6.0 software (Media Cybernetics Inc., USA) for measurement of

capsules diameters, reporting the average diameter of 600 capsules per sample.

6.2.8 Characterization of dried microcapsules

Encapsulation performance was determined as described by Tonon, Grosso and
Hubinger (2011) and Wang, Adhikari and Barrow (2014), with modifications. Encapsulation
performance was evaluated in terms of encapsulation efficiency (EE) that considers the total oil
in the capsules (OT) and the capsule surface oil (OS), and encapsulation yield (EY) that
considers the total oil on the initial emulsion (Ol) versus the capsules total oil content after
complex coacervation. After complex coacervation the capsules were freeze-dried and
subjected to analysis as follows. To determine OS, 100 mg of microcapsules and 10 mL of
hexane were shaken for one minute. The organic phase was filtered and the solvent was
evaporated at 25 °C in a hood and then at 60 °C in drying oven until constant weight. OT was
calculated mixing 100 mg of microcapsules in 20 mL of 4 N hydrochloric acid solution and
kept under agitation for 1 hour at 35 °C for dissolution of the biopolymers. Then, 13 mL of
hexane were added and again kept under agitation for 10 hours at 25 °C, forming a two-phase
system. The two phases were separated by centrifugation (model Z 326 K, Hermle, Germany)
at 10000xg for 30 minutes and the organic phase containing hexane and oil was transferred to
Petri dishes. The solvent was evaporated at 25 °C in a hood and then at 60 °C in drying oven

until constant weight. The EE and EY were calculated by Equations 6.10 and 6.11, respectively.

0oT-0S
oT

EY (%) = 21 X 100 (6.11)

EE(%) =

X 100 (6.10)



122

6.2.9 Statistical analysis

All the assays were performed in triplicate. The results of the analytical
determinations are expressed in arithmetic average submitted to analysis of variance (ANOVA)
and comparison of means by Tukey test with probability level at 5% (p < 0.05), using statistical
software Minitab 17 (MINITAB, USA). The uniformity of the data (size distribution) was
presented in terms of the variation coefficient [VC=(SD/AV)*100], in which SD stands for

standard deviation of the measurements.

6.3. Results and discussion
6.3.1 Optimization of membrane emulsification parameters

Figure 6.3 presents the results of average diameters and size distribution of the
emulsion droplets formed using membranes | and Il in function of the shear stress applied

during membrane emulsification.
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Figure 6.3. Size and size distribution of emulsion droplets in function of shear stress during
membrane emulsification of ginger oil in Tween 20 solution for (a) average size for membrane
I; (c) average size for membrane IlI; (b) variation coefficient for membrane I; (d) variation
coefficient for membrane II. Symbols represent the injection rate: (m) 1 mL/min; (¢) 5 mL/min;
(®) 10 mL/min; (==) Equation 6.5.

For the emulsions produced using membrane I, the droplet diameters varied from 65
to 217 pum. In general, the experimental values did not follow the model (Equation 6.5)

regarding the droplet diameters (Figure 6.3a), and no defined trend was observed when the
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droplet diameter was plotted in function of the shear stress. Also, the increase in shear stress
for the same oil injection rate, did not cause decreasing in the droplet diameter, with exception
of samples subjected to shear stress of 7 Pa. Similar result was reported by Zhu and Barrow
(2005), that varied the pore spacing from 20 to 100 um using stationary and vibrating micro-
machined membranes for emulsification and reported that the droplet size decreased with the
increase of the injection rate, for smaller pore spacing. This may be related to the relationship
between the transmembrane flux and the shear stress responsible to detach the droplets. An
increase in the injection rate at constant shear stress, means an increase of the flux on each pore,
and thus a possible increase on the speed of the detachment of the droplets. It is possible to say
that 7 Pa could not be enough shear stress to detach the droplet from the membrane surface at
lower injection rates and due to physical contact with neighbour droplets from neighbour pores
the droplets presented an early coalescence. The early coalescence due to physical contact
between the droplets ends up producing larger droplets with a wider size distribution for lower
injection rates. It is possible to avoid early coalescence even for droplets that suffer physical
contact before detachment, but higher concentrations of surfactant may be required
(VLADISAVLIEVIC et al., 2007). For conditions where the physical contact between the
droplet does not cause early coalescence, it is observed a “push off” effect, in which the contact
between the droplets promotes the detachment from the membrane, leading to a more uniform
size dispersion (DRAGOSAVAC et al., 2008; EGIDI et al., 2008; HOLDICH et al., 2020).
Abrahamse et al. (2002), studying the droplet interaction in crossflow emulsification, found the
droplets in neighbour pores may have physical contact among themselves generating early
surface coalescence and the author attributed the growing of the droplets before detaching from
the membrane to the steric interfere between the droplets. Studies on the literature regarding
the kinetics of droplet formation may consider only the formation of one droplet in one pore,
without consider the interaction between the droplets in neighbour pores (EGIDI et al., 2008;
ZAWALA; SZCZEPANOWICZ; WARSZYNSKI, 2015). Zawala et al. (2015) reported the
same result as reported at low shear stress, studying the experimental and theoretical behaviour
of droplet detachment formed in a single pore, where a decrease on the droplet size with the
increase of the dispersed phase injection rate was observed. However, it is important to note
that this was observed in situations where the droplet size and the distance between the pores
are of the same magnitude, and for lower detachment shear stress. The situation where the
droplets detach from the membrane without the action of shear forces is called spontaneous
transformation-based droplet formation, where the detachment is due to the geometry of the

system membrane/droplet (EGIDI et al., 2008). The variation coefficient for emulsion droplets
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formed using membrane | (Figures 6.3b) presented values under 30 %, with a trend to increase
with the increase of emulsification shear stress. As can be seen in Figure 6.4b, emulsion droplets
produced using membrane | have a wide size dispersion between the droplets. The pores
distance of membrane I is Bp = 102 um and the average of the droplet diameter is greater than
65 um, being more evidence of an early coalescence between the droplets due to physical
contact. Considering that when the ginger oil is being pushed through the membrane and the
droplet is being formed, if the space between two droplets in two nearby pores is not large
enough, these droplets may coalesce before detach for the membrane surface, increasing the
droplet size (DRAGOSAVAC et al., 2008).
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Figure 6.4. Morphology of metal membranes and Tween 20/ginger oil emulsion droplets. (a)
Membrane I, Dp = 28 um and Bp = 102 um. (c) Membrane I, Dp = 24 um and Bp = 250 pum.
Emulsion droplets for (b) membrane | and (d) membrane 1l at 7 Pa of shear stress and 1 mL/min
injection rate.

The droplets in the emulsion formed by membrane 1l had diameters varying from 54

to 165 um (Figure 6.3c). Considering the model to predict the droplet diameter (Equation 6.5),
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membrane Il produced droplets that followed the trend predicted by the model, for all values of
injection rate tested. The average diameter reported for emulsification shear stress of 46 and 68
Pa did not present statistical difference, indicating that the droplet sizes at 46 Pa would be the
smallest possible to be obtained with a membrane with those characteristics, without affecting
the size distribution. Differently from membrane I, the emulsion droplet diameter for the same
shear stress increased with increasing oil injection rate, and no sign of early surface coalescence
was observed, corroborating with the proposition of the influence of the pore spacing and final
droplet size on the detachment process. In a recent study of membrane emulsification in
crossflow using single annular pass, it was reported that for all shear stresses and injection rates
tested there was a decrease of droplet diameter with the increase of shear stress, and an increase
of droplet diameter with the increase of the injection rate (HOLDICH et al., 2020). The variation
coefficient reached a minimum at 46 Pa increasing again after that, indicating that there is a
limit of shear stress that can be applied on the system before it affects the size distribution
(Figure 6.3d). The uniformity on the size of the capsules can be seen in Figure 6.4d where, in
contrary of the observed for membrane Il (Figure 6.4b), most of the capsules have similar
diameter. Still, no treatment presented a VVC higher than 30 %, indicating that the emulsification
process is robust in replicating the droplet sizes on the conditions tested. The different profile
of droplets that resulted from membranes | and Il corroborates with the proposition of the
influence of pore distance and droplet size on detachment process due to early sterical
coalescence, if this distance is not large enough for low shear stress.

Considering that, for low or no shear stress, the detaching process of the droplet
depends on the physical properties of the pores and droplets (EGIDI et al., 2008), evaluating
the ratio between the droplet average diameter and the pores spacing (Rse = da/Bp), and the
ratio between pore diameter and pore spacing (Rps = Dd/Bp), @ membrane parameter, gives a
good idea on the potential for physical contact and early coalescence between the droplets. At
the lowest emulsification shear stress (7 Pa), increasing of injection rate resulted in Rgs values
of 2.13, 1.62, 1.13 for membrane | and 0.46, 0.60, 0.66 for membrane Il. Moreover, membrane
I had Rps = 0.27 and for membrane 11 Rpg = 0.096. Smaller values of Rpg means that the pore
sizes are smaller, in comparison with the pore spacing, thus it is expected that smaller Rps
decreases the probability of physical contact between the droplets prior to detach from the
membrane, considering low values of shear stress. By the theoretical interpretation of Rgg, at
lower or no shear, Rgs < 1 decrease the probability of physical contact between droplets in
neighbour pores. Dragosavac et al. (2012) studying emulsification of pumpkin oil in Tween 20

solution for the production of multiple emulsions, reported that for shear stress of 1 Pa the
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highest values of droplet size and size distribution (1.5 < Rgs < 2.15) was observed. In addition,
the authors reported that for the same value of emulsification shear stress, when Rpg = 0.1 the
droplet diameters varied from 150 to 200 um and for Rps = 0.2 the droplet size varied from 200
to 250 um. Morelli et al. (2017) reported the highest values of droplet size (Ras = 1.7) for shear
stress of 1 Pa and the membrane used for emulsification for cell encapsulation and colonic
delivery had Rps = 0.15. The influence of emulsification shear stress was reported by Holdich
et al. (2020): for shear stress of 0.8 Pa, Rqs was 0.915, whereas for 6.0 Pa, Rqs was 0.41 at the
same surfactant concentration, using a membrane with Rps = 0.075, in membrane emulsification
by crossflow using a single annular pass. Egidi et al. (2008) reported that membrane with Rps
= 0.25 produced droplets considerable larger than a membrane with Rps = 0.1, for low values
of shear stress. In this sense, the authors propose that for emulsification conditions were is
required to use low or no shear stress, the evidences show that is better to use a membrane with
Rpg < 0.1, aiming to produce droplets in a region of Rgs < 0.8, thus avoiding the early
coalescence between the droplets. The authors also recommend more studies focusing on
droplet formation and detachment from the metal membrane, to further understand the kinect
of this processes under low or no shear stress.

Based on the results presented in Figures 6.3 and 6.4, considering the droplet
diameters and the respective size distribution, membrane 11 (Rpg = 0.096) was chosen for the
next assays, taking into account that the experimental data showed a behaviour more compatible
with the trend predicted by the theoretical model and presented a narrower and controlled VC,
indicating a lower droplet size polydispersity. Therefore, the parameters on the dispersion cell
to be applied in emulsification of ginger oil in gelatin solution was set to vary from 540 to 1780
RPM, which is 13 to 97 Pa for solution with 4 % (w/w) of gelatin, 13 to 164 Pa for gelatin

solution with 10 % (w/w) of gelatin and injection rate of 5 mL/min.

6.3.2 Membrane emulsification of ginger oil in gelatin solution

In order to obtain an efficient encapsulation process, the core and wall material must
form a proper emulsion (FERREIRA et al., 2019; KAUSHIK et al., 2015). When using
membrane emulsification (ME), parameters such as droplet mean diameter and size distribution
will tell how stable the process is being carried, due to the minimization of Ostwald ripening or
droplet coalescence (ZAWALA; SZCZEPANOWICZ; WARSZYNSKI, 2015). The results for
membrane emulsification of ginger oil in gelatin solution of 4 and 10 % (w/w) are presented in

Figure 6.5.
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As can be seen in Figure 6.5a, the emulsion with 4 % of gelatin presented a significant
linear decrease in droplet diameter with the increase in shear stress during membrane
emulsification. The experimental droplet diameter did not match the diameter predicted by the
model varying from 67 to 128 um. The authors speculate that the model’s value could be
achieved in higher values of shear stress. Several studies reported that mainly for lower or mid
values of shear stress, the experimental data does not match the predicted droplet size
(HOLDICH et al., 2020; MORELLI; HOLDICH; DRAGOSAVAC, 2017; SANTOS et al.,
2015). The VC for samples produced with 4 % (w/w) of gelatin presented a higher value (27%)
for lower values of sheer stress. With the increase of shear stress there was a decrease of VC
reaching below 15 % (Figure 6.5b), which indicates a production of emulsion droplets with low
size distribution (MORELLI; HOLDICH; DRAGOSAVAC, 2017; STILLWELL et al., 2007).
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Figure 6.5. Size and size distribution in function of shear stress and injection rate of droplets
produced by membrane emulsification of ginger oil in gelatin solution. (a) diameter of droplets
with 4% of gelatin (experimental and model) in function of emulsification shear stress; (b) VC
of the diameter of droplets with 4% of gelatin in function of emulsification shear stress; (c)
diameter of droplets with 10% of gelatin (experimental and model) in function of emulsification
shear stress; (d) VC of the diameter of droplets with 10% of gelatin in function of emulsification
shear stress.

For emulsions produced with 10 % (w/w) of gelatin the experimental diameter and
the values predicted by the model followed the same trend. In addition, the model (equation
6.5) predicted properly the experimental droplets diameters. The increase of shear stress caused
a significant decrease in droplet diameters from 109 to 35 pum (Figure 6.5c). The same is
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reported in the literature in several studies (DRAGOSAVAC et al., 2012; HOLDICH et al.,
2010; PU; WOLF; DRAGOSAVAC, 2019; VLADISAVLJEVIC; SCHUBERT, 2003). On the
other hand, the corresponding VC was slightly higher (21 - 28 %), decreasing with the increase
in shear stress (Figure 6.5d).

By comparing the morphology of the emulsion droplets (Figure 6.6) it is clear the
influence of the formulation on the size and size dispersion, corroborating with previous results.
For Figure 6.6a and Figure 6.6d the droplets have the same size magnitude, however as the
shear stress increases the emulsions with 10 % (w/w) of gelatin (Figures 6.6e and 6.6f) have a
much larger decrease on droplet size than the emulsions with 4 % (w/w) of gelatin (Figure 6.6b
and 6.6¢). The reason why emulsions with higher gelatin concentration present higher size
distribution is believed to be related to its higher viscosity. However, the same reason can be
used to explain the fact that the model to predict the droplet size works better for more viscous
emulsions. The model uses a balance force between capillary and drag forces to predict the size
of the droplet after leaving the membrane pore (KOSVINTSEV et al., 2005; STILLWELL et
al., 2007). Thus, having a viscous continuous phase with good emulsification properties may
allow the oil droplet (dispersed phase) to keep its original size due to steric stabilization, in

synergy with the shear stress applied on the system through agitation (TANAKA et al., 2020).
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Figure 6.6. Morphology of gelatin/ginger oil emulsion droplets formed by membrane
emulsification with 4 % of gelatin (a = 13 Pa, b = 42 Pa and ¢ = 97 Pa) and 10 % of gelatin (c
=13 Pa, e =57 Paand f = 164 Pa) and 5 mL/min.



130

6.3.3 Effect of complex coacervation by batch stirring and by atomization on wet capsules size
and morphology

In this section, the effects of complex coacervation conditions and methods
(atomization or batch stirring) on capsules’ size and morphology will be discussed. Complex
coacervation was carried out departing from gelatin/ginger oil emulsions produced by metal
membrane using the dispersion cell (DC). It is important to note that two kinds of shear stress
will be taken into account: emulsification shear stress, which is related to the agitation applied
on the system by the stirring paddle in the DC; and coacervation shear stress, which is related
to the Weber number (We) during the atomization process of the gelatin/ginger oil emulsion
over the Arabic gum solution (Figure 6.2).

Three atomization conditions (low, medium and high shear stress/We) were studied.
It is possible to mathematically correlate We (Equation 6.6) and shear stress during coacervation
for emulsions with 4 % (w/w) of gelatin (Equation 6.8) and 10 % (w/w) of gelatin (Equation
6.9). Figure 6.7 presents the relationship between size of the capsules produced under different
conditions for complex coacervation (three conditions of atomization and one condition for

batch stirring) in function of the shear stress during membrane emulsification.
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Figure 6.7. Capsule’s mean diameter in function of emulsification shear stress for different
complex coacervation conditions (where AT1 = (m), AT2 = (A), AT3 = (¢) and BS = (e)) for
formulations with 4% of gelatin (a) and with 10% of gelatin (b).

For the capsules formed using 4 % (w/w) of gelatin/ginger oil (Figure 6.7a) the
diameter ranged from 35 to 151 pm. In addition, samples with 4 % (w/w) of gelatin/ginger oil
produced by batch stirring presented a decrease of capsule size with the increase of membrane
emulsification shear stress. The VC had values for samples with 4 %(w/w) of gelatin/ginger oil
under 21 %, indicating a process with low size distribution (Table 6.1) (MORELLI; HOLDICH;
DRAGOSAVAC, 2017). When using emulsions with 10 % (w/w) of gelatin the capsules’
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diameter varied from 35 to 100 um (Figure 6.7b). In addition, this formulation presented a
narrower size distribution, with VC value below 17 % (Table 6.1). For both formulations tested,
the capsules formed by batch stirring were significantly larger than those formed by atomization
(Table 6.1). This is an indication that the method of complex coacervation together with
thermodynamic factors has influence on the size of the capsules formed (FERREIRA;
NICOLETTI, 2021). In batch complex coacervation for cell encapsulation preceded by
membrane emulsification, Morelli et al. (2017) reported capsules size varying from 60 to 70
pum with VC varying from 19 to 23 %. In membrane emulsification carried out in continuous
mode, followed by batch stirring complex coacervation of fish gelatin and gum Arabic,
Piacentini et al. (2013) produced capsules size of 90 um with shear stress varying from 1.3 to
13 Pa. It is possible to say that the use of shear stress by carrying out coacervation by
atomization decreased significantly the capsule diameter when comparing with the samples
produced by batch stirring. This result corroborates with previous results obtained where the
complex coacervation induced by batch stirring and atomization for emulsions with the same
formulation produced capsules with different size (FERREIRA; NICOLETT]I, 2021).

Another way to analyse the data obtained is to consider the influence of atomization
conditions (We) on the capsule diameter, for each membrane emulsification condition. For each
emulsion with the same formulation and different emulsification parameters, the atomization
conditions affected significantly the capsule’s diameter. (Table 6.1). Moreover, for capsules
produced under the same emulsification and coacervation condition but with different
formulation, almost all have significant differences. Another important observation can be
made for both emulsions produced with 97 Pa (4 % of gelatin) and 164 Pa (10 % of gelatin), in
which the diameter of the capsules produced by atomization showed a significant linear
decrease (R?= 0.95) (graph not shown), with increase of We, not taking in consideration the
capsules formed by batch stirring. The emulsions produced at higher shear stress (97 Pa and
164 Pa) during membrane emulsification resulted in smaller emulsion droplets (Figure 6.5), and
for these emulsions, the increase of We during atomization generated a linear decrease of the
capsules diameter. These effect could be attributed to the shear stress applied on the emulsion
by the atomization air at the spray nozzle, that reduces even more the size of the droplets, thus
creating smaller capsules.

Regarding the size distribution, for samples having 4 %(w/w) of gelatin, the increase
of shear stress during coacervation caused an increase in VC (Table 6.1). However, for capsules
formed with 10 % (w/w) of gelatin there was no apparent relationship between droplet diameter

and increase of shear stress on the system. This may be due to the higher viscosity of the 10
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%(w/w) emulsion, which makes the variability on the capsule size less susceptible to shear
stress applied during the atomization process.

An important fact to be noted is that in some of the samples (4GEM1AT],
4GEM1AT2, 4GEM1AT3, 4GEM2AT1, 4GEM2AT2, A4GEM2AT3, 4GEM3AT],
4GEM3AT2, AGEM3AT3, 10GEM1BS, 10GEM1AT1, 10GEM1AT2, and 10GEM1AT3) the
initial emulsion droplets were larger than the final capsules, as presented in Table 6.1. This may
indicate that in some point during the coacervation process, a secondary emulsification or
droplet breakage during the emulsion atomization - due to shear stress applied to the emulsion
at the atomization nozzle - must have happened in addition to the solvent repulsion present
during the complex coacervation process. This can be seen when comparing the morphology of
the capsules (Figure 6.8).

4 % w/w gelatin and ginger oil 10 % w/w gelatin and ginger oil

Batch Stirring
Complex coacervation

Atomization
Complex coacervation

Figure 6.8. Morphology of the capsules produced by batch stirring and atomization, emulsified
by membrane.

Concerning the morphology of the capsules formed, as presented in Figure 6.8, two
main morphologies were observed: single core and multi core capsules. All samples
coacervated by atomization presented multi core capsules, confirming the hypothesis that a
secondary emulsification process happened at the atomization nozzle. The capsules formed by
batch stirring presented a mononuclear core. This result is promising to produce capsules that
must have a specific concentration of core material (e.g. drug delivery). Having capsules with
a mononuclear core and controlled capsule size may promote an exact control over the amount

of core per capsule (PIACENTINI et al., 2013). Recent study on effects of process conditions
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on morphology and oxidative stability of capsules produced by complex coacervation, showed
that in order to produce single core capsules is required agitation with 12600 < Reynolds <
18600 (MA et al., 2019). Thus, carrying out complex coacervation using emulsions produced
by metal membranes presents a good alternative since some compounds cannot endure high
values of Reynolds due to mechanical degradations, such as bacterial/yeast cells (MORELLI;
HOLDICH; DRAGOSAVAC, 2017). Evaluating the morphology and size of capsules
produced by complex coacervation during scale up, Lemetter et al. (2009) reported that to
produce single core capsules with size varying from 10 to 25 um, would be necessary a parental
emulsion with droplet with size varying 5 to 10 um with monomodal size distribution. In
production of fish gelatin and gum Arabic capsules emulsified by metal membrane, Piacentini
et al. (2013) produced single core capsules varying the polymer ratio, polymer concentration
and agitation parameters.

The diameter of the capsules formed by batch stirring was smaller than its previous
emulsion droplets. Considering that the shear stress during batch stirring complex coacervation
was considerably low, the reason assumed for this fact resides on the solvent repulsion during
phase separation, that decreases the volume fraction occupied by the liquid phase, thus
decreasing the diameter of the final capsule formed (L1 et al., 2018; LIU; CHAPEL; SCHATZ,
2017). The capsules produced with higher gelatin concentration, for both coacervation methods,
seems to have a more uniform distribution of the core, what can be attributed to the smaller
droplet size produced which generates a higher number of droplets for the same volume of
ginger oil/gelatin emulsion. This may result in a higher value of encapsulation efficiency of the
capsules with higher gelatin concentration. In general, capsules atomized with 10 % (w/w) of
gelatin have the most heterogeneously distributed core on the capsules.

6.3.4 Effect of complex coacervation by batch stirring and by atomization on encapsulation
efficiency

The EE of the capsules produced ranged from 5 to 66 % considering both coacervation
methods (Table 6.1). Traditionally complex coacervation is known to be a microencapsulation
technique that provides capsules with high values of EE (ALEMZADEH et al., 2020; VEIS,
2011). However, a great number of studies of microencapsulation by complex coacervation
uses crosslinkers to increase the interactions between the polymers (ALEMZADEH et al.,
2020). This is true also for previous studies of emulsions formed by membrane technologies
that went through complex coacervation (MORELLI; HOLDICH; DRAGOSAVAC, 2017,
PIACENTINI et al., 2013). However, most of the crosslinking agents available are not food
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grade, with a only few exceptions (ALVIM; GROSSO, 2010). Considering that the EY of the
capsules ranged from 37 to 99 %, this indicates that the use of membrane emulsification to
produce emulsions for complex coacervation is efficient in carry the ginger oil throughout the
process. The use of a crosslinker agent may be of interest to increase the fraction of oil that
stays inside the capsule increasing the EE, when considering future studies. In previous studies
of complex coacervation carried out by atomization and emulsions formed by ultrasound
homogenization, EE values ranged from 89 to 99 % (FERREIRA; NICOLETTI, 2021) and 9
to 78 % (FERREIRA; NICOLETTI, 2020), without the application of crosslinking agents. The
values of EE in this study are lower than the values reported for complex coacervation carried
out by batch stirring using gelatin and gum Arabic as wall materials with (ALVIM; GROSSO,
2010) and without (COMUNIAN etal., 2016; MARFIL etal., 2018; QV; ZENG; JIANG, 2011)
crosslinking agents. This indicates that different conditions, such as emulsion formulation,
emulsification method, coacervation method and use or not of crosslinker, may work alone or
in synergy, in order to produce capsules with higher values of EE.

Emulsification is a crucial step to properly encapsulate a lipophilic compound
(FERREIRA et al., 2016; KAUSHIK et al., 2015). Figure 6.9 presents the relationship of
encapsulation parameters with emulsification conditions and capsules size for capsules
produced by batch stirring. One way to understand how the emulsification parameters may
interfere on encapsulation parameters is to see how the shear stress during membrane
emulsification affects the EY and EE of the dried capsules (Figure 6.9a). Another approach is
to correlate encapsulation parameters with the size of the capsule produced (Figure 6.9b).
However, considering the hypothesis that a secondary emulsification may be happening at the
atomization nozzle, presented in item 6.3.3 (Figure 6.8), only the encapsulation parameters of
capsules produces by batch stirring are presented in Figure 6.9.

The increase of the emulsification shear stress increased the EY. The increase of EY
was significant until 42 Pa, and the values of EY for batch stirred capsules varied from 37 to 99
% (Figure 6.9a). The same trend was not observed for EE, however the highest value of EE for
batch stirring capsules (33 %) was found for the highest value of emulsification shear stress
(164 Pa). Capsules with more than 150 pum presented the lowest EY (Figure 6.9b). A similar
result was reported by Ferreira and Nicoletti (2021), where for complex coacervation by batch
stirring the increase of capsule size and gelatin concentration decreased the EY. Comparing the
use of gelatin, chitosan and gum Arabic for batch stirring complex coacervation, Gongalves et

al. (2018) obtained EY varying from 53 to 90 %, being the higher value from the combination
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of gelatin and gum Arabic. The values of EE increased until the capsules size reached 90 pm,

and after that decreased.
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Figure 6.9. Encapsulation yield - EY (A) and encapsulation efficiency - EE (e) in function of
(@) membrane emulsification parameters and (b) capsule size of capsules formed by batch
stirring complex coacervation.

Taking into account the influence of formulation on encapsulation parameters of
capsules formed by batch stirring, emulsions with 4 % (w/w) of gelatin/ginger oil, presented a
significant increase of EY from 36 to 94 % with an increase on emulsification shear stress from
13 to 42 Pa (Table 6.1). For emulsions with 10 % (w/w) of gelatin/ginger oil, the EY values
significantly increased from 71 to 99 %, with the increase on the emulsification shear stress
from 13 to 57 Pa. In other hand, the EE values for these emulsions increased from 17 to 33 %,
highest value of EE among batch stirred capsules, with the increase on the emulsification shear
stress from 57 to 164 Pa.

Finally, the influence of the complex coacervation method/parameters (batch stirring
or atomization) on the encapsulation parameters was investigated, for emulsion produced under
different shear stress during membrane emulsification (Figures 6.10 and 6.11 and Table 6.1).

The increase of We number from 87 to 242 increased significantly EY values from 37
to 88 %, however samples produced with We higher or equal than 242 (Figure 6.10a) had EY
similar as the capsules by batch stirring (Table 6.1). This may be related to the lower energy
input during the membrane emulsification step that is compensated by the shear stress during
the atomization process. For emulsions formed with shear stress of 97 Pa (Figure 6.10b), the
EY values did not change significantly in function of We. However, the increase of We number
from 87 to 242 increased significantly the EE values from 9 to 34 %.
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Figure 6.10. Encapsulation parameters in function of Weber number during complex
coacervation for emulsions with 4% (w/w) of gelatin/ginger oil. Emulsification shear stress of
42 Pa represented in (a), where EY (0) and EE (¢). Emulsification shear stress of 97 Pa
presented in (b), where EY (A) and EE (o).
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Figure 6.11. Encapsulation parameters in function of Weber number during complex
coacervation for emulsions with 10% (w/w) of gelatin/ginger oil. Emulsification shear stress of
57 Pa represented in (a), where EY (0) and EE (0). Emulsification shear stress of 164 Pa
presented in (b), where EY (A) and EE (o).

For emulsions with 10 % (w/w) of gelatin/ginger oil and emulsified with shear stress
of 57 Pa, the values of EY for batch stirring and lower value of We (82) were the same (Figure
6.11a). However, EY for We > 82 were significantly smaller than We < 82, which indicates that
the energy input during emulsification must be not enough to form a stable emulsion to carry
the oil. The peak of EE was reached at We = 228. The EE values for We > 228 were significantly
smaller (Figure 6.11a). However, where the emulsions were formed with higher shear stress
(164 Pa), the increase of We also increased the EE (Figure 6.11b). This is an indication that
even though the emulsions formed with 57 and 164 Pa produced emulsions with similar droplet
size, the coacervation process yielded different encapsulation properties. Studying the influence
of dimensionless numbers on the atomization process during encapsulation of buriti oil by spray
drying, Moser et al. (2019) for We > 420 reported EE of 81 to 92%.

The formulation of emulsions did not affect greatly the EY of the capsules (Figures
6.10 and 6.11), however there was influence on the EE. Emulsions with 4 % (w/w) produced
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capsules with maximum EE of 40 % and emulsions with 10 % (w/w) of gelatin produced
capsules with maximum EE of 66 %. A similar result was reported in previous study of complex
coacervation by atomization, where emulsions with 2% (w/w) of gelatin had a decrease of EE
with the increase of We, and the EE of emulsions with 6 % was not affected by We. Having a
higher concentration of gelatin promotes a stronger emulsion structure, entrapping the oil
droplet inside the capsules and increasing the EE (FERREIRA et al., 2016). These results
corroborate with the result presented in section 6.3.3, where the morphology of the capsules
indicated more core content inside the capsules with higher gelatin/ginger oil concentration, for

both batch stirring and atomization complex coacervation.

6.4. Conclusions

The ratio of the membrane pore diameter and pore spacing had great influence on the
droplet sizes, size distribution and prediction of droplet sizes, mainly for lower values of
emulsification shear stress. Membrane with larger space between the pores produced smaller
emulsion droplets with lower size distribution. Membrane emulsification produced proper
emulsions for complex coacervation, with low size distribution. For emulsions with 10 % (w/w)
of gelatin/ginger oil, it was possible to predict the size of the droplets. Indications of a second
emulsification process was observed at the atomization nozzle, and this was observed more
prominently for capsules atomized under higher Weber numbers. Capsules produced by batch
stirring had a single core morphology and atomized capsules had a multi core morphology. The
EE of the capsules ranged from 5 to 66 % and the EY varied from 37 to 99 % for both
coacervation methods. The results of high values of EY and medium to low values of EE
indicate that, even though the oil is being carried out throughout the encapsulation process, part
of the oil is being encapsulated on the outer part of the capsules. For capsules produced by batch
stirring the best condition found based on EY was emulsification shear stress of 164 Pa and 10

% (w/w) of gelatin/ginger oil emulsion.
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Abstract

This study introduces a novel method to induce complex coacervation by using metal
membrane technology - which has been most used for drop-by-drop emulsification - to inject
protein-stabilized oil droplets directly into a polysaccharide solution. Emulsions of gelatin (4
and 10 % w/w) and ginger oil (gelatin:ginger oil ratio of 1:1) were produced by high shear
homogenization to further complex coacervation with gum Arabic at pH 3.5 using the proposed
metal membrane methodology. The capsules produced by membrane coacervation had
spherical shape with diameter varying from 53 to 72 um, and encapsulation efficiency ranging
between 61 — 93 %. The encapsulation yield varied from 15 to 90 % being significantly higher
for emulsions with 4 % (w/w) of gelatin/ginger oil. Complex coacervation by metal membrane
was compared with coacervation induced by atomization - another recent method developed in
our group - and with complex coacervation by batch stirring. The results showed that the use
of metal membranes are a promising new configuration to induce complex coacervation, with

real possibilities for scale up of the process of complex coacervation.

Keywords: hydrocolloid matrix, dispersion cell, membranes, atomization, encapsulation,

ginger oil, gelatin, gum Arabic.
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7.1. Introduction

Microencapsulation is an effective way to physically protect lipophilic compounds from
adverse conditions, in addition to provide conditions to controlled or targeted release,
undesirable flavour masking, and change of physical state (ERATTE et al.,, 2015;
JANISZEWSKA-TURAK et al., 2017; MA et al., 2019; RUTZ et al., 2017). Several methods
for encapsulating a core material of interest can be applied, and the choice of encapsulation
method and materials to be used lays on the application of the capsules, cost benefit, seasonality
of core and wall material, trigger to core release and chemical nature of core (SHAHIDI; HAN,
1993; TIMILSENA et al., 2017b, 2019). Complex coacervation is featured by its simplicity,
reproducibility, scalability and high encapsulation efficiency and yield (DRUSCH; REGIER,;
BRUHN, 2012; SPECOS et al., 2010; TIMILSENA et al., 2019).

Complex coacervation has been successfully used for microencapsulation of essential
oils and flavours, which have extensive application in food, agricultural, textile and
pharmaceutical industries. The technique is very versatile and is suitable for protection of these
compounds against degradation, to prevent loss of volatiles, besides allowing modulated release
and increased stability of the encapsulated material (ALEMZADEH et al., 2020; XIAO et al.,
2014a, 2014b). Complex coacervation results mainly from the electrostatic interaction of
oppositely charged polymers that, due to solvent repulsion, forms complexes that tends to
precipitate. In addition, the presence of weaker interactions such as hydrophobic interactions
and hydrogen bonding may contribute to coacervation (ACH et al., 2015; RUTZ et al., 2017).
The complex coacervation process can be thermodynamically described in function of enthalpic
forces, mainly long-range electrostatic interactions inter macroions, and entropic forces
resulting from the loss of small ions (KAYITMAZER; KOKSAL; KILIC IYILIK, 2015). The
influence of process conditions on batch stirring complex coacervation has received attention
in previous works evaluating the influence of biopolymer concentration and ratio, core to
biopolymer ratio (MARFIL et al., 2018), stirring speed and coacervation pH (LEMOS;
MARIANO MARFIL; NICOLETTI, 2017; MA et al., 2019), influence of hydrodynamic
conditions (DOBETTI; PANTALEO, 2002), and influence of drying method on particle
properties (KAUSHIK et al., 2016).

The standard and well known pair of biopolymers used as a reference for new studies
on complex coacervation are gelatin and gum Arabic. Gelatin is a well-known emulsifying
polymer structured in the form of a triple helix, good emulsifying properties; being a protein, it
has a net charge depending on the medium pH and its main three amino acids present are
glycine, proline, and hydroxyproline (GILSENAN; ROSS-MURPHY, 2000; HECKERT
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BASTOS et al, 2020). Gelatin has a clear flavour profile, which is very useful in
microencapsulation (KARIM; BHAT, 2008). Gum Arabic is a carbohydrate vastly used in
complex coacervation, presenting low viscosity, mild flavour, provides protection against
volatile oxidation and has negative value of zeta potential (COMUNIAN et al., 2016;
ZUANON; MALACRIDA,; TELIS, 2013). It is composed by fractions with different chemical
structures, about 70% of which consists of polysaccharide chains of a highly branched
arrangement of galactose, arabinose, rhamnose, and glucuronic acid with little or no
nitrogenous material between them (OSMAN et al., 1993; RAY et al., 1995). The use of gelatin
and gum Arabic results in particles with higher encapsulation yield when compared with other
hydrocolloid combinations and defined capsule morphology (GONCALVES et al., 2018;
MORELLI; HOLDICH; DRAGOSAVAC, 2017).

In an effort to present alternatives to the traditional method of inducing complex
coacervation by batch stirring, few studies proposed different configurations to perform the
process using three-fluid nozzles to combine coacervation and drying in a single step (JIANG
etal., 2013; KASPAR; JAKUBEC; STEPANEK, 2013). Previous studies of our research group
used a two-fluid nozzle to atomize gelatin emulsion over a gum Arabic solution to induce
complex coacervation and proved the possibility of particle engineering (FERREIRA,
NICOLETTI, 2020, FERREIRA; NICOLETTI, 2021). These studies evaluated the influence of
process parameters on capsule size and morphology, showing that both process and
thermodynamic conditions may play similar roles on capsule formation. In an attempt to offer
additional possibilities of accomplishing microencapsulation by this technique, in the present
study we evaluated the use of metal membranes as a new method to induce complex
coacervation, using dispersion cells (DC), which are commonly applied for membrane
emulsification (CONSOLI; HUBINGER; DRAGOSAVAC, 2020; KOSVINTSEV et al.,
2005). The setup used for membrane emulsification and that was adapted for complex
coacervation has received attention precisely because of its ability to produce particles or
droplets with low size polydispersity and because it is a drop-by-drop technology
(DRAGOSAVAC et al., 2008, 2012; KOSVINTSEV et al., 2005; PU; WOLF;
DRAGOSAVAC, 2019). Moreover, there are in-place setups for membrane emulsification that
could be used for membrane coacervation to be carried out in continuous process and in
industrial scale (HANCOCKS; SPYROPOULOS; NORTON, 2016; HOLDICH et al., 2018,
2020). In the dispersion cell configuration, a gelatin/oil emulsion, at the coacervation pH, is
forced through a metal membrane, with cylindrical pores in hexagonal configuration, exiting in

contact with the gum Arabic solution, also at the predetermined coacervation pH. In order to
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detach the emulsion droplet from the membrane, a stirrer is used. Two main parameters are of
particular significance for complex coacervation carried out by metal membranes: the emulsion
injection rate and the shear stress generated by the stirrer (MORELLI; HOLDICH,;
DRAGOSAVAC, 2017; PIACENTINI et al., 2013).

This study aimed to investigate the possibility of applying dispersion cell to induce
complex coacervation by metal membrane, which, to the best of our knowledge, has not been
reported in the literature until now. The rheological behaviour of the emulsions was evaluated
aiming to correlate their microstructure with the process performance. In addition, capsules
produced by membrane coacervation were compared with those resulting from complex
coacervation induced by atomization and batch stirring. The three methods were compared
regarding wet capsules’ size, size distribution and capsule morphology, as well as the dried

capsules’ encapsulation performance.

7.2. Material and Methods
7.2.1 Materials

Cold pressed ginger oil (Gran Qils, Séo Paulo, Brazil) was used as encapsulated
material. Gum Arabic (Dindmica, Campinas, Brazil) and type B gelatin, 240 bloom (Gelita,
Mococa, Brazil) were used as wall material to induce complex coacervation, and the pH was
adjusted using glacial acetic acid (Dindmica, Campinas, Brazil). The release of the encapsulated
oil was induced by using hydrochloric acid 4 N (Dinamica, Campinas, Brazil) and hexane

(Dinadmica, Campinas, Brazil) was used as extraction solvent.

7.2.2 Methods
7.2.2.1 Preparation of emulsions gelatin and ginger oil and gum Arabic solution

Gelatin was dispersed in deionized water at 60 °C at concentrations of 4 % (w/w) and
10 % (w/w) of the final emulsion. Ginger oil was added at the same concentrations as the gelatin
(gelatin:ginger oil ratio of 1:1). Emulsions were homogenized using a rotor-stator high-shear
homogenizer (Ultra Turrax, T-25, IKA, Germany) at 15000 rpm for 5 min. The solution of gum
Arabic (1 g/100 g of solution) was prepared by adding it to deionized water (50 °C) under
magnetic stirring until complete dissolution. For complex coacervation assisted by atomization
and by membranes, the emulsion and gum Arabic solution had their pH adjusted to 3.5 prior to

the coacervation process.
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7.2.2.2 Characterization of emulsion and biopolymer solutions

The rheological behaviour of the gelatin/ginger oil emulsions and gum Arabic
solution was determined in a rheometer AR2000ex (TA Instruments, USA) at 35 °C. Non-
oscillatory assays were carried out using cone and plate geometry. The interfacial tension
between ginger oil and gelatin solution, and the surface tension measurements of the
gelatin/ginger oil emulsion and gum Arabic solution were done in a DB2KS tensiometer (White
Electric Instrument, United Kingdom) by the Du Nouy ring method. The density of the
emulsions and gum Arabic solution was determined in a densimeter DMA ™ 4500 M (Anton
Paar, Austria) at 35 °C. The parameters are presented in Table 7.1 and for conciseness they will
not be part of the discussion, since the values are only used to determine the shear stress during

complex coacervation.

Table 7.1. Physicochemical properties of ginger oil/gelatin (35 °C) emulsions and gum Arabic
solution used during complex coacervation by metal membrane, atomization, and batch

stirring.
Biopolymer Ginger oil Surface Density? Apparent Rheological model's
Biopolymer concentration concentration tension! viscosity best fit/R?
(9/100 g) (/100 g) (mN/m) (kg/md) (mPa-s)
Gelatin 4 4 50.1+0.2 1002.4+0.1 6.2 Newtonian/0.998
10 10 51.9+40.3 1010.5+0.1  49.7 Bingham/0.999
Gum Arabic 1 - 39.4+0.9 994.3+0.2 0.6 Newtonian /0.999

!Mean values =+ standard error (n = 10); “Mean values + standard error (n = 3)

7.2.2.3 Effects of polymer ratio and pH on complex coacervation between gelatin and gum
Arabic

The assays to study the influence of polymer ratio and pH on the coacervation were
carried out following Lv et al. (2014), with minor modifications. Gum Arabic (GA) and gelatin
(GE) aqueous solutions were prepared and the total biopolymer concentration of the final
solution was 0.5% (w/w) varying the ratio of polymers as (GA:GE) 1:1; 2:1; 1:4; 0:1 and 1:0.
Then the pH of the final solution was slowly adjusted ranging from 2.5 to 5.5, using acetic acid.
The turbidity was measured at 600 nm in a spectrometer photometer lambda 35 UV/VIS
(Perkin-Elmer, United Kingdom).

7.2.2.4 Complex coacervation in batch stirring
Complex coacervation in batch stirring was carried as described by Marfil et al.
(2018). Ginger oil/gelatin emulsion (50 + 1 °C) and gum Arabic solution (50 £ 1 °C) were

mixed and kept under slow stirring. The pH was slowly adjusted to 3.5 using glacial acetic acid
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(> 96%). Then the system was immersed in an ice bath for slow cooling until 10 £ 1°C. After
24 hours, part of the sedimented particles was analysed for size and morphology and part was
transferred to aluminium trays and frozen at -20 °C. Drying was carried out by lyophilisation

for 72 hours for further analyses.

7.2.2.5 Complex coacervation by metal membrane

The gelatin/ginger oil emulsion (35 °C, pH 3.5) was forced through a metal membrane
(24 um pore diameter and 250 pm of distances between the pores) and dispersed in the gum
Arabic solution (35 °C, pH 3.5) using a dispersion cell (Micropore Technologies Ltd., United
Kingdom) (Figure 7.1). Emulsion injection rate varied from 3 to 10 mL/min. Agitation inside
the dispersion cell varied from 540 to 1780 RPM (1 to 13 Pa). After all the emulsion was
injected on the dispersion cell the mixture containing the capsules was cooled down to 10 °C

in an ice bath. Freeze drying was performed as described in 2.2.4.

Shear stress during T
membrane complex coacervation

o

Initial solution of Arabic
gum
pH = 3.5, before

High shear coacervation

emulsification

= ""/{66;nplex coacervated
[w=)
3 [::> capsules

L i Syringe pump ~~.and gum Arabic solution
Gelatin/ginger oil .

| | |
pH=35 S~

Gelatin/ginger oil emulsion
pH=35

Figure 7.1. Schematic diagram of dispersion cell (DC) with simple paddle stirrer above a nickel
flat-disc membrane, in which T =0.04, D = 0.032 m, Dn =0.033 m and b =0.012 m.

The membrane coacervation process can be described in function of the shear stress
applied in the dispersion cell. Equation 7.1 can be used to determine the boundary layer
thickness, 6 (LANDAU; LIFSHITZ, 1966) .

§= |&= (7.1)
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In Equation 7.1, p and p are the gum Arabic density and viscosity, respectively, and o is the

stirrer angular velocity in rad/s.
The radial distance at which the shear stress is maximum is called transitional radius,
I'rans, and can be determined by Equation 7.2:

Terans = 1.232 (0.57 + §) (9)0'036 0016 Remee (7.2)

T 1000+1.43Remcc

in which D is the stirrer diameter, T is the dispersion cell diameter, b is the blade height, and n
is the number of impeller blades. The Reynolds number during membrane coacervation (Remcc)

can be defined by Equation 7.3:
Reyce = — (7.3)

The maximum shear stress applied in the system can be determined using Equation 7.4

and will be taken as the shear stress during membrane coacervation.

__ 0.825uwrtrans
Tmee = 5 (7-4)

7.2.2.6 Complex coacervation by atomization

Complex coacervation by atomization was carried out as presented by Ferreira and
Nicoletti (2020, 2021). Ginger oil/gelatin emulsions were sprayed over an aqueous solution of
gum Arabic using a dual fluid atomizer nozzle (0.7 mm diameter, Labmaq, Brazil), with
controlled air and emulsion flowrates (Figure 7.2). The atomization conditions and additional
operational parameters are summarized in Table 7.2. The pH of the emulsion and of gum Arabic
solution were adjusted to 3.5 using glacial acetic acid (> 96%), prior to atomization. Air
flowrate was controlled using a rotameter FT074-02-CA-VN (Omega, USA). At the end of the
coacervation process the system was immersed in an ice bath until reaching 10 + 1 °C. Freeze
drying of the capsules was performed was described in section 7.2.2.4.

The shear stress during the atomization process was determined in function of the
Weber number (Equation 7.5). Since emulsions with 4 % (w/w) of gelatin/ginger oil behave
like a Newtonian fluid (Table 7.2), Equation 7.6 was used to determine their shear stress during
atomization. For emulsions with 10 % (w/w) of gelatin/ginger oil (Bingham fluid) Equation 7.7
was used, as described by Ferreira and Nicoletti (2020). The Reynolds number (Rea) during

atomization was calculated using Equation 7.8.
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Table 7.2. Physical properties of atomization air, dimensions of the atomization nozzle and
operational parameters of atomization.
Characteristics of the two fluid nozzle

Diameter of emulsion outlet (D) - (mm) 0.7
Internal diameter of air outlet (Dint) - (mm) 1.90
External diameter of air outlet (Dext) - (mm) 2.80
Emulsion outlet area - (mm?) 0.385
Atomization air outlet area - (mm?) 3.32
Physical properties of the atomization air (25 °C)
Density (pg) - (kg m™) 1.23
Viscosity (lg) - (UPa s) 18
Atomization process parameters
Atomization air velocity (Vg) - (m s™) 71.1t0 165.2
Emulsion velocity (Vi) - (m st) 0.42 to 0.64
High shear

Peristaltic pum
Emulsification pump

Gelatin/ginger@

oil emulsion
pH =3.5
B

Rotameter

A A

Atomization air

Emulsion outlet area

Atomization
air outlet area

D,
Dim‘
Da‘(f
Atomized emulsion
g droplets
Gum Arabic W
solution — ) * Coacervated
pH=35 capsules
t=t, = =t

Figure 7.2. Schematic diagram of the complex coacervation process by atomization.
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7.2.2.7 Characterization of wet microcapsules

The microstructure of wet capsules was evaluated using a Retiga 6000 colour camera
coupled to an optical microscope GXML3201(GX microscopes, UK). The scanned images
were used to measure the capsule size using Image Pro Plus 6.0 software (Media Cybernetics

Inc., USA), measuring the average diameter of 600 capsules per sample.

7.2.2.8 Characterization of dried microcapsules

Microencapsulation performance was determined following Tonon, Grosso and
Hubinger (2011) and Wang, Adhikari and Barrow (2014) with modifications. After complex
coacervation the microcapsules were freeze-dried and subjected to analysis as follows.
Encapsulation efficiency (EE) and encapsulation yield (EY) were determined considering the
oil content initially present in the gelatin/ginger oil emulsion (Ol), the oil present on the surface
of the dried capsules (OS) and the final total oil present in the capsules (OT). To determine OS,
100 mg of capsules and 10 mL of hexane were placed in a capped tube and agitated for one
minute. The hexane carrying the surface oil was filtered, transferred to Petri dishes and
evaporated at room temperature in a hood, and then at 60 °C until constant weight. To determine
OT, 100 mg of capsules were dispersed in 20 mL of 4 N hydrochloric acid solution and shaken
for 1 hour at 35 °C for digestion of the wall material. Then, 13 mL of hexane were added and
agitated for 10 hours at 25 °C, forming a two-phase system. The non-organic and organic phases
were separated by centrifugation at 10000xg for 30 minutes (model Z 326 K, Hermle, Germany)
and the organic phase containing hexane and oil was transferred to Petri dishes. The solvent
was evaporated at room temperature in a hood, and then in drying oven at 60 °C until constant
weight. The EE and EY were calculated by Equations 7.9 and 7.10, respectively.

EE(%) = 22 X 100 (7.9)

EY (%) = - X 100 (7.10)
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7.2.2.9 Statistical analysis

Unless stated differently, the assays were done in triplicate. The results of the
analytical determinations are expressed as arithmetic average (AV) submitted to analysis of
variance (ANOVA) and comparison of means by Tukey test with probability level at 5% (p <
0.05), using statistical software Minitab 17 (MINITAB, State College - PA, USA). The size
distribution of wet capsules is presented as variation coefficient [VC=(SD/AV)*100], in which

SD stands for standard deviation.

7.3. Results and Discussion
7.3.1 Effects of polymer ratio and pH on complex coacervation between gelatin and gum Arabic
The appropriate combination of polymer ratio and pH to induce complex coacervation
between gum Arabic and gelatin was defined based on the results of turbidity analysis (Figure
7.3). Three different combinations of polymer ratio/pH resulted in higher coacervation: for 1:1
and 1:4 (gum Arabic:gelatin) the optimum pH was 4.5, whereas for 2:1 (gum Arabic:gelatin)
the optimum pH was 3.5. A similar result regarding polymer ratio and pH was reported in
complex coacervation of fish gelatin and gum Arabic (LI et al., 2018). In a study of the influence
of process conditions on complex coacervation, Ma et al. (2019) reported optimum ratio of 2:1
at pH 3.4, 1:1 at pH 4.1 and 3:1 at pH 5.4 (gum Arabic:gelatin). Ferreira and Nicoletti (2021)
studying the influence of polymer ratio on complex coacervation induced by atomization, found
that the optimum ratio ranged from 1.5:1 to 3:1 (gum Arabic:gelatin) at pH 3.5. In particular,
using a polymer ratio with higher protein content would be of interest, considering that the oil
is emulsified in the protein solution at 1:1 ratio, thus increasing the protein ratio over the

carbohydrate means that it is possible to increase the oil content in the capsules.
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Figure 7.3. Absorbance (600 nm) in function of pH and polymer ratio complex coacervation
between gelatin and gum Arabic.
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The next step of our study aimed to perform complex coacervation using both gum
Arabic:gelatin ratios (1:4 at pH = 4.5 and 2:1 at pH = 3.5) with emulsions formulated with two
gelatin concentrations (4 and 10 w/w % of gelatin), to ensure that the ratios previously
determined would form proper complex coacervated capsules. These assays were carried out

by batch stirring, according to section 7.2.2.4.

4 % w/w gelatin and ginger oil 10 % w/w gelatin and ginger oil

1GA4GE
pH=4.5

2GA:1GE
pH=3.5
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Figure 7.4. Complex coacervation assays at 10 °C using gum Arabic:gelatin ratios of 1:4
(1GA:4GE) and 2:1 (2GA:1GE) at pH of 4.5 and 3.5, respectively, and different emulsion
concentrations.

Optical micrographics of the systems (Figure 7.4) showed that the formulations
1GA:4GE (pH = 4.5) did not form capsules after cooling and hardening steps, independently of
the gelatin concentration in the emulsion. It is important to mention that the data shown in
Figure 7.3 was obtained right after the pH adjustment, before the systems being subjected to
the hardening step. In this case, the gelatin was above its gelation temperature (approximately
25 °C), keeping the coacervate’s structure (DA SILVA et al., 2014). However, during the
cooling step, the gelatin solution goes through a restructuring process, changing its triple helix
conformation (GORNALL; TERENTJEV, 2008a, 2008b). Considering the fact that there are
four times more protein than carbohydrates in the system, its volume fraction has greater effect
on the matrix formation (DE KRUIF; WEINBRECK; DE VRIES, 2004; DE VRIES, 2004;
GIRARD etal., 2004). As a result, instead of inducing phase separation due to solvent repulsion
and polymer attraction, a gel-like network is formed, entrapping the oil droplets without
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individual capsule formation, as can be seen in Figure 7.4 in formulation with 4 % (w/w) of
gelatin/ginger oil. An example of the importance of protein chain organization during
coacervation and cooling processes to guarantee the formation and morphology of the capsule
is presented by Eratte et al. (2014), studying complex coacervation between whey protein
isolate and gum Arabic: the authors produced individual capsules at a ratio of 1:3 (gum
Arabic:whey protein isolate) and pH 3.75. The opposite results may be explained considering
that whey protein does not form mechanically strong gels like gelatin, corroborating with the
influence of the gel formation capacity of the polymer with its capacity to go through phase
separation at higher gelatin concentration (BOYE et al., 1995; GOSAL; ROSS-MURPHY,
2000).

On the other hand, in the formulations using polymer ratio 2GA:1GE at pH = 3.5, the
complex coacervated capsules formed as expected (Figure 7.4) independent of the emulsion
concentration. A possible explanation is that, in the beginning of the coacervation process the
gum Arabic adsorbs through electrostatic interaction around the gelatin/ginger oil emulsion
droplets, leading to the formation of the capsules wall (ACH et al., 2015). Considering that the
concentration of gum Arabic is twice the gelatin concentration, when the system is going to
through the cooling process, the gelatin groups positively charged (lysine and arginine) are all
or most of if interacting with the negative charged groups of gum Arabic (MOHANTY et al.,
2005; WANG et al., 2015). Thus, the gel-like matrix is not formed, as the excess of gum Arabic
stabilizes the coacervates both sterically and electrostatically. Another point to be considered
is that the produced capsules are intended to target core release in intestine conditions, thus
having to endure gastric conditions. Previous studies on the production of capsules for intestine-
targeted delivery using o-carboxymethyl chitosan—-gum Arabic coacervates showed that
capsules produced using a lower pH endure better gastric conditions, and have a more efficient
intestine delivery (HUANG et al., 2017a; HUANG et al., 2017b). Hence, using a formulation
that calls for a lower pH during the coacervation is an important result considering gastric
survival and intestine delivery, even though this formulation requires less gelatin, and as
consequence, less ginger oil.

Taking into consideration the capsule formation assays, the conditions chose to carry
out the complex coacervation were polymer ratio of 2:1 (gum Arabic:gelatin) at pH 3.5, for
both emulsion formulations (4 and 10 % w/w of gelatin/ginger oil).
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7.3.2 Influence of complex coacervation methods on the size, size distribution and morphology
of the capsules

The knowledge of the capsules size and size distribution during a microencapsulation
process, independently of the method used, is crucial to properly characterize the process
performance (MOSER; FERREIRA; NICOLETTI, 2019; OZKAN et al., 2019). In addition,
the overall size of the capsules can be directly correlated with their functionality, in particular
with its total surface area, which is directly related to encapsulation efficiency and the core
release kinetics (ZUANON et al., 2019). In the present work, the size and morphology of the
capsules produced were investigated as affected by three different methods used to induce
complex coacervation, i.e., metal membrane, atomization, and batch stirring, as well as varied
operational conditions that defined different hydrodynamic regimens (Table 7.3).

All the samples produced with emulsions containing 4 % (w/w) of gelatin/ginger oil
presented capsule sizes varying from 58 to 75 um, whereas the samples produced from
emulsions containing 10 % (w/w) of gelatin/ginger oil were significantly smaller, with sizes
varying from 50 to 68 um (Table 7.3). The exception was the coacervation assays G4-MC9 and
G10-MC9, for which the average capsule sizes were not statistically different, and for MC5 and
MC7 in which the capsules produced with 4% (w/w) of gelatin were significantly smaller.
Similar results were reported by Rocha-Selmi, Favaro-Trindade and Grosso (2013) studying
complex coacervation of lycopene, in which the increase on gelatin concentration from 2.5 to
7.5 % led to a decrease of capsule diameters from 144 to 61 um. Marfil et al. (2018),
investigating the production of capsules of gelatin and gum Arabic for the encapsulation of
palm oil by complex coacervation in batch stirring, varied the wall material concentration from
0.8 t0 9.21 % with the capsule diameters ranging from 97 to 690 pum, respectively. Jain et al.
(2016) studied complex coacervation using casein and gum Tragacanth and reported that the
increase on total polymer concentration from 0.375 to 0.5 % led to a decrease of capsule size at
different protein to polysaccharide ratio. Investigating the influence of sodium dodecyl sulphate
concentration and agitation rate in complex coacervation, Guo and Zhao (2008) reported that
the increase on concentration from 0.005 to 0.015 % lead to a decrease of capsule diameter
from 58 to 38 um. In the present study, the final concentration of wall material (gelatin + Arabic
Gum) was 1.3 % for samples with 4 % (w/w) of gelatin and 1.4 % to samples with 10 % (w/w)
gelatin, considering the total wall material and the final mixture after coacervation. In complex
coacervation of gelatin and gum Arabic for encapsulation of turmeric oleoresin, Zuanon,
Malacrida and Telis (2013) reported capsules diameters of 46 um for wall material

concentration of 2.5 % and 53 um to 5.0 % of wall material.
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The variation coefficient (VC) of the capsules’ average diameter is a good indicator of
the size distribution of the capsules and how stable or under control is process (BROWN;
BROWN, 1998). The VC for capsules with 4 % (w/w) of gelatin/ginger oil ranged from 16 to
25 %, whereas for capsules with 10 % (w/w) of gelatin the VC varied from 14 to 20 %. In
addition, the capsules with 10 % (w/w) presented a smaller \VC for all coacervation assays, with
exception of conditions BS1 and MC3. In microencapsulation of Saccharomyces cerevisiae by
complex coacervation assisted by membrane emulsification, Morelli, Holdich and Dragosavac
(2017) reported VC as low as 17 %. The histograms in Figure 7.5a show that the sample
produced by batch stirring (G4-BS1) presented the highest capsule diameter, and the sample
G4-MC5 the smallest one among capsules with 4 % (w/w) gelatin ginger/oil. On the other hand,
samples produced by atomization of a 10 % gelatin:ginger oil emulsion, mainly G10-AT11 and
G10-AT13, presented the narrowest size distribution (Figure 7.5b) corroborated by the
correspondent VC (Table 7.3). These results allow the conclusion that the use of a more
concentrated emulsion generated capsules with narrower size distributions. Dragosavac et al.
(2008), investigating the production of oil-in-water emulsions using a membrane setup similar
to the one used in this study, presented similar results, in which more concentrated dispersed

phase generated smaller emulsion droplets with narrower size distribution.
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Table 7.3. Operational parameters, size, size distribution, encapsulation parameters of capsules produced by membrane and atomization complex
coacervation

Emulsion Agitation at Emulsion Atomization air Complex Complex Capsule's Capsule's Encapsulation Encapsulation
Sample Code . DC injection flow rate coacervation coacervation mean size VC efficiency yield
composition flow rate shear stress Reynolds number  diameter® EE? EY?
(rpm) (mL/min) 10 (m¥/s) (Pa) (um) (%) (%) (%)
G4-BS1 - - - - 75.02 15.9 90.92¢ 78.8%¢
G4-MC2 540 3 11 5236 65.9¢%f 19.5 61.9' 51.8%
G4-MC3 1070 3 5.8 15257 64.9° 17.6 72.2fdhi 49,19%f
G4-MC4 1780 3 12.6 25278 72.2% 21.8 74 gdefohi 51.5¢%
G4-MC5 540 5 11 5236 53.71 19.1 69.99" 77.3%c
G4-MC6 Gelatin:oil ratio 1:1 1070 5 5.8 15257 63.5% 23.0 73.9¢fohi 67.60
G4-MC7 4 e.latin/100 ) 1780 5 12.6 25278 64.9¢ 18.8 78.8“’“_9’h 79.53c¢
G4-MC8 9¢g g 540 10 11 5236 68.8 24.6 66.6" 6.8
G4-MC9 1070 10 5.8 15257 65.9%f 21.1 69.39" 62.0%
G4-MC10 1780 10 12.6 25278 68.4% 20.1 79.8cdefgh 90.8%
G4-AT11 - 10 2.36 23 2176 71.0°¢ 23.1 83, 5bcdef 61.0%
G4-AT12 - 13 3.93 48 3627 68.3% 18.2 86.4a0cde 95.52
G4-AT13 - 14 551 77 5078 58.71 19.0 79.6¢defgh 84.13%c
G10-BS1 - - - - 60.99" 16.4 98.12 31.4¢feh
G10-MC2 540 3 11 5236 61.59 19.2 93.5% 50.8%
G10-MC3 1070 3 5.8 15257 68.6% 20.1 92,2abc 33.0¢foh
G10-MC4 1780 3 12.6 25278 62.9f" 16.5 88.4abcd 31.3¢foh
G10-MC5 540 5 11 5236 63.91 18.6 72.9¢fohi 15.3
G10-MC6 Gelatin-oil ratio 1-1 1070 5 5.8 15257 66.0%f 16.3 88.42bcd 26.6f"
Glo-Mc7  GeRInOLIENS 1780 5 12.6 25278 68.5 16.2 82, 4bcefg 22,79
G10-MC8 99 g 540 10 11 5236 60.0" 16.7 812001 25.09"
G10-MC9 1070 10 5.8 15257 67.24% 16.9 88.9%c 22.3"
G10-MC10 1780 10 12.6 25278 64.7¢ 15.7 90.9%c 35.0¢foh
G10-AT11 - 10 2.36 195 2176 50.5% 14.6 92.13c 45,90ty
G10-AT12 - 13 3.93 406 3627 52k 15.6 81,1 bedefg 17.2"
G10-AT13 - 14 551 657 5078 51.8% 14.1 74,1 6fhi 11.7"

!Mean values + standard error (n = 600); 2Mean values * standard error (n = 3); N.A: *The number after “GE” indicate gelatin concentration, the number following “MC” refers
to membrane coacervation condition, the number following letters “AT” refers to atomization condition and “BS” stands for batch stirring.
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Figure 7.5. Size distribution of wet microcapsules produced with emulsions containing (a) 4%
(w/w) of gelatin and (b) 10% (w/w) of gelatin.

To the best of our knowledge, the use of metal membrane technology as an alternative
to carry out complex coacervation has not yet been reported in the literature. There is an
increasing interest on using metal membranes to carry out emulsification, considering its ability
to produce emulsions drop-by-drop, which generates emulsion droplets with low size
distribution (DRAGOSAVALC et al., 2008; MORELLI; HOLDICH; DRAGOSAVAC, 2017,
PU; WOLF; DRAGOSAVAC, 2019; SANTOS et al., 2015). In addition, the setup used for
membrane emulsification using metal membranes has the technology in place to operate in both
batch and continuous process, from laboratory to industrial scale (HOLDICH et al., 2020). In
this context, the objective of this study is to set the primary process conditions for the promising
idea of adapting the existent technology of metal membrane emulsification to induce complex

coacervation.
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Considering the process parameters for membrane complex coacervation, the shear
stress varied from 1.1 to 12.6 Pa and the gelatin/ginger oil emulsion injection rate varied from
3 to 10 mL/mim (Figure 7.6).
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Figure 7.6. Capsule size in function of coacervation shear stress for emulsions with 4% (w/w)
of gelatin (a) and emulsions with 10 % (w/w) of gelatin (b). The symbols represent: (®) 3
mL/min, (m) 5 mL/min and (A) 10 mL/min by membrane complex coacervation and (¢)
atomization complex coacervation. For clarity the error bars were not presented.

The coacervation shear stress caused during membrane coacervation is a function

mainly of the agitation speed generated by the stirrer (DRAGOSAVAC et al., 2008). The
capsule diameters obtained by membrane complex coacervation varied from 53 to 72 um for
samples with 4 % (w/w) gelatin and from 60 to 69 um for formulations with 10 % (w/w) of
gelatin/ginger oil. These capsule diameters are considered appropriate for application in foods
products (OZKAN et al., 2019; PAULO; SANTOS, 2017; PEANPARKDEE; IWAMOTO;
YAMAUCHI, 2016). The emulsion injection rate did not interfere significantly on the capsules’
diameter for both formulations (Table 7.3). There is not a consensus in the literature about the
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influence of the emulsion injection rate on emulsion droplet size. Dragosavac, Holdich,
Vladisavljevi¢ and Sovilj (2012) investigating the production of multiple emulsions of pumpkin
seed oil by membrane emulsification in disperse cells obtained results where the increase of the
injection rate led to greater emulsion droplets. On the other hand, Holdich et al. (2020) obtained
smaller droplets in higher injection rates of dispersed phase on membrane emulsification using
an annular flow-crossflow membrane (continuous process).

When comparing the diameter of capsules produced by batch stirring and membrane,
two different results were observed based on the formulation (Table 7.3). For capsules with 4
% (w/w) of gelatin/ginger oil the capsules produced by membrane were significantly smaller
for all conditions applied comparing with batch stirring (75.0 um), with the exception of the
capsules produced with shear stress of 12.6 Pa and injection rate of 3 mL/min (Table 7.3).
However, the capsules produced with 10 % (w/w) of gelatin/ginger oil by batch stirring (60.9
pum) were among the smallest capsules produced with this formulation, comparing with
membrane complex coacervation. The different behaviours observed for both formulations may
be attributed at least in part to the rheological parameters of the liquid medium during complex
coacervation.

Considering the capsules formed by atomization, a decrease in the diameter with
increasing shear stress for samples with 4 % (w/w) of gelatin/ginger oil was observed varying
the size from 71.0 to 58.7 um (Figure 7.6 and Table 7.3). For capsules with 10 % (w/w) the
diameter ranged from 50.5 to 52.7 um. Between 195 and 657 Pa the diameter of the three
samples was significantly smaller than all other samples within this formulation. These
conditions created the smallest capsules, except for the capsules produced with 1.1 Pa, 5
mL/min and 4 % (w/w) of gelatin/ginger oil. These results reinforce the conclusion that not
only the method of complex coacervation (process conditions) has influence on the capsule
size, but formulation (thermodynamic factors) also plays an important role (JAIN et al., 2016;
JEGAT; TAVERDET, 2000; LEMETTER; MEEUSE; ZUIDAM, 2009; MA et al., 2019).
Ferreira and Nicoletti (2020) investigating the influence of atomization parameters on complex
coacervation induced by two-fluid nozzle ranged shear stress during the coacervation process
from 6 to 170 Pa, producing capsules with size varying from 60 to 75 um. Studying the
application of a 4-fluid nozzle to produce particles of acetaminophen, chitosan, hydroxy propyl
methylcellulose for sustained release, Chen et al. (2006) reported a wide particle size variation
from 0.6 to 214.6 um depending on the ratio and formulation used. For capsules produced by
batch stirring, the literature presents a wide range of capsule sizes influenced by different

process condition (e.g. formulation, pH, polymer ratio, agitation), such as 97 to 690 pum
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(MARFIL et al., 2018), 60 to 70 um (MORELLI; HOLDICH; DRAGOSAVAC, 2017), 132 to
490 pm (LEMOS; MARIANO MARFIL; NICOLETTI, 2017) and 61 to 144 um (ROCHA-
SELMI; FAVARO-TRINDADE; GROSSO, 2013).

The increase in the Reynolds number during the complex coacervation process affects
the capsule size in different ways, with dependence on the formulation (Table 7.3). Regarding
membrane coacervation, capsules produced with 4 % (w/w) had an increase in the diameter
with increasing Reynolds number from 5236 to 25278 for injection rates of 3 and 5 mL/min.
Similar behaviour was observed for capsules produced with 10 % (w/w) of gelatin/ginger oil
for injection rate of 5 mL/min. In both formulations, injection flow rate of 5 mL/min produced
the smallest capsules (Table 7.3). In complex coacervation by atomization however, the capsule
size decreased with increasing Reynolds for the 4 % (w/w) samples, whereas 10 % (w/w)
samples were not affected by this dimensionless number. The only data available in literature
that allow some comparison are those obtained for complex coacervation by batch stirring. In
that case, the rule seems to be that higher Reynolds number leads to smaller capsule sizes
(JEGAT; TAVERDET, 2000; LEMETTER; MEEUSE; ZUIDAM, 2009; LEMOS; MARIANO
MARFIL; NICOLETTI, 2017).

The morphology of the capsules produced in the different conditions did not show any
remarkable distinct characteristic (Figure 7.7). In general, all coacervation methods, process
parameters and formulations provided capsules with sizes of same order of magnitude and
defined spherical shape, as expected for complex coacervation between gelatin and gum Arabic
(MARFIL et al., 2018; PIACENTINI et al., 2013). The samples with 10 % (w/w) of gelatin
seems darker, mainly the atomized ones, than those produced with 4 % (w/w). Taking into
account that the emulsion produced with 10 % (w/w) have a higher density (Table 7.1), it is
possible to infer that the samples with higher concentration of gelatin in the initial emulsion
results in capsules with higher density. The same result was reported by Ferreira and Nicoletti
(2021) for complex coacervation induced by atomization. Knowing the density of the capsule
is an important parameter when considering the method of separation between the capsules and
the non coacervated liquid. Typically, this separation underlays on gravity, thus denser capsules
may facilitate this step (TOMAS, 2004).
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Figure 7.7. Morphology of capsules produced by different complex coacerVatlon methods:
batch stirring, membrane (MC6 — injection rate 5 mL/min and shear stress 13 Pa) and
atomization (AT12 — shear stress of 48 (G4) and 406 (G10) Pa). Bar indicates 100 pm.

7.3.3 Influence of complex coacervation methods on encapsulation efficiency and yield

When proposing a new microencapsulation process the study of encapsulation
parameters such as encapsulation efficiency (EE) and encapsulation yield (EY) provides a solid
overview on the prospects of future application of this new technique, giving an idea for future
improvements on its application. Complex coacervation is known to be a technique to provide
high values of encapsulation efficiency, meaning that most of the core in encapsulated inside
the capsule matrix (TIMILSENA et al., 2019).

The formulation and the method of complex coacervation had influence on
encapsulation parameters studied (Table 7.3). For capsules with 4% (w/w) of gelatin/ginger oil
the EY was 78.8 % for capsules produced by batch stirring, 49 to 91 % for membrane complex
coacervation and 61 to 95 % to complex coacervation by atomization. The EE values for
capsules with 4% (w/w) of gelatin/ginger oil was 91 % for batch stirring complex coacervation,
and varied from 61 to 80 % for membrane coacervation and 83 to 86 % for coacervation by
atomization. The EY for capsules with 10 % (w/w) gelatin/ginger oil was 31.4 % for batch
stirring and the values varied from 15 to 50 % for membrane coacervation and 11 to 45 % for
coacervation by atomization. The EE value for batch stirring was 98.1 % and ranged from 72
to 93 % for membrane coacervation and 74 to 92 to coacervation induced by atomization (Table
7.3). While EY decreased for the more concentrated emulsion, EE increased, although the
differences were not so pronounced as in the case of EY. The fact that emulsions with 10 %
(w/w) of gelatin presented a low OS and EY (Figure 7.8b and 7.8f) indicates that part of the

ginger oil is being lost during the process but the oil that remains is trapped inside the capsule.
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This can be attributed to the higher viscosity of the emulsion with 10 % (w/w) of gelatin, which
promotes a sterical stability of the emulsion, but at the same time may difficult formation of a
high amount of capsules. This effect may be illustrated by the high amount of polymer
surrounding the microcapsules that appear in Figure 7.7, for membrane coacervation with 10
% (w/w) emulsion. Butstraen and Salalin (2014) studying the complex coacervation between
gum Arabic and chitosan did not find relationship between EY and the increase of chitosan
concentration, however the increase of chitosan increased EE up to 97 %. The influence of
injection rate during membrane coacervation is presented in Figure 7.8. In general, injection
rates of 5 am 10 mL/min resulted in higher EE and EY for capsules with 4% (w/w) of
gelatin/ginger oil. On the other hand, for capsules with 10 % (w/w) of gelatin/ginger oil EY and
EE decreased for values of injection rate above 3 mL/min (Figure 7.8b and 7.8d).

Figure 7.9 shows the influence of shear stress on encapsulation parameters for
coacervation by membrane and by atomization. In membrane coacervation, for emulsions with
4 % (w/w) of gelatin/ginger/oil the increase in shear stress led to an increase in EY and EE
(Figure 7.9a and 7.9c), whereas for complex coacervation by atomization, the higher values of
EY and EE were observed at the intermediate value of shear stress (48 Pa). For capsules
formulated with 10 % (w/w), EE and EY were favoured at the lower value of shear stress and
injection rate of 3 mL/min for membrane coacervation and at the lower shear rate for
atomization (Figure 7.9b and 7.9d). During atomization, the increase in shear stress increased
the oil content in the surface of the capsules, what can be related to previous results indicating
that there is a limit of shear forces that an emulsion is able to support during droplet formation
before it starts to affect the encapsulation performance, and this limit can be directly correlated
with the formulation of the system (FERREIRA; NICOLETT]I, 2020). The curves shown in
Figure 7.9 suggest that there is an interaction between shear stress, emulsion concentration, and
formation of capsules with suitable values of EE and EY by membrane complex coacervation,
and this interaction should be further investigated in order to optimize the encapsulation of oils

by using metal membranes.
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Figure 7.8. Encapsulation vyield, encapsulation efficiency, and oil at the surface of
microcapsules versus injection rate for capsules produced by membrane coacervation for
emulsions with 4 % (w/w) gelatin (a, c, and e) and with 10 % (w/w) of gelatin (b, d, and f). The
symbols represent coacervation shear stress of (@) 1.1 Pa, (m) 5.8 Pa, and (A) 12.6 Pa.
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Figure 7.9. Encapsulation vyield, encapsulation efficiency, and oil at the surface of
microcapsules versus shear stress for capsules produced for emulsions with 4 % (w/w) gelatin
(a, ¢, and e) and with 10 % (w/w) of gelatin (b, d, and f). The symbols represent injection rates
of (e) 3 mL/min, (m) 5 mL/min, and (A) 10 mL/min for membrane complex coacervation and
(#) atomization complex coacervation.

7.4. Conclusions

The two new setups proposed to induce complex coacervation (atomization and metal
membrane) were successful in creating capsules comparable with the traditional technique of
complex coacervation (batch stirring). The ratio of biopolymers and the pH affected the
induction of complex coacervation. In addition, samples with lower ratio of gum Arabic:gelatin
did not go successfully through the cooling process. The capsules produced by all methods were
smaller than 100 um, with a defined spherical shape and with a narrow size distribution, as
expected for complex coacervation between gelatin and gum Arabic. Formulation played an

important role in complex coacervation by membranes, in which emulsions with 4 % (w/w) of
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gelatin/ginger oil generated capsules significantly smaller and with higher values of
encapsulation efficiency and encapsulation yield. Emulsions containing 10 % (w/w) of
gelatin/ginger oil were able to produce the smallest capsules, although the encapsulation yield
was low. The shear stress applied during complex coacervation influenced differently the
capsule production, depending on the formulation and method of complex coacervation.
Capsules with 4 % (w/w) of gelatin/ginger oil had a better overall encapsulation performance
considering coacervation by batch stirring, membrane and atomization. The best conditions for
membrane complex coacervation was 12.6 Pa of shear stress and 10 mL/min of injection rate,
and shear stress of 48 Pa for coacervation induced by atomization, departing from emulsions
with 4 % (w/w) of gelatin/ginger oil for both methods. This study shows the potential of
complex coacervation induced by metal membranes and atomization, both with potential to be

carried out as continuous processes and in large scale.
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CHAPTER 8 - MAIN RESULTS AND DISCUSSION

Complex coacervation is a versatile microencapsulation technique capable of
encapsulating and protecting hydrophobic and hydrophilic compounds. In addition, it is able to
protect the encapsulated core from adverse conditions such as light, oxygen and low pH during
digestion. Traditionally, complex coacervation is carried out in batch mode, which makes it
more expensive and less desirable to be used in industrial scale. In complex coacervation, the
polymeric solutions are mixed and their pH is adjusted to promote interaction between the
polymers and subsequent coacervation. Once coacervation is achieved, the capsules may be
cooled and cured. This process is done using a jacketed vessel in a slow cooling process. The
curing of the capsules can be seen as one of the more significant bottlenecks of the process,
since it demands time, sleeved tanks and large amounts of energy. Another point to be
considered is that there are not many alternatives to predict the final size of the capsules based
on their formulation or on the process conditions. In some applications, knowing the size of the
capsule produced may be of interest, due to the amount of core to be delivery, sterical
conditions, and others. The emulsification step is a crucial step during the coacervation process,
since the emulsion stability and size of the droplets may play an important role on the final
capsule parameters. Developing alternatives to produce stable emulsion droplets with
controlled size and low size distribution is an efficient approach to produce proper coacervated
capsules. Therefore, in this thesis, the application of atomization by a two-fluid nozzle and of
flow through metal membranes to induce complex coacervation was studied aiming to pave the
way to scale up the complex coacervation process. Both processes were described based on
their specific process conditions and compared with the traditional batch stirring complex
coacervation, regarding capsule size, size distribution, capsule morphology, encapsulation
parameters and infrared spectra. Another attempt to scale up complex coacervation was made
by evaluating the use of a tubular heat exchanger to cool and cure the capsules after the
coacervation step. By doing so, the complex coacervation encapsulation process can be more
reproducible, faster, cheaper (more efficient), scaled up and carried in a semi-continuous mode.

In the first part of this work (Chapter 3), coacervation by atomization was presented.
The influence of formulation (polymers ratio and emulsion concentration) on particle
formation, morphology, size and size distribution and encapsulation parameters was
investigated, comparing it with capsules formed by batch stirring. Since capsules coacervated
under lower pH values tend to be more resistant to gastric conditions, the pH value was set to
3.5. The optimum ratio obtained to be used throughout the thesis was 1.8:1 (later approximated

to 2:1) of gum Arabic:gelatin. The gelatin concentration affected differently capsules formed
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by atomization and batch stirring. The capsules produced by atomization were in general equal
or better than those produced by batch stirring.

Knowing the influence of the formulation on complex coacervation by atomization, in
Chapter 4 it was studied the influence of atomization conditions on complex coacervation.
Using two formulations, one with 1 % (w/w) and one with 6 % (w/w) of gelatin, was evaluated
the influence of atomization air flow rate and emulsion flow rate, on capsule size and
encapsulation parameters. In addition, important advances were achieved mathematically
describing the process in terms of its dimensionless numbers and presenting a model to predict
the final size of the capsules after curing. This was accomplished by using as reference a
hydrodynamic model that predicted the size of the emulsion droplets leaving the nozzle and
applying it in a non-linear regression. The influence of atomization numbers Weber (We) and
Ohnesorge (Oh), shear rate and shear stress on the encapsulation performance was analysed and
a model able to predict the final size of the microcapsules produced at e >180 and Oh =0.063
was proposed.

Chapter 5 presented the effect of a tubular heat exchanger to promote the cure of the
coacervated capsules, commonly done by a jacketed vessel. By using a heat exchanger, the
curing of the capsules, that is a known bottle neck of the process, can be done faster, in a
continuous mode, besides being easily scalable. Again, the coacervation step was done in batch
stirring and atomization using formulation and atomization conditions previously determined.
During the curing step the flow rate and the temperature were varied. The overall time of the
curing step dropped drastically, to less than 10 minutes. A synergy between flow rate (shear
forces) and the curing temperature was observed. Atomized capsules had their encapsulation
parameters improved at higher curing flow rate. Also, the resistance of the capsules under
gastric conditions was tested. Capsules cured using the tubular heat exchanger proved to have
high resistance to simulated gastric conditions, which means that the core material was not
released in gastric conditions. This is an important result, since the nutrient absorption occurs
after the gastric phase. So, the use of a tubular heat exchanger to carry the curing step presents
as a promising alternative.

The use of metal membranes to form emulsions to be then used complex coacervation
process was evaluated in Chapter 6. The emulsification conditions and gelatin concentration
had great influence on the emulsion droplet size. In coacervation by batch stirring, single core
capsules were produced. When coacervation was induced by atomization, the capsules formed
were smaller than the initial emulsion droplets formed my membrane emulsification. This

indicated that the shear forces during the atomization process would promote a second
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emulsification at the nozzle. The encapsulation parameters indicated that most of the oil was
being transported throughout the coacervation process, but not inside the capsules. Hence, even
though the previous chapters did not require the use of crosslinkers, for membrane
emulsification followed by complex coacervation, this may be of necessity.

Chapter 7 presented complex coacervation assisted by metal membranes, in which the
gelatin/ginger oil emulsion was forced through a metal membrane into the gum Arabic solution
both polymers with their pH adjusted to 3.5, inducing the coacervation. In addition, a study
evaluating both polymer and coacervation pH was done, confirming the results presented in
Chapter 3, that for lower coacervation pH a higher polysaccharide:protein ratio was necessary.
Since this part of the thesis and Chapter 6 were done in the United Kingdom, it was not possible
to evaluate the use of the heat exchanger during the curing step. Even though the assays were
carried in laboratory scale and in a dispersion cell (batch configuration), the technology of
applying metal membranes is available in larger scale and in continuous process. Emulsion with
lower gelatin concentration (4 %w/w) produced capsules with higher encapsulation properties.
The use of metal membrane to assist coacervation proved to be possible. The process conditions
described in this thesis can be used in future to carry out complex coacervation in continuous
configuration. By using a heat exchanger to perform the cure of the capsules (as described in
Chapter 5), the whole process of complex coacervation could be carried out in continuous
process and in an industrial scale. Complex coacervation assisted by metal membranes proved

to be possible to further applications and studies.
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CHAPTER 9 - GENERAL CONCLUSIONS

Complex coacervation assisted by a two-fluid nozzle was achieved and described. To
induce proper complex coacervation the pH 3.5 and the polymer ratios of 2:1 or 1.8:1 (gum
Arabic:gelatin), proved to be the best conditions. In general, capsules produced by atomization
were comparable (size, encapsulation parameter and FTIR) to capsules produced by batch
stirring, which opens new possibilities to carry out complex coacervation using a two-fluid
nozzle.

Atomization conditions had great influence over capsules size and for Oh > 0.01 and
We > 180 it was possible to model and to predict the size of the capsules based on these
dimensionless numbers, paving the way to scaling up the process. Best encapsulation conditions
were obtained for We < 250 and optimum conditions considering capsule size prediction and
encapsulation parameter were for 180 < We < 250.

The use of a tubular heat exchanger to cure the capsules has proven to be feasible and
promising. The use of a continuous heat exchanger produced capsules ready to be freeze dried
in less than 10 minutes. After freeze drying, the capsules presented high encapsulation
parameters and gastric resistance. With this, the cure of capsules can be done faster, in larger
scale, more efficiently and continuously. The process parameters used during the curing step of
the capsules had great influence on capsules size, morphology and encapsulation parameters.
Inducing complex coacervation at pH 3.5 proved to produce capsules resistant to gastric
conditions.

The emulsions droplets produced by metal membrane technology had predictable size
and low size distribution, which make it of interest for future applications in encapsulation. The
use of metal membranes to produce capsules by complex coacervation proved to be feasible
and are a promising alternative to achieve complex coacervation in continuous mode.

In conclusion, the alternative methods to induce oil encapsulation by complex
coacervation proposed in this work showed to be feasible and represent potential and relevant
advantages compared to the traditional batch stirring method.
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CHAPTER 10 - SUGESTIONS FOR FUTURE STUDIES

Evaluate the use of other polymeric pairs to carry out complex coacervation by
atomization and metal membranes, cured using heat exchanger.

Study the influence of the increase of oil concentration on complex coacervation by
atomization and metal membrane.

Perform a broader study varying atomization parameters and emulsion formulation to
model prediction of capsules size.

Evaluate the stability of the capsules produced by atomization and metal membranes
under different conditions.

Investigate complex coacervation by atomization and metal membranes of several
encapsulated materials of different chemical natures, such as other oils, oleoresins, Hydrophilic
and hydrophobic vitamin and other compounds, drug to controlled and targeted delivery and
microorganisms.

Evaluate the application of the capsules produced by atomization and metal membrane
and cured in a heat exchanger in products of different natures.

Scale up the curing process by using a larger heat exchanger and describe the process in
function of non-dimensional numbers of heat and mass transfer.

Perform complex coacervation assisted by metal membranes coupled in a heat

exchanger to achieve complex coacervation in continuous mode.
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