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Abstract

Lipophilic bioactive components, such as carotenoids, have received increasing attention in
food and pharmaceutical industries because of their potential health benefits. They have been
recognized to exhibit physiological activities in metabolic and nutritional studies. However,
the utilization of carotenoids as functional ingredients is currently limited due to high
susceptibility to adverse environment conditions (such as oxidant, heat, light, pH value and
enzyme). To overcome these problems, microencapsulation technology has been proposed in
order to make the bioactive component more stable during handling, processing, storage and
delivering. In the food industry, the most common procedure for microencapsulation is spray
drying. Low cost, easy to scale, wide choices of wall materials and the possibility of
producing micro-sized particles with adjustable size and morphology make this means ideal
for particle encapsulation. Proper selection of wall materials is of the utmost importance for
spray drying so that required functional characteristics are met for the final microcapsules.
Gelatin is a natural bitterless, odorless hydrocolloid that has received great attention in food
and pharmaceutical industries due to its biocompatible, biodegradable and “generally

regarded as safe (GRAS)” characteristics.

This study attempts to develop a feasible spray-drying process to prepare gelatin
microspheres as viable wall materials to protect bioactive materials from degradation and
improve their uptake and bioavailability. The lab-scale spray dryer Buchi B-290 was used to
produce particles under various operating conditions and the spray characteristics were

visualized by high magnification imaging system for better understanding of the heat and



mass transfer and particle formation process during the spray drying. The effect of the
processing conditions on dried particle properties (size, morphology, yield, moisture content)
was investigated. Data from visualization experiments was collected and used for gelatin
shrinkage model development. This study is helpful in the industrial application of gelatin as
potential wall material for food and pharmaceutical microencapsulation. A stable oil-in-water
(O/W) emulsion system to microencapsulate bioactive materials by spray drying was then
developed. Effects of emulsification methods (high-energy and low-energy homogenization
methods) on emulsion stability were characterized at various surfactant to oil ratios (SOR)
with different types of oil (MCT oil, olive oil) and emulsifiers (gelatin, Tween 80). High-
energy method was preferred for safety concerns, as it was able to produce fine stable
emulsions at low SOR. O/W emulsions, using MCT oil as core material, gelatin as wall
material and Tween 80 as secondary emulsifier, were prepared and spray dried to create
micron-size microcapsules. Effects of operating conditions, including inlet temperature, on
the resultant microcapsules properties (e.g. size, morphology, moisture content (MC),
encapsulation efficiency (EE) and yield (Y)) were investigated. The results demonstrated that
spray drying technology could be applied to transform the stable O/W emulsions into
powders with desired properties. So it is feasible to use this emulsion-based system to

microencapsulate carotenoids in the near future.

The residual moisture content (MC) of spray dried powders is of great importance to define
the product quality, since it is directly related to drying conditions and it affects particle
deposition and yield. Several methods (oven drying, NIR (near infrared spectroscopy)) have

been developed to measure MC offline. However, many are not appropriate for spray drying



where an online (real-time) assessment of MC is required. The objective of this study was to
develop a sensor for measuring moisture content of a moving stream of spray dried powders.
A capacitance sensor was built for this purpose using pairs of copper plate electrodes attached
to the perimeter of the spray dryer product collection vessel. The plates formed capacitors
that were sensitive to changes in dielectric properties of the material within the collection
vessel, which in turn were related to MC. Each electrode was connected to a capacitance-to-
voltage transducer, the output of which was sampled using a commercial data acquisition
system. The amplitude of the sensor output signal was calculated using software LabVIEW
and correlated with MC. The self-built system was tested in two modes: a) an offline (non-
moving sample) mode in which a mass-based MC prediction model was built to validate the
capability of the sensor to measure variation in MC; and b) an online (moving sample) mode
to measure MC of sample moving through the sensor enclosure. Tests were made on spray
dried gelatin powders ranging in moisture content of 5% to 50% (w.b.). Results indicated a
high correlation between sensor output and moisture content (R>>0.9). The capacitance
sensor also showed the ability to characterize the distribution of MC (permittivity) within the
sensor enclosure, which could reflect spatial variation in deposition of dried powders during
spray drying. Overall, the capacitance sensor system was feasible to measure MC for online
sampling with acceptable accuracy, and can be applied in quality control applications for

continuous spray drying processes.

To evaluate the airflow pattern (velocity field) inside a co-current lab scale spray dryer, air
velocity magnitudes were measured by a particle image velocimetry (PIV) system at

numerous locations in the spray dryer chamber in the absence of spray. Analysis at varied



drying air flow rate strongly suggested the flow in the chamber has high turbulence intensity.
The P1V analysis also provided information on how drying air flow rate affects fluid flow

profiles, which could help to collect data for validation of the CFD simulated results.
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Chapter 1

Introduction

Bioactive materials, such as carotenoids and vitamins, are important nutritional substances
with health promoting and disease preventing benefits. Insufficient supply of these materials
may lead to many disorders or deficiency diseases (Murugesan & Orsat, 2012). Consumption
of these materials as functional ingredients will therefore have very broad application
prospects. However, difficulties in utilization of these materials in food and pharmaceutical
industry may be encountered due to their instability during processing and storage (Desai &
Park, 2005). In order to overcome this problem, microencapsulation technology has been
proposed. It can help to protect the bioactive materials from adverse environments, and
improve their biological properties. Moreover, microencapsulation also allows controlled
release of these functional components at targeted sites, and masks unpleasant taste and odor

of the substances (de Vos et al., 2010).

Microencapsulation consists a process to entrap one substance within another substance,
thereby producing spherical particles with diameters of a few nanometers to a few
millimeters. The substance that is encapsulated is called the core material. The substance that
is encapsulating is called the wall material. Microencapsulation allows formation of a
physical barrier between the core material and its surroundings (Burgain et al., 2011).
Depending on the physico-chemical properties of the core and wall material, and the method
used for microencapsulation, different types of encapsulates can be obtained. Fig. 1.1 shows
three major morphologies of encapsulates. Microcapsules with a single core surrounded by a
layer of wall material is called the reservoir type. Microspheres with the core homogenously

dispersed in a continuous matrix network is called matrix type. A combination of these two

1



types gives a third type of capsule: coated matrix type. For simplification, Fig. 1.1 only
shows spherical shaped encapsulates, but they can also be cylindrical, oval or irregular

shaped.

Fill Material Matrix

shell

shell
(a) (b) (c)

Fig. 1.1 Schematic representation of encapsulation systems: (a) reservoir type, (b) matrix
type, and (c) coated matrix type (Modified from Burgain et al., 2011).

Although various techniques are available for microencapsulation of bioactive components
(including spray drying, emulsification, coacervation, extrusion), spray drying is the most
common technology used in food industry due to it is a rapid, continuous, reproducible, cost-
effective, and easily scalable properties (Zuidam & Shimoni, 2009). Fig. 1.2 shows the
number of publication with the topic “spray drying” in the last decade. Spray-drying is a
continuous dehydration process to convert an initial feed liquid (containing wall and core
materials) into a solid powder formed by atomizing the feed into a hot drying medium. There
are four main steps in the spray-drying operation: (1) preparation and homogenization of the
liquid feed; (2) atomization of the liquid feed; (3) dehydration of the atomized particles; and
(4) separation and collection of the dry product. First, the liquid is fed into the drying
chamber by a pump through different types of atomizers (pneumatic atomizer, pressure
nozzle, spinning disk, fluid nozzle and sonic nozzle). The initial feed liquid can be a solution,
an emulsion, or a suspension. Increasing the energy provided to the atomizer decreases the
size of the formed droplets. For the same energy amount, the size of formed particles

increases with increasing feed rate. On the other hand, the size of particles also increases with



the viscosity and surface tension of the feed liquid. The small droplets generated are
subjected to fast solvent evaporation, leading to the formation of dry particles. The gas
generally used is air or inert gas such as nitrogen. Regarding the direction of the drying gas
flow with respect to the direction of the liquid atomization, there exist two possibilities: co-
current flow (same direction) and counter-current flow (opposite direction). In the first case,
the final product is in contact with the coolest air, hence is preferable for the drying of heat-
sensitive materials. In the second case, the dry product is in contact with the hottest air and
therefore it cannot be used with temperature-sensitive materials, but is desirable in terms of
higher thermal efficiency. In addition, there are intermediate configurations with mixed flow
between co-current and counter-current. Although spray-drying is often considered as a
dehydration process, it can be used to encapsulate bioactive materials within a protective
matrix. A remarkable advantage of spray-drying is the possibility to dry a broad spectrum of
compounds including heat-sensitive substances without major detrimental effects. The
atomization of the liquid into small droplets with high surface area-to-volume ratio results in
very fast solvent evaporation. The fast drying process avoids significant degradation of the
encapsulated materials and allows the preservation of their activity after the process

(Ezhilarasi et al., 2013; Gharsallaoui et al., 2007; Sosnik & Seremeta, 2015).

The choice of a wall material for spray-drying is very important for microencapsulation
efficiency and microcapsule stability. Depending on the core material and the characteristics
desired in the final product, wall materials can be selected from a wide variety of natural and
synthetic polymers. Since almost all spray-drying processes in the food industry are carried
out from aqueous feed formulation, the wall material must be soluble in water at an
acceptable level. In addition to its high solubility, a wall material should possess good

properties of emulsification, film forming, and the wall concentrated solutions should have



low viscosity. Many different wall materials have been used for spray drying, including
proteins (gelatin, casein, milk serum, soy and wheat), polysaccharides (starch, maltodextrins,
corn syrups and gum Arabic), lipids (stearic acid, mono and diglycerides) and synthetic
polymers (acrylic polymers, polyvinylpyrrolidone). Utilization of protein/polysaccharide
mixtures allows the possibility of combining the specific properties of each of these
polymers. Proteins can serve as an emulsifying and film-forming agent, while

polysaccharides can act as a matrix forming material (Estevinho et al., 2013).
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Fig. 1.2 Number of papers published in Web of Science database with topic “spray drying” in
the last decade (visited Nov, 2015)

In the case of lipophilic core microencapsulation, such as carotenoids, a fine and stable oil-in-
water emulsion is prepared before the spray drying step. The formed emulsion must be stable
over a certain period of time. These emulsion are often fabricated either using high-energy or
low-energy approach. High-energy approach utilizes mechanical devices (homogenizers)
capable of generating intense disruptive forces that are capable of disrupting and
intermingling the oil and aqueous phases into tiny oil droplets. High pressure homogenization
is preferred because of its interesting results in terms of emulsion properties and stability.
Moreover, increasing homogenization pressure gives a slight decrease in oil droplet size and

emulsion viscosity. High viscosities interfere with the atomization process and lead to the
4



formation of elongated and large droplets that adversely affect the drying rate. Low energy
approach replies on the spontaneous formation of tiny oil droplets within mixed oil-water-

emulsifier system (McClements & Rao, 2011).

In order to improve microencapsulation efficiency and obtain products with desirable
characteristics, optimization of spray drying process is quite necessary (Fang & Bhandari,
2010; Kandansamy & Somasundaram, 2012; Krishnaiah et al., 2014; Nesterenko et al.,
2013). The main factors in spray-drying that must be optimized are feed temperature, air inlet
temperature, and air outlet temperature. Feed temperature modifies the viscosity of the
emulsion. When the feed temperature is increased, viscosity and droplets size should be
decreased but high temperatures can cause degradation of some heat-sensitive ingredients.
Appropriate adjustment of the air inlet temperature and flow rate is also important. In fact, air
inlet temperature is directly proportional to the drying rate and the final moisture content
(MC). When the air inlet temperature is low, the low evaporation rate causes the formation of
microcapsules with high moisture content, poor fluidity, and easiness of agglomeration.
However, a high air inlet temperature may cause an excessive evaporation and results in
cracks in the membrane or a degradation of encapsulated ingredient. Traditionally,
optimization of these spray drying parameters is achieved by trial-and-error procedures, in
which the operation variables and dried product properties are correlated with the help of
statistical experimental design techniques (design of experiments (DOE)). The most common
approaches used include Plackett—Burman factorial design, response surface methodology
(RSM), artificial neural network (ANN) and etc. However, the complexity of the spray drying
process makes this procedure time consuming and costly. Let alone the measurement of some
parameters are very difficult. The traditional methods also do not allow determination of the

drying phenomena and kinetics that govern particle formation. All these drawbacks have



heightened the expectation for better understanding and controlling the spray drying process.

In the spray drying process, droplets shrink as moisture is removed, while the change in
droplet size affects mass and heat transfer that determine the drying behavior. Drying kinetics
is a key element in predicting a material’s drying behavior and product quality. Drying
kinetics models allow for predicting constant and falling drying periods in the dryer chamber.
Due to increased resistances to heat-mass transfer during drying, the drying rate significantly
slows down during the falling drying period and will affect the overall drying time.
Measurement of drying kinetics and fitting of measured data with an appropriate drying
kinetics model are important steps to understand the shrinkage behavior of droplets during
drying. Even though there are many reported works on microencapsulation, there has been a
lack of this fundamental mechanistic information on this process. If a quantitative
understanding of the drying process can be gained, it is possible to simulate different spray
drying conditions to optimize the process (Kuriakose & Anandharamakrishnan, 2010; Patel et

al., 2010).

The moisture content of spray dried product is of great importance to define product quality,
and also it is a good indicator to evaluate the spray dryer performance. Several methods like
oven drying and near infrared spectroscopy (NIR) have been applied in spray drying system
to measure MC offline. However, these methods are not suitable to measure MC for spray
dried products, which are usually moving samples. There is also lack of approaches for

quality control of continuous spray drying processes.

Due to the complexity of the physical mechanisms (e.g. heat transfer, flow behavior)

involved in spray drying processing, understanding of the underlying processes has still been



poor. Since the introduction of fast computers and computational fluid dynamics (CFD), it is
now possible to evaluate spray dryer performance without undertaking expensive
experimental tests. Although simulation of the complex transport phenomena that occurs in a
spray dryer cannot yet be modeled with high accuracy, the results are nevertheless useful to
guide design and operation of spray dryers when coupled with some empirical experience.
However, there are still some limitations to the CFD approach since it does not typically
include reliable and validated models. This requires measurement of local properties using
experimental techniques such as hot wire anemometry and laser Doppler anemometry and

hence, validation of CFD simulations.

The aim of this study is to develop spray drying technology for microencapsulation of
bioactive materials. In chapter 2, the potential of gelatin as wall material for encapsulation is
evaluated. Effect of operating conditions on the resultant particles was investigated in order
to optimize the spray drying process. The gelatin droplet shrinkage behavior during spray
drying was also visualized. In chapter 3, an emulsion-based system was developed for further
microencapsulation of bioactive materials. Both high and low energy emulsification methods
were applied to fabricate emulsions and their performance was characterized. The obtained
emulsion was then spray dried and microcapsules properties was investigated to find the
optimal conditions for microencapsulation. In chapter 4, a self-built capacitance sensor was
developed for measuring MC of the moving stream of spray dried powders. The capacitance
sensor was tested in three different modes for different purposes in order to determine its
feasibility for MC measurement as well as quality control of the spray drying process. In
chapter 5, a particle image velocimetry (PIV) system was introduced to visualize the airflow
pattern in a lab-scale spray dryer, which aimed to investigate the airflow profile and collect

data for CFD simulation results.
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Chapter 2

Study on spray drying of gelatin as potential material for microencapsulation

Keywords

Gelatin, Spray drying, Wall material, Shrinkage behavior

Abstract

This study attempts to develop a feasible spray-drying process to prepare gelatin
microspheres as viable wall materials to protect bioactive elements from degradation and
improve their uptake and bioavailability. The lab-scale spray dryer Buchi B-290 was used to
produce gelatin particles under various operating conditions. Analysis of the resultant
particles indicates the importance of optimizing the operating conditions, in order to obtain
products with desired properties. For better understanding of the heat and mass transfer and
particle formation process during the spray drying, a high magnification imaging system was
introduced in the present work to investigate the droplet/particle shrinkage behavior of gelatin
droplets during spray drying. 5 wt% gelatin solution was atomized and heated at 3 different
drying temperatures (120, 150, 180°C), the spray characteristics were visualized at various
vertical distances (~0, 7, 14, 21, 28, 35, 42 cm) from the nozzle outlet, and the drying
temperature effects on droplet/particle diameter change were studied. Changes in
droplet/particle size were correlated with the moisture content, and compared with the final
particle size determined by scanning electron microscopy (SEM). This study provides a better
understanding of the drying behavior of gelatin droplets, which aids the design of the system
for the production of gelatin-based microcapsules by spray drying. This study demonstrates
the potential for the industrial application of gelatin as potential wall material for food and

pharmaceutical microencapsulation.
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2.1 Introduction

Spray-drying is a rapid, continuous and easily scalable dehydration process that is used as a
means of producing micro particles with adjustable size and morphology. It is the most
common microencapsulation technology in food and pharmaceutical industries because of its
low cost, wide choices of wall materials and capability of drying even heat-sensitive
materials (Gharsallaoui et al., 2007; Santos & Meireles, 2010; Verma & Singh, 2015). Proper
selection of wall materials is of the utmost importance for spray drying to obtain the required
functional characteristics for the final microcapsules. Gelatin is a natural, bitterless, odorless
hydrocolloid that has received great attention in food and pharmaceutical industries due to its
biocompatible, biodegradable and “generally regarded as safe (GRAS)” characteristics
(Hanani 2014; Kapoor & Dhawan, 2013; Pignatello 2011; GRAS Substances, 1975). It also
exhibits good emulsifying and drying properties (film forming properties, relative high glass
transition temperature (Tg)), which allows its use as both surface-active agent and wall
material (Karim & Bhat, 2008). This study attempts to develop a feasible spray-drying
process to prepare gelatin microspheres as viable wall materials to protect bioactive elements
from degradation and improve their uptake and bioavailability. In order to produce a product
with desired characteristics, the operating conditions must be carefully selected. A greater
control of the spray drying process can lead to higher production rates, improvements in

energy efficiency, and more consistent powder quality.

Even though there are many reported works on gelatin microencapsulation (Calvo et al.,
2010; Han et al., 2008; Hee et al., 2015; Huang et al., 2014; Li et al., 2008; Paramita et al.,
2010; Pourashouri et al., 2014a,b; Prata & Grosso, 2015; Tran et al., 2014; Wang et al., 2009,
2012; Xie et al., 2010), fundamental mechanistic information on this process is lacking,

particularly on the droplet drying process itself. During the spray drying process, droplets are
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expected to shrink due to the evaporation of water, and this shrinkage behavior exhibits
significant effects on the particle characteristics, such as size and morphology (Fu et al.,
2013; Vehring et al., 2007), which may further affect the quality of the final products (Kim et
al., 2009; Islam & Langrish, 2010). Therefore, the understanding of shrinkage behavior of
droplets under different operating conditions is of great importance for quality control in

order to produce products with desired properties.

Droplet shrinkage behavior can be studied by single droplet drying (SDD) technique, where a
single droplet is generated and dried under a controlled environment, and changes in droplet
drying behavior are monitored as drying progresses. Depending on the methodologies used,
the droplet can be either suspended at a fixed position (e.g. suspended on a thin glass filament
(or glass capillary tube) (Che et al., 2010; Fu et al., 2012b, 2013; Woo et al., 2011), deposited
on a flat surface (Perdana et al., 2013), levitated by acoustic fields (Mondragon et al., 2011,
2012; Sloth et al., 2006, 2010), or studied as a free falling droplet (Amelia et al., 2011; Wu et
al., 2011). The SSD technique could mimic the actual spray drying conditions to some
extents (Fu et al., 2012a, 2013; Rogers et al., 2012; Schutyser et al., 2012). However, during
a conventional spray drying process, billions of droplets are simultaneously generated, the
complexity in droplet sizes and trajectories (Patel & Chen, 2007) makes it difficult for SSD to
develop an environment that can represent the actual drying profile each droplet experiences
within the spray dryer. In addition, the SSD experiments are often restricted due to the
relatively large initial droplet size, for example, droplets generated from the conventional
spray dryer generally have a size range between 10-500 um (Oakley, 1997), while the glass
filament SSD experiments are only feasible when droplets are greater than 800 um (Rogers et
al., 2012), as it is more difficult to measure the drying kinetics of a smaller droplet. The

presence of the glass filament or acoustic field in the SSD system could also lead to some
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unwanted effects, such as additional heat convection from the supporting glass filament or
possible effect of acoustic waves on the mass and heat transfer rate (Schutyser et al., 2012).
Apart from the SSD technique, Alamilla-Beltran et al. (2005) designed a unique device for
capturing spray samples at different heights of the drying chamber, such set-up allowed better
understanding of the intermediate droplet changes inside the spray dryer. However, semi-
dried droplets collected were usually crushed into a thin smear, which limited its use for
further quantitative analysis (Fu et al., 2013). In order to achieve an accurate measurement on
the droplet shrinkage behavior within the spray dryer, a high magnification imaging system
was used in the present study to monitor the atomized spray droplets. The effects of drying

temperature on the spray characteristics and particle characteristics were also investigated.

The objectives of this study are to 1) produce micro-sized gelatin particles through spray
drying and investigate the effect of operating conditions on particle characteristics (particle
size, morphology, moisture content) and 2) study spray characteristics during spray drying by
high magnification visualization technique, which will facilitate the understanding of droplet
shrinkage behavior during the drying process. This study will be helpful in the industrial
application of gelatin as potential wall material for food and pharmaceutical

microencapsulation.

2.2 Materials and Methods

2.2.1 Gelatin solution preparation

Aqueous gelatin solutions were prepared by dispersing the desired amount (1-20 wt%) of raw
gelatin powders (Amresco LLC, Solon, OH) into distilled water and magnetic stirring (PC-
101 Hot Plate Magnetic Stirrer, Corning Incorporated, Corning, NY) overnight to ensure

complete dissolution. The viscosity of aqueous gelatin solution was determined using a
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Cannon-Fenske viscometer (Cannon Instrument Co., State College, Pa., U.S.A.) at 40, 50, 60
and 70°C, respectively. Influence of pH on electrical charge (zeta-potential) was determined
using an Electrophoretic Light Scattering (ELS) instrument (Zetasizer Nano ZS, Malvern
Instruments, Malvern, UK). Samples were diluted in deionized water prior to analysis to

avoid scattering effects.

2.2.2 Overall mass and heat balance in the spray dryer

The overall mass and energy balance equations were applied in assisting selection of
appropriate operating conditions for spray drying (Ivey & Vehring, 2010; Langrish, 2009; Pu
et al., 2011). The connections in B-290 are screw thread connections with rubber seals, so the
gas leakage can be negligible (Hanus & Langrish, 2007), the mass of water entering the spray
dryer is assumed to be equal to the mass of water leaving the spray dryer (Equation 1). The
energy entering the dryer is through hot gas and liquid feed, while the energy leaving the
dryer is mainly through both humid gas and solids. Heat loss was considered in this work as
the spray dryer (B-290) had a large surface area and no insulation on the dryer chamber
(Hanus & Langrish, 2007). So the energy balance over the spray dryer follows the principles
that the total energy entering the dryer (Qi) (Equation 2) equals to the energy leaving the
dryer (Qo) (Equation3) plus energy (heat) l0ss (Qioss) (Qi = Qo + Qioss). The spray dryer was
first operated with heated gas only (no liquid), the inlet and outlet gas temperatures were
measured experimentally and the energy (heat) loss values were calculated using equation
(4). The Quoss Values obtained were then used to determine overall heat transfer coefficient

(UA) in equation (5).

Mge1/(1+Yi)*Yi + Mg 1/(1+X)eXi = Mge 1/(1+Yi)* Yo + M 1/(1+Xi)*Xo Q)

Qi = Mge1/(1+Yi)*{Cpg (Tgi-Trer) +Yis[AHv + Cpv (Tgi — Trer)]}
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+ Mye 1/(1+Xi)*(Cps + Xi*Cpw)*(Tsi-Trer) 2

Qo = Mge 1/(1+Yi)*{Cpg (Tgo-Trer) +Yo*[(AHv + Cpy (Tgo — Tref)]}

+ M 1/(1+Xi)*(Cps + Xo*Cpw)*(Tso — Tref) 3)
Qioss = Mg*Cpg*(Tgi-Tgo) 4
Qloss =UA*ATim = UA- [(Ti'Tamb)'(TO'Tamb)]”n[(Ti'Tamb)/(TO'Tamb)] (5)

Where Mg and Ms are the mass flow rates of drying gas and liquid feed entering the dryer
(kges™), respectively. Xi, X, are the inlet and outlet solids moisture content (dry basis, kg
waters(kg solids)™), Yi, Y, are the inlet and outlet gas humidity (dry basis, kg waters(kg dry
gas)™), respectively. Tqi, Ty are the gas inlet temperature and feed inlet temperature (°C). Tref
is the reference temperature (°C). Cpg, Cpw, Cps, Cpv refer to the specific heat capacity of
drying gas, water, feed solid and pure water vapor (kJekgeK1), respectively. AHy is the
latent heat of vaporization for water (kJekg™). U refers to the overall heat transfer coefficient
(Wem2sK™1), A is the surface area of the spray dryer (m?). Ti, T, are the spray dryer inlet and
outlet temperature displayed in the control panel, respectively. Tamp is the ambient
temperature. ATpwm iS the log mean temperature. An advantage of using a dry solids basis is
that the dry gas and dry solids flow rates are identical at the inlet and the outlet of the dryer if
the leakage is negligible. (Mg, Ms is the same at inlet and outlet). For a well-mixed dryer, the
outlet solids are close to being in equilibrium with the outlet gas, so the outlet gas and solids

temperature can be assumed to be same (Tgo=Tso=To) (Langrish, 2009).

Closure of the balance equations was achieved using experimental data generated by spray
drying of 5 wt% gelatin solutions. Once the reliable correlation for the energy (heat) loss was
determined, the balance equations could be solved by using the commercially available

software package Excel (Microsoft, Redmond, Washington). For a given amount of liquid
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feed to be dried to a certain level of moisture content, the amount of drying gas required can

be calculated by rewriting the above equations into Equation (6):

Mg = (Qevap +Qpowder +Qloss)/[(Cpg,iTi —Cpg,o To)+(Yi—Yo) (va,i Ti— Cpv,o To)]
= {M(Xi-Xo)/(1+Xi) [AHy + Cpv (To — T1i)] + Me/(1+Xi)[Cps+Xo*Cpw](To — T1i) + UAs [(Ti-
Tamb)‘(To‘Tamb)/ln[(Ti'Tamb)/(To‘Tamb)] }/[(Cpg,iTi — Cpg,o To)"'(Yi —Yo) (va,i Ti— Cpv,o To)]

(6)

2.2.3 Spray drying of gelatin solutions

Spray drying process was performed using a laboratory-scale spray dryer (B-290, BUCHI
Labortechnik AG, Flawil, Switzerland). Dehumidified air, which was provided by a
dehumidifier (B-296, BUCHI Labortechnik AG, Flawil, Switzerland), was used as the drying
medium to improve the drying rate per unit time. The inlet air temperature was set from
110°C to 180°C to find the optimum drying temperatures. The aspirator setting was
maintained at 100% aspirator rate, which indicated the pressure drop across the cyclone was
55 mbar and the drying gas flow rate was ~39 m%/h. The rotameter height was kept at 35mm,
which corresponds to the spray gas flow rate at 414 L/h as suggested by the manufacturer for
better protection of the nozzle. After conditioning, the gelatin solutions were pre-warmed to
50°C and then delivered to the nozzle by the peristaltic pump at a feed flow rate from 6-9
mL/min. The resultant spray dried samples were collected and stored in air tight desiccators

for further analysis.

2.2.4 Visualization of spray characteristics
5 wt% aqueous gelatin solution was used as the spray solution. The solution temperature was

maintained at 50 <C to ensure that the viscosity was consistent during each run. Experiments
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were conducted under the following operating conditions: inlet air temperatures of 120 °C
(regarded as low-temperature drying), 150 °C (regarded as intermediate temperature drying)
and 180 °C (regarded as high-temperature drying), while drying gas flow rate was kept
constant at 100% aspirator rate (~39 m3/h) during all experiments. After the dryer reached
steady state, the gelatin solution was delivered to the nozzle at 6 mL/min and atomized into
fine droplets with the atomizing airflow kept constant at 414 L/h. The atomizing airflow of
414 L/h corresponds to a setting of 35 mm of the rotameter. The complete drying process
from the nozzle down to the product collection vessel was visible through the B-290
glassware. A high magnification imaging system was used to visualize the atomized droplets
in the spray chamber at different distances (~0, 7, 14, 21, 28, 35, 42 cm) from the nozzle
outlet. Visualization at ~0 cm distance represented the initial droplet size (do). Due to
apparatus obstructions, images could not captured at the tip of nozzle (0 cm). Visualization
was taken at 7 cm instead. The droplet size emerging from the two-fluid nozzle depends upon
liquid properties and the mass ratio of atomizing air to liquid feed, but it is independent of
drying temperature (Hede et al., 2008). To obtain visualization at ~0 cm, the operating
condition was set at room temperature (~ 25°C) and the diameter obtained from these
conditions was assumed to be a good approximation of do. The imaging system consists of a
high speed camera (PCO 1200 hs, PCO AG, Kelheim, Germany), a long distance
microscopic lens (Questar QM100 MKIII, Company Seven, Montpelier, MD), and a light
source (Ultralight 2-20, Anton/Bauer, Shelton, CT) for backlight illumination of the object.
The software CamWare (PCO AG, Kelheim, Germany) was used to export the recorded
videos into a series of images. The use of the backlighting enabled capture of the image of the
gelatin droplet being dried, which could generate a clear contrast between the droplet/particle
and its background, facilitating the visualization of the contour of projected droplet/particle.
The changes in droplet diameter during spray drying were recorded and analyzed using image

17



processing software ImageJ (National Institutes of Health, U.S.A). During analysis of droplet
diameter, at least 500 droplets were measured for droplet size distribution. The spray dried
samples were collected into the product vessel and analyzed by SEM (EVO 50 VP, Zeiss,
Oberkochen, Germany). An image and schematic diagram showing detailed experimental
setup for visualization studies of the spray dryer are presented in Fig. 2.1 (Bell et al., 2005;

Chinnawar, 2015).

Feed rate
q R—
'E \’ 5% aqueous

gelatin solution
Nozzle Aspirator

Fig. 2.1 (Left) Image showing experimental setup for visualization studies of the spray dryer.
(Right) Schematic diagram of the apparatus setup (adapted from BUCHI Labortechnik AG).
2.2.5 Powder analysis

2.2.5.1 Moisture content (MC) and production yield (Y)

The moisture content (MC, d.b.) of samples were determined gravimetrically by MF-50
Moisture Analyzer (A&D, San Jose, CA). The production yield (Y) is expressed as weight
fraction (%) of powders recovered from the production vessel with respect to the weight of
dry matter originally added to the feed solution. Any powders adhering to the walls of dryer
chamber or cyclone were not considered. Each measurement was carried out in triplicate, and

averaged MC and Y were reported.
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2.2.5.2 Powder density

The solid true density of the powders (microcapsules) were measured by Accupyc 1330
pycnometer (Micromeritics, Norcross, GA) which used a gas displacement technique to
determine the volume of sample under test. The density is calculated as the ratio of sample

weight and the volume.

2.2.5.3 Particle size and morphology

The size and morphology of the spray dried particles were investigated using a scanning
electron microscope (SEM) (EVO 50 VP, Zeiss, Oberkochen, Germany). The specimens
were loaded on the SEM stubs (attached to a metal holder) using a two-sided adhesive tape,
and sputtered with gold using a magnetron sputter coater. The coated samples were then
examined using SEM operating at an accelerating voltage of 20 kV. The particle size and size
distributions were measured on the SEM micrographs using an imaging processing software

ImageJ (National Institutes of Health, US).

2.3 Results and discussion

2.3.1 Effect of concentration, temperature and pH value on gelatin solution

Since gelatin is the major component of the microcapsule, the physicochemical properties of
resultant particles are largely determined by the gelatin solutions. Effect of concentration,
temperature and pH value on gelatin solutions was thus investigated as it is likely to influence
its behavior during spray drying. The viscosity of gelatin solutions are shown in Fig. 2.2 at
various concentrations (1-20%) and temperatures (40-70°C). The viscosity of gelatin
solutions increased rapidly when concentration was greater than 10 wt%. High viscosity leads
to inefficient atomization of gelatin solution because samples soon blocked the atomizer

through the formation of a thick solid wall. Larger drops were formed and more difficult to
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be dried, the resulting particles were more humid and observed to have agglomeration
tendencies. Therefore, 5 wt% gelatin solution was selected to allow forming aqueous
solutions with reasonable viscosity in order to maintain proper atomization and efficient
drying of the powder during the spray drying process. And as gelatin solution gels at
temperature < 40°C, higher temperature (close to phase inversion temperature) may promote
thermal degradation of bioactive materials and affect the emulsion stability (Gulotta et al.,

2014) as well, so the inlet feed temperature was kept at 50°C.

Influence of pH on zeta-potential of gelatin solutions was also investigated (Fig. 2.3). The
zeta-potential went from positive (+ 21 mV) to negative (-12 mV) when the pH increased
from 2 to 10. Zeta-potential became zero (isoelectric point) at a pH between 6 and 7. Droplets
with large zeta potential (surface charge) repel each other, thereby improving the solution
stability (Tantra et al., 2010). For this reason, pH of the gelatin solutions was adjusted to 3
using HCI prior to spray drying to achieve maximum surface charge. The positive (cationic)
droplets could also repel iron (Fe?* and Fe®*) and inhibit iron (Fe** and Fe®") catalyzed

oxidation of lipids in the emulsions (McClements, 2014).
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Fig. 2.2 Viscosity of gelatin solutions at various conditions
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Fig. 2.3 Influence of pH on electrical charge (zeta potential) of gelatin solutions

2.3.2 Selection of the operating conditions
The inlet (Ti) and outlet temperature (To) play crucial role in spray drying process as they

influence the properties of the dried particles. Higher inlet temperature, which is proportional
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to the drying rate, can result in sufficient droplet/particle drying. However, too high inlet
temperature may destroy heat sensitive components. In contrast, if the inlet temperature is too
low, the water will not evaporate completely in short time. In addition, the outlet temperature,
which is the resulting temperature of the heat and mass transfer between droplet/particle and
drying gas, can be regarded as the maximum temperature the particle experienced during the
spray drying process. So cares need to be taken to make sure the dried product is not

damaged by excessively high outlet temperature.

50% air —E—50% 20%
~~ 120 50% 30% —e—100% air _—*
110 —0—100% 20% 100% 30% —

100 110 120 130 140 150 160 170 180 190 200
Inlet temperature (T;, °C)

Fig.2.4 Corresponding outlet temperature (T,) versus inlet temperature (T;) at different feed
pump rate (0% (air only), 20% (6 mL/min) and 30% (9 mL/min)) and drying air aspirator rate
(50% (20 m’/h) and 100% (39 m’/h)).

Fig. 2.4 shows the T, versus T; curves for the spray dryer. T, is always lower than Ti because
of the heat loss through the spray dryer and higher T; will result in higher To. When run on
gelatin solution over the same range of Tj, To is lower than on air because of consumption of
enthalpy to evaporate the water. When T; >190°C (100% aspirator rate, 20% pump rate), To
will be above the boiling point of water (>100°C), overpressure effects could occur and may
further result in inflation or cracking, which is harmful for the microcapsule (Chen et al.,

2013; Kemp et al., 2013; Shen & Quek, 2014). Therefore, spray drying at lower temperature
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is preferable in this work to avoid overheating of the microcapsules. Drying at lower

temperatures is also more cost effective.

The overall mass and energy balance used in this study assumed complete evaporation of
liquid components. The energy (heat) loss (Qioss) through the B-290 spray dryer is substantial
in this case due to the heat convection and conduction through the large surface area of the
glass spray dryer chamber (Hanus & Langrish, 2007). The spray dryer was first operated with
heated gas only (no liquid). The inlet and outlet gas temperatures were measured
experimentally and the energy (heat) loss (Qioss) Was calculated by equation (4). As the Qioss
value varies with changing spray dryer operating conditions, these obtained Qioss Values were
used to determine the overall heat-transfer coefficient for heat loss (UA) in equation (5),
which is independent of the operating conditions. Fig.1.5 shows UA as a function of log
mean temperature difference (ATm). Although there is a slight variation in UA values, there
is no discernable trend between UA and the ATuwm. Thus, using an average of the values
found, the lumped parameter, UA, of the Buchi-B290 spray dryer was estimated to be 4.77
WeK!. As a result, the energy (heat) loss under any operating conditions could be correlated
(Equation 7).

Qloss =477« [(Ti'Tamb)'(TO'Tamb)]/ |n[(Ti'Tamb)/ (TO'Tamb)] (7)

Therefore, the amount of drying gas required to dry the liquid feed to a certain level of
moisture content can be calculated by Equation (6). It can be seen from Fig.1.7 that 100%
aspirator rate (Mg) is usually higher than the minimum requirement to dry the gelatin
solution, while 50% aspirator rate is insufficient to dry the product in most of the cases,
despite the increased residence time in the spray dryer. Thus, the drying gas flow rate should

be set at or close to the maximum gas flow rate (100% aspirator rate) to ensure complete
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solvent evaporation. For a spray dryer operated at fixed aspirator settings, the maximum
achievable liquid feed flowrate (Ms) can also be approximated by the balance equations.
Considering all the factors discussed above, the inlet temperature range was set from 110°C

to 180°C for the experiments in this study.
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Fig.2.5 Plot of UA as a function of log mean temperature difference (ATLm) between inlet
(Ti), outlet (To) and the ambient temperature (Tamb).
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Fig.2.6 Estimation of drying gas required for different amount of liquid feed (10-50% pump
rate; inlet temperature (a: Ti=120°C, b: 150°C, c: 180°C); liquid feed temperature (T+=50°C),
moisture content (Xi=19, Xo=5%) and outlet temperature (T,=45-115°C).

2.3.3 Particle moisture content and yield

Fig.2.7 and 2.8 show the residual moisture content and yield of the final particles as a
function of drying temperatures (Ti and To). MC can play an influential role in determining
the physical and chemical stability of the dried powder. Usually, a dry product with a
moisture content as low as possible is aimed for. Current results show that the MC of the
powders decreases gradually with increasing Ti (To). A lower pump setting should result in a
higher outlet temperature and therefore more efficient drying, resulting in lower residual
moisture contents. Although the product MC can be lowered by simply increasing the

temperature, exposing the material to excessive temperatures should in general be avoided to

prevent thermal degradation.
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Fig.2.7 Effects of variation in T, on residual moisture content of spray-dried gelatin at
different feed rate (20% pump rate: 6 mL/min and 30% pump rate: 9 mL/min).
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Fig.2.8 Effects of variation in T, on particle yield of spray-dried gelatin at different feed rate
(20% pump rate: 6 mL/min and 30% pump rate: 9 mL/min).

For the yield of microcapsules, most of the product loss was found as wet deposits of semi-
wet particles on the chamber wall and cyclone. When the pump rate was set at 9 mL/min, at
low drying temperatures droplet/particles were insufficiently dried and easily deposit (sticky)
when they hit the wall, hence a reduced powder yield. The powder yield increased with

higher process temperatures, owing to improved droplet/particle drying before impact with
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the wall and reduced droplet/particle deposition on the walls of the drying chamber. The
powder yield declined with further increase in T; (>180°C), although the residue moisture
content remained at a low level. Spray dried products often exist in an amorphous state,
which show great sensitivity to moisture content and temperature fluctuations during
processing (Heldman et al., 2006). Therefore, typically, outlet temperature (T,) is chosen to
stay below glass transition temperature (T,). Otherwise, when T, exceed their Tg, the
amorphous particle (glassy state) changes to rubbery state and become viscous, when the
particle is heated above the so-called ‘sticky point’ (Ts > T + 10°C), it tends to stick on the
walls of the spray dryer and decrease the yield (Jayasundera et al., 2009). According to
Kasapis & Sablani (2005) (Table 2.1), although the glass transition temperature of gelatin is
relatively high (161°C, k=6.1), it can be greatly reduced by adsorbed moisture. For 30%
pump feed rate (M=9mL/min), when Ti=180°C, the T, (84°C) is more than 10°C above Tq
(73.5°C). As a consequence, the rubbery gelatin is more likely to stick to the chamber and
cyclone walls, reducing the yield of the product. Therefore, a maximum yield can be obtained
at T, which prevents wet deposits because of insufficient drying, but not so high to cause
molten deposits above Ts (Maury et al., 2005). Moreover, powders also have higher shelf life
if stored under glass transition temperature. However, for hygroscopic materials like gelatin,
care needs to be taken because easy re-absorption of vapors from the air phase could reduce
the glass transition temperature. Therefore, for good conservation of these powders without
risk of caking during storage, spray dried gelatin powders were sealed and stored at 4°C until
analysis. The relative humidity of the drying gas is also an important parameter need to be
controlled during spray drying. Not only does humid air cause the water droplets to
evaporate/dry slower, it also lowers the glass transition temperature of amorphous products as

adsorbed moisture acts as a plasticizer. To decrease and maintain the relative humidity in the
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inlet air, the dehumidifier B-296 was used. This additional dehumidification accessory could

improve the drying efficacy and allow the removal of water more quickly.

Table 2.1 Comparison of T, versus Tq and Ts estimated from Kasapis & Sablani (2005).

T (°C 20% pump rate 30% pump rate
0O 10 T(0) T(O)  Te(0)  Ty(Q)  T(T)
110 57 58.9 68.9 55 54.0 64.0
120 63 63.7 73.7 57 56.6 66.6
130 69 64.5 74.5 61 58.9 68.9
140 71 70.4 80.4 64 59.7 69.7
150 73 74.4 84.4 68 60.1 70.1
160 80 79.5 89.5 73 63.3 73.3
170 83 80.5 90.5 79 69.5 79.5
180 92 82.9 92.9 84 73.5 83.5

Compared with industrial spray dryers (yield over 90%), the production yield (50-70%) in the
current study appears to be relatively low. However, yields of around 60% are considered to
be good for small-scale spray dryers, such as these Buchi designs (Fang & Bhandari, 2011;
Imtiaz-Ul-Islam & Langrish, 2009; Langrish & Premarajah, 2013). The fundamental reason
for these low yields with small-scale spray dryers can be found from the work of Hanus and
Langrish (2007). The narrow dryer chamber of B-290 results in a high level of inertial
deposition of small droplets/particles, and hence a reduced production yield. High liquid feed
flow rates were also detrimental to powder yield. On increasing the feed rate value (>12
mL/min), large deposits of powder were visible in the spray chamber, and liquid water was
also observed on the inner wall of the collection vessel. Lower feed rate (< 3mL/min) gave

higher yield, but also resulted in lower productivity.

2.3.4 Initial droplet size distribution
Generally, the spray generated by two-fluid nozzles contains droplets of varied size (Parikh,
2005; Patel & Chen, 2007). As seen from Fig.2.9 and Table 2.2, the initial gelatin solution

droplets emerging from the nozzle showed a circular (spherical) contour, and a narrow size
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distribution, with peak (d=~30um) representing a predominant size. This peak value is also
equal to the medium value (dso) of the droplet size distribution, evident by the cumulative
distribution curve in Fig.2.9. Since it was difficult to track the precise size change for each
individual droplet as the spray progresses, the peak size of droplet during the spray drying
under different drying temperatures was investigated in section 2.3.5. SAS software (SAS
Institute Inc, Cary, NC) was used to determine P-values for lognormal curve fit. Three
different methods based on EDF Goodness-of-Fit test (Anderson-Darling, Cramer-von Mises,
Kolmogorov-Smirnov) and Chi-Square Goodness-of-Fit test (chi-square) were used. The P-
values for all four tests are larger than 0.10, indicating that the lognormal model is

appropriate for the curve fit.
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Fig.2.9 Initial droplet size distribution approximation for 5% aqueous gelatin solution.

2.3.5 Shrinkage behavior of 5 wt% gelatin droplets

The measured diameter of 5 wt% gelatin droplets along spray dryer at 120, 150 and 180°C
are shown in Table 2.2. Fig.2.10 shows the lognormal distribution curve fit for droplet size at
120, 150 and 180°C. As drying progressed, most droplets/particles maintained spherical and

smooth contours. The droplet diameter rapidly decreased at the initial stage of drying (Table
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2.2 and Fig. 2.10), associated with a rapid decrease in MC (MC = mo — mp = 1/6mepge (da,0® —
da®)) as will be discussed later (Fig. 2.12), and less so as drying approached the final stage.
Although with the same initial MC and droplet size, the effect of drying temperature plays an
important role in the overall droplet shrinkage behavior and particle formation process
(Vehring et al., 2007 and Yao et al., 2008). Larger particles were produced at a higher drying
temperature as observed in the present study (Table 2.2 and Fig. 2.10). For material like
gelatin, droplet drying is generally divided into two different drying stages, namely, the
constant-rate and falling-rate drying periods. The constant-rate drying period is dictated by
the presence of free moisture on the droplet-air interface, the droplet shrinks drastically
during this stage. When the outer free moisture could not be further maintained, a surface
skin would start to appear with the accumulation of dissolved materials on the outer layer. As
the outer layer ‘solidifies’ with the formation of crust under the skin, further droplet
shrinkage becomes less apparent (Walton & Mumford, 1999a, b). Therefore, the extent of the
difference between initial droplet size and final particle size depends on the point when crust

formation occurs.

When the droplets dried at low temperatures (120 °C), our measurements were consistent
with the notion that the crust formation was delayed until the concentration within the entire
droplet has reached the solubility limit, so that the reduction of droplet diameter was more
pronounced, resulting in the smallest size particles. As was seen in Alamilla et al (2005), the
peak droplet size decreased along the length of the spray dryer within 28 cm from the nozzle
outlet. In contrast, although diameter reduction was still observed, the total reduction was
negligible between 28 cm to 35 cm. Presumably the particle surface could be still moist,
allowing the particle to shrink to a small extent. However, the surface shell gradually

thickened as drying progressed (Nesi¢ and Vodnik, 1991). After 35 cm, the shell became
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sufficiently solidified to resist further shrinkage, even though the drying was still in progress.

The shrinkage may not be homogenous as the moisture distribution on the particle surface

may not be even. When the MC reduced, others observed that the projected area of the semi-

dried particle was no longer a regular circle, the contour became undulated, indicating the

formation of a surface shell. The contour of the projected particle area became slightly

rougher at the final drying stage.

Table 2.2 Droplet diameter as a function of distance from nozzle outlet

Distance
(cm)

14

21

28

35

42

Droplet
Image

120°C 150°C 180°C
Opesk Oso  Droplet dpeak Oso  Droplet dpeak  Oso
(um) (um) Image  (um) (um) Image  (um) (um)
29.9 29.9 Experiments were taken at 7cm instead of 0
' "~ cm, at room temperature (~25°C)
e
276 28.2 26.3 26.3 23.7 23.7
24.0 24.0 21.1 236 10.7 10.7
19.9 19.9 9.8 10.2 10.7 11.2
8 8 9.8 9.8 . 10.7 12.6
8 9 9.8 9.8 124 131
8 8 9.8 109 10.7 12.8
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Fig.2.10 Droplet size change along the spray dryer as a function of the distance from nozzle
outlet: (top)Ti=120°C, (middle) Ti=150°C, (bottom)T;=180°C.
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Fig. 2.11 Comparison of dpeak and dso value at 42 cm when Ti=180°C

For intermediate temperature drying (150 °C), the droplet dried more rapidly than at 120 °C,
as expected. This difference is showed even clearly when the shrinkage behavior is plotted
against MC removal (Fig. 2.12). Apart from reducing the MC of the final products, higher
drying temperature also led to higher droplet size. The larger size in 150°C is partly due to a
quicker crust formation than lower temperatures (Kim et al., 2009), which could hinder
further shrinkage and thus influence diameter reduction (Wang et al., 2014). Compared with
120 °C, the droplet showed a faster shrinkage at the beginning (0-21cm), while no apparent
change in peak droplet diameter after 21 cm, despite a continuous reduction in MC. The area
contour at 35 cm looked similar to that at 42 cm, indicating a possible sustaining of the semi-

dried particle structure by solids fraction.

For high-temperature dying (180 °C), the drying behavior was different from that found at
120 and 150 <C. The atomized droplets first shrank as they traveled away from the nozzle and
a more rapid crust formation occurred very close to the initial droplet size (nozzle outlet).

Then a phenomenon known as droplet inflation (Handscomb & Kraft, 2010; Rogers et al.,
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2012), caused by the build-up of internal vapor pressure when the droplet/particle
temperature exceeded boiling temperature, has been observed at 35 cm from the nozzle
outlet. As seen from Fig.2.4, when the inlet temperature was at 180°C, the outlet temperature
(at 42 cm) was below the boiling temperature (<100°C), which was generally regarded as the
maximum temperature the particle could reach in the spray dryer. However, common to
many co-current dryers, that the maximum particle temperatures occur not at one of the end
points of the dryer (inlet or outlet) but in the middle of the dryer. This result is due to the
differing rates of heat and mass transfer, with heat transfer being more rapid than mass
transfer, leading to the particle being initially heated up to boiling temperature very quickly at
35cm, followed by a period where both the particle and the gas temperatures decrease due to
energy being used in evaporation and heat loss (Langrish & Premarajah, 2013). In some
cases, those inflated droplets/particles may break up under the drying stress (Handscomb &
Kraft, 2010). However, in this case, the surface crust showed good elasticity, which may be
because the crust formed very early when the droplet had a larger diameter and may have
been thicker before boiling, hence able to expand further without breaking. After the
temperature cooled down to below the boiling temperature, the expanded droplet/particle
deformed again back to the unexpanded state. The difference between dpeak (10.7 um) and dso
(12.8 um) at 42 cm (Fig.2.11) may due to the existence of several small peaks around 16.1-
18.4 um, resulting in the right shift of dso, so that dpeak Was more representative than dso.
Large droplet/particles were formed probably because of the recirculation of the airflow
inside the dryer chamber, which enhanced the mixing between hot air and the droplet and
increased the contact time. A quicker crust formation occurred and led to larger

droplet/particle size.
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Specifically, it was demonstrated that the shrinkage behaviors (dimeter reduction) of 5 wt%
gelatin droplet were more pronounced at lower drying condition. While, shell formations
were advanced at higher drying temperature (Kim et al., 2009; Fu et al., 2013), leading to a
deviation from ideal shrinkage kinetics (Patel et al., 2010). However, at the initial stage of
drying, the water fraction remained as the dominant fraction in the droplet (MC =19 d.b.), so
that the resultant droplet shrinkage followed the ideal shrinkage kinetics to a large extent.
Once the diameter of the droplet were measured accurately, the quantity of water removed
from the droplet during spray drying (MC) could be assumed proportional to the change in
droplet diameter travelling through the dryer chamber. The shrinkage behavior proceeded

until the point of crust formation and then stopped provided that there was no inflation.
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Fig.2.12 Estimation of MC change histories of 5 wt% gelatin droplets at 120, 150, 180 °C as
a function of the distance from the nozzle outlet
Fig. 2.12 shows estimated MC as a function of distance from the nozzle outlet of the spray
dryer at different drying temperatures. It was possible to qualitatively relate the MC with air
drying temperatures along the length of the spray dryer. As would be expected, MC reduced

more rapidly at higher drying temperatures. Meanwhile, higher drying temperatures also led
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to lower residual moisture in the particles after drying, indicating that drying was more
complete than using lower temperatures. As we can see from Fig.1.12, at the beginning, the
MC reduction was approximately linear along with the decrease in droplet size. It only took
around 28 cm for 95% of the total moisture to be removed at 180°C. Such a fast water
removal might cause advanced shell formation (Kim et al., 2009), which resisted further
shrinkage and maintained the particle shape. As drying further progressed, the curve showed
a transition point and a slight MC reduction, negligible diameter reduction occurred after MC
was reduced to around 1 (d.b.). When the overall droplet MC reached about 0.1 kg/kg, the
particle likely reached its equilibrium moisture content (Xe); no further MC reduction was

observed.

Visualization of the spray process allows for a comparison of the spray characteristics and the
resulting particle characteristics. However, the imaging system did not have sufficient
resolution to visualize the morphology of the droplet/particle. Spray dried particles were
analyzed using a SEM to confirm and augment results observed by high speed camera.
Particles produced at lower temperature tended to be smaller than the particles produced at
higher temperature. Observing the morphology of each powder, most particles appeared as
spherical shapes with dimpled surfaces. It is reasoned that the particles formed as a spheres
and then deformed by drying stresses. The shell helped maintain the shape, producing nearly
spherical particles. After the surface shell was formed during drying, the solids fraction with
low initial solids levels could not support the shell, which then sank inwards as inner

moisture was removed, producing concave morphology.

The drying of droplets in a spray dryer is a continuous process. However, in this work, the

drying behavior along the spray dryer was investigated at different distances from the nozzle
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outlet. Hence the simultaneous heat and mass transfer inside the spray chamber could not be
monitored continuously. Only estimated MC curves could be drawn. Further experiments can
be conducted to visualize the spray at more positions. The polydispersity of droplets
generated by the two-fluid nozzle also made it more difficult to characterize the droplet
shrinkage behavior (Chen & Patel, 2008; Liu et al., 2015; Patel & Chen, 2007). Mono-
dispersed droplet generation techniques that capable of producing monodisperse droplets
could be further used to remove the complexity of the droplet size effect (Rogers et al.,
2012). In addition, the proposed methodology was suitable if regularly shaped particles
(spherical, nonagglomerated particles) were produced by spray drying. However, when spray
drying leads to highly irregular shaped particles (e.g. agglomerating particles), the proposed

method is not always valid.

2.3.6 Gelatin properties before and after spray drying

As seen in Table 2.3, Gelatin is relatively insoluble in cold water. After spray drying, the
resulting gelatin powder becomes "“cold water soluble™. This solubility enhancement may be
due to generation of the amorphous form of gelatin and reduction of particle size in contrast
to the large crystalline form of raw gelatin (Kuant et al., 2015). On contact with water, the
high energy state of the amorphous powder results in faster dissolution and higher solubility
(Paudel et al., 2013). The reduction in particle density may be due to the formation of crust

during drying, leading to the formation of hollowed particles.
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Table 2.3 Gelatin properties before and after spray drying

Raw gelatin Spray-dried gelatin
Solubility Practically insoluble in cold water ~ Cold-water soluble
Size (diameter, um) >100 5-20
Density (g/cm®) 1.35 1.2-1.3
MC (%) 12-13 5-9

The spray dried gelatin powders produced have a range of particle size from about 5 to 20
um, and were mostly spherical in shape with dimpled surfaces, which is a typical
characteristic of spray dried powders (Gallardo et al., 2013; Tonon et al., 2011). Both well-
formed microcapsules (Fig. 2.13 (middle)) and agglomerated powders (Fig. 2.13 (bottom))
were observed. The appearance of particles agglomeration instead of well-formed
microcapsules may be associated with the cohesion between sticky particles at high To, which
is coincident with experimental results of low yield (Fig.2.8). No cracks, craters or fissures on
the particle surfaces indicate complete coverage of gelatin that is essential to ensure lower gas
permeability, better protection and retention of the active material (Rocha et al., 2012;
Aniesrani Delfiya et al., 2015). Dimpled surfaces were more likely to occur because of the
slower diffusion of water, allowing more time for structures to deform, shrink and even
collapse (Aniesrani Delfiya et al., 2015; Chen & Mujumdar, 2008). Addition of sucrose or
manniol may promote formation of micro-spheres with smoother outer surface (Bayram et

al., 2005; Bruschi et al., 2003; Faria et al., 2010; Shu et al., 2006).
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Fig. 2.13 (top) SEM image of raw gelatin; (middle) SEM image of spray-dried gelatin
powder at inlet temperature=140 °C, feed rate=6mL/min; (bottom) SEM image of
agglomerated spray-dried gelatin powder at inlet temperature=180 °C, feed rate=9mL/min.
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Conclusion

The objective of this work was to evaluate the potential of gelatin as wall materials for
microencapsulation. Spherical, dimpled and micron-sized gelatin particles or agglomerates
were successfully produced through the spray drying process. Particle properties were
characterized and can be affected by varying operating conditions. Feasibility of the high
magnification visualization system for study of the spray characteristics during the spray
drying process was demonstrated. Data from visualization experiments was collected and
used for shrinkage model development. The results confirmed that different drying
temperatures lead to a variation in shrinkage behavior for 5 wt% gelatin drying. Higher
drying temperatures tended to have less extent of shrinkage than lower drying temperatures,
resulting in larger final particles than lower temperatures, as opposed to the prediction by
ideal shrinkage Kkinetics of smaller particles at higher temperatures. We attributed this
behavior to a quicker surface crust formation. This study provides a better understanding of
the drying behavior of gelatin droplets, which will benefit the production of gelatin-based

microcapsules by spray drying.
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Chapter 3

Study on the feasibility of microencapsulation of bioactive materials by spray drying

Keywords:

Spray drying, Microencapsulation, Bioactive materials

Abstract

Bioactive material, such as carotenoid, is an important class of natural pigment with various
health benefits. To enhance its stability and application in food and pharmaceutical industries,
microencapsulation technology was introduced. The objective of this study was to develop a
stable oil-in-water (O/W) emulsion system to microencapsulate bioactive elements by spray
drying. Effects of emulsification methods (high-energy and low-energy homogenization
method) on emulsion stability were characterized at various surfactant to oil ratios (SOR)
with different types of oil (MCT oil, olive oil) and emulsifier (gelatin, Tween 80). High-
energy method was preferred for safety concerns, as it was able to produce fine stable
emulsions at low SOR. O/W emulsions, using MCT oil as core material, gelatin as wall
material (encapsulant and primary emulsifier) and Tween 80 as secondary emulsifier, were
prepared and spray dried to create micron-size microcapsules using a lab scale spray dryer
(Buchi B-290). Effects of operating conditions, including inlet temperature, on the resultant
microcapsules properties (e.g. size, morphology, moisture content (MC), encapsulation
efficiency (EE) and yield ()) were investigated. The results demonstrated that spray drying
technology could be applied to transform the stable O/W emulsions (containing bioactive
material) into powders with desired properties. So it is feasible to use this emulsion-based

system to microencapsulate bioactive materials in the near future.
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3.1 Introduction

Lipophilic bioactive components, such as carotenoids, have received increasing attention in
food and pharmaceutical industries because of their promising health benefits. They have
been recognized to exhibit physiological activities in recent metabolic and nutritional studies
(Abidov et al., 2010; Hosokawa et al., 2004; Maeda et al., 2005, 2007a, 2008, 2009, 2015;
McClements et al., 2007; Kotake-Nara et al., 2001, 2005a, 2005b; Rao & Rao, 2007,
Sachindra et al., 2007; Zhang et al., 2015), including antioxidation activities (Carranco
Jairegui et al., 2011), antiobesity properties (Gammone & D'Orazio, 2015), antidiabetic
effects (Sluijs et al., 2015), and anticancer effects (Tanaka et al., 2012). However, the
utilization of these bioactive elements as functional ingredients is currently limited due to
high susceptibility to adverse environment conditions, such as oxidant, heat, light, pH value
and enzyme (Mercadante et al., 2008), as well as poor water solubility and low bioavailability

(Ax et al., 2001; Hashimoto et al, 2012; Park 1997; Peng et al., 2011).

To overcome these problems, microencapsulation technology has been proposed to make the
bioactive component more stable during handling, processing, storage and delivery. It is a
technique that enables bioactive components to be enveloped as a “‘core’’ material with a
“wall” matrix which helps to protect them against degradation, increase their stability during
storage, mask some of their properties (unpleasant tastes and/or odors), and improve their
bioavailability. In addition, it offers the possibility not only for controlled release but also for
targeted delivery of encapsulated molecules to a specific site in the body (Fang & Bhandari.,

2010; Nazzaro et al., 2012; Nedovic et al., 2011; Vos et al., 2010; Zuidam & Nedovic, 2010).

In the food industry, the most common procedure for microencapsulation is spray drying.

Low cost, easy to upscale, broad choices of wall materials and possibility of producing
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micro-sized particles with adjustable size and morphology makes this means ideal for particle
encapsulation (Gharsallaoui et al., 2007; Santos & Meireles., 2010; Verma & Singh., 2015).
Many researchers have used this technology to encapsulate carotenoids such as p-carotene
(Faria et al., 2010; Liang et al., 2013; Loksuwan., 2007), lycopene (Goula & Adamopoulos,
2012; Rocha et al., 2012; Shu et al., 2006), lutein (Kuang et al., 2015; Wang et.,2012),
astaxanthin (Pu et al., 2011; Shen & Quek, 2014), and canthaxanthin (Hojjati et al., 2011,
2014). Recent publications are listed in Table 3.1. Generally, there are two main methods to
encapsulate these lipophilic materials. In the first method, carotenoids are solubilized in
aqueous wall solutions with the help of some organic cosolvents, such as acetone (Goula &
Adamopoulos, 2012; Shu et al., 2006) and dichloromethane (Faria et al., 2010), which are
toxic and raise questions for further microencapsulation applications (lead to solvent traces in
microcapsules). In the second method (Hojjati et al., 2011, 2014, Liang et al., 2013; Pu et al.,
2011; Rocha et al., 2012; Shen & Quek., 2014), carotenoids are emulsified and trapped
within the core of the O/W emulsion. It has received growing interest for a number of
reasons. First, lipids (oils) are “natural” components with many favorable nutritional
functions. For example, medium-chain triglycerides (MCT) can support the immune system,
and are a good substitute for carbohydrate calories (Kang & Connolly, 2006). Long-chain
triglycerides (LCT) such as olive oil offer good protective effect on the cardiovascular system
(Lucas et al., 2011; Ruiz-Canela & Mart mez-Gonzdez, 2011). Second, lipids (oils) are good
solvents for lipophilic compounds, so they can work as carriers for carotenoids during
processing as well as digestion, protecting them against oxidation and enzymatic hydrolysis.
The absorption (bioavailability) of carotenoids also significantly improved once dissolved in
lipid (oil), which facilitates its digestion in human body (Brown et al., 2004; Lemmens et al.,

2014; Nagao et al., 2013; Parker., 1997).
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Since it is crucial to form a stable emulsion before spray drying, the choice of an appropriate
wall material with good emulsifying properties is in consideration (Nesterenko et al., 2013;
Tontul & Topuz, 2013). Gelatin is one of the wall materials that is commonly used in food
industry due to its biocompatible, biodegradable and “generally regarded as safe (GRAS)”
characteristics (Hanani 2014; Kapoor & Dhawan, 2013; Pignatello 2011; GRAS Substances,
1975). It also exhibit good emulsifying and wall forming properties, which allows its use as
both surface-active agent (emulsifier) and wall material (Karim & Bhat, 2008). The
emulsification step also plays an important role in microencapsulation. Two methods are
currently available to fabricate stable O/W emulsion, the high-energy and low-energy
approaches. High-energy approach utilizes mechanical devices (such as high pressure
homogenizers, rotor-stator homogenizers, microfluidizers and ultrasound generators) capable
of generating intense disruptive forces to breakup and intermingle the oil and water phases
into tiny oil droplets (McClements & Rao, 2011; Santana et al., 2013b; Yang et al., 2012). It
is the most versatile method to produce food grade emulsions as it allows the use of a broad
variety of different types of oils (triacylglycerol oils, essential oils and flavor oils) and
emulsifiers (biopolymers and surfactants) at relatively low concentrations (~1-2%). Emulsion
can also be fabricated using the low-energy method. It is easy and cost efficient since
emulsification can occur under simple stirring, no expensive homogenization equipment is
required. A number of different low-energy methods have been developed, including
spontaneous emulsification (SE), phase inversion temperature (PIT), and phase inversion
composition (PIC) methods (McClements & Rao, 2011). Among them, spontaneous
emulsification (SE) is probably the easiest one to carry out since it simply involves titration
of an organic phase (containing oil-surfactant mixture) into an aqueous phase with constant
agitation, which leads to the spontaneous formation of fine oil droplets at the oil-water

boundary (Saberi et al., 2014a) (Fig.3.1). However, there are also some potential
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disadvantages of low-energy approach. For example, limited types of oils and emulsifiers can
be used in food industry. To the best of our knowledge, it is currently not possible to form
stable emulsions using biopolymer emulsifiers (e.g. proteins) with the low-energy approach,
the small molecular weight surfactants frequently used in low-energy process are usually
either not food grade or need to be used at relative high concentration (sometimes even at

toxic level).
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Table 3.1 Recent publications for microencapsulation of carotenoids by spray drying

Carotenoids Solvent Wall materials Particle characteristics Reference
[-carotene, . 6.4-10.7 um spherical microcapsules with irregular surfaces Faria et al.,
apocarotenal Dichloromethane  GA, MD (for GA) or smooth surfaces (for MD) 2010

i : : : . Guadarrama-
Carotenoids Corn, Sunflower, GA MD Semi-spherical microcapsules with dents and rough surfaces, Lezama et al
from chilli Safflower oil ’ but no fracture. MC 3.9-5%, d3»=11.1+1.4-12.74£0.5 um. 2012 B

Spherical shape and concave surface with various sizes (less
Carotenoids Gac oil WPC. GA than 20 um). EEs of the oil, B-carotene, lycopene, Y and MC Kha et al.,
from Gac aril ’ were validated as 87.22%, 82.76%, 84.29%, 52.78%, and 20144, 2014b
4.90%, respectively.
[-carotene MCT oil E',IB\(FESAUP I’_C.i_AAPSUL’ Microcapsules showed rounded surface with grooves. Llaggleé al.,
A matrix type of microcapsules had a rounded outer surface Rocha et al
Lycopene Oil Capsul® with the formation of teeth or concavities. No fissures, cracks 2012 N
or interruptions.
: Porous starch Uniform spherical microcapsules, 94.4 +0.4% EE (%), 92.6 =
Lutein Ethanol gelatin mixture 1.7% Y (%). Wang et.,2012
) . WPI,SC, . N Shen & Quek,
Astaxanthin Sunflower oil SCE 70 2-25um particles, mostly spherical in shape. 2014
7.94+0.14 um microcapsules for SSPS (EE (90.3+0.7) and
. . higher stability), 9.08+0.07 pm microcapsules for GA and Hojjati et al.,
Canthaxanthin  pure corn oil SSPS, GA, MD :
P 10.42+0.14 pm microcapsules for MD (1.035+0.008,), 2014

respectively.

Note: GA refers to Gum Arabic, MD refers to Maltodextrin, WPI refers to whey protein isolate, WPC refers to whey protein concentrate, SC
refers to sodium caseinate, SCF 70 refers to soluble corn fiber, SPSS refers to soluble soybean polysaccharide, MC refers to moisture content,
EE (%) refers to the encapsulation efficiency, Y (%) refers to the yield.
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Fig. 3.1 Schematic representation of spontaneous emulsification (adapted from McClements &
Rao, 2011)

The objective of this study was to develop a stable O/W emulsion system for microencapsulation
of bioactive materials by spray drying. The effectiveness of a high-energy method was compared
with a low-energy method (spontaneous emulsification) at various combination of SOR, oil type
(MCT/Olive oil) and emulsifier type (Gelatin/Tween 80). The emulsion formed was then spray
dried and the resultant microcapsules were characterized for moisture content (MC), yield(Y),
encapsulation efficiency (EE), particle size and morphology. The use of both high and low
energy emulsification method prior to spray drying process was a relatively new attempt. This
research might be useful for identifying the most appropriate homogenization method for

bioactive materials microencapsulations.
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3.2 Materials and methods

3.2.1 Materials

The food grade gelatin powder and non-ionic surfactant Tween 80 were purchased from
Amresco LLC (Solon, OH). A variety of different oils and emulsifiers are available for the
formulation of emulsions in the food industries. In the current study, MCT oil and olive oil were
selected as carrier oils as they are the source of medium chain triglycerides and long chain
triglycerides, respectively and have been highlighted to be efficient in enhancing carotenoid
bioaccessibility (facilitate digestion of carotenoids) in food systems (Colle et al., 2012; Nagao et
al., 2013). MCT oil is a saturated fat (no double bonds) so it can tolerate higher temperatures.
Olive oil, which contains mostly monounsaturated fatty acids (only one double bond), is fairly
resistant to high temperature as compared with the polyunsaturated fats (many double bonds) and
essential oils (Grootveld et al., 2001; Prabhu, 2000), so they can offer better protection of
carotenoids against thermal treatment during spray drying process. Food-grade nonionic
surfactant Tween 80 (Hydrophilic-lipophilic balance (HLB) =15) was employed since this type
of surfactant is usually considered most suitable for the formation of emulsions by low energy
methods (Chang et al., 2013, 2014; Gulotta et al., 2014; Mayer et al., 2013; Ostertag et al., 2012;
Saberi et al., 2013a, 2014; Yang et al., 2012). Olive oil was provided by Bertolli (Houston, TX).
The supplier reported the olive oil (smoke point, 468 °F (242°C)) contained 14% saturated fat,
14% polyunsaturated fat and 72% monounsaturated fat. Medium-chain triglycerides (MCT) oil
was obtained from NOW Foods (Bloomingdale, IL), the fatty acid composition of MCT was
56% caprylic acid (C8:0) and 44% capric acid (C10:0) according to the manufacture’s report.
Deionized water was used to prepare all solutions and emulsions. All chemicals used in this

research were of food grade.
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3.2.2 Preparation of wall solution and infeed emulsion

Wall material gelatin was dissolved in distilled water at 50°C with magnetic stirring (PC-101
Hot Plate Magnetic Stirrer, Corning Incorporated, Corning, NY) overnight to ensure complete
dissolution. As described in Section 2.3.1, 5 wt% gelatin solution was selected to allow forming
aqueous solutions with reasonable viscosity in order to maintain proper atomization and efficient
drying of the powder during spray drying process. The gelatin solution was kept at 50%, even
higher temperature may promote thermal degradation of bioactive materials and affect the
emulsion stability. The pH value of gelatin solutions was adjusted to 3 using HCI prior to spray
drying to achieve maximum surface charge (zeta-potential) to improve the solution stability.
These positive (cationic) droplets could also repel iron (Fe?* and Fe®**) and inhibit iron (Fe?* and

Fe3*) catalyzed oxidation of lipids in the emulsions (McClements, 2014).

The infeed oil-in-water (O/W) emulsions were prepared using two methods. In the high energy
method, core material, including olive or MCT oil, was mixed with the gelatin solution at the
core to wall ratio of 1:4, and blended using a rotor-stator homogenizer (T18 digital Ultra-turrax,
IKA, Wilmington, NC) at 20,000 rpm for 5 min to form a coarse emulsion. The resulting coarse
emulsion then passed through a microfluidizer (M-110EH-30, Microfluidcs, Newton, MA) 3
times at 12,000 psi to form finer emulsions. To create O/W emulsion using spontaneous
emulsification (SE) procedure, an organic phase (containing Tween 80 and MCT oil) was titrated
by a syringe pump (KDS 200, KD Scientific, Holliston, MA) at a rate of 2 mL/min into an

aqueous phase (pure water or gelatin solution) with continuous stirring (500 rpm) using a
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magnetic stirrer to ensure system homogeneity. Each emulsion sample was sealed and stored for

at least 1h before emulsion characterization.

3.2.3 Emulsion characterization

The emulsion droplet size were measured by a commercial dynamic light scattering (DLS)
instrument (Zetasizer Nano ZS, Malvern Instruments, Malvern, UK). Emulsion samples were
diluted with deionized water prior to analysis to avoid multiple scattering effects. The final
emulsion size and size distribution were averaged from three measurements with each
measurement set for 50 runs. The emulsion stability was also observed by the phase separation of

water and oil phase.

3.2.4 Microencapsulation of emulsions by spray drying

The infeed emulsions were pre-warmed to 50°C and then spray dried using a laboratory-scale
spray dryer (B-290, Buchi, Flawil, Switzerland), equipped with a dehumidifier (B-296, Buchi,
Flawil, Switzerland). Dehumidified air was used as the drying medium to improve the drying
rate. The inlet air temperature was set from 150°C to 180°C with interval of 10°C to determine
the optimum drying temperatures. The resultant spray dried samples were collected and stored in

an air tight desiccators for further analysis.

3.2.5 Powder analysis
3.2.5.1 Moisture content (MC) and production yield (Y)
The moisture content (MC, d.b.) of samples were determined gravimetrically by MF-50 Moisture

Analyzer (A&D, San Jose, CA). The production yield () is expressed as weight fraction (%) of
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powders (microcapsules) recovered from the production vessel with respect to the weight of dry
matter originally added to the feed solution. Any powders adhering to the walls of dryer chamber
or cyclone were not considered. Each measurement was carried out in triplicate, and averaged

MC and Y values were reported.

3.2.5.2 Encapsulation efficiency (EE)

Encapsulation efficiency (EE) was calculated based on the retention of oil contents in the
encapsulated powder as follows:

EE% = [(TO -SO)/TO] x 100

Where TO is the total oil content and SO is the surface oil content of encapsulated powders. The
total oil (TO), which includes both the encapsulated oil (EO) and surface oil (SO), is assumed to
be equal to the initial oil, since MCT oil is not volatile. Surface oil (SO), or extractable non-
encapsulated oil content, was determined according to Bae & Lee (2008) with slight
modifications. Hexane (50 ml) was added to the microcapsule samples (5 g) and gently shaken
with a vortex mixer (Fisher Scientific, Pittsburgh, PA) for 10 min. The suspension was then
filtered with Whatman No.1 filter paper (GE Healthcare Bio-Sciences, Piscataway, NJ) and the
powder residue was rinsed three times with 20 mL of hexane by passing it through the powder.
The residual powder was then air dried at 70°C until constant weight. The amount of surface oil
(SO) was calculated based on the difference in weights of the microcapsules, before extraction

and after washing. The experiment was conducted in duplicate.

3.2.5.3 Particle size and morphology
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The size and morphology of the spray dried particles were investigated using a scanning electron
microscope (SEM) (EVO 50 VP, Zeiss, Oberkochen, Germany). The specimens were loaded on
the SEM stubs (attached to a metal holder) using a two-sided adhesive tape, and sputtered with
gold using a magnetron sputter coater. The coated samples were then examined using SEM
operating at an accelerating voltage of 20 kV. The particle size and size distributions were
disclosed from the SEM micrographs using an imaging processing software ImageJ (National
Institutes of Health, US). The volume median particle size (dso) was calculated and the width of
size distribution was indicated by Span (Span = (deo — d10)/dso, Where dso, volume median size;
doo, 90% of the volume has a size smaller than dgo, d10, 10% of the volume has a size smaller

than dio). A smaller Span value indicates a narrower size distribution.

3.3 Results and discussion

3.3.1 Preparation of O/W emulsions

3.3.1.1 O/W emulsions by high-energy method (Effect of carrier oils and SOR on emulsion size)
Initially, we examined the influence of system composition (surfactant-to-oil ratio (SOR)) and
oil type on the formation of oil-in-water (O/W) emulsion. The emulsion droplet size and the
minimum amount of emulsifier needed to produce fine emulsions were investigated. As seen in
Fig. 3.2, the emulsion size was highly dependent on the initial system compositions (SOR and
carrier oil type). Gelatin alone (SOR=0:1.5) could help to form tiny emulsions (d=339+1.8 nm)
in MCT O/W system, however, it is incapable of making olive O/W emulsion with smaller mean
droplet size (d=735+5.3 nm). This observed differences in emulsion size may be due to the
difference in the bulk physicochemical properties of these two carrier oils, such as viscosity.

Previous research suggested that the viscosity of the oil phase was expected to influence droplet
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disruption and the mass transport rate of emulsifier molecules from the organic to agueous phase
(Israelachvili, 2011; Lépez-Montilla et al., 2002; Song et al., 2011). Therefore, the lower
viscosity of MCT oil (32.8+0.45 cP at 25 °C) may lead to the faster movement of the gelatin
molecules, which facilitated the formation of smaller droplets. Conversely, the higher viscosity
of olive oil (84.8+0.87 cP at 25 °C) limited droplet disruption within the rotor-stator
homogenizer (Saberi et al., 2013a, 2014), which made the breakup of the droplet more difficult

(Yang et al., 2012).

Once Tween 80 was introduced in the system, there was a steep decrease in the emulsion size of
the olive O/W system, while the emulsion size in MCT O/W system was only slightly decreased.
This phenomenon may be related to the Hydrophilic-lipophilic balance (HLB) value of the
surfactants, which appeared to play an important role in surfactants’ ability to form small
droplets (Chang et al., 2013; Wang et al., 2009). Tween 80 has a HLB value at 15, which was
closer to “required” HLB for olive oil to form O/W emulsion (HLB =14) (Ma & Hadzija, 2013),

so it was more efficient in emulsifying the olive O/W system.
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Fig. 3.2 Effect of SOR and oil type on mean droplet size of emulsion formed by high-energy
method (no microfluidization). Gelatin concentration is fixed in the O/W system (5%), SOR is
ratio between surfacant Tween 80 and carrier oil (MCT oil or Olive oil).

The droplet size distribution of MCT and Olive O/W emulsions are shown in Fig. 3.3 and Fig.
3.4, respectively. A biomodal droplet size distribution with a small population of large droplets
were observed in MCT O/W system when SOR was 0:1.5 (Fig. 3.3a). The existence of large
droplets in the system probably attributed to droplet growth caused by gravitational separation,
coalescence, flocculation, and/or Ostwald ripening (Chang & McClements, 2014). The relative
low disruptive forces generated by the rotor-stator homogenizer limited its ability in oil droplet
breakup, so that couldn’t prevent the droplets from aggregating and the emulsion produced had
poor stability over time with some coalescence of oil droplets. Further increase of
homogenization pressure facilitated droplet disruption, as seen in Fig. 3.3b. Microfluidization of
this coarse emulsion could create finer emulsion with monomodal droplet size distribution. The

formed emulsion was also relatively stable to droplet growth, with no significant change in mean

droplet diameters.
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The droplet size distribution in olive O/W system (SOR=1:1.5) was monomadal, with one peak
representing a predominant size (Fig. 3.4). So the small molecule surfactant Tween 80 seemed to
be more efficient in emulsion fabrication compare with gelatin. It could be rapidly adsorbed to
the freshly formed surface of droplet during homogenization, forming a protective layer that

stabilized the emulsion (Qian & McClements., 2011; Santana et al., 2013Db).
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Fig. 3.3 Droplet size distribution of MCT oil-in-water emulsion formed by high-energy method
when SOR=0:1.5. (top) Coarse emulsion before microfluidization, (bottom) Finer emulsion after
microfluidization.
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Fig. 3.4 Droplet size distribution of olive oil-in-water emulsion formed by high-energy method
(no microfluidization) when SOR=1:1.5.
3.3.1.2 O/W emulsions by spontaneous emulsification (SE) method
In order to compare the results with high-energy method, the low-energy spontaneous
emulsification (SE) method was also used to prepare O/W emulsions. Only MCT oil was
selected as carrier oil since formation of emulsions with long-chain triglycerides oils (e.g. Olive
oil) were often difficult to achieve in low-energy method (Flanagan & Singh, 2006; Hegde et al.,
2013). A series of O/W emulsions was prepared using MCT as the oil and Tween 80 as the
emulsifier (in the absence of gelatin). As seen in Fig. 3.5, the amount of Tween 80 present had a
pronounced influence on the size of emulsion produced, with the smallest droplets being formed
at the highest surfactant levels (d =200+3.0 nm when SOR=1). At relatively low surfactant levels
(SOR<0.6), emulsion was formed with bimodal or even multimodal droplet distribution,
relatively large droplets (d >1000 nm) were observed and phase separation occurred quickly
(Fig. 3.6a). On the other hand, the emulsions appeared less turbid at sufficiently high surfactant

levels (SOR>0.8), smaller droplets were formed with monomodal and narrower size distribution

(Fig. 3.6b). This phenomenon was in agreement with earlier studies (Chang et al., 2013; Saberi et
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al., 2013a) and could be attributed to a number of physicochemical mechanisms. First, higher
surfactant concentrations at the oil-water boundary caused a larger reduction in the interfacial
tension, which facilitates the formation of finer droplets (Lamaallam et al., 2005). Secondly,
higher surfactant concentrations meant that a larger number of surfactant molecules diffuse from
the organic phase into aqueous phase when they came into contact, thereby promoting the

formation of finer oil droplets at the oil-water boundary (Anton & Vandamme, 2009).
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Fig. 3.5 Effect of SOR on mean droplet size of emulsion produced by spontaneous
emulsification (SE).
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Fig. 3.6 Droplet size distribution of MCT oil-in-water emulsion formed by spontaneous
emulsification when (top) SOR=0.6 (bottom) SOR=1.
The addition rate of the oil-surfactant mixture and stir speed of the oil-surfactant-water system
also had influence on producing fine emulsions. It was observed that large clots were formed and
difficult to disperse if the oil-surfactant mixture was poured into the water phase too quickly

(Yang et al., 2012), so we used a slower addition rate (2 mL/min). Mild mixing of the oil-

surfactant-water system was also required during the SE method to ensure different components
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were thoroughly mixed. Too high mixing rates may lead to the promotion of droplet coalescence

(Komaiko & McClements, 2014; Soleet al., 2010).

Since the synthetic surfactants are less favored in food products than natural emulsifiers, we tried
to use gelatin as the emulsifier in the low-energy method. The emulsions produced were
inhomogeneous and highly unstable to droplet growth. Gelatin is a poor emulsifier agent
compared with surfactant, and the emulsion had a poor stability over time with some coalescence
of oil droplets observed after about 1h. We therefore investigated the possibility of using a
mixture of emulsifiers (gelatin and Tween 80) in the emulsion system in order to decrease the
concentration of surfactants used. The emulsion was produced using the same SE method as
described before, Tween 80/MCT oil mixture was titrated in to aqueous gelatin solutions instead
of pure water solution with constant stirring. However, DLS measurements could not be carried
out once gelatin was introduced, the emulsion produced was too polydisperse for analysis, and
the large particles or aggregates presented were out of the range (limit) of the instrument. It had
been postulated that the emulsion size increased above a certain level due to the formation of a
highly viscous liquid crystalline phase, which made spontaneous breakup of the oil-water

interface more difficult (Forgiarini et al., 2001; Saberi et al., 2013a; Wang et al., 2009).

3.3.1.3 Comparison of high- and low-energy homogenization methods

Fabrication of stable emulsions prior to spray drying process was crucial for encapsulating
lipophilic core materials like carotenoids. Since smaller droplet size conferred advantages in
terms of the emulsion stability (Rascon et al., 2011), as well as the bioavailability (Acosta, 2009;

Hatanaka et al., 2010; Huang et al., 2010) and encapsulation efficiency of encapsulated
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compounds. (Hogan et al., 2001; Soottitantawat et al., 2003), the initial emulsion size and its
distribution became one of the most important factors to be considered (controlled) in this study.
And as additional ~30-60 min were needed to complete the spray drying process, emulsions were

stored and characterized 1 h after preparation.

Fig. 3.3, Fig. 3.4 and Fig. 3.6 shows that, with the help of sufficient amount of emulsifiers, the
average emulsions size before spray drying could be decreased to less than 200 nm with a narrow
size distribution. No phase separation and significant changes in emulsion size were observed by
naked eyes (visual observation, data not shown). These results imply that the homogenization
methods employed in this work were suitable to produce stable emulsions with fine droplet size
(as evidenced by the small average droplet size). The low-energy homogenization method
seemed to be more efficient in producing small droplets than the high-energy one since no
expensive equipment was required. The emulsion size could be further reduced by adding some
cosolvents or cosurfactants (such as ethanol, propylene glycol, and glycerol) (Saberi et al.,
2013b, 2013c). However, the use of gelatin in low-energy homogenization method was often
challenging due to its high viscosity, which limits spontaneous surfactant movement from
organic to aqueous phase, so that couldn’t lower interfacial tensions between O/W phases and
stabilize the emulsion system. By contrast, once the emulsion had been created by high-energy
method, it was often highly physically stable. The mechanical forces within homogenizer
facilitate droplet disruption, which favors the production of small droplets. The high viscosity of
gelatin solutions might retard droplet movement, which helped to reduce droplet coalescence
and/or sediment, resulting in good emulsion stability. Another disadvantage of the low-energy

method was that more surfactant was required to form stable emulsions, sometimes at toxic
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levels. The situation becomes even worse after spray drying, as the surfactants content would be
highly concentrated because of the evaporation of water. The U.S Food and Drug Administration
puts legal limits on the use of Tween 80 in various food applications, for example, not exceed
300 milligrams from the recommended daily dose of the preparations of fat-soluble vitamins
(CFR, 2015). Therefore, the use of these relatively high surfactant levels may cause safety
problems (concerns) in some food products. Novel “GRAS’’ surfactants or new approaches that
can utilize existing emulsifiers more effectively in emulsion formation should be explored for
future use in food industries (Mayer et al., 2013). High-energy method was thus selected to
create stable emulsions for the spray drying processes of our studies. Though gelatin exhibits
emulsifying properties, Tween 80 was included in all formulations to assure the stability of feed

emulsions before spray drying.

3.3.2 Microcapsule characterization

Emulsions have been reported to be an appropriate system to encapsulate bioactive materials
(Kim et al., 2012; Qian et al., 2012), however, it is still sensitive to the environment stresses,
such as heating, freezing and altering pH, which would further tend to destabilize the
encapsulated compounds. A spray drying process was conducted to overcome these limitations,
following the emulsification process to produce powdered dry emulsions. This powdered form is
stable and allows easier dosage and mixture with other powders, which helps to improve its long-
term stability, facilitate its transport and utilization in some applications. Provided that infeed
(feeding) emulsion was stable over the processing time, it was still important to optimize
microencapsulation conditions in order to obtain higher production yield (Y) and encapsulation

efficiency (EE). In this work, spray drying operating conditions were selected based on
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preliminary experiments performed at different inlet temperatures, liquid feed rates and air flow
rates. The drying air flow rate was set at the maximum gas flow rate (100% aspirator rate) to
ensure complete solvent evaporation. Inlet air temperature was set from 150°C to 180°C, a
compromise between high temperatures (water evaporation rates) and oil protections (Gallardo et
al., 2013). The wall material to core ratio (w/w) was another variable to consider. It was
generally accepted that a wall material to core ratio between 3 and 4 was suitable for most
applications (Chen et al., 2013; Gallardo et al., 2013; Goula & Adamopoulos, 2012; Hojjati et
al., 2011, 2014; Pé&ez-Alonso et al., 2008; Shen & Quek, 2014). A lower ratio would probably
lead to insufficient amount of wall matrix to cover and stabilize all the dispersed oil droplets in
the microcapsules, causing an unacceptable increase of surface oil, and consequently leading to
poor EE of dried microcapsules. While a higher ratio would result in a very low oil loading in the
microcapsule, which was not desirable for food applications (Hojjati et al., 2011, 2014).
Therefore, the wall material (gelatin) to core (MCT oil) ratio (w/w) was kept at 5:1.5 for better

encapsulation of the MCT oil.

3.3.2.1 Production yield (Y) and moisture content (MC)

The production yield (Y) in the current study varied from 50 to 70% (Table 3.2), which was
consistent with many other studies (Santana et al., 2013a; Su et al., 2008). In contrast, Gallo et al.
(2011) reported that higher yield (~85%) was achieved for the same kind of spray dryer (B-290).
This difference might be due to difference in calculation of the yield. In this study, only powder
recovered from the production vessel was considered in the calculation, powders attaching to the
wall or the underside metal lid of cyclone was not regarded as part of the product. Those

accumulated powder received more heat exposure so may have different properties (Goula &
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Adamopoulos, 2012). This relatively low Y was also related to the dimensions of the spray dryer,
the narrow dryer chamber of the B-290 makes the wet powders deposit in the chamber wall
easier, and hence results in a reduced production yield. The use of larger scale spray dryer may
lead to higher production yield. The MC of the powders was in the range of 5.5-7% (w/w, d.b.)
(Table 3.2) and decreased with the increasing inlet temperatures. It has been observed that these
low MCs are usually associated with low water activities and higher glass transition temperatures
(Tg), which could prevent lipid oxidation and give microcapsules a more promising stability

during storage (Chen et al., 2013; Gallardo et al., 2013; Klaypradit & Huang, 2008).

3.3.2.2 Encapsulation efficiency (EE)

For efficient encapsulation, the presence of unencapsulated oil on the microcapsule surface
(higher surface oil) should be low. Current results (Table 3.2) showed that the EEs of MCT oil
were around 90%. Considering the extraction procedure, the degree of encapsulation values were
reasonably high, oil losses during the spray drying process can be regarded as low, which
indicated the formation of an effective protective ‘‘shell’’ by the wall matrices gelatin to confer
high level protection to the encapsulated core material MCT oil. EEs were also significantly
affected by the drying temperature. At a high enough drying temperature (T; >150°C), the oil
retention (EE) could be improved once the drying temperature increased. This could be
explained by that increasing drying temperature, which in turn increased drying rates, the
duration of the constant-rate stage of the drying process was reduced, resulting in more rapid
formation of the semi-permeable membrane on the droplet surface, which acted as a protective
layer to encapsulate the bioactives (MCT oils) (Rascon et al., 2011). However, the EEs were

decreased when drying temperature was raised to 180°C. These results are in agreement with
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previous research (Chen et al., 2013; Shen & Quek, 2014), and may be due to excessive vapor
evaporation from the wall materials at higher drying temperature, causing cracks, fissures or
splits on the microcapsule surface, consequently increasing the risk of oil leakage to the surface

(Drusch & Berg, 2008; Jafari et al., 2008; Paramita et al., 2010).

Table 3.2 Effect of drying temperature on the properties of the spray dried microcapsules
containing MCT oil as core material and gelatin as wall material.

Drying Temperature MC Y EE dso Span
Q) (%) (%) (%) (um)
150 6.8 50.7 90.3 9.8 1.36
160 6.2 54.8 91.5 10.6 1.26
170 6.0 59.4 87.7 10.7 1.29
180 5.7 66.8 83.2 10.8 1.14

3.3.2.3 Particle size and morphology

As seen in Fig. 3.7, the spray dried powders produced had a monomodal and relatively narrow
size distribution, their volume median diameter dso was between 9.8 and 10.8 um, with a span
from 1.1 to 1.4, respectively (Table 3.2). Compared with the resultant microcapsules (dso =~10
um), the emulsion droplets (davg<400 nm) were small enough to be encapsulated. However, the
presence of those “big” drops in the coarse emulsion (davg>1pm) did not seem to be compatible
with a good oil retention (Turchiuli et al., 2014). The breakdown of larger emulsion droplets
during spray drying process could make the loss of core material easier (Hojjati et al., 2011,
2014). In the present work, we prepared both the coarse emulsions and finer emulsion. The
reduction of emulsion size in the finer emulsion might be one of the main causes for the
improvement in encapsulation efficiency (Gallardo et al., 2013). On the other hand, despite

lower homogenization pressure indicated lower EE, the EE in the coarse emulsion remained
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around 90%, probably due to the adequate wall material used for microencapsulation. The
microfluidization step could be omitted for economic reasons (cost savings associated with

energy savings).
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Fig. 3.7 Particles size distribution of spray dried powders when Ti=150°C.

The surface morphology of the spray dried powders was observed by scanning electron
microscope (SEM) at 5000x magnification (Fig. 3.8). Most of the optimally produced
microcapsules exhibited spherical shapes with certain degree of dimpled surfaces, which were
the typical characteristics of spray dried particles (Table 3.1) (Gallardo et al., 2013; Tonon et al.,
2011). The dimpled surfaces being more likely to occur could be attributed to the slower
diffusion of water, allowing more time for structures to deform, shrink and even collapse
(Aniesrani Delfiya et al., 2015; Chen & Mujumdar, 2008). Besides, this irregularity on the
surface of the microcapsules might be desirable in terms of enhanced dispersibility and
rehydration of the powders (Guadarrama-Lezama et al., 2012). In contrast, addition of

hydrocarbon compounds (e.g. sucrose or manniol), which could act as a plasticizer, may promote
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the formation of a smoother surface (Bayram et al., 2005; Bruschi et al., 2003; Faria et al., 2010;
Shu et al., 2006). Importantly, no cracks or fissures on the particle surfaces indicate complete
coverage of gelatin, ensuring lower gas permeability, therefore providing better protection and

retention of the core material (Rocha et al., 2012; Aniesrani Delfiya et al., 2015).
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' jﬁg. 3.8 SEM image of microcapsulated MCT oil with gelatin as wall materials
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Conclusions

This study investigated the feasibility of microencapsulation of bioactive materials by spray
drying. Stable O/W emulsion consisting of lipophilic components was successfully fabricated by
both high- and low-energy methods. High-energy method was preferred for safety and health
concerns, as it was able to produce fine stable emulsions at low SOR. The obtained emulsions
were further spray dried and the results demonstrated gelatin was a good wall material to
encapsulate powders with desired properties. So it is possible to apply this emulsion-based

system to microencapsulate bioactive materials in the near future.
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Chapter 4

Monitoring moisture content of spray dried powders using capacitance sensor

Keywords

Moisture content, Capacitance sensor, Spray drying

Abstract

The moisture content (MC) of spray dried powders is of great importance to define the product
quality, since it is directly related to drying conditions and it affects particle deposition and yield.
Several methods such as oven drying, near infrared spectroscopy (NIR) have been developed to
measure MC offline. However, these methods are not appropriate for spray drying where an
online (real-time) assessment of MC is required. The objective of this study was to develop a
sensor for measuring moisture content of a moving stream of spray dried powders. A capacitance
sensor was built for this purpose using pairs of copper plate electrodes attached to the perimeter
of the spray dryer product collection vessel. The plates formed capacitors that were sensitive to
changes in dielectric properties of the material within the collection vessel, which in turn were
related to MC. Each electrode was connected to a capacitance-to-voltage transducer, the output
of which was sampled using a commercial data acquisition system. The amplitude of the sensor
output signal was calculated using software LabVIEW and correlated with MC. The self-built
system was tested in two modes: a) an offline (non-moving sample) mode in which a mass-based
MC prediction model was built to validate the capability of the sensor to measure variation in
MC; and b) an online (moving sample) mode to measure MC of sample moving through the

sensor enclosure. Tests were made on spray dried gelatin powders ranging in moisture content of
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5% to 50% (w.b.). Results indicated a high correlation between sensor output and moisture
content. The capacitance sensor also showed the ability to characterize the distribution of MC
(permittivity) within the sensor enclosure, which could reflect spatial variation in deposition of
dried powders during spray drying. Overall, the capacitance sensor system was shown to
measure MC for online sampling with acceptable accuracy, and can be applied in quality control

applications for continuous spray drying processes.
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4.1 Introduction

Moisture content (MC) analysis is critical for spray drying process since it greatly influences the
physical properties (Tg) and the quality (yield, deposition) of the spray dried product. Several
methods (oven drying, NIR) have been developed to measure MC offline. However, many of
them are not appropriate for spray drying where an online (real-time) assessment of MC is
required. For example, the oven drying method is a traditional way of measuring MC. It is
thermogravimetric based and very accurate. But it is also destructive and time consuming.
Typically it takes 24 hours to fully dry a sample. In a spray dryer system, one must turn off the
machine and collect samples to test the MC, which makes the whole process time-consuming.
The near infrared radiation (NIR) method is also considered an effective way to detect MC in the
food, chemical and pharmaceutical industries as O-H bond (hydroxyl bonds) of water shows
significant absorptions at NIR wavelength (Adedipe & Dawson-Andoh, 2008; Brink et al.,
2010). However, it is a spot and surface measurement, so a single measurement (measured
sample) might not be representative of the whole population inside the measuring vessel. In
addition, it is imprecise in measuring MC during spray drying process when deposits are formed
on the wall, the NIR measures the MC for deposits rather than spray dried powders moving
inside the vessel. The goal of this study was to develop a sensor for measuring moisture content
of a moving stream of spray dried powders. It is desired to employ non-contact methods that

have advantages for dynamic MC determination (Table 4.1).
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Table 4.1 Comparison of various MC measurement methods

Oven drying NIR Capacitance Sensor
Advantage Accurate Non-contact Online
Disadvantage Time consuming Surface, Spot Mass dependency

Based on Gauss's law, for dielectric material like gelatin, its dielectric property can be greatly
affected by the presence of water, so any permittivity change/variation within the capacitance
sensor's measuring/enclosed area should be observable as a capacitance change, and therefore as
a change in its output voltage (Johana et al., 2011). A capacitance sensor was built for this
purpose using pairs of copper plate electrodes attached to the perimeter of the spray dryer
measuring vessel (e.g. collection vessel, cyclone, side outlet tube). The plates formed capacitors
that were sensitive to changes in dielectric properties (permittivity) of the material between two
electrodes, which in turn is greatly affected by the presence of water. The formed capacitors can
measure variation in dielectric properties of a material occupying the enclosed place, thereby
sensing variation in MC. The approach relies on observing the change in capacitance between
two electrodes as the material between them varies. The permittivity of water (¢ = 80) is
significantly larger than air (¢ = 1) and gelatin (¢ = 6-7 or 20-30). Based on Gauss's law, any
permittivity change within the ECT sensor's measuring area should be observable as a

capacitance change, and therefore as a change in its output voltage.

4.2 Capacitance sensing system configuration
A capacitance sensor system generally consists of capacitance sensors, signal processing and a
data acquisition system/circuit, and a computer to collect data and control the experiment (for

image reconstruction and display) (Pan, 2014). Copper plate electrodes were attached to the
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perimeter of the measuring cylinder, either on the production collection vessel, cyclone or the
side outlet tube for different testing modes. A waveform generator (Keysight 33621A, Agilent
Technologies, Santa Rosa, CA) was used to generate input signal (500 or 800 kHZ, 10 vpp
amplitude sine wave) for capacitance measurement. Each electrode was connected to a
capacitance-to-voltage transducer so that the output signal could be collected using a commercial
data acquisition device (NI 6210, National Instruments, Austin, TX) and analyzed by data

processing software LabVIEW (National Instruments, Austin, TX).

As most data acquisition systems available can measure voltages quickly and inexpensively, it
was necessary to develop a means to covert the input capacitance signal to a voltage signal so
that could be sampled. Therefore, each electrode was connected to a capacitance-to-voltage
transducer so that the amplitude of the sensor output signal (high frequency sine wave) could be
collected using a commercial data acquisition device (NI 6210, National Instruments, Austin,
TX). This device allowed sampling outputs at 2 MHz. Data processing software LabVIEW
(National Instruments, Austin, TX) was used to determine the amplitude of the high frequency

sensor output signal and correlated it with MC.

98



?: -+ Uf}
Vs — |+

Fig. 4.1 Schematic diagram of the capacitance-to-voltage transducer circuit (AD844 Op-amp,
sample capacitance (Cx), feedback capacitor (Cs), feedback resistor (Rs), input voltage (Vs),
output voltage (V,), adapted from Pan (2014)).

Fig. 4.1 shows the schematic diagram of the capacitance-to-voltage conversion circuit. It consists
of an Op-amp (AD844, Analog Devices, Norwood, MA), a feedback resistor (Rr) and feedback
capacitor (Cs) and a power supply (E3630A, Keysight (Agilent) Technologies, Santa Rosa, CA)
to charge the Op-amp. Cy is the sample capacitance resulting from the material within the sensor
enclosure between any pair of copper plate. For such a transducer, the input excitation voltage
(Vs) is a sine wave, when |joCtRs| >> 1, the amplitude of the output voltage V, can be
proportional to the ratio of the sample capacitance Cx to the feedback capacitance Cr (Vo=-Cx/Cst
*Vs). So Cr was selected as 10 pf to be necessarily small to sufficiently amplify the output signal

Vo. Rs should be selected as large as possible but limited by the cut-off frequency. In this study,

Rf was set as 680 Q.

Multiple strategies were applied to stabilize power variations and minimize noise in the system.
All output circuits were fixed on a printed circuit board (PCB) to eliminate undesirable variation

resulting from non-constant stray interaction between the individual elements. The length of lead
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wires between test circuits and electrodes was also fixed. All wires for signals were shielded to
eliminate stray capacitance between adjacent conductors. With the protection of the copper
shield, the response indicated the grounded shield successfully protected the circuit signal from
outside disturbances, which increased the sensor robustness. To obtain capacitances between
electrodes, each electrode should be able to connect either to the source signal or to the
capacitance-to-voltage transducer to form a measurement pair. This function was achieved by a
switching network (ADG419, Analog Devices, Norwood, MA), so that the status of each
electrode could be controlled by the data acquisition system. Any undesirable signals would be
led to ground so as to minimize stray capacitance in the system. A 5V regulator was used to
convert the input 15 V to 5 V that supported ADG419. To avoid any instability arising from very
quick changes in power levels in the circuit (due to the switching network), multiple capacitors
were installed into the ECT data acquisition circuits to act as charge pumps. When the power
supply for the circuits pulsed, these capacitors could provide, or absorb, current to eliminate that

specific source of measuring error.
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4.3 Materials and Methods
The self-built system (Fig. 4.2) was applied to a lab scale spray dryer (B-290, BUCHI
Labortechnik AG, Flawil, Switzerland) and MC measuring tests were made on spray dried

gelatin powders in three different modes:

Fig. 4.2 Image showing experiment setup for MC measurement. Measuring cylinder: collection
vessel for offline mode, cyclone for online mode, side outlet tube for ECT mode.
4.3.1 Offline mode (4-electrode capacitance sensing system)
Two copper plates are able to form a capacitance sensor and measure MC of a dielectric
material. However, additional electrodes could provide redundancy (higher accuracy) in
measurements. A 4-electrode electrical capacitance sensor system (6 combinations of electrodes

pairs) was built to validate the accuracy of the sensor in static mode (Fig. 4.3), with each unique
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pair of electrodes then used to generate the electric field and detect the permittivity of the test
material would be available to characterize the distribution of dielectric constant of the material
within the measurement enclosure. Sensor electrodes were formed from copper plates and
attached at uniform intervals around the external perimeter of the product collection vessel. Each
pair of sensors was connected to a capacitance-to-voltage transducer and provided an
independent capacitance value (Ciz, Cia, C23, Cas, Css, and Caz). A switching network was
embedded in all electrode circuits and used to control their state of operation. The AC output of
each sensor was sampled using a commercial data acquisition system (NI 6210) and the

amplitude of the signal was implemented in the software LabVIEW.

Fig. 4.3 lllustration of the offline mode. (a) Electrodes, (b) Measuring cylinder: collection vessel,
(c) Center location, (d) Edge location. 4 electrodes form 6 different electrode combinations and
provide 6 independent capacitance values (C12, C14, C23, Co4, C3s, Ca1).

Responses of the 6 different electrode combinations were collected to verify consistency in
sensor output. Data was collected when the sensor was in an empty state (nothing but air in the

sensing area) and a full state (the measuring area was fully occupied by a test material). To avoid

unnecessary air gaps between spray dried powders, water was used as the test material. The
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system noise level was evaluated by signal-to-noise ratio (SNR) values (Lu et al., 2004; Pan,
2014) with each capacitance combination (Ci2, Ci4, C23, C24, Cas, and Csy) having 500 repeats.
Location test (ANOVA test) was undertaken to investigate the influence of material location on
the sensor response. Sensitivity tests were undertaken to determine the minimum quantity of
material (water and spray dried gelatin powder) that could be observed using the capacitance
sensor. Student’s t-test was used to check if a sensor reading was significantly different from the
reference level at a 95% confidence level (the first observation with P < 0.05). Once identified,
that volume of water significantly different from a background reading was defined as the system
resolution, or minimum sensible amount, for test materials. The sum of 6 capacitances was used
as the sensor response. For measuring MC for non-moving samples, the capacitance sensor
system was used along with a commercial moisture analyzer Moisture Analyzer (MF-50, A&D,
San Jose, CA) to estimate the MC of gelatin powders. A mass-based MC prediction model was
built to establish a relationship between sensor output (readings) and water/gelatin quantity in
order to validate the capability of the sensor. To exclude the effect of water, pre-dried gelatin
powders and free water were used in the test. To explore the effect of water inside the spray
dried powders, samples consist of fixed quantity of dried gelatin (10 g) and varying amounts of
water was performed in the test. A mass-based MC prediction model was built to establish a
relationship between sensor output and water/gelatin quantity. The input signal used in the tests
was an 800 kHz sine with 20 vpp amplitude. Data were sampled using the one source/one
detector mode at 1.99 MHz. Peak-to-peak amplitude was measured with 100 replications and the

values were averaged.
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4.3.2 Online mode (Dual frequency capacitance sensing system)

MC of static samples could be measured accurately if the weight of the bulk sample was known.
However, it was impossible to measure mass or mass flow rate in a dynamic application of the
capacitance sensor. A dual frequency capacitance sensor method was developed by using two
input signals at two distinct excitation frequencies to remove dependency on sample mass (Fig.
4.4). According to the parallel electrode capacitance calculating method (C = &reoA/4nd), the
difference in capacitance at two frequencies can be written as (C1-Cz) = (er1-€r2)e0A/4nd. To be
an effective sensor, the difference in the dielectric constant should be related to MC, and
independent of other variables including sample weight and location, which could be a good
indicator of the moisture present in the material. In the current study, sensor measurement was
tested in series that a second excitation frequency (800 kHz) was taken after the regular
measurement at 500 kHz. Readings at both 500 kHz and 800 kHz were processed in the same
manner. The dual frequency output result was calculated as the average response at 800 kHz
minus that at 500 kHz. The output from the sensor was a voltage signal proportional to
capacitance and was read using a USB-6210 data acquisition module. The data (ECT readings)

were sampled at 10 kHz and recorded using a LabVIEW program.
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Fig. 4.4 lllustration of online mode. Sensor measurement was tested in series (a second
excitation frequency after the regular one). 1. Electrode excited by 500 kHz signal, 2.Eletrode
excited by 800 kHz. 3. Measuring cylinder: cyclone.

4.3.3 Electric capacitance tomography (ECT) mode

The distribution of the sample’s dielectric properties within the measurement enclosure can be
reconstructed by tomography (ECT), the same principle applied in X-ray tomography
applications. For the multiple electrode system, capacitances for each pair of electrodes were
used individually to compute a 2-D image representing the distribution (variation) of permittivity
within the measurement enclosure. The 2-D image can be reconstructed by adding all capacitor
combinations together. The cross-section image could directly show location plus
quantity/volume of objects inside the closed vessel. Once the spray dried powder deposit is
formed at the wall of the side outlet tube, permittivity distribution inside the sensor enclosure
will be increased significantly, so the previous 4-electrode capacitance sensor system (in the
offline mode) was extended to reflect spatial variation in deposition of spray dried gelatin
powders. The commonly used approach for image reconstruction is the linear back projection

(LBP) algorithm. With LBP, the relationship between capacitance combination (C) and vector-
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based electric field (G) can be seen C=SG, S is the sensitivity matrix, which was simulated by
ANSYS Mechanical APDL (ANSYS, Inc, Canonsburg, PA). A Landweber iteration algorithm
was applied to improve the simulation accuracy. PYTHON (Python Software Foundation,
Delaware, U.S.A) was used to convert vector-based G estimates to reconstructed image using an

interpolation scheme.

4.4 Results and Discussion

4.4.1 Validation of the capability of the sensor

Since all electrodes and circuits were designed exactly the same, the single paired parallel plate
capacitance measurements should provide the same result under the same conditions. As seen
from Fig. 4.5, the capacitance values were almost the same if the two electrodes were separated
at the same distance (e.g. C12 and Ca3, C13 and Cas). Those variations were relatively small and
within an acceptable range. Sources of variation that might have introduced errors could have
been associated with size or placement differences between electrodes, or response variability
between electronic components used in the sensor circuits. Capacitance values decreased when
the separation between two electrodes increase (e.g. C12 > Cis, Ca3 > Ca4). The result highlights
the consistency in sensor response for the various combinations of excitation/response electrodes
and between the empty and full states, which strongly suggested the arrangement of electrodes

and the data processing circuits were correctly designed and adequately built.
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Fig. 4.5 Sensor output at empty and full state
Table 4.2. SNR for each electrode combination

Ci2 Cis Cx Co Caa Csi Sum

43.53 46.16 45.95 46.06 46.25 45.73 59.36

As seen from Table 4.2, signal-to-noise ratio (SNR) values were large enough to support the
conclusion that the capacitance sensor as built was a stable and low noise system. The variation
in summed capacitances was significantly smaller than any single capacitance. It was, therefore,
reasonable to use the capacitance (or voltage) sum as the sensor output predicting overall average
permittivity change within the entire sensing area. This implied the use of the multiple-electrode
system was equivalent to a single-paired-plate capacitance sensor, but perhaps provided greater

stability in the presence of variability in the material being tested.
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Table 4.3 Sensitivity test (t-test) and location test (ANOVA test) of the sensor output

Sensitivity test Location variation
Edge Center Original Normalized
Water 032¢g 04¢g P=0.0718 P=0.4236
Gelatin lg l4g P=0.0832 P=0.2928

The sensor response was different for the same sample placed at varying horizontal locations
(Table 4.3). The sensor response at the central location tended to be smaller than the edge
locations for the same object, which referred to the different sensitivity at central and edge
locations. This effect reduces sensor accuracy, e.g. 50% MC powders at an edge location might
have the same sum with a 55% MC powders at the center. Based on this, a ratio normalization
method was developed to eliminate variations in sensor output. The normalized sensor response
(Vn) was calculated as Vi (i, j) = (V(i, j) - Ve(i, J)) 1 (V(i, j) - Ve(i, j)), where V(i,j) was the direct
reading between electrode i and j, Ve(i,J) and V«(i,j) were measurements from paired electrode i
and j at empty and full states, respectively. Suppose the amplitude of the output signal was
proportional to the measured capacitance (Vo = -Vs*Cx/Cs), so that the normalized sensor output
would therefore be the normalized capacitance. After normalization, the sensor output variation

in sample location was greatly reduced.
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Fig. 4.8 Measured sensor output (V) against spray dried gelatin plus water content (g)

As can be seen from Fig. 4.6-4.8, a highly correlated linear relationship (R?) between weight of
materials tested and sensor output was observed which suggested that the capacitance measuring
circuit was reliable. Water slope (Fig. 4.6) was significantly bigger than spray dried gelatin (Fig.
4.7) as the permittivity of water is larger than gelatin. So the relationship among sensor response,
water and gelatin quantity for mixed test samples could be modeled as V = kiWy + koW
+ksWyW\y +Ka. The statistical analysis (Table 4.4) showed p-values for water and gelatin weight
coefficients were < 0.0001, which again proved the significant influence on capacitance from
both materials, and that they were individually discernible when mixed. However, the p-value for
the interaction term (water effect in gelatin), indicated as WqWw, was 0.6787, and was therefore
deemed as being insignificant in estimating capacitance. After removing the interaction effect,
both water and gelatin remained significantly related to the sensor output. Since the wet weight
of gelatin (W) was simply the sum of its constituents (Wg + Ww), Wg/W = 1/(1+MC). Based on
these results, the relationship among capacitance, MC and the wet weight of gelatin W can be

revised to 1/(1+MC) = aeV/W +e1/W + y. Knowing the wet weight of a sample W, and the
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sum of 6 capacitance readings V, MC could be estimated. So a mass-based MC prediction mode

was built 1/MC = -137.977eV/W + 0.107¢1/W + 1.101 (Fig.3.8).

Table 4.4 P-value of the coefficient in the regression model
With interaction W Wy  Without interaction WgWy,

Water Wy <0.0001 <0.0001
Gelatin Wy <0.0001 <0.0001
Interaction WyW, 0.6787

4.4.2 Measurement of MC of moving samples

The sampling rate would be the first consideration for measuring MC for moving samples,
especially in cases where rapid determination of MC was required. When the 4-electrode system
was used, 6 combinations among electrodes are simultaneously measured using the NI 6210, the
effective device sampling rate is divided by 6, which would be much lower than necessary.
During measurement, some data was missed due to the low sampling rate. Two single paired
parallel-plate electrode sensors were therefore used in the on-line mode. Here in this mode, the
cyclone was selected as the measuring vessel for several reasons. Firstly, gas and spray dried
powders were separated at the cyclone, so the MC measured would solely refer to gelatin, rather
than gelatin and gas mixture. Secondly, the centrifugal force and inertia in cyclone causes the
particles to move outward, collide with the outer wall, and then slide down to the bottom wall, so
that samples could be placed on the edge of the sensor enclosure, no location shift from edge to
center. No location normalization was thus needed and higher test sensitivity could be obtained.
The strong centrifugal force also resulted in few deposits formed in the cyclone area, so that the

accuracy of the MC measurement would not be affected by the deposits.
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Fig. 4.9 Online MC prediction with dual frequency method

Results (Fig. 4.9) indicated a relative low correlation compare with offline mode. Time duration
for powders passing through the sensing area was <0.1s, so that the effective sampling rate
would be lower than necessary. The output signal could be amplified by an Op-amp circuit so
that the detection limit could be even lower. Future work should mainly focus on approaches to
enhance the sampling rate. An envelope detector that converts AC signal to DC signal to increase

the effective sampling rate could also be used in the future.

4.4.3 Visualization of the deposition status of spray dried powders

As can be seen from Fig. 4.10, the ECT system was used to describe the permittivity distribution
at a fixed discrete point (55) inside the measuring enclosure (side outlet tube), which could be
thought of as a vector element (55) associate with some fixed location. The resulting permittivity
distribution vector elements were used as the gray scale values for a reconstructed image (G).
Change in electrode capacitance due to the change in distribution of dielectric properties in the

sensing region were measured, so that a cross-sectional image representing the permittivity
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distribution inside the vessel was reconstructed (Fig. 4.11). This reconstructed image was
expected not only to detect the area and location of the deposits, but also the MC of the powders.
MC information could be extracted from the color in the image. The blue indicated low electric
potential and red was high electric potential. The central part was always in a low energy state,
which could be explained by the presence of air. Increasing the electrode numbers could divide
the sensing area into more segments, which would improve the resolution of reconstructed
images. However, it may also decrease the sampling rate achievable for a given data acquisition

system, which reduces the number of frames per second that can be imaged.
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Fig. 4.11 Simulated deposition status (G) inside the spray dryer when C1,=0.003618,
C14=0.018417, C23=0.00124, C24=0.016047, C34=0.014142, C3:=0.003615.
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Conclusion

A self-built capacitance sensor system was shown to be feasible to measure MC of gelatin
powders both statically (not moving) and dynamically (moving through the sensor enclosure)
with acceptable accuracy. The sensor has potential to be applied in quality control applications
for continuous spray drying processes. Future work should focus on approaches to enhance
system accuracy and stability, and to increase the sampling rate. Envelop detector that convert
original AC signal to DC signal which could reduce the sampling rate of data acquisition circuit
greatly could be used in the future. All wires and circuits could be put in a printed board to

improve system’s stability.
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Chapter 5

PIV measurements of airflow patterns in a lab-scale spray dryer

Keywords:

Airflow pattern, Particle image velocimetry, Computational fluid dynamics, Spray dryer

Abstract:

To evaluate the airflow pattern (velocity field) inside a co-current lab scale spray dryer, air
velocity magnitudes were measured by a particle image velocimetry (PI1V) system at numerous
locations in the spray dryer chamber in the absence of spray. Analysis at varied drying air flow
rate strongly suggested the flow in the chamber has high turbulence intensity. The PIV analysis
provided information on how drying air flow rate affects fluid flow profiles, which could be used

to validate the CFD simulated results.
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5.1 Introduction

During spray drying, the airflow pattern inside the spray chamber influences the trajectories of
the particles, which subsequently affects the particle residence time and particle deposition or
escape from the wall (Kuriakose & Anandharamakrishnan, 2010; Woo et al., 2010). Knowledge
of the airflow pattern is essential to predict the performance of a spray dryer. Since the
introduction of computational fluid dynamics (CFD) in the past decades, it is now possible to
simulate the airflow pattern in spray dryers (Gabites et al., 2010; Guo & Maghirang, 2012;
Langrish et al., 2004; Toschkoff et al., 2012; Wawrzyniak et al., 2012). However, the CFD
simulations are conducted based on many assumptions. Accurate experimental measurement of
airflow quantities such as global air distribution or local air velocity are still needed in order to

validate or calibrate simulated results (Yoshida et al., 2015).

Several different techniques are now available for this purpose in measuring airflows. The most
frequently used methods are point-wise based techniques, such as hot-wire anemometry (Kieviet
etal., 1997), and laser Doppler velocimetry (LDV) (Kumara et al., 2010; Mychkovsky et al.,
2012; Pfeifer et al., 2011). Nevertheless, the traditional point-wise anemometry can only yield
airflow information for a few predefined measurement points (Hagemeier et al., 2015).
Furthermore, it is not possible to conduct accurate and detailed airflow field measurement with
point-wise velocimetry, where large velocity fluctuations, non-symmetrical recirculation, and
strongly unstable airflow occurs. Many point-wise techniques are intrusive, such as hot-wire
anemometry and ultrasonic anemometry, and are thought to interfere with the local airflow. Even
those non-intrusive point-wise techniques (e.g. LDV), it is still excessively difficult and time-

consuming to conduct global airflow field measurements point by point. For these reasons, the
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optical-based method, such as particle image velocimetry (P1V), have become an alternative tool
for airflow field studies (Raffel et al., 2007). The use of such velocimetry avoids the need for
intrusive probes, allowing visualization of airflow pattern in a global domain without disturbing

the airflow (Cao et al., 2014).

PIV is a non-intrusive laser-based imaging technique for characterizing flows in the study of
fluid dynamics (Adrian & Westerweel, 2010). It is used to measure flow velocity and related
flow properties (e.g. detailed flow structures) across the entire flow field of interest. The basic
principle of PIV is that a laser light sheet is used to illuminate the flow field being studied, which
is usually seeded with tracer particles. A double shutter camera is synchronized with the double
pulsed laser to record two successive frames closely separated in time so that the movement of
the flow (particle displacement) within this short time interval is visualized. The technique has
found wide acceptance because it allows researchers to accurately characterize high speed flows
in two dimensions (2D-PIV), or even three dimensions (3D-P1V (Angarita-Jaimes et al., 2012)),
useful for analyzing transient and turbulent flow (Pawar et al., 2014; van Hooff et al., 2012), and
validating numerical CFD simulations (Cao et al., 2014), where previous techniques (such as
hot-wire anemometry, LDV) only allowed single-point characterization (Hagemeier et al., 2015;
Khodarahmi, 2015). A typical PIV setup consists of the seeding particles, a double-pulse laser
system with an optical arrangement to convert the laser to a light sheet, a double shutter camera,
a synchronizer for control of both the camera and laser, and the software to post-process the
captured images. More details about the PIV system will be described in the next several

sections.
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5.1.1 Seeding

To facilitate visualization of the flow, most applications require seeding the flow with
appropriate tracer particles. Tracer particles play a key role in airflow measurement, because PI1V
actually measures the movement of tracer particles instead of the real airflows. Therefore, the
seeded particles should be sufficiently small and light so they are able to satisfactorily follow the
motion of the flow. On the other hand, if seeded particles are too small they do not scatter
enough light, and hence produce weak images (Melling, 1997). Any particles that are small
enough to achieve good tracking behavior, yet large enough to scatter a significant quantity of
the incident laser light can be used as tracer particles (Bosbach et al., 2009; Melling, 1997,

Raffel et al., 2007). In addition, the tracer particles should be seeded into airflow at a steady and
high enough rate to meet the spatial resolution requirement for the PIV experiment. Generally, a
higher seeding concentration is preferred to obtain evenly spatially distributed particles.
However, excessively high density seeding may lead to poor scattering performance. The ideal
concentration of the tracer particles is 10-20 particles in an interrogation area (Adrian, 1983). A
uniform seeding size is also desirable in order to avoid excessive intensity from larger particles
and background noise from smaller particles. Various methods are now available to generate
tracer particles (Kahler et al., 2002; Meyers, 1991). The most commonly used is the fog machine,
with which it is feasible to generate large number of smoke particles. However, the initial
velocity of seeded smoke particles need to be considered as it may lead to perturbations on the

original airflow velocity.
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5.1.2 Laser and optics

For the PIV measurement, a high intensity light source, normally a laser pulse or conventional
light source (e.g. strobe light), is required to illuminate those tracer particles and enable their
location be to imaged. To avoid blurred images while analyzing fast flows, pulsed laser is
preferred due to its ability to generate high-power light beams with short pulse durations, easily
freezing any motion. Either Nd:YLF (neodymium-doped yttrium lithium fluoride) or Nd:YAG
(neodymium-doped yttrium aluminium garnet; Nd:Y3AlsO12) lasers could be used in PIV system,
with the plane within the flow of interest is illuminated twice within a short time interval,
straddling the two frames as shown in Fig. 5.1. Commonly, the PIV measurements must be
performed in a dark room, so that when the laser illumination is off, the image is completely
dark. This provides an excellent contrast between tracer particles and background to ensure
accurate results. The other reason to use pulsed laser is that only laser light can be focused into a
thin enough light sheet so that only particles in a plane are illuminated and imaged. Otherwise
the scattered light from particles in other planes would make the measurement inaccurate. The
light sheet can be formed from a collimating laser beam using spherical and cylindrical lenses in
combination. The spherical lens compresses the plane into a thin sheet with desired thickness,
while the cylindrical lens expands the laser into a straight line in one dimension, which is
essential for the generation of a light sheet. It should be noted that the spherical lens cannot
compress the laser sheet into an actual 2-dimensional plane. To guarantee the measured flow
field can be kept in a plane, the thickness of the light sheet in the measurement area is typically
about 1-3 mm or less (Cao et al., 2014; Sun and Zhang, 2007). However, using such a thin light
sheet as the illumination method also brings about a challenge for measuring a strong three-

dimensional flow field. In this case, some particles recorded by the cameras in the first frame
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may move out of the measured plane and cannot be captured in the next frame. That will limit

the accuracy of PIV measurement to the regions of the thin plane flow (Hart, 2000).

15t Frame 20 Erame
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Fig. 5.1 Timing diagram for double shutter camera and double pulsed laser

5.1.3 Camera and synchronization

The light scattered by the tracer particles in the field of interest are captured by a double shutter
camera. The unique feature of this double shutter camera is the ability to acquire coupled pairs of
separated frames in a very short time interval which can be set down to a few hundred ns. This
allows each exposure to be isolated on its own frame for more accurate cross-correlation analysis
of the airflows. The most common cameras used in PIV measurements are coupled charged
devices (CCD) cameras and complementary metal oxide semiconductor (CMOS) cameras. A
CCD camera sensor normally consists of an array of many individual CCD elements, which also
called pixels. Each pixel has a size on the order of 10x10 pm. The CCD camera has been
widespread used in PIV experiments for its increased spatial resolution, better image quality and
wider applied range. Today, commercially available CCD cameras typically have the sensor
resolution range from 2 M (1600 pixels <1200 pixels) to 29 M (6576 pixels %4384 pixels),
which makes it necessary to obtain the complete airflow structures in a large-scale measurement.
(FlowSense EO Camera Series, 2012, Dantec Dynamics, www.dantecdynamics.com). A CMOS

sensor allows for high-speed recording of up to a few thousand frames per second, which is very
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promising for study of turbulent characteristics within airflows. However, the low spatial
resolution has become the main obstacle for CMOS cameras to completely replace the CCD
cameras. This critical drawback limits the applications of CMOS cameras only to small-scale
measurements. Thus, one should make a trade-off between the spatial resolution and the
temporal resolution, and select the proper cameras depend on certain applications (Hain et al.,
2007). The correct lens for the camera should also be selected to properly focus and visualize the
particles within the investigation area. The scattered light from each particle should be in the
region of 2 to 4 pixels across on the image. If too large an investigation area is recorded, particle

image size drops and may result in loss of sub pixel precision in PIV analysis.
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Fig. 5.2 Timing diagram for a PIV system consisting double-pulsed laser and double-shutter
camera.

Before such cameras can be used, they must be precisely time-coordinated with the laser to
ensure the laser pulses straddle the frame, so that the first laser pulse can illuminate the object
during the first image integration, and the second laser pulse can illuminate the object during the
second image integration (Fig. 5.1). This time correlation is usually achieved by a synchronizer.

Fig. 5.2 shows a timing diagram for a PIV system consisting double shutter camera and double
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pulsed laser. In this example, the synchronizer acts as an external trigger for both the camera and
the laser system, which firstly sends a trigger signal to the laser system to initiate the emission of
the flash lamp 1. To warm the flash lamps to thermal equilibrium, a “Q- Switch” is employed to
prevent the laser from emitting until the energy intensity reaches to its maximum level, then the
Q-switch 1 is triggered, and the laser pulse 1 is emitted. Typically, the time delay between the
initiation of the light flash and the Q-switch is between 180 and 240 us. The flash lamp 2 is also
triggered after the flash lamp 1 initiate but with an appropriate delay. A short time later, Q-
switch 2 trigger will begin, so that two laser light pulses with a predefined time delay (At) are
generated (Adrian & Westerweel, 2010). The synchronizer system also trigger the double shutter
camera. As PIV system requires the initiation of the flash lamp prior to the recording of the PIV
image, the camera’s build-in delay function was used in response to the trigger pulse, then the
camera starts the exposure process of the first frame. After certain interval, the second picture is
exposed. The exposure time is controlled by the synchronizer so that the laser pulses can be
triggered within the period that the shutter is open and straddle the frame. As it is desirable in
PIV applications to minimize the time separation between the successive illuminating laser
pulses, it is standard to trigger a laser pulse at the end of the first pulse and then again at the
beginning of the second exposure (Raffel et al., 2007). And for the double shutter camera, after
the completion of the recording of the first frame, the image data must be read-out from the CCD
sensor and transferred and stored to the frame grabber before next frame can be transferred. So
the actual limitation is that whether the camera can store the first image fast enough to be ready
for the second exposure. As a result, the integration time (recording period) of the second frame
is usually set to be longer than the first one to ensure enough time for read-out the image

information, whereas the interframe time is very short. The short interframe time makes it
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possible to use PIV for high speed airflow observations that require record the particle images on

separated frames with very short exposure time delays.

For accurate P1V analysis, the time delay between the two pulses (At) have to be chosen such
that adequate particle displacement on the images as a function of time are obtained. The time
delay (At) should be long enough that able to identify the displacement of the tracer particles
between the two pulses, but also need to be short enough to avoid particles travelling out of the
light sheet plane during subsequent frames. According to Cao’s recommendation (Cao et al.,
2010a, 2010b), the separation of the particle images (in pixels) should be larger than the
accuracy of the peak detection and smaller than a quarter (1/4) of the selected interrogation area
size (32x32 pixels). Therefore, depending on the airflow velocity (U), the magnification of the
camera lens setup (in pixel), and the desired interrogation area size (dint, in pixels), the optimum
pulse delay will be in the range of: pixel/Umax < At = AX/Umax < 1/4 din/Umax. SO after successive

images are captured, the particle flow vector can be computed.

5.1.4 Imaging analysis

Once the images are successfully recorded, the next step is the imaging analysis. The
displacement field is determined from the motion of the seeding particles between the two
successive images. As it is impossible to directly determine the displacement for each particle
due to the high density of particles within the flow plane being imaged, the preferred evaluation
method is to subdivide the full image area into many small subareas called interrogation
windows (or area), with each ideally containing ~10-20 particles. The size of the interrogation

window should be sufficiently small such that there is no significant displacement gradient
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within the interrogation area, so typically the size is set at 32x32 pixels. As the location of the
interrogation windows in images is the same, assuming all particles inside interrogation windows
move homogeneously, the mean local displacement vector (AX) between the two exposures can

then be determined using cross-correlation techniques (Fig. 5.3).

The computation of the cross-correlation function is commonly based on Fast-Fourier Transform
(FFT) algorithms. The interrogation windows are spatially shifted, when the corresponding two
images align with each other, the pixel intensities will be larger than elsewhere, so a signal peak
can be produced by the cross-correlation function, providing the magnitude and direction of the
displacement vector. In the general case, when all particles inside the interrogation window do
not have uniform displacement, the spatial shift that yields the maximum in the correlation
function, which is the most probable location of the destination of the particle displacement, is
regarded as the mean particle displacement over the interrogation window. Many other
processing algorithms (e.g. adaptive correlation (Theunissen et al., 2010), least squares matching
(LSM) (Brixker et al., 2013; Kitzhofer et al., 2012)) with additional features (e.g. size, shape,
orientation) have also been developed for PIV analysis, aimed at improving processing accuracy,
enhancing signal-to-noise ratio (SNR), reducing image distortion and removing spurious vectors
(Cao et al., 2014; Fansler & Parrish, 2014). To convert the displacement field from image
coordinates to real laboratory coordinates, length calibration procedure is usually performed with
a calibration sheet. Calibration sheet is a set of grid points on which the distance between two
grid points is known. By putting the calibration sheet at the image plane, the image of the grid is
captured and superimposed on the PIV image. Taking into account the time delay between the

images, once the displacement field is determined, the instantaneous velocity field for the entire
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cross-section area of flow of interest can be obtained. By analyzing large quantity of image pairs,

averaged airflow information can also be gained.

Cross
correlation \

~ peak search
.
- t
) f,

F

local velocity
vector v(t)

Fig. 5.3 PIV data analysis via cross correlation (adapted from Pawar et al. (2014))

Accurate predictions of flow patterns inside the spray dryer are essential for validation of the
CFD simulation result. Although LDA and hot wire anemometry have been frequently used
(Kieviet et al., 1997; Kumara et al., 2010; Mychkovsky et al., 2012; Pfeifer et al., 2011), there is
a lack of experimental data for airflow measurements in spray dryer using PIV (Meyer et al.,
2011; Stafford et al., 1997). As most parts of B-290 are manufactured from glassware, the
complete airflow inside the dryer chamber was visible, which enables PIV measurements to be
performed. We thus aim to characterize the airflow pattern inside the spray dryer chamber using
PIV. Results will be useful to gain more insight into the detailed airflow pattern information and

to validate turbulence models used in CFD simulations.

5.2 Materials and Methods
The schematic overview of the experimental set-up in this work is depicted in Fig.4.4 and Fig.

5.5. It consists of a spray dryer and a PIV system. The spray dryer used is a lab scale co-current
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cylinder-on-cone spray dryer (B-290, BUCHI Labortechnik AG, Flawil, Switzerland). The spray
dryer chamber was made of transparent 3.3 borosilicate glass and consists of two sections: a
cylindrical section (0.49m in height, 0.165m in diameter), and a conical section that reduces in
diameter from 0.165 m to 0.03 m over a height of 0.06 m. The chamber has a side outlet (0.04 m
in diameter) at the bottom (mounted at 0.0825 m from the center axis in the side, 0.415m from
the top). The drying air enters the dryer chamber through an annulus at the top with the nozzle as
its center. The airflow rate is controlled by an aspirator. According to the calculated Reynolds
numbers, the airflow type inside the chamber significantly varies at different aspirator settings
(Table 5.1). To achieve uniform airflow rate, after switching on the current, the spray dryer is

conditioned until use.
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Fig. 5.4 PIV setup along with the spray dryer B-290
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Fig. 5.5 Schematic diagram of the PIV system apparatus setup

Table 5.1 Effect of aspirator settings on airflow

Aspirator Airflow velocity Re Flow type®
% m/s
50 0.25 2145 Laminar
60 0.31 2547 Transient
70 0.36 2949 Transient
80 0.41 3351 Transient
90 0.45 3753 Transient
100 0.5 4155 Turbulent

Note: The airflow rate values were provide by manufacturer (Buchi). The diameter of the spray chamber cylinder is
0.165m. Air kinematic viscosity at 60°C is 18.9x10°® m?/s, so the Re number can be calculated. The flow is laminar
when Reynolds number (Re) < 2300, transient when 2300 < Re < 4000, and turbulent when Re > 4000.

The PIV measurement system consists of double-pulsed Nd:YAG laser and a double-shutter
CCD camera, which are synchronized by a digital delay pulse generator. The airflow is seeded
with tracer particles (smoke), which are provided by a fog machine. The laser beam is modified
by a spherical and cylindrical lens combination to create a thin laser sheet to illuminate the tracer
particles on the vertical central plane of the dryer chamber, parallel to the flow direction. A
tripod is used to guide the laser sheet to the target position and direction during the experiment,
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any minor misalignment was easily corrected by manipulating the laser and optics. In this way,
all axial positions of the chamber could be reached. The CCD camera is placed perpendicular to
the laser sheet plane to capture the light scattered from the tracer particles. The camera is
mounted on another tripod and located at the same height with laser to ensure the targeted laser
sheet areas are in focus. The equipment used in the experiment setup is shown in Table 5.2.
Details about the PIV equipment are available in publications from Melnick & Thurow (2011,

2012).

Table 5.2 Detailed information about the PIV system set-up

Component Model Manufacturer
Spray dryer B-290 Buchi, Flawil, Switzerland
Laser Solo III-15 PIV Laser system New Wave, Fremont, CA
Camera B4020 CCD Camera Imperx Inc, Boca Raton, FL
Lens AF DC-Nikkor 135mm /2D Nikon Inc, Melville, NY

Extension tube

SP AF 60mm F/2.0

Kenko auto extension tube set

Tamron, Commack, NY

Kenko, Huntington Beach, CA

Optics Spherical and cylindrical lens Thorlabs, Newton, NJ
Synchronizer 9514 digital pulse generator Quantum, Bozeman, MT
Smoke Z-8001I Portable Fog Machine Antari, Taoyuan, TW, China

The airflow pattern visualization experiments were carried out at two different aspirator rates
(airflow rates) of 50% and 100%, in the absence of liquid spray (without considering the effects
of liquid atomization in the airflow pattern). In order to overcome the limitation of the laser
powder to cover the relatively large area of dryer chamber and improve the spatial measuring
resolution, the entire flow domain (measurement area) was divided into several sub-regions
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located at 13 levels in the axial direction of the dryer chamber. PI\VV measurement was performed
in each of these small sub-regions of interest, focusing on the vertical central plane of the
chamber (0.165mx0.04m (W =< H), 4008x2672 pixels with one pixel being 9um), and analyzed
in terms of instantaneous (mean) velocity magnitude in the entire flow domain, and in terms of
turbulence intensity and vorticity. Since the view of object was set at 3 cm, the field of view in
the digital camera was 2672 pixel x 9 um/pixel = 2.4048 cm, the magnification should be
2.4048/3 = 0.8016. As the particle was expect to move no more than 1/4 of the interrogation
window (typically 32 x 32 pixel), the movement of particles in the image should be no more than
8 pixel x 9 um/pixel =72 um, the actual object movement should be 72/0.8016 = 89.82 um.
Thus, the optimum time delay between exposures must be set at 89.82 um/250000 um/s =
0.00035928 s and 89.82 um/500000 um/s = 0.00017964 s for 50% and 100% aspirator rate,

respectively.

After images were taken, the PIVIab software was used to perform the data analysis (Thielicke &
Stamhuis, 2014, 2015) in order to determine the displacement of the particles. Paired images
were divided into interrogation windows and processed by a multi-pass cross-correlation
algorithm, which operated the cross-correlation multiple times with different window sizes to
make the results more accurate. The initial window size was generally the largest, and the final
pass generally had the smallest window size. This essentially serves as a refining of the results
with each new pass. In this experiment, we began with 256x256. The final output (vector map)
of the PIV algorithm is a qualitative understanding of the true airflow field in the dryer chamber.
The P1V algorithm often does not account for the magnification of the image. If it is desired to

obtain the flow field in true units such as m/s, one must multiply the data by the following factor:
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(distance in object space per pixel)/(time between image pairs). The results of the PIV algorithm
are vectors with units of pixels. The factor that we multiply by is (meters/pixel)/(seconds).
Therefore, the result of this multiplication is velocity vectors with magnitude m/s. Vector field

files are processed using Tecplot 360 to modify the manner in which the vector file is presented.

5.3 Results and discussion

In a spray dryer, particle trajectories, and thus where and when the particles hit the chamber
walls, are greatly influenced by the airflow pattern. To simplify the complexity of the particle/air
mixing in a spray dryer chamber, Langrish & Premarajah (2013) assumed the particles and the
airflow move in parallel to each other in plug flow inside the Buchi B-290 spray dryer and
simulated the spray drying process by Matlab. The calculated Re values from Table 5.1 indicated
the presence of a transitional/turbulent flow regime inside the chamber, which could be
distinguished from laminar flow (or plug flow) by the presence of vortex structures. PV
experiments were thus conducted at 50% and 100% aspirator rates to validate the assumptions.
Fig. 5.6 shows that unsteady vortices were clearly visible even at 50% aspirator rate. Therefore,
the assumption of steady and isotropic plug flow inside the spray dryer chamber is unreasonable.
Further simulation of the airflow pattern should take consideration of the complexity of

turbulent/transitional flow inside the chamber.
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Fig.5.6 PIV image of the region 14 to 17 cm fro the nozzle inlet for 50% aspirator rate.

In order to obtain qualitative information of the airflow pattern at 100% aspirator rate, PIV
measurement was performed at different fields of view in the vertical center plane of the
chamber. Due to apparatus obstructions at the top of the chamber, it was not possible to analyze
the flow in the area just below the nozzle (0-5 cm vertical distance from the nozzle). Fig. 5.7-Fig.
5.10 show instantaneous airflow images obtained by PIV at 4 different axial locations. Colors of
the vectors indicated the relative magnitude of the particle displacement. For this aspirator rate, a
transitional/turbulent flow regime was anticipated. The airflow pattern for 13 sub-regions of
interest show remarkable differences. The major features observable were: the laminar-like
downward flow nearby the air inlet (Fig. 5.7), a recirculation pattern zone at the upper part of the
chamber (Fig. 5.8), a half circle airflow pattern at the lower part of the chamber (Fig. 5.10, 5.11)
and horizontal air movement near the side outlet (Fig. 5.12). Fig. 5.7 shows the instantaneous
airflow map in the field of view 5-8 cm from the nozzle. The downward airflow was dominant in
this region and had a laminar-like symmetric distribution around the centerline, which was in
accordance with the expectations that the inlet air penetrated the top of the chamber and

produced a downward axial airflow through the chamber. The airflow field appeared non-
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symmetrical in regions further away from the inlet as air flowed down toward the bottom of the
chamber. Large clock-wise recirculation zones were observed in the area 8-26 cm vertical
distance from the nozzle. The vector incoming from the left side of the measurement window
(Fig.5.8) was slightly inclined in the upward direction, and moved in the downward direction
when passing through the right side of the measurement window. High recirculation could
enhance the mixing between the drying air and the feed, which would increase the drying rate.
Two counter-rotating vortices can be observed in the image at 14-17 cm region (Fig. 5.9). In
addition, there was a difference in direction of airflow motion between 29-32 cm region (Fig. 10)
and 38-41 cm region (Fig. 11). Airflow moved from the upper right corner to the lower left
corner, and then turned back moving from the upper left corner to the lower right corner. For the
region near the side outlet (41-44 cm region) (Fig. 5.12), airflow moved horizontally to the side

outlet, magnitude of the vertical vector was close to zero in the outlet.

Fig.5.7 PIV image of the region 5 to 8 cm from the nozzle inlet for 100% aspirator rate
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Fig.5.9 PIV image of the region 1 to 17 cm from the nozzle inlet for 100% aspirator rate
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Fig.5.11 PIV image of the region 38 to 41 cm from the nozzle inlet for 100% aspirator rate
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Fig.5.12 PIV image of the region 41 to 44 cm from the nozzle inlet for 100% aspirator rate

It is shown from the present work that the PIVV measurements of the airflow pattern in the spray
dryer reveal a turbulent/transitional dominant flow condition. The application of PIV in the
chamber provides an overall visualization of the flow behavior that could serve for the validation
of future CFD numerical results. However, there is still lack of quantitative experimental data on
airflow information to allow selection or validation of appropriate turbulence models. Additional
PIV experiments are necessary to characterize the flow fields in the spray dryer, including

studies to determine the three-dimensional flow structures.
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Conclusion

The airflow pattern in the spray dryer chamber were evaluated using PIV analysis at several
locations in the spray dryer chamber in the absence of spray. Large recirculation zones and
vortices were observed in the dryer chamber which strongly suggested the flow in the chamber
has high turbulence intensity. When operated at 100% aspirator rate, the observed airflow pattern
included a laminar-like downward flow near the air inlet, recirculation pattern zones at the upper
part of the chamber, half circle airflow patterns at the lower part of the chamber and horizontal
air movement near the side outlet. These results have potential to be used for validation of CFD

simulations.
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Chapter 6
Conclusion and future work

In this dissertation, spray drying technology was developed for microencapsulation of bioactive

materials. The contributions of this work include the following.

1. The potential of gelatin as wall material for encapsulation was investigated. The droplet
shrinkage behavior of gelatin droplets during spray drying was visualized by a high
magnification imaging system, which provided understanding of the gelatin drying behavior
that benefits the production of gelatin-based microcapsules by spray drying.

2. Stable O/W emulsion consisting of lipophilic components was successfully fabricated by
both high and low-energy methods. High energy method was preferred for safety and health
concerns. The emulsions were further spray dried and the results demonstrated that this
emulsion-based system was suitable for encapsulation of bioactive materials.

3. The feasibility of the self-built capacitance sensor system to measure MC was well supported
in three different modes. Future work should focus on approaches to enhance system
accuracy.

4. Turbulent behavior of the airflow pattern inside the spray dryer was visualized by the PIV
system, which was useful to guide the selection of turbulence models for the airflow. Future

work should be done to collect more data for validation of CFD simulation results.
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