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CHAPTER |

INTRODUCTION

1.1 Motivation

Flavor is the most important of all food charadtes affected by processing
conditions. Flavor stability during processing &ry important, especially for high-
temperature treatments [1]. Many essential oiks larown for their antibacterial
activity. They are also commonly used in perfumsssmetics, bath products, to
flavor food and drinks, and in household cleaninadpcts [2].

Microencapsulation is an important process for thed and flavoring
industries by which core materials such as oilamors are packaged within the wall
material. The main advantage of this techniquehés grotection of core materials
from heat, light, and oxygen [1, 3-7]. Microencalpsed oils provide a dried-powder,
with reduced volatility and less oxidation, and ¢enused in many different finished
products such as cakes and, beverages. Examplesnohonly used encapsulated
flavors and oils are citrus oils, artificial or oedl flavors, essential oils and spices,
tuna oil, fatty acids, soy oil, and sunflower o8].] The size of particles from
encapsulation process may be classified as: mas000 mm): micro (1.0-5000
mm); and nano (<1.0 mm). Capsules below 1.0 mnizm are frequently referred to
as nanocapsules, which are often made by very amed nanoencapsulation
methods [4, 8].

Among many encapsulation techniques, the most canmtexhnique is spray
drying, which is the transformation of a feed franfluid state (solution, dispersion,
emulsion) to a dried particulate form by sprayihg teed into a hot drying medium
[4, 6, 9-12]. However, it is quite important to ot the flavor loss during drying,
because high temperature air is commonly used riaysgrying [4]. Spray drying
encapsulation has been used in the food industgeghe 1930s to prepare the first
encapsulated flavors using gum arabic as the wateral [13]. A successful spray

drying encapsulation relies on achieving a higremon of the core materials



especially volatiles and minimum amounts of thdasie oil on the powder particles

for both volatiles and non-volatiles during the ggses and storage [8]. Spray drying is
the most common and cheapest method to producestdbje food additives and

flavors. More than 90% of the encapsulated flawggiare produced by this method
[1, 7]. Spray-drying is a widely used techniquddoilitate the storage and handling
of various fat-containing food systems.

Release mechanism comparison may be carried auj nsbdel independent
or model dependent methods [14]. In order to ingatt the release mechanism,
several different models have been employed folimig the release mechanism
from matrices. The release models which are modelwiapplied and best describe
drug release phenomena are, in general, the Higuobel, the Weibull model, and
the Korsmeyer-Peppas model [14-20].

In this study, the encapsulation of flavor (bergamig d-limonene, linalool,
linalyl acetate) in modified starch was investighly spray drying. The emulsion (oil
in water) was prepared by high speed homogenizérheggh pressure homogenizer.
The diffusion coefficient of the different flavoend ratios of wall material and oil
were evaluated by calculation and DOSY NMR. Afteg spray drying of powders,
size, moisture content, morphology, and flavor méten were analyzed by laser
scattering particle size distribution analyzer, wa&o oven, scanning electron
microscopy (SEM), and gas chromatograph (GC), ctsmdy. Moreover, the rate of
volatile release with rapid analysis was also itigased by humidity ramping and

repeating methods.

1.2 Objectives

1.2.1. To determine the effect of different wallteréals and various ratio of
core and wall material on multi-flavor encapsulatio

1.2.2. To obtain the relationship of spray dryiag (nlet temperature, feed
rate) on total retention and surface oil of encégied multi-flavor

1.2.3. To investigate the effect of model flavorretention and stability

1.2.4. To evaluate the diffusion coefficient of rebflavors in different media

and study the release mechanism of spray dried @®wvd



1.2.5. To find the factor which affect the chemitahsformation of linalyl

acetate to linalool in spray dried powder

1.3 Scope of Research
1.3.1. Investigate the emulsifying property andibsion size of wall material
on function group of wall material by varying tr@léwing parameters:
- Type of wall material: HI-CAP 100 and gum amabi
- The pressure of high pressure homogenizer){d08-1500
- The number of cycle passes through high predsomogenizer (bars):
1-5
1.3.2. Determine the optimal ratio of bergamot mibdified starch (solution)
on the total oil retention and surface oil of estdated powders by varying the
following parameters;
- The mass ratio of bergamot oil: modified stajsiution); 1:2-1:8
- Type of modified starch: HI-CAP 100 and CAPSUL
1.3.3. Determine the influence and find the relatf air inlet temperature
and feed rate of spray drying on the total oilmét and surface oil of encapsulated
powders by varying the following parameters:
- Air inlet temperature of spray dryin®Q): 120 - 180
- Feed rate of emulsion (ml/min): 3-9
1.3.4. Determine the effect of model flavor onface oil and retention
- Different water solubilityd-limonene, linalool, linalyl acetate, citral
and benzaldehyde
- Different functional group: linalool (alcohob);limonene
(hydrocarbon), citral (aldehyde)
- The mass ratio of essential oil: modified dtafgolution); 1:4-1:8
1.3.5. Determine diffusivity of flavors
- Type of media: air, water, emulsion
- Calculation method: Stokes-Einstein relaticegsiation, DOSY NMR

1.3.6. Predict the release mechanism of dried posvilom models



- Release mechanism model: zero order kineiiss,drder kinetics,
Higuchi’'s model, Korsmeyer - Peppas’s model, Wdibuhodel, Baker—Losdale’s
model and Avrami’s equation
- The coefficient of determination?Rnd Ragjusted
1.3.7. Investigation the release behavior of erfedsflavor powder
- Ramping method (RH=10-50%)
- Repeated method of relative humidity: 0% and 5690R
- Spray dried powder size: 32, 53 and 75 um
1.3.8. Investigation chemical transformation aglyl acetate to linalool in
spray-dried powder
- Modified starch (HI-CAP 100) content: 10-40 %w/
- Air inlet temperature of spray drying: 120 -2
- Incubation sample: linalyl acetate(oil), emarsi
1.3.9. Emulsion, reconstituted emulsion and parsze were measured by
laser scattering particle size distribution analyze
1.3.10. The morphology (internal and externamfy dried powder was
characterized by scanning electron microscopy (SEM)
1.3.11. Peak intensity ratio of functional grogpsvall materials was
measured by using Fourier Transform Infrared (FJdpectroscopy.
1.3.12. Determine the effects of different typéfavors and storage

conditions (relative humidity, temperature and jiroe the stability.

1.4Expected Benefits

1.5.1. The relationship between the air inlet terapure and feed rate of spray
drying on flavor retention will be obtained.

1.5.2. Understanding the influence of flavor pmbigs such as number of
carbon, water solubility of flavor, etc. on thefdgion coefficient and the release

mechanism.



CHAPTER Il

FUNDAMENTAL THEORY AND
LITERATURE REVIEWS

2.1 Microencapsulation

Microencapsulation is an important process for thed and flavoring
industries by which core materials such as oillamors are packaged within the wall
material. The advantages of this technique argth&ection of core materials from
heat, light, and oxygen [1, 3-7]. Microencapsulatdd provide a dried-powder, with
reduced volatility and less oxidation, and can keduin many different finished
products such as cakes and, beverages. Examplesnohonly used encapsulated
flavors and oils are citrus oils, artificial or oedl flavors, essential oils and spices,
tuna oil, fatty acids, soy oil, and sunflower dfi].[ The size of particles from the
encapsulation process may be classified as: mas000 mm): micro (1.0-5000
mm); and nano (<1.0 mm). Capsules below 1.0 mnzim are frequently referred to
as nanocapsules, which are often made by very amsd nanoencapsulation
methods [4, 8].

The techniques of encapsulation have been descalsesivhere and can be
classified based on its processes (spraying presgssoating processes, and
suspension processes) [21], capsules formation anéh (physical, chemical, and
physicochemical) [4, 7, 22] and encapsulation psego(glass encapsulation and
controlled release system) [1, 4, 7].

The first step in encapsulating a food ingredisnthie selection of a suitable
wall material, basically a film-forming biopolymerom a wide variety of natural or
synthetic polymers, depending on the core matendl the characteristics desired in
the final microcapsules. For flavor and oil encdgison in particular, the ideal wall
material should have emulsifying properties; be ady film former; have low

viscosity at high solids levels; exhibit low hygcopicity; release the flavor when



reconstituted in a finished food product; be lowcost; bland in taste; stable in
supply; and afford good protection to the encapedldlavor and oil [8]. However,
cost considerations in the food industry are muohenstringent than in, for instance,
the pharmaceutical or cosmetic industries [7]. €fae, encapsulated flavors have
application in the processing of food and alsogglthe storage life of the products.
Controlled flavor release is another major berwfeencapsulated flavors [1, 3].

The other encapsulation category, controlled releagstem, comprises
encapsulation technigues aimed to enhance flavpadétnduring consumption. Using
these techniques, the release of flavor can bedaltad by retaining a core structure
in the food matrix. Many different systems of themcapsulation have been
established and proposed for food application, sischpray drying, spray chilling or
spray cooling, extrusion coating, fluidized-bed tawg air suspension coating, multi-
orifice centrifugal extrusion, coacervation/ phasparations, liposome entrapment,
coacervation, inclusion complexation, inclusion @bexion, co-crystallization,

interfacial polymerization and rotational suspenseparation [1, 3, 7, 13, 23, 24].

2.2 Spray Drying

Among the many encapsulation technigues, the noyatr@n is spray drying,
which is the transformation of a feed from a flusthte (solution, dispersion,
emulsion) to a dried particulate form by sprayihg feed into a hot drying medium
[4, 6, 9-12]. However, it is quite important to feot the flavor loss during drying,
because high temperature air is commonly used riaysgrying [4]. Spray drying
encapsulation has been used in the food industgeghe 1930s to prepare the first
encapsulated flavors using gum arabic as the wateral [13]. A successful spray
drying encapsulation relies on achieving a higremon of the core materials
especially volatiles and minimum amounts of thdasie oil on the powder particles
for both volatiles and non-volatiles during the ggses and storage [8]. Spray drying is
the most common and cheapest method to producestdbje food additives and
flavors. More than 90% of the encapsulated flawgsiare produced by this method
[1, 7]. Spray-drying is a widely used techniquddoilitate the storage and handling
of various fat-containing food systems. In manyesast is desirable to keep the fat

encapsulated in the powder particle. For exampheagsulation can be used to



protect sensitive materials such as flavoring agemxbma, vitamins, etc. from oxygen
in the air, and for the controlled release of thecapsulated substance [25].
Furthermore, spray drying is a commercial procesghvis widely used in the large-
scale production of encapsulated flavors and Jekt[3, 7]. The spray drying
technique has been widely used for drying heatisemd$oods, pharmaceuticals, and
other substances, because of the solvent rapidosatggn from the droplets.
Although most often considered a dehydration precsgray drying can also be used
as an encapsulation method when it entraps 'actiaigrial within a protective matrix
[6].

Spray-drying is a unit operation by which a ligpidduct is atomized in a hot
gas current to instantaneously obtain a powder.gd%egenerally used is air or more
rarely an inert gas such as nitrogen. The inii@itl feeding the sprayer can be a
solution, an emulsion or a suspension [24]. Thei@a commonly used in spray
drying are starch, modified starches, dextrinscgytated gelatin, and gum arabic.
Spray-dried encapsulated flavors have moderatdistatith a shelf life of 6 months
or more. The stability of the encapsulated flavdepends on the type of flavor
compounds, carrier used, absence of surface oiickimbxidizes rapidly), moisture
content of the powder, powder surface properties, moisture absorption during

storage [1].

2.2.1 Microencapsulation Process Steps

Spray drying is divided into different steps: ateation, mixing of sprayed
liquid and air, evaporation of water and separatibproduct. First, the emulsion is
fed into the spray dryer and atomized with a nomlspinning wheel, followed by
the very rapid evaporation of water in hot air[1dhe microcapsules are then
transported to a cyclone separator for recovery. [10

The formation of a stable emulsion, in which thellwaaterial acts as a
stabilizer for the flavor, is considerable [3]. &pdrying is a food manufacturer—
friendly technigue because it allows the food pssoe to manipulate the preparation

process to improve the quality of the final produgt

2.2.2 Influence of Drying Operational Conditions



Many investigations have been carried out into ihi#duence of drying
operational conditions and the composition of wiaditerials and core on the retention
and shelf life of encapsulated flavors [4, 9].

One limitation of the spray drying technology i® thmited number of wall
materials available. Since almost all spray drypangcesses in the food industry are
carried out from aqueous feed formulations, thd malkerial must be soluble in water
at an acceptable level, and have effective emcditin and film-forming
characteristics and efficient drying properties I3]. Typical shell materials include
gum acacia, maltodextrins, hydrophobically modifstarch, and mixtures thereof [7].

When core materials of limited water solubility asacapsulated by spray
drying, the resulting capsules are of a matrix-tgbeicture. In such, the core is
organized into small droplets coated with wall mate that are embedded in the wall
matrix. Microstructures of spray-dried capsulesehatown to be affected by wall
composition and properties, flavor-to-wall ratidprization and drying parameters,
uneven shrinkage at early stages of drying, thecefbf a surface tension-driven
viscous flow and storage conditions [3, 10]. Flaxetention is maximized by using a
high infeed solids level, high viscosity infeed tiopum inlet (160-210C) and high
exit (>100°C) air temperatures, and high molecular weightdtanolecules [10].

2.2.3 The Advantages of the Use of Spray Drying

The merits of the spray drying process have ensitsedominance; these
include the availability of equipment, low processst, economical, flexible, wide
choice of carrier solids, good retention of voksil good stability of the finished
product, and large-scale production in continuoosieh[1, 3, 7, 8, 10, 13, 23].

2.2.4 The Disadvantages of the Use of Spray Drying

One disadvantage of spray drying is that some loilvdg point aromatics can
be lost during spray drying and the core material/ ralso be on the surface of the
capsule; this would encourage oxidation and possithvor changes of the
encapsulate [3]. Another problem with spray dryimdhat this technology produces
no uniform microcapsules and is not good for heatgive material [3, 23].



2.2.5 TheProcess of Spray Irying
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Figure 2-1. Spray drying system

Atomization

Following the preparation of the infeed emulsidris pumpednto the drying
chamber of the spray dri[8]. Liquid atomization in small droplets can be czarout
by pressure or centrifugal ener[24]. Selection of the atomizer is one of the n
important choices in spray dryer de< and has a significant effect upon the ¢
distribution of the final dried paticles. The mastportant atomizer characteristi
from the standpoint of product quality are unifagmdf drog-size, control of drc-
size distribution, and homogeneity of ispray [6]. Atomizers useidclude pneumati
(two-fluid) atomizer, pressure nozzle, spinning diskfarations ad, recently, two
fluid nozzle and sonic nozz[24]. Two types of atomizers are widely used: the -
pressure nozzle; and the centrifugal (wheel) aten[6, 10]. The industry is nearl
equally divided between the use of thtwo types of atomizers. Although each t
of atomization has its own advantages and disadgast there is no literatu
suggesting that one type results in a better effect the othe[6, 8].

While a twofluid nozzle is used in some applications, it i$ cammonly usel

in the flavor industry. A tw-fluid nozzle has a larger orificeah a singl-fluid nozzle
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and thus, has application for particulate or ctlis@ materials that would otherwise
plug a single fluid nozzle. Centrifugal wheel ateers have the advantage of
handling very viscous, abrasive or particulate edfenaterials while the pressure
spray systems offer greater flexibility in sprayttpm in the dryer and in powder
physical properties. An additional advantage ofdimgle-fluid nozzle over the wheel
atomizer is that it yields a larger average partgike. The flavor industry is divided
nearly equally between these two types of atonurdti0].

The goal of this stage is to create a maximum traasferring surface
between the dry air and the liquid in order to mte heat and mass transfers. The
choice of atomizer configuration depends on theneaand viscosity of the feed and

the desired characteristics of dried product [24].

Droplet — hot air contact

This contact takes place during atomization antlaieis the drying stage. In
comparing the atomizer emplacement to the hotpa#agler, one can distinguish the
co-current drying and the counter-current one hin ¢o-current process the liquid is
sprayed in the same direction as the flow of hotraibugh the apparatus with a hot
air inlet temperature typically of 150-220, evaporation occurs instantaneously and
dry powders are exposed to moderate temperatyngisdlly 50-80°C) which limit
thermal degradations. In contrast, during courgerrent drying, the liquid is sprayed
in the opposite direction of the flow of hot airdate dry product is exposed to high
temperatures which limit the applications of thieqess to thermo-sensitive products.
However, the main advantage of the counter-cupemtess is that it is considered as
being more economic in terms of consumed energly [24

Almost all spray dryers used in the flavor indusang co-current in design,
i.e., the product enters the dryer flowing in teng direction as the drying air. This
results in very rapid drying and does not subjeet flavoring to as much heat as
would a counter current system. In the co-curreyerd the spray-dried product never
exceeds the exit air temperature of the dryer(8, 1

Evaporation of water droplets

The following three steps vary in duration depegdam both product nature

and air inlet temperature. In fact, if the air intemperature is high, at dry crust is
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rapidly formed because of the high water evaponatéde. Due to the large surface-
to-volume ratio of the atomized droplets, the dgyimf formed droplets in the hot
atmosphere is a very rapid process [8, 24].

In the first stage, the hot gas causes an incrisaiee droplet temperature,
which promotes liquid evaporation from the dropsetface and a corresponding
shrinkage of the droplet. The rapid migration oé tivater to the droplet surface
maintains a constant evaporation rate. At somet gba suspended particles form a
continuous network. Originally, the use of sprayilg was advocated as a rapid
method for drying compounds which showed unaccéptédvels of degradation
when dried in the slower classic drying process$esfact, at the moment of the
mixing of the air with the atomized liquid, the drg takes place almost
instantaneously and intensive evaporation takesepda the surface of each droplet.
The evaporation is so rapid that the droplet rem&ept cool until the dry state is
reached; this is due to the absorption of heatapovizing the liquid. After the
evaporation has ceased, the temperature of thielpaises to the general temperature
of the drying chamber [24].

The rapid evaporation of water from these dropkétsing surface film
solidification keeps the core temperature below P@0 in spite of the high
temperatures (>15%C) used in the process [8].

Dry product-humid air separation

This separation is often done through a cyclonegaautside the dryer which
reduces product losses in the atmosphere: therlgrgdicles or agglomerated
particles are taken off the bottom of the dryerlevtine finest ones pass through the
cyclone collector to be separated from the humidlaiaddition to cyclones, spray-
dryers are commonly equipped with filters, callgoag houses” that are used to
remove the finest powder, and chemical scrubbersrtmve the remaining powder or
any volatile pollutants. The obtained powder is enad particles which originate
from spherical drops after shrinking. Dependingtlo@ composition, the water and
gas content of the drop, these particles can bgaotor hollow [10, 24].

The exit air from the dryer generally has to batied to meet local pollution
control laws. While some of the older dryers use megineration, as energy costs

have increased these incineration systems haveartgeqaite costly to operate. New
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dryer installations use scrubbing systems (e.gieags/ chemical sprays) to remove

entrained solids and gaseous volatile flavors [10].

2.3 Wall Materials

There are numerous wall materials or encapsulaments for use in food
application [8, 26]. In these techniques, varionsapsulating materials, including
water-soluble and insoluble materials, are usecerioapsulate flavor [1, 8, 26].
Selection of encapsulation technique and matemgledds on the end use of the
microencapsulated product, including the releaspgny of the core material [1].
The choice of wall materials depends upon a nurobéactors, including: expected
product objectives and requirements; nature of dbee material; the process of
encapsulation; economics and whether the coatingriahis approved by the Food
and Drug Administration (US) or European Food Safaithority (Europe) [3, 24].
The choice of a wall material for microencapsulatiby spray-drying is very
important for encapsulation efficiency and micraaap stability [24]. The wall
system is designed to protect core material froratofa that may cause its
deterioration, to prevent a premature interactietwieen the core material and other
ingredients, to limit volatile losses, and alscattow controlled or sustained release
under desired conditions [24].

For spray drying microencapsulation, the choicevall material is critical as
it will influence emulsion properties before dryjngtention of the volatiles during
the process and the shelf-life of the encapsulptedder after drying [8]. Typically,
effective wall materials for spray drying should/edunctional properties (solubility;
molecular weight; glass/melting transition; cryktatly; diffusibility), including
emulsifying properties, film forming, high solultyli low viscosity at high
concentrations and low cost properties [24, 26]rédwer, the costs should be also
considered. Thus, judicious choice of encapsulatiagerial according to the desired
application is an important task [24]. For encagsah of the flavor compounds, the
carrier material must have no reactivity with trerec material; be present in a form
that is easy to handle, i.e. with low viscosityhagh concentrations; allow a complete
elimination of solvent in any processes requiringhase of desolvatation; give the

maximum protection of the active ingredients adathe external factors; ensure
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good emulsion-stabilization properties and effextigdispersion behavior in order to
release the flavor at the time and the place df¥eb].

Numerous wall materials are commercially availalbbe use as flavor
encapsulating agents. Most wall materials usedsfiay drying applications are
selected from the following types [1, 6, 8, 24,:26]

» Carbohydrates (starch, maltodextrins, corn syrligdscacyclodextrins,
modified starches)

» Cellulose derivatives (carboxy methylcellulose, my&tellulose,
ethylcellulose)

* Gums (gum acacia, agar, sodium alginate)

» Lipids (wax, paraffin, fats, oils)

» Proteins (gelatin, soy protein, whey protein, sodzaseinate)

A good knowledge of the physico-chemical interatdiaccurring between
aroma compounds and the main constituents of feads as lipids, polysaccharides,
and proteins, is required for food flavoring cohti®©haracteristics of the major wall
materials used for flavor encapsulation are repdrterable 2-1 [3].

Table 2-1. Characteristics of the wall material used for @scdating flavors

[3]

Wall material Characteristics
Maltodextrin (DE < 20) Film forming

Corn syrup solid (DE > 20) Film forming, reductability
Modified starch Very good emulsifier
Gum Arabic Emulsifier, film forming
Modified cellulose Film forming

Gelatin Emulsifier, film forming
Cyclodextrin Encapsulant, emulsifier
Lecithin Emulsifier

Whey protein Good emulsifier

Hydrogenated fat Barrier to oxygen and water
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Among the available materials, the major encapsigaigents used for spray

drying applications are gums and, modified star¢6gs

2.3.1 Gum

Gum acacia has been the encapsulating agent afeckmi many years [6]. It
is the gum that is most often used as a flavor{esidating material [3]. Gum acacia,
also known as gum arabic, is defined as the gumxogates flowing naturally or
obtained by incision of the trunk and branches céda Senegal or other species [6].

Gum acacia is a polymer consisting of D-glucuroaaid, L-rhamnose, D-
galactose and L-arabinose with approximately 2%o-@otein. This protein fraction
is responsible for the emulsification propertiestef gum since it acts as an interface
between oil and water. The film forming propert@sme from the arnbinogalactan
fraction of the gum. The low viscosity and consetlyehigh solubility of this portion
is likely responsible for the barrier film thatfermed after the evaporation of water
during drying [6, 24].

In particular, due to its specific characteristid® film forming and good
emulsifying properties, gum acacia provides higtemon of volatiles[6, 24]. In
addition, the wall material is ideally suited t@ tencapsulation of lipid droplets as it
fulfills the roles of both surface-active agent airgling matrix, thus preventing the
loss of volatiles in contact with the atmospheri&elise, expensive cost, limited
supply, and quality variations have restricted ibe of gum arabic for encapsulation
purposes thereby forcing researchers to seek atteenmicroencapsulating materials
[3, 6, 24, 26].

Gum acacia provides very good volatile retentionrduthe drying process as
shown in the spray drying microencapsulation ofusitoil, esters, citral and linalyl
acetate, among others [6]. Gum arabic was fourukta better wall material for the
encapsulation of cardamom oleoresin than maltootesxemd modified starch and the
obtained microcapsules exhibited a free flowingrabter. It was also recently
reported that gum arabic is good wall material foe encapsulation of cumin
oleoresin by spray-drying. Gum arabic is usuallgf@mred because it produces stable
emulsions with most oils over a wide pH range, aradso forms a visible film at the

oil interface. Because of this emulsifying effiodgnh gum Arabic has been usually
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used to encapsulate lipids. Typically the raticoifwall material, when gum Arabic
is used, is lower than 0.15. However maltodextrié D8.5 was considered as the
most suitable partial replacer for gum arabic beeathe obtained wall material

presents a good solubility and a rapid reconstitutif the emulsion in water [24].

2.3.2 Starch

Starch and starch-based ingredients (modified satc maltodextrinsf-
cyclodextrins) are extensively used in the foodustdy to retain and protect volatile
compounds due to their aqueous solubility, low assty and ease of drying
conditions [3, 6, 24]. They can act as carrierséi@mma encapsulation, fat replacers
and also emulsion stabilizers. Many researchers bhesated new microporous starch
materials with the aim of improving aroma retentiothe binding of volatile
compounds to starch has been classified into twedyFirst, the flavor compound
surrounded by the amylase helix through hydrophdimading is known as an
inclusion complex. Second, polar interactions hbgen determined which involve
hydrogen bonds between the hydroxyl groups of Btand aroma compounds. It was
demonstrated that amylose is able to form inclusimmplexes with a wide spectrum
of ligand molecules, for instance with flavor compds [3].

Chemically modified starches (i.e., incorporatingpaphilic group into their
molecules and having emulsifying properties) hagenbshown in numerous studies,
to yield very good retention of volatiles during/ishg [6].

A novel approach to improve the encapsulating ptagse of common wall
materials consists of chemical modifications ofbcduydrates. For example, some
modified starches have surface active propertidsaa@ widely used in the process of
microencapsulation by spray-drying. Hydrolyzed ataproducts are hydrophilic
compounds, thus have little affinity for hydropholffiavors. Their hydrophilic nature
can be modified by linking hydrophobic side chalike 1-octenyl succinate. These
wall materials have excellent emulsification prdigsr [6, 24, 26]. In order to give
some emulsifying capabilities to starch molecugede chains of lipophilic succinic
acid are inserted into starch to produce modiftadcbes. Various forms of modified
starches are used for flavor and oil encapsulaiah as CAPSUL, N-lok, HI-CAP
and Encapsul [8].
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Soybean soluble polysaccharide is considered arisuanulsifier over gum
arabic to retain microencapsulated ethyl butyraiend spray drying [9]. In addition,
it is known that polysaccharides having gelling gedies that could stabilize
emulsions towards flocculation and coalescence [24]

Some workers have shown that wall materials baseshadified starch leads
to very good retention of volatiles and low amouafsunencapsulated oil at the
surface of powder particles [8]. For example, Jenal.[27] investigated the
encapsulation potential of native corn and barlegrches and their chemically
modified counterparts (Succinylated and Octenylc8wtated starches) to minimize
the evaporative flavor loss and to improve flaviabgity. They found that chemically
modified (Succinylated) corn and barley starchesraore effective than the native
starches in the flavor retention. In particularc8noylated regular starches showed
better retention ability than waxy starches [8]blBa2-2 provides a summary of
different wall materials with their properties amgplications.

Table 2-2.Different wall materials used in spray-drying neencapsulation of food

oils and flavors [8]

Wall materials  Properties Examples Flavors and oils

Hydrolyzed Very good oxygen-barrier, Corn syrup solids, Citral, linalyl acetate, ethyl

starches cheap, low viscosity at maltodextrins caprylate, cheese aroma,
high solids; no/ limited linoleic acid, orange peel
emulsion stabilization oil, lemon oil

Meat flavor, fish oil,
Modified Very good emulsion CAPSUL, N-lok, orange oild-limonene,
starches stabilization, inexpensive HI-CAP [-mentol, butter oil, cream,
black pepper oleoresin,
vitamin E
Monoterpens, orange peel
Gums Good emulsions, very Arabic gum, oil, cardamom oil,
good retention of volatiles mesquite gum vegetable oils, cardamom

oleoresin, linoleic acid,
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Cyclodextrins  Very good inclusion of a-, B-,
volatiles, excellent oxygen a-Cyclodextrins
barrier, relatively
expensive

Milk protein Very good emulsions, Whey proteins

expensive

bixin, lipids, acetyl
pyrroline, soy oild-
limonene, ethyl butyrate
Pine flavor, shiitake
flavor, d-limonene, ethyl
hexanote, caraway fruit
oil, lemon oil

Milk fat, linoleic acid, soy
oil, ethyl butyrate, ethyl

caprylate

2.4 Release Mechanism Model

The release mechanism comparison may be carried usitg model

independent or model dependent methods. [14] Ierotd investigate the release

mechanism, several different models have been gmgldor outlining the release

mechanism from matrices. The release models magtlyiapplied and which best

describe flavor release phenomena are, in gertalHiguchi model, the Weibull

model, and the Korsmeyer-Peppas model [14-20].

2.4.1 Zero Order Kinetics [14, 16-20]

Flavor release from dried powders that do not djsegate but release the

flavor slowly (assuming that area does not chamgere equilibrium conditions are

obtained) can be described by the following equatioln this case, the flavor release

runs at a constant rate.

Q= Qo +Kot (1)

where Q = the amount of flavor released at time t

Q = the initial amount of flavor in the solution

(most time @=0)

Ko = the zero order release constant
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This relation can be used to describe the flavgase of several types of
modified release flavor dried powders, as in theeoaf some transdermal systems, as
well as matrix particles with low soluble flavomated forms, and osmotic systems,
etc. This profile releases the same amount of fléyounit of time and it is the ideal

method of flavor release.

2.4.2 First Order Kinetics [14, 16, 17, 19, 20]

The first application of this model was used teestigate drug dissolution and
flavor release [28, 29]. This model has also bessduo describe absorption and/ or
elimination it is difficult to conceptualize thiseohanism on a theoretical basis. The
flavor released each time is proportional to tredwal flavor inside the dosage form.

The relation can be expressed as follows,

Kt
logQ, = logQo + 5o (2)

2.303
where Q = the amount of flavor released in time t
Q = the initial amount of flavor in the solution
(most time @=0)
K, = the first order release constant

In this way a graphic of the decimal logarithntlod released amount of flavor

versus time will be linear [30].

2.4.3 Higuchi’'s Model [14, 16-20, 31-34]

Higuchi’'s model has been recognized as one of thst popular models used
to describe pure Fickian transport. Higuchi devetbgeveral theoretical models to
study the release of water soluble and low solubileys or flavors incorporated in
semi-solids and/or solid matrixes. Mathematicalregpions were obtained for flavor
particles dispersed in a uniform matrix behavinghesdiffusion media. To study the
dissolution from a planar system with a homogeneoasix, the typical relation can

be expressed as
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M
Q = M—t =/D(2C — C,)Cst = kt5 (3)

[oe]

where Q = the amount of flavor released in tirpertunit area
M = the cumulative amounts of flavor released agtim
M.,  =the cumulative amounts of flavor released anit&
time
C = the flavor’s initial concentration
G = the flavor’s solubility in the matrix media

D = the diffusivity of the flavor molecules (diffizs
constant) in the matrix substance

k = Higuchi release rate

Higuchi describes flavor release as a diffusioocpss based on Fick’s law,
square root time dependent. This relation can bd ts describe the drug dissolution
and flavor release from several types of modifietkase pharmaceutical dosage
forms, as in the case of some transdermal syst@&jsahd matrix tablets with water
soluble drugs [36-39].

2.4.4 Korsmeyer-Peppas’s Model [14, 16-20, 31, 3M-43]

Another fundamental equation usually applied tadiease data is the power
law. Korsmeyer et al. [40] developed a simple, sempirical model, relating
exponentially the flavor release to the elapsee tfth This equation is the short time
approximation of exact complex relationships to ctiée general solute release
behavior from controlled release matrices and foegetheir use is confined for the
description of the first 60% of the release cutvader some experimental situations
the release mechanism deviates from the Fick empyafollowing an anomalous

behavior (non-Fickian). In these cases a more geequation can be used:

M _ kt™ 4)
Mo,

where M = the cumulative amounts of flavor released agttm

M. = the cumulative amounts of flavor released anitgf
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time
k = kinetic constant
n = an exponent characterizing the diffusional naecgm

This model is generally used to analyze the releas pharmaceutical
polymeric dosage forms or dried powder when theas# mechanism is not well
known or when more than one type of release phenaroeuld be involved.

From Table 2-3, Peppas [44] used this n value rikeroto characterize
different release mechanisms. In the case of aasti n = 0.45 instead of 0.5, and
0.89 instead of 1.0. To use equation 4, it is alstessary that release occurs in a one-

dimensional way.

Table 2-3.Interpretation of diffusional release mechanisms

Release exponent (n) Flavor transport mechanism
0.5 Fickian diffusion

0.5<n<1.0 Anomalous transport

1.0 Case-ll transport

Higher than 1.0 Super Case-ll transport

Note: To the determination of the exponent n theigo of the release

curve where MM, < 0.6 should only be used.

2.4.5 Weibull's Model [14, 16-20, 31, 45]

A general empirical equation described by Weifl8l51) could be adapted to
the dissolution/ release process. Another altereator the description of release
profiles is based on the empirical use of the Weitmnction. This equation can be

successfully applied to almost all kinds of dissiolu curves.

M; _
T 1—exp(—at?) (5)

[oe]

where M = the cumulative amounts of flavor released agttm
Mo = the cumulative amounts of flavor released anitef

time
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a,b  =constants
From this equation a linear relation can be oleifor a log-log plot of —In
(M¢/M.,) versus time, t. the shape parameter (b) is obtirom the slope of the line

and the scale parameter, a is estimated from thieaie value at time t = 1.

2.4.6 Baker-Lonsdale’s Model [14, 17, 20]
This model was developed by Baker and Lonsdal@4}l&om the Higuchi
model and describes the drug and flavor contraliddase from a spherical matrix,

being represented by the following expression:

5[1 (1~ ﬂ)%] S
2 M, M,
where M = the cumulative amounts of flavor released agtim
M, = the cumulative amounts of flavor released anite
time
k = release constants

In this way a graphic relating the left side of #guation and time will be

linear if the established conditions are fulfilled.

2.4.7 Hixson-Crowell's Model [14, 16, 17, 20]
Hixson-Crowell's model is used for the particle uy area and it is
proportional to the cubic root of its volume, démy an equation that can be

described in the following manner.

1/3 1/3
W2 =W, 2 = Kt (7)
where W = the initial amount of flavor in dried powder
W, = the remaining amount of flavor in dried powdemh
at time t

Ks = a constant incorporating the surface-volumeticeia
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This equation applies to pharmaceutical dosage 8uoh as tablets, spherical

powder where the release occurs in planes thataaedlel to the flavor surface.

2.4.8 Avrami’s Equation [7, 9, 11, 46, 47]

Avrami’s equation was developed to explain thestalygrowth of a polymer.
It can be applied to the release time-courses ®feticapsulated flavor. In order to
evaluate the release rate constant of flavor irpthweder, the release data are fitted to

Avrami’s equation.

R = exp[-(kt)"] (8)

where R = the retention of encapsulated flavaj(1-
t = the storage time
k = the release rate constant
n = a parameter representing the release mechanism

Taking a logarithm of both sides of equation 8,0aa get the parameter n as a
slope by plotting In (-In-R) vs. In t and releas¢erconstant k from the interception at
In t = 0. For n of value, n = 1 represents the-firster reaction, n = 0.54 represents
the diffusion-limiting reaction kinetics. This edioa was successfully applied to
describe the shelf life failure and later appliedthe release time-courses of the
encapsulated flavor [9, 11]. Table 2-4 shows tkhaloe for solid reaction by Hancock
and Sharp[48]. The model equation can be derivem the rate of product formation
decreases proportional to the thickness of theixnlalyer[49]. In diffusion controlled
mechanisms, the release rate for the diffusionrlagedel is proportional to the

thickness of the barrier layer as depicted in Fegi+2.
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Figure 2-2.One dimensional diffusion through a flat plate

dl ) dc )
dt dx ©)
where D = diffusion coefficient

I = thickness of the barrier layer

X = the distance diffused through matrix
C = the concentration of volatile compound
A = surface area of product

Assuming a linear concentration gradient of A: dGg=-(C2-C1)/I
Equation 9 becomes

dl_pple= (10)

Separating variables and integrating equation 1€sgi
12 =2DA(C, — C)t  (11)
If k=2DA(C»-C,), equation 11 becomes
2=kt (12)

The release rate equation is for a flat plate th@s not involve a one-
dimensional shape, where the release ratd-R; R=flavor retention) is directly
proportional to the product layer thickness of nmxafff). Therefore, equation 12
becomes

a?=k't (13)

This equation (eq 13) represents the releaserrated dimension.
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The three-dimensional diffusional model is based tbe assumption of

spherical solid particles (Figure 2-3). The releaseount involving n spherical
particles uses the following equations 14 and 15

Mo — My
q=—= 14
R (14)

%nan3 — %npn(R - x)3
a= énan3 (15)
3

where X = the thickness of the matrix
Equation 15 can be simplify to

=1 (R < x)3 16
a= S (16)
Equation 16 can be rearranged to
1
x=R (1 — (1 - a)§> 17

Therefore, substituting equation 17 (after squaxinigto equation 12 gives
2

R? (1 _{pA a)%) —kt (18)

Assuming k'=k/R, equation 18 becomes the three-dimensional diffusi
model:

(1 — a)%)z k't (19)

Figure 2-3. Three dimensional diffusion through a sphere

Table 2-4.Comparison of n value (release mechanism) withélease model

equation
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Value ofn | Release mechanism Model equation

0.54 Diffusion controlled (Sphere) [1_ Rl’3]2 = Kt

0.57 Diffusion controlled (cylinder) RINnR+1-R=kt

0.62 Diffusion controlled (tablet) (1-R)Y =kt

1.00 First-order mechanism -InR =kt

1.07 Moving interface mechanism 1-RY3® =kt
(sphere)

1.11 Moving interface mechanism (dis | 1- RY2 = kt

1.24 Zero-order mechanism 1-R=kt

2.4.9 The Adjusted Coefficient of Determination (I?\’edjusted) [17, 19]

For the same number of parameters, the coefficitdetermination (B can
be used to determine the best of the model equatidowever, when comparing
models with different numbers of parameters, thgustedd coefficient of

determination (I%djustea is more meaningful:

(n—1)
R2.. =1- (1-R?») (20
adjusted (1‘1 o p) ( )
where Radjusted = the adjusted coefficient of determination
n = the number of dissolution data points (M/t)
p = the number of parameters in the model
R = the coefficient of determination

2.5 Diffusion Coefficient
2.5.1 Diffusion Coefficients in Liquids [50]

2.5.1.1 Liquid Diffusion Coefficients from the Stoles-Einstein Equation
[50, 51]

The most common basis for estimating diffusion fioeints in liquids is the
Stokes-Einstein equation. Coefficients calculatexnnf this equation are accurate to

only about twenty percent. Nonetheless, this eqonatemains the standard against
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which alternative correlations are judged. The 8scEinstein equation is expressed

in the following equations:

D—kBT— kgT 21
~ f  6muR, @1

where f = the friction coefficient of the solute

ks = Boltzmann’s constant

I} = the solvent viscosity

Ro = the solute radius

The temperature variation suggested by this eguadi apparently correct, but

it is much smaller than the effects of solvent esty and solute radius. As the

standard, the Stokes-Einstein equation has often egtended and adapted.

2.5.1.2 Deriving the Stokes-Einstein Equation [50]

Because the Stokes-Einstein equation is limitecat®es in which the solute is
larger than the solvent, many investigators haweldg@ed correlations for cases in
which solute and solvent are similar in size. Tin@ressive aspect of these efforts is
their similarly to the Stokes-Einstein equationnfeostudies claim better accuracy,
but their increased complexity means that theiltesare rarely used. The exception
is the Wilke-Chang correlation (1955), which preslic

b - 7.4 x 1078(dpM,) /2T

A (22)
where D = the diffusion coefficient of solutecirf/sec)
M, = the molecular weight of solvent 2 (g/mol)
I} = the viscosity (centipoises)
Vi = the molar volume of solute 1 (&mol)
T = the temperature (K)

) = the association factor of solvent 2
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(=1, for most organic solvents, 1.5 for alcohols, &n@ for

water)

To estimate the flavor compound diffusion coeéfitis, the Wilke and Chang
estimation method was used to evaluate the diffusaefficients in the water (flavor)
phase. The kinetic release as a function of tireenfemulsion (oil-in-water) during
spray drying can be evaluated from the diffusioefiaent of flavor.

Molar volume in the Wilke-Chang equation can bénested using various
methods such as the Le Bas (1915) and, Schroedbpdse(1949), and the Tyn and
Calus method (1975) among others.

Le Bas method (1915) [52]
Volume increments from Le Bas are shown in Tabke and the calculated

values of \§ (molar volume) are compared with the experimevdidlles. The average
error for the compounds tested is 3.9% with 5 suixsts having errors greater than
10%.

Table 2-5.Group/ atom contributions for Le Bas and Schroedethod

Increment (cm*/mol)

Schroeder Le Bas

Carbon 7.0 14.8
Hydrogen 7.0 3.7
Oxygen 7.0 7.4
In methyl esters and ethers 9.1
In ethyl esters and ethers 9.9
In higher esters and ethers 11.0
In acids 12.0
Joinedto S, P, and N 8.3
Nitrogen 7.0
Doubly bonded 15.6

In primary amines 10.5
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In secondary amines 12.0
Bromine 315 27.0
Chlorine 24.5 24.6
Flourine 10.5 8.7
lodine 38.5 37.0
Sulfur 21.0 25.6
Ring, three-membered -7.0 -6.0

Four-membered -7.0 -8.5

Five-membered -7.0 -11.5

Six-membered -7.0 -15.0

Naphthalene -7.0 -30.0

Anthracene -7.0 -47.5
Double bond 7.0
Triplebond 14.0

Schroeder method (1949) [52]

This method suggests a simple additive methodekimmating the molar

volume at normal boiling point. His rule is to coéuhe number of atoms of carbon,
hydrogen, oxygen, and nitrogen, add one for eacaibldobond, two for each triple
bond and then multiply the sum by seven. Schroederiginal rule has been
expanded to include halogens, sulfur, and triplendso Table 2-5 gives the
contributions to be used. The values in the taldg fre expressed in equation form

as:

Vp = 7(N¢ + Ny + Ng + Ny + Npg + 2N¢g) + 31.5Ng, + 24.5N; + 10.5N¢
+ 38.5N; 4+ 21Ng
-7 (23)
where (subscripts) DB = double bonds
TB  =triple bonds
* = counted once if the compound has one

or more rings



29

The average error for the compounds tested is 3vik65 strongly polar and

associated substances having errors greater tlan 10

Tyn and Calus method (1975) [52]

In this method, Y (molar volume) is related to the critical volume b

V, = 0.285V1-048  (24)
where \ = the molar volume (c?r‘mole)

Ve = the critical molar volume (c?tmole)

2.5.2 Diffusion Coefficients in Gases [52]
(For binary gas systems at low pressures: empimaklations)

Several proposed methods for estimating diffusioafficient (Dyg) in low-
pressure binary gas systems retain the general timory. These include the
equations proposed by Arnold (1930), Gilliland (493Wilke and Lee (1955),
Slattery and Bird (1958), Bailey (1975), Chen antir@er (1962), and Fuller, et al.
(1965, 1966, 1969). The values ofdDestimated by these equations generally agree
with the experimental values to within 5 to 10%hatigh discrepancies of more than

20% are possible.

Prediction from the ideal-gas law [52]

The theory describing diffusion in binary gas ranet at low to moderate
pressures has been well developed. The theorytsefsam solving the Boltzmann
equation, and the results are usually creditedaih lChapman and Enskog, who

independently derived the working equation as fedo

_0.00266T%/2
o= P
where Ds = diffusion coefficient (cisec)
T = temperature (K)
Ma ,Mg = the molecular weights of A and B (g/mole)

Mag = 2[(1/ Ma) + (1/ Mg)]™
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P = pressure (bar)
OAB = characteristic length (A)
Qp = collision coefficient (dimensionless)

Key to the use of this equation is the intermdl@cdorce law and the

evaluation obag andQp.

Wilke and Lee (1955) [52]
The Wilke and Lee method is rewritten as:

_ [3.03 = (0.98/M7)](10-)T3/2

Dag PM 02 0 (26)
where Qs = binary diffusion coefficient (cffsec)
T = temperature (K)
Ma ,Mg = the molecular weights of A and B (g/mole)
Mag = 2[(1/ Ma) + (1/ Mg)] ™
P = pressure (bar)
OAB = characteristic length (A)
Qp = collision coefficient (dimensionless)
The scale parametekg for each component:
o=118v}"% (27)
where \, = the liquid molar volume at normal boiling temgtere

(cm*mole)

Qp is determined from this equation withlk)as = 1.15 F, Tp as the normal

boiling point in kelvins:

A C E G

- (T*)B + exp(DT*) + exp(FT*) + exp(HT*) (28)

Qp
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where T* = kT/eas
A =1.06036, B =0.15610, C = 0.19300,
D =0.47635 E =1.03587, F = 1.52996,
G =1.76474, H =3.89411

Fuller, et al. (1965, 1966, 1969)

2-6

These authors modified equation 25 and proposetbttowing model:

0.00143T1175
D,p = (29)

1/2 1/3 1/3712
PMLE ()7 + (2,5

where Ds = binary diffusion coefficient (cffsec)
T = temperature (K)
Ma ;Mg = the molecular weights of A and B (g/mole)
Mag = 2[(1/ Ma) + (1/ Mg)]™
P = pressure (bar)
)N = summing atomic diffusion volumes in Table

Table 2-6. Atomic Diffusion Volumes

Atomic and Structural Diffusion Volume Increments

C 15.9 F 14.7
H 2.31 Cl 21.0
@] 6.11 Br 21.0
N 4.54 I 29.8
Aromatic Ring -18.3 S 22.9
Heterocyclic ring -18.3
Diffusion Volumes of Simple Moleculars

He 2.67 (6{0) 18.0
Ne 5.98 (6{07) 26.9
Ar 16.2 N2O 35.9

Kr 24.5 NH3 20.7
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Xe 32.7 H.0 13.1
Hy 6.12 Sk 71.3
D, 6.84 Cl, 38.4
N> 18.5 Br, 69.0
O, 16.3 SO, 41.8
Air 19.7

2.6 Diffusion-Ordered NMR Spectroscopy (DOSY NMR)

The capability of nuclear magnetic resonance (NMpctroscopy to provide
valuable information regarding mixture analysis fesulted in its broad applicability
to chemistry, biochemistry, biology and medicineMRI is a good tool for studying
such formulations. Unfortunately, NMR has tradiatyp been sensitivity-limited
compared with many other analytical techniques. Bofong time it has been
preferred, when possible, to isolate each mixtwmponent prior to its study by
NMR rather than to analyze the whole mixture. Farstnscientists, the preferred
methods for mixture analysis and/ or trace detactice still the chromatographic
methods, generally coupled with spectroscopic nogisuch as mass spectrometry or
NMR. Furthermore, DOSY experiments do not need dmajed setups and the
method can be easily standardized and automates7]b3

DOSY NMR was first proposed about 10 years ago. DI@SY method
allows measuring the translational self-diffusidmmlecules in a solution. Based on
the analysis of exponential decay, the spectraixtune components can be separated
depending on the value of their apparent diffusioaefficients. Diffusion
measurement by NMR and especially the DOSY-typesexents are thus powerful
analytical tools, which have so far been overlodBganost scientists [53, 58].

Diffusion-ordered spectroscopy (DOSY) NMR is a tdimdensional NMR
experiment, in which the signal decays exponegtiaticording to the self diffusion
behavior of individual molecules. This leads to tdonensions; one dimension
accounts for conventional chemical shift and threeotor diffusion behavior. Because
the diffusion behavior is related to the propertiésn individual molecule, such as

size, shape, mass and charge as well as its sdinguenvironment, such as solution,
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temperature and aggregation state, each componeat mixture can be pseudo-
separated, based on its own diffusion coefficientree diffusion dimension [54-60].

However, the main challenge still lies with the alg@trocessing techniques, which
limit the wide use of DOSY in practice. There am® tclasses of techniques: single
channel methods and multivariate methods. Singd@mdl methods employ only part
of the spectra by considering a limited chemic#t sange. The other single channel
method is CONTIN, especially used for polydisparsmponents, where the diffusion

coefficient is not a single value but a range waitlormal distribution [54, 59].

2.6.1. Principle of DOSY

A diffusion-ordered NMR spectrum is obtained by tlse of pulsed magnetic
field gradient spin-echo NMR (PFGSE-NMR) accordiaghe different diffusions of
the components in the mixture. Diffusion behav®rmi measure of the translational
motion of a molecule. According to the Stokes—Eimsequation, it is related to the
size, shape of individual molecules and specifiterule systems, such as aggregates
[54, 58].

A basic presentation of the 2D DOSY NMR experimear be obtained with
reference to Figure 2-4. DOSY NMR is a two-dimenaioNMR experiment; one
dimension accounts for conventional chemical shéftel the other for diffusion
coefficients. Typically, a series of 1D pulsed diejradient stimulated spin-echo
experiments is acquired with systematic variatiohghe gradient pulse amplitude
(Figure 2-4A). The rate of signal decay is directiated to the diffusion coefficient
of the molecule, which depends on the moleculargiateand other hydrodynamic
properties (size, shape, charge) as well as orsutsounding environment. The
diffusion coefficient can thus be estimated by wgsial of the exponential signal
decay. Signals from small molecules (large D) decaye rapidly than those from
large molecules (small D) as the pulsed field gradis incremented (Figure 2-4A
and 2-4B). The chemical shifté (n ppm) lie on the horizontal axis of the Fourier-
Laplace spectrum while the diffusion coefficiente @n the orthogonal axis (D in
unts?) (Figure 2-4D).
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Figure 2-4. Schematic principle of the DOSY NMR experiment.

(A) Pulsed field gradient stimulated spin-echo eipents at different gradient pulse

amplitudes, (B) this displacement has the effecedficing the signal intensity with

an exponential law (C) data processing using theRNMebook package, (D) 2D
DOSY *H NMR spectrum [53, 56]

2.6.2. Single Channel Methods

Method for discrete diffusion coefficient: SPLMOD

SPLMOD is a single channel method which is regddb analyzing a system

with discrete diffusion coefficient. SPLMOD intends analyze sums of pure

exponentials by performing the least square fthisf equation (30):

I(v,s) = Z I,(i) exp(—A;s) + E (30)
i=1

where |

= the in tensity of a specific frequenbtyenel and its
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variation of exponential decay depends on the

increase of s

n = the number of components
A =D(i)A - 3/3)

s = K

E

= account for noise

Resolution of discrete components using SPLMODhwgertain rejection
criteria has been presented by Morris and Johr&bin [However, with the benefit of
remedial constraints, SPLMOD still suffers from tbeerlap problem, i.e. it is
difficult to separate more than two componentsrie single channel. It is also very
sensitive to noise and hence SPLMOD often overeséism the number of the

components.

Method for continuous diffusion coefficient: CONTIN

Some samples are composed of components with coondistributions of
diffusion coefficients, e.g. polymers and aggregak®r a specific frequency channel
of the data of the polydisperse system, the sigaalbe described by the following
equation (31):

max A
I(v,s) = f g(A) exp(—As)dA + E (31)
minA
where od) =the spectrum of diffusion coefficients
A =D(@)A - 6/3)
s = K
E = account for noise

A method called CONTIN, a constrained regularizagwogram, attempts to
solve this inverse Laplace transform problem an@iolthe Laplace spectrum of the
diffusion coefficients. The constraints are basadttie non-negativity of the signal

and decay constant, statistical prior knowledge padsimony, which are used to
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solve the ill-posed problem. If the distributionniarrow, then it can be reanalyzed by
SPLMOD if desired.

2.6.3. Multivariate Methods
Direct exponential curve resolution algorithm (DE&AR

DECRA is a multivariate method of calculating therg spectrum and the
corresponding decay profile of each component bamedthe generalized rank
annihilation method (GRAM). GRAM is suitably appli¢o the two data sets with a

correlation like the following:

A =CST, B = CaST (32)
where a = a diagonal matrix, whose elements contain the
constants

accounting for the correlation of the two data sets

By using DECRA, however, only one experiment isdezkand the data set
obtained is split into two sub-matrices, A and BEQRA is a fast algorithm in
obtaining the information of a pure component ifmature. The limitation of
DECRA is that it can only be applied to discretifudion components with the range
of about two orders of magnitude in the diffusioménsion due to the requirement of

equal § steps.

Multivariate curve resolution (MCR)

DOSY data has a bilinear structure and therefoeevthole data set can be
separated into two matrices, one representinguhe gecay profiles and the other the
pure spectra of the components. In MCR, DOSY dsaitirst analyzed by principal
component analysis (PCA) to obtain the abstradcbfamr principal components. This
iteration with the application of non-negativity nsraints continues until the

convergence is achieved.

C = IS(STS)? (33)
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s =1T¢(cTo)! (34)

MCR only depends on the change of intensity withiticrease of the square
of gradient strength’g The key requirement of MCR is a good initial gaiex
alternating least square (ALS). The main problemM&R is in the VARIMAX
rotation of the abstract factors. Obtaining thegdst simplicity is the aim of
VARIMAX rotation. However, a rotated factor with mienal simplicity does not
necessarily mean that it is a good initial inpuAafS.



CHAPTER Il

EXPERIMENTAL

3.1 Materials

3.1.1 Model Flavors

3.1.1.1 Bergamot Oil (Thai-China Flavors and Fragrace Industry Co.,Ltd.,
Bangkok, Thailand and Takasago International Corpomtion, Tokyo, Japan)

Bergamot or Citrus Bergamia Risso (Figure 3-1) wyhrid fruit from bitter
orange and lemon; it is produced almost solelyhim Reggio Calabria province in
southern Italy, where the cultivated area is abbh®0 hectares with an annual
production of 25,000 tonnes. It is mainly usedifsressential oil extracted from the
peel [62-66] which is an important raw, widely usedbstance that has great
commercial value. It is necessary in the intermatigperfumery industry as it has not
only the function of fixing the aromatic bouquets merfumes, but also that of
blending all the other essences contained in therlting notes of freshness and
fragrance [65]. Bergamot essential oil is usechm pharmaceutical industry because
of its antibacterial and antiseptic activity, mainin dentistry, ophthalmology,
gynecology, and dermatology, in the pharmaceutadlstries for its antiseptic and
antibacterial proprieties, in the cosmetic indestrsuch as in perfumes, body lotions,
soaps, and aromatherapy [64, 65, 67]. Bergamotsodlso used in the food and
confectionery industries as a flavoring for liquarsas, toffees, candies, ice creams,
and soft drinks [65]. Bergamot peel represents ab0% of the processed fruits and
is regarded as primary waste; if not processeddurtit may cause environmental
problems because of its fermentability. Howevergamot peel contains very useful
compounds, such as pectins and flavonoids [67-69].

This essential oil is obtained by pressing the pmethe bergamot fruit.

Bergamot oil comprises volatile (93-96% of totaljdanon-volatile (4-7% of total)
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compounds[66]. A variable percentage of the esslerdil (4-7%) consists of
nonvolatile compounds such as pigments,waxes, d&@weaall coumarins (e.g.,
citropten) and psoralens (e.g., bergapten and bexgm) [63]. The most important
contribution to the flavor of the oil comes fromygenated compounds, such as
linalool, neral, geranial, neryl acetate, geranglate and linalyl acetate, whereas
monoterpenes, such ad-limonene, a- and B-pinene B-myrcene, y-terpinene,
terpinolens, sabinenep-bisabolene, tend to decompose, producing off-flavo
compounds upon heating or contact with air [62, @®le composition of bergamot
oil is determined using GC analysis. The key camstits,d-limonene(38.8%), y-
terpinene (9.1%), linalool (16.6%), and linalyl tate (21.4%), are confirmed by
comparison of mass spectra and retention times tiwithe of pure standards [62, 63,
70]. As compared with other citrus oils, bergamibtas characterized by Verzera et.
al showed a lower amount al-limonene (25.6-53.0%) and high qualities of
oxygenated compounds, such as linalool (1.7-20%l) lexalyl acetate (15.6-40.4%)
[62].

Figure 3-1.Bergamot fruit, root and essential oil

3.1.1.2d- Limonene (Purity: 95%, Nacalai Tesque, Kyoto, Japn)

d-Limonene is the major flavor compound presentrange oil. It is a widely
used oil in the perfumery industry, as the teswvaqtrinciple. The main component of
citrus essential oils id-limonenewhich is commonly extracted from their matrix by

using distillation [71]d-Limonene, which is the solvent used in this stisgdg major
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by-product of the citrus fruits industry. The chealistructure is shown in Figure 3-2.
This monoterpenic molecule (Figure 3-2) is the maomponent of essential oils
extracted from citrus peels and plays an importaig in the field of flavor and
fragrances [71, 72].

d-Limonene (Figure 3-2), a well-known non-polar flamg compound, is
encapsulated in different wall material such as gamabic [73, 74], starch [75],
cyclodextrin [1], gellan gum, pectin [76], maltodex [10] and combinations of
maltodextrins with gum arabic by spray drying [94].7In our researchj-limonene

was purchased from Nacalai Tesque (Kyoto, Japan)

CHg

HoC CHs
Figure 3-2. Chemical structure af-limonene

3.1.1.3 Linalool (Purity: 98%, Wako Pure Chemical hdustries, Osaka, Japan)

Linalool is a monoterpene (Figure 3-3) commonlyrfdas the major volatile
component of essential oil from aromatic plant sggeclhese results strengthen the
suggestion that inhaling linalool rich essentidls atan be useful as a means to
attaining a relaxed state and counteracting anxjé®@]. Linalool is a fragrance
ingredient used in decorative cosmetics, fine tages, shampoos, toilet soaps and
other toiletries as well as in non-cosmetic produsich as household cleaners and
detergents. Its worldwide use is in the region r@ager than 1000 metric tonnes per
annum [78, 79].

Linalool is the major component of the essentibpodduced by several well-
known species including Lavandulaaugustifolia MillMelissaofficinalis L.,

Rosmarinusofficinals L. and Cymbopogoncitratus Diferestingly [80, 81]. Linalool
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is an essential oil of bergamot, and it is alssmtbin coriander and rosewood [82]. In

our research, it was purchased from Wako Pure Gtedrimdustries (Osaka, Japan).
CH3

HsC CHs
Figure 3-3.Chemical structure of linalool

3.1.1.4 Linalyl acetate (Purity: 95%, Tokyo Chemicalndustry, Tokyo, Japan)

Linalyl acetate (Figure 3-4) is a monoterpene coumgbolike linalool and is
used in many fragrance compounds. It may be foarfdagrances used in decorative
cosmetics, fine fragrances, shampoos, toilet samplsother toiletries as well as in
non-cosmetic products such as household cleandrgletergents. Its worldwide use
is in the region of >1000 metric tons per annum].[83nalool is the principal
component of many essential oils known to posseseral biological activities,
attributable to these monoterpene compounds [84].

The industrial uses of linalyl acetate and linalaa# different. Linalyl acetate
is highly appreciated as a food additive becausts dfavor, while linalool is used as
a natural insecticide or pesticide as well as indfand fragrance applications.
Normally, the market value of the oil increaseshvilie proportion of linalyl acetate
[85]. In our research, linalyl acetate was purcbaem Tokyo Chemical Industry
(Tokyo, Japan)
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CHj
O——CHj

CH,

H3C CHs
Figure 3-4.Chemical structure of linalyl acetate

Table 3.1Physicochemical characteristics of flavor compaund

Chemical Molecular weight  Boiling point  Solubility Functional
(9/mole) (°C) (mg/l) group
Linalool 154.24 198 1589 Alcohol
Linalyl acetate 196.29 220 20 Ester
d-Limonene 136.23 178 Low Hydrocarbon

3.1.2 Wall Materials

3.1.2.1 HI-CAP 100 (Food and Cosmetic Systems, Bawud, Thailand)R'

HI-CAP 100 is an n-octenyl succinic anhydride (QSwodified starch
blended with high dextrose (DE= 32-37%) corn sysghids. HI-CAP 100 is a
modified food starch derived from waxy maize andareloterized by excellent
resistance to oxidation.

HI-CAP 100 is a food starch specifically designed the encapsulation of
high levels of volatile flavor oils. Its low viscitg at high solids, strong oil retention
properties, excellent oxidation resistance, everhigh oil loads and above all
consistency allow for very significant improvemeimsprocess efficiency and product

quality over traditional encapsulation systems.

RefNational Starch & Chemical. 1999 Product data sheet: HR@B0. National Starch & Chemical, A
Member of the ICI Group, Manchester, UK
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3.1.2.2 CAPSUL (Food and Cosmetic Systems, Bangkdkjailand) R

CAPSUL which is a modified food starch derivednfrevaxy maize, is also
modified with n-octenyl succinic anhydride (OSA).i$ especially suited for the
encapsulation of flavor, clouds, vitamins and spideis an excellent replacement for
expensive gums and proteins commonly used for thpgkcations.

A unique feature of CAPSUL when compared to o#rmrapsulating agents,
such as gum arabic, is its ability to form verybsaoil-in-water emulsions. The fine

particle size of the emulsion results in reducesdés during spray drying.

Ref National Starch & Chemical. 1999 Product data sheet: SLAP National Starch & Chemical, A
Member of the ICI Group, Manchester, UK

3.1.2.3 Gum arabic (Nacalai Tesque, Kyoto, Japan)

Gum Arabic, also known as acacia gum, is a napnaduct from two species
of acacia tree and it is normally collected by haviten dried. This natural gum is
usually free of color, odor and taste.

The main chemical composition of gum arabic isypatcharide and
glycoprotein. Gum arabic is used primarily in theod industry as flavor
encapsulating material. Gum arabic has an emulgfieperty from glycoprotein, is

bland in flavor and provides good retention of ut#¢a during the drying process.

3.1.2.4 Maltodextrin (Nacalai Tesque Inc., Kyoto, dpan)

Maltodextrin is produced from starch by partiadhglysis with amylase. It
consists of D-glucose units connected in chaingaofable length. Maltodextrin can
dissolve in cold water and has film forming prom=t With these properties,
maltodextrin solution is transparent with low visitg. The degree of hydrolysis is
measured by the dextrose equivalent for 100 grdreslials. The higher DE, the more
the product is hydrolyzed. In our research, thedusaltodextrin was DE 25(Pindex
3).



3.1.3 Analytical chemicals

3.1.3.1 Potassium bromide (KBr)
3.1.3.2 Hexane

3.1.3.3 Isopropanol

3.1.3.4 Distilled water

3.1.3.5 Acetone-D6

3.1.3.6 Dimethyl sulfoxide-D6 (DMSO)

44
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3.2 Apparatus

3.2.1 Spray Dryer
3.2.1.1 Mini Spray Dryer B-290 (BUCHI Labortechnik AG, Switzerland)

Specifications

Model : B-290

Water evaporation rate: 1 L/hr

Nozzle diameter 0.7 mm

Dimension (LxWxH) : 60x50%110

Application : Preparation the
encapsulated flavor
powder

3.2.1.2 Ohkawara L-8 (Ohkawara Kakouki Co., Ltd., Yokohama, Japan)

Specifications:

Model : Ohkawara L-8

Water evaporation rate: 3 kg/hr

Atomizer : Rotating disk
Chamber : 800 mm I.D., 560 mm

high and conical
chamber of 650 mm
high with 6¢ angle

Application : Preparation the
encapsulated flavor
powder
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3.2.2.1 High Speed Homogenizer (T-25 ULTRA-TURRAXKA, USA)

Specifications:

Model : T-25

Rotating speed: 24000

Display : Digital display

Shaft : Model S25N-18G, Diameter
18 mm, Length 194 mm

Capacity : 1-2000 ml

Application : Preparation the emulsion

3.2.2.2 Polytron Homogenizer (Kinematica GA, Littay Switzerland)

Model

Display
Shaft

Capacity

Specifications:

: PT 6100

Rotating speed: 24000

: Digital display

: Model GR, PTA45/6,
Diameter 45 mm, Length 270
mm

: 200-4000 ml

Application : Preparation the emulsion
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3.2.2.3 High Pressure Homogenizer (M-110P LaboratgrModels, USA)

Specifications:

Model : M-110P

Flow rate :110-155 ml/min

Pressure range : 5000-10000 psi

Minimum sample size: 50 ml

Application : Preparation the fine
droplet emulsion

3.2.3 Particle size analysis

3.2.3.1 Laser Scattering Particle Size Distribution Analyzer (LA-950V2,

HORIBA, Kyoto, Japan)
2. Specifications:

gl

Model : LA-950V2 connected
with batch and flow cell
sampler

Size range :0.01-300 pm
Application : Analysis emulsion

droplet and particle size

3.2.3.2 Laser Diffraction Particle Size Analyzer (LD 7100, Shimadzu Corp.,

Kyoto, Japan)
Specifications:

Model : SALD 7100 connected
= with batch cell sampler
Size range :0.01-300 pm
Application : Analysis emulsion

droplet and particle size

The average diameter and size distribution of eiomilsiroplet, reconstituted

emulsion and encapsulated powder size were meabyradaser scattering particle
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size distribution analyzer. Distilled water was dises the dispersant in emulsion and
reconstituted emulsion. ). In order to determine ¢hange in emulsion droplet size
during atomization, the reconstituted emulsion tbbgize was also measured by
gently mixing 1.0 gram of the spray-dried powdethw®.0 ml of distilled water
before the measurement. In order to investigatesibe distribution of spray dried
powder, the powder was dispersed in isopropanolamadyzed by a laser scattering
method with a batch cell unit. Each sample wasyaedl in duplicate and the data
were reported as an average.

The specific surface area was calculated with tbkime surface mean
diameter, B, [12]

(1)
SSA = Di32
(2)

where I, is the volume surface mean diametgrjszthe number of droplets of
diameter Dand SSA is the specific surface area. Each sampke measured and

calculated in duplicate. The data were presentechaserage.

3.2.4 Scanning Electron Microscopy (JSM-6060, JEOCo., Ltd., Tokyo, Japan)

g Specifications
; Model : JSM-6060
| R Application . Investigation of the
et ﬂ : internal and external
b

o - N structure spray-dried

powder
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3.2.5 Magnetron Sputter (Vacuum Device Inc., Japan)
Specifications:

Model : MSP-1S

Rotary pump : 20 L/min

Target size : diameter 55 mm

Coating material : Pt-Pd

Application : Coat the powder sample before obesteon by SEM

The internal and external morphology of the spraiedd powders were
determined by scanning electron microscopy (JSM36QE&EOL Co., Ltd., Tokyo,
Japan). The powders were placed on the SEM stuig usio-sided adhesive tape
(Nisshin EM Co. Ltd., Tokyo, Japan). The samplesenaated with Pt-Pd using a
Model MSP-1S magnetron sputter coater (Vacuum [Reinc., Tokyo, Japan). The
coated samples were analyzed using the SEM opegtaitipO kV.

3.2.6 Gas Chromatograph
3.2.6.1 Gas Chromatograph (GC-14B, Shimadzu CorpKyoto Japan)

m‘- D Specifications:
- = S Model - GC-14B
m Detector - FID
e Column : Packed column with
7 PEG-20M
o Carrier gas : Nitrogen
= Application : Analysis of flavor
release conte
e
—
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3.2.6.2 Gas Chromatograph (GC-17A, Shimadzu CorpKyoto Japan)

Specifications:

Model : GC-17A

Detector - FID

Column : Capillary column
(HR1)

Carrier gas : Nitrogen

Application : Analysis of flavor

content in powds

Specifications:

Model : GC MS-QP5050A

Detector :FID

Column : Capillary column
(HR1)

Carrier gas : Nitrogen

Application : Analysis of flavor

composition in powder

3.2.7 Fourier Transform Infrared Spectroscopy (FT-IR) (Nicolet 6700, Madison,
WI, USA)

Specifications
Model : Nicolet 6700

Application : Analysis of chemical
functional group in
modified starch

The chemical functional group of HI-CAP 100 wasestigated after passing
through the high pressure homogenizer (M-110P Latboy Models, USA). HI-CAP
100 was dissolved in warm distilled water at 40 wiPhen, the hydrated solution
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passed through a high pressure homogenizer at Bli), 1500 bar for 1 and 3
cycles. These solutions were dried using freezingryrhe chemical functional group
of high pressurized HI-CAP 100 was investigatedubipng Fourier transform infrared
(FT-IR) spectroscopy (Nicolet 6700, Madison, USSamples were prepared by
grinding the modified starch with KBr. The spectrumas recorded in the

wavenumber range from 400 to 4000tm

3.2.8 Viscometer (R/S plus, BROOKFIELD, Brookfield Engineering
Laboratories, INC., MA, USA)

Specification:

Model : R/S plus

Speed : 0.01-200 rpm
Temperature range  : -20-2%D
Application : Measurement of feed

emulsion viscosity

The emulsion viscosity was measured by a rheomdRiS plus,
BROOKFIELD, USA). This instrument is equipped wightemperature-controlled
bottom plate. The samples were placed in the temtyer controlled measurement
vessel at 2. Each sample was analyzed in duplicate and tteewdere reported as

an average.
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3.2.9 Nuclear Magnetic Resonance (NMR) SpectroscopyBruker 600
Ultrashield, USA) and data will be analyzed using Biker BioSpin XWINNMR

software.

Specifications:

Model : Bruker 600 Ultrashield

Type of measurement : 1H, 13 C, 15 N

Application : Estimation of flavor
compound diffusion
coefficient

3.2.10 Sieve Shaker or Electromagnetic Vibro Sifte(TSUTSUI SCIENTIFIC
INSTRUMENTS CO LTD, Tokyo, Japan)

Specifications:
Model M 100

Application : sieve spray dried
powder
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3.2.11 Home-Made Dynamic Vapor Sorption System (Fdoengineering Lab.,

Department of Applied Biological Science, Kagawa Uwersity, Japan)

—

Specifications:
Application : test stability of spray

dried powder

3.3 Methodology

3.3.1 Preparation of Dissolved Solid and Emulsion

All emulsions were oil in water emulsion type. Tdgpueous phase or hydrated
solution of emulsion was prepared by dissolving wadl material in warm distilled
water by using hot plate stirrer. The temperatdrthe hot plate stirrer was adjusted
to 50 °C for 4 hours and the hydrated solution was stiroegrnight at room
temperature. Then flavor (oil phase) was addedhéohtydrated solution. The coarse
emulsions were produced by a high speed homogeaizbe rotation speed of 8000
rpm for 3-5 minutes. To study the effect of the &sifigation process on the size of
the emulsion, coarse emulsions were further homegdnby a high pressure
homogenizer at 500, 1000, 1500 bar from 1 to 5esycl

Table 3-2.Composition of flavor and wall material in emulsio

Ratio of
) Solid content  flavor to Emulsification
Part Flavor Wall material
(% wiw) wall process
material

1  Bergamot oll HI-CAP 100 40 1:4 S,P
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Bergamot oil GA 10 1:4 S,P
) Bergamot oil CAPSUL 40 1:4,1:8 S
Bergamot oil HI-CAP 100 40 1:4,1:8 S
Bergamot oil HI-CAP 100 10-40 1:4 S
d-limonene HI-CAP 100 10-40 1:4 S
3 Linalool HI-CAP 100 10-40 1:4 S
Linalyl acetate  HI-CAP 100 10-40 1:4 S
d-limonene HI-CAP 100 30 1:4 S
N Linalool HI-CAP 100 30 1:4 S
HI-CAP 100 10-30 1:2,1:4 S
5 Linalyl acetate HI-CAP 100 and MD  10-30, 10-30 1:4 S
GA and MD 10, 30 1:4

Note: S is high speed homogenizer and P is higbspre homogenizer.

3.3.2 Preparation of Encapsulated Powder by Spray iying

The emulsion was transformed to encapsulated powsieg a spray dryer.

The spray dryer was integrated with a two-fluid zlez(Model B-290, BUCHI

Labortechnik AG, Switzerland) or a centrifugal ateen (Okawara-L8, Japan). The

compressed air was used to disperse the liquid lbdyfine droplets which were

subsequently dried in the cylinder. Feed emulsiuh lzot air were in the spray dryer

as a co-current. The flavor retention was analyzgdolvent extraction. The spray-

dried powder were collected and stored in a sdadétte at -20°C until analysis.

Table 3-3.Spray drying condition for each experiment

Air inlet _
_ Type of Emulsion feed
Part Flavor Wall material o temperature _
atomization cc rate (ml/min)
1 Bergamot oil HI-CAP 100 N 120-180 3-9
Bergamot oil CAPSUL N
2 _ 180 9
Bergamot oil HI-CAP 100 N
Bergamot oil HI-CAP 100 C
_ 200 30
d-limonene HI-CAP 100 C
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Linalool HI-CAP 100 C
Linalyl acetate HI-CAP 100 C
d-limonene HI-CAP 100 C
4 200 30
Linalool HI-CAP 100 C
HI-CAP 100 C
200
5 Linalyl acetate HI-CAP 100 and MD C 30
GA and MD C 120-200

Note: N is two fluid nozzles and C is centrifugtdraizer.

3.3.3 The Stability of spray dried powder
3.3.3.1 Vacuum Treatment Powder and Sieved Powder

The vacuum treatment process was used to remavtecswil on the spray
dried powder using a vacuum oven. About 0.2 g ef gbwder was placed into the
bottle and covered with aluminum foil (with smadélés). These bottles were put into
the vacuum oven at room temperature for 2 hourses@&rsamples were used as the
vacuum treatment powder.

Sieved powder was prepared using a sieve shakehinga(M 100, Tsutsui
Scientific Instruments Co., Ltd., Japan) with 5rape sizes (20, 32, 53, 75 and 106
pm). Approximately 2g of non-treatment powder weved in the fume hood for 4
min. Then the sieved powder was collected and dtorex sealed bottle until further
release experiment. 32 um and 53 um particle simdsno sieved powder were used

to investigate the effect of particle size on reéebehavior.

3.3.3.2 Release Experiment with Humidity Ramping ath Repeating Conditions
Both d-limonene and linalool powder were subjected teasé experiment.
Approximately 0.1 g of spray dried powder was @llmto a flat bottom aluminum
pan (1 mm x 13 mm i.d.). This sample was placed giass vial (78 mm x 15 mm
i.d.) and the box which kept the vial was maintdim¢ a temperature of SC. The
flow rate of moistened air which flowed through tial was set at 100 mL/min. In
the case of the humidity ramping experiment, thatiree humidity (RH) was ramped
from 10 to 50% at the rate of 0.17 %RH/min for 4Hor the humidity repeating
method, RH was controlled at 0% and 50%RH. Gas @atograph (GC 14B,
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Shimadzu Corp., Kyoto, Japan) was used to contsiyguonitor the release of flavor
release from the spray dried powder. Flavor reléasa the vial was collected with a
5.0 mL sampling loop and introduced every 5 mim itite gas chromatograph. The
gas sample was separated in a glass column (2.3r2 mm i.d.) packed with PEG-
20M (20% on Chromosorb W 80/100 AW mesh, Shinwan@bal Industries, Ltd,
Kyoto, Japan). The conditions used in the gas chtograph were as follows: flame
ionization detector (FID) at 200 °C with,Ids the carrier gas, inject temperaturedfor
limonene and linalool: 140 and 180 °C, respectivelglumn temperature fod-
limonene and linalool: 130 and 170 °C, respectivBlyrami’s equation was used to
evaluate the release rate constant and releaseamsghas reported in previous work
[12].

R = exp[=(kt)"] 3)

where R is the flavordtlimonene and linalool) retention, t is the storéigee, k is the
release rate constant, and n is a parameter regreséhe release mechanism. For n =
1 represents the first order release mechanisni means diffusion-limiting reaction
kinetics and n > 1 indicates rapid release.
3.3.4 Model Transformation of Linalyl Acetate in Enulsion by Incubation

Emulsion and pure flavor of linalyl acetate weredigs the models solution to
investigate the linalyl acetate transformation. €heulsion described in the following
section and pure linalyl acetate were incubatedha water bath at 86C. The
samples were placed in the water bath for 4 hdavery hour, the samples were
collected from the water bath in order to extraud aneasure the amounts of linalyl

acetate transformation in emulsion and pure flavor.

3.3.5 Flavor Retention Analysis using GC and GC-MS

Flavor retention is defined as the ratio of thedis in the powder on a dry basis
to the original flavors in the feed emulsion. Totetmine the amount of each
component of the encapsulated powder, 0.1 granmied ggowder was dissolved in 4
mL of water in a glass bottle and then 4 mL of mexaas added, followed by mixing

with a vortex mixer for 1 minute. To extract flavbom mixture into the organic
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solvent, the mixture solution was heated in a hgdblock with intermittent shaking.
The extraction time and temperature were 30 minates 90°C, respectively. To
measure the amount of flavor in the organic phase,microliters of organic phase
were injected twice for each sample into a gasrmoatograph equipped with a fused
silica capillary column (10 m x 0.53 mm xu#n film thickness, DB-WAX)using a
flame ionisation detector. The conditions used wasefollows: flame ionisation
detector (FID): 256C with the N as the carrier gas at 50 kPa, inject temperad4@:
°C, initial temperature: 56C, initial time: 1 minute, heating rate: £G/min, final
temperature: 208C, final time: 5 minutes. The calibration curvesténdard solution
(d-limonene, linalool and linalyl acetate) was usedcalculate the amount of each
component. To create the calibration curve of taedard solution, the 2, 4, 6, 8 and
10 microliters ofd-limonene, linalool and linalyl acetate were add®d 10 mL of
hexane and measured in the same manner as abaveediits were the average of
the duplicates and the data were shown as an &vesadge.

Furthermore, the chemical composition of the flavoansformation was
confirmed by using gas chromatography-mass speetesm(GC MS-QP5050A,
Kyoto, Japan) equipped with a 30 m x 0.25 mm xu@bfilm thickness, fused silica
capillary column (ULBAN HR-1, Shinwa Chemical Induss, Ltd., Kyoto, Japan)
using a flame ionization detector (FID) at 230 °Ehvinelium gas as the carrier gas at
70 kPa. The injector temperature was maintaineziL@®C. The GC-MS temperature
program was set first at 100 °C and raised to €8t rate of 10 °C/min which was
maintained for 2 minutes. One microliter of the pémand standard solution were
injected into the GC-MS.

3.3.6 Surface Oil Analysis using GC

The surface oil content of the encapsulated powsas determined by
washing with hexane. 0.5 grams of encapsulated powa@s placed on filter paper
and washed with 1 mL of hexane for a total of es. The solution which passed
through the filter paper was composed of the meifr flavor on the surface of the
dried powder and hexane. The amount of flavor wedyaed by gas chromatograph

as described above. The results were the averafe diplicates in each sample.



58

3.3.7 Statistical Analysis

The analysis of variance (ANOVA) was used to deteenthe significant
differences. Two-way ANOVA was selected to detemnihe interaction among the
effects of pressure on emulsion size and the e&iecarrier solution, emulsion feed
rate, air inlet temperature on flavor retention andface oil. The data presented in

Table and Figure are at 95% confidence levelsfitting values.



CHAPTER IV

RESULTS AND DISCUSSION

4.1 The Loss of OSA-Modified Starch Emulsifier Property During
the High Pressure Homogenizer for Encapsulating Mui-Flavor

Bergamot Oil by Spray Drying

4.1.1 The Effect of Emulsification Method on Emulsin Size Distribution and
Chemical Functional Group of Modified Starch

There are various wall materials available to ushyairophobic flavor and oil
encapsulating agents. The type of wall materiatsveld the influence on the retention
of flavor after the spray drying because of themutsified and film forming
properties as well as the water solubility. Soattiawatet al. [12] reported the
influence of emulsion size on the retention of mMogdw#atile compounds in various
types of wall materials. In all wall material sysig® high flavor retention was
reported at small sizes of emulsion in the casesifluble flavor. On the other hand,
in the case of partly-water solution flavors, thatimal emulsion size shows the
highest retention of flavor. However, all resulteres obtained with only one model
flavor in the emulsion. In this study, as shownable 4-1, bergamot oil, composed
of both insoluble and partly-soluble flavor, wasén as the model oil. Therefore,
the effect of emulsification methods on the emuisize of flavor was firstly studied.

As shown in Figure 4-1, the effects of the homopgediprocess using a high
speed homogenizer (0 cycles) followed by the higdgsgure homogenizer (1-5 cycles
at 500, 1000 and 1500 bar) on the geometric medmme emulsion size were
reported. The HI-CAP 100 was used as the carrietenah compared to the
conventional material of GA. When the emulsion waepared under the same
conditions of the high speed homogenizer, the d@omlsf the HI-CAP 100 system
showed a smaller mean emulsion size compared td&sthesystem. This could be

explained by the different emulsifier propertieseaich carrier. In case of using high
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pressure homogenizers at 1000 bar, the mean emsigi® was decreased from about
5.0 pum to about 1.2 pm with the GA carrier solutibhe mean emulsion size seemed
to decrease with the increasing number cycles whédsed through the high pressure
homogenizers. However, when the HI-CAP 100 was asethe carrier material, the
increasing number of cycles also increased the m&iaa of the emulsion.
Furthermore, at higher operating pressure, largaulgon size was observed. This
might be due to the loss of the chemical functiogedup which enhanced the
emulsifier properties of HI-CAP 100 and the re-esaknce of droplets during the

high pressure process.
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Figure 4-1. Effect of high pressure homogeniser on emulsipa ef bergamot oil with different
carrier solution (A) gum Arabic solution (10% saljcand (B) HI-CAP 100 solution (40% solids)

O, 500 barsf], 1000 barsA, 1500 bars. The error bars indicated 95% confitels.
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4.1.2 The Effect of the High Pressure Homogenizemahe Chemical Functional
Groups of Modified Starch

Modified starches give some emulsifying capabditl®y hydrolyzing starch
with n-octenyl succinic anhydride (OSA) as HI-CAB018, 86-88]. It is noteworthy
that hydrophobically modified polysaccharides, sush octyl-substituted starches,
have been used as shell materials in spray drgiemt¢apsulate up to 50% flavor oils,
while still maintaining free-flowing properties [B9rom the previous results, the
mean emulsion sizes of bergamot oil in the HI-CAR Linexpectedly increased with
the use of the high pressure homogenizer procéssaddition of bifunctional groups
were as expected destroyed by pressure and heattihigh pressure homogenizer.
Therefore, the chemical functional groups of meadifstarch after the high pressure
homogenizer were investigated. Figure 4-2 showsctignical structure formula of
HI-CAP 100 (octenyl succinylated waxy maize stardBp, 90] and FT-IR
spectroscopy of initial modified starch and highegsure homogenized modified
starch at various conditions (Figure 4-2). The RT-4pectroscopy showed the
asymmetric stretching vibration of carboxylate (R@Q) ester carbonyl and hydroxyl
groups (O-H) at 1572 ¢ 1724 cnt and 3390 cm, respectively [86]. To determine
the loss of the emulsifier properties of the madifstarch, the amount of OSA groups
were measured which were related to the peak imyen$ carboxylate and ester
carbonyl stretching. However, the FI-IR peak intensould not be directly converted
to the amount of chemical bonds. Therefore, thek petensity ratio based on the
hydroxyl groups was used to calculate the relatiwetent of carboxylate and ester
carbonyl group in the modified starch. The peaknstty of hydroxyl stretching was
used due to the fact that it was the original cleainiunctional group in the maize
starch/native starch [86, 91]. The peak intensftgarboxylate and ester carbonyl to
the hydroxyl stretching of the high pressure hommigged HI-CAP 100 is shown in
Table 4-2. A decrease in peak ratios with the nundbecycles and pressure of the
high pressure homogenization process is statistisainificant (p<0.05). It implied
that the carboxylate and ester carbonyl groups vderstroyed by increasing the
pressure and cycle. Jafat al. [92] reported that the residence time in the high
pressure homogenizer is in the range of millisescemad the use of higher pressure

leads to the collisions of droplets and makes tsemsitive to coalesce. To prepare



63

the bergamot oil emulsion from the HI-CAP 100 aarsolution, the high pressure
homogenization process was not used due to theofbsise emulsifier functional
group.

E
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Figure 4-2. FT-IR spectra of octenyl succinic anhydride maatifivaxy maize starch (HI-CAP 100)
and chemical structure of modified starch (octesugdcinic anhydride modified waxy maize starch).
(A) native HI-CAP 100, (B-C) 1, 3 cycle, respectivat 500 bar, (D-E) 1, 3cycle, respectively at A @@r.



Table 4-1.Properties of main component of bergamot oil

_ _ _ Percentage Solubility Molecular weight Boiling point
Main component Chemical functional

(wiw) (mg/l) (9/mol) (°C)

d-Limonene Hydrocarbon 40.28 Low 136.23 178
Linalool Alcohol 17.08 1589 154.3 198

Linalyl acetate Ester 22.33 30 196 220

Table 4-2.The peak intensity ratiomf HI-CAP 100

Pressure (bar)
Wavenumber  HI-CAP 100

Functional groups ratio L 500 1000
(cm™) (no treat)

1 cycle 3 cycles 1 cycle 3 cycles

Carboxylate/ Hydroxyl groups 1572,3390  4.037+D.173.64+0.04 2.63+0.18 2.13+0.08 2.08+0.08

Ester carbonyl groups/ Hydroxyl groups 1724, 3390  3.889+0.£4 3.53+0.07 2.60+0.08 2.10+0.08 2.05+0.16

@ The range indicates 95% confident levels of tttm§ values

b Mean significant difference between this varietg ¢he other two (p<0.05).

9



Table 4-3.Effect of carrier solution on flavor retention asutfacet oil after spray drying

Flavor retention® (%) Surface oil contenf(%)
Type of carrier solution
d-limonene linalool linalyl acetate d-limonene linalool linalyl acetate
Non-Satuation 75+2.08  83+1.96 63+5.64 o’ 10.5+0.94 10.6+1.06
Satuation 89+1.97  114+1.63 91+3.36 0.14+0.08  0.70+0.06 0.64+0.18

#The range indicates 95% confident levels of tttm§ values
P Mean significant difference between this variatg éghe other two (p<0.05).

Table 4-4.Effect of emulsion feed rate on flavor retentionl anrfacet oil after spray drying

Flavor retention® (%) Surface oil contenf(%)
Emulsion feed rate (ml/min)
d-limonene linalool linalyl acetate d-limonene linalool linalyl acetate
3P 81+2.36 101+2.90 81+2.65 0.90+0.03 2.56+0.13 2.13+0.23
6 88+2.72 111+6.91 89+2.35 0.37+0.07 1.71+0.18 1.58+0.08
9 89+1.97 114+2.29 91+3.36 0.14+0.06 0.70+0.08 0.64+0.17

#The range indicates 95% confident levels of ttia§j values

® Mean significant difference between this variatg ¢he other two (p<0.05).

G9



Table 4-5.Effect of air inlet temperature on flavor retentemd surfacet oil after spray drying

Flavor retention® (%) Surface oil contenf(%)
Air inlet temperature (°C)
d-limonene linalool linalyl acetate d-limonene linalool linalyl acetate
120 92+2.92 111+1.80 93+3.96 1.40+0.1°1 1.74+0.11 1.66+0.08
140 95+2.71 112+6.58 93+4.55 0.29+0.07 0.65+0.08 0.58+0.03
160 99+1.75  120+4.07 98+3.82 8 0 0
180 89+1.97 114+2.99 91+3.36 0.14+0.05 0.70+0.06 0.64+0.18

#The range indicates 95% confident levels of thim§ values
P Mean significant difference between this variaig ¢he other two (p<0.05).

99



67

4.1.3 The Effect of the Non-Saturated Carrier Solubn of Wall Materials on
Retention and Surface Oil

In the literature, saturated carrier solutions wesquired as prepared by
dissolving the wall materials in water and then gieg the solution for at least
overnight. [92-95]. However, there was no reportlom effect of the saturation of the
carrier solution of wall materials on the propestief dried powder as well as the
flavor retention. Therefore, in this study, theluehce of saturated and non-saturated
carrier solution of HI-CAP 100 on flavor retenti@nd surface oil content were
investigated. The solid content of HI-CAP 100 ahd imass ratio of flavor to solid
were 40 %w/w and 1:4, respectively. HI-CAP 100 wgssolved in distilled water at
60°C for both systems. To prepare the saturated anesaturated carrier solutions,
one of them was stirred for 4 hours in order to plately dissolve it to be as the non-
saturated carrier solution. The second system twasdsand kept overnight (24 h.) at
room temperature as the saturated carrier solufiba.feed emulsions were prepared
by a high speed homogenizer before spray dryingeunide same conditions as
described above. The emulsion feed rate and thenlair temperature were kept
constant at 9 ml/min and 18, respectively. Other operational conditions af th
spray drying were kept constant.

Table 4-3 shows the effect of the saturated caso&rtion on the retention and
surface oil of the three components in bergamotdsiimonene, linalool, and linalyl
acetate). In all flavor systems, higher flavor néiten was reported when the saturated
carrier solution was used to prepare the feed eamulsThe non-saturated carrier
solution was affected not only as concerned flangiention but also surface oil
powder. The higher surface oil was obtained whennibn-saturated carrier solution
was used. The surface oil of linalool and linalgetate were dramatically increased
by using the non-saturated carrier solution.

These results indicated an important step in pmregahe saturated carrier
solution. The carrier solution required saturatione even when the clear solution
was prepared. This could be explained by the natfiréll-CAP 100, chemical
modified starch by octenyl succinic anhydride, whoan act as an interface between
water and oil. Nilsson et al., studied the adsorptf modified starch at oil/water

interface and found that the adsorption was govkhyethe interfacial area[96]. This
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means that the dissolving time was an importanibfaicito ensuring that modified
starch was extensively solubilized and avoidedsaual granule structure [97]. The
result implied that the carrier solution shouldkegt in the stirrer overnight.
Considering the type of flavors, the retention iofalool was unexpectedly
higher than 100 % with the saturated carrier sotutiThis result is explained by the
transformation of linalyl acetate to linalool. Thewere studies that reported the
transformation of linalyl acetate to linalool byobiansformation [98] or catalytic
reaction [99]. The high temperature during the gpiteying can also increase the
reaction rate of linalyl acetate. The chemical fiomal group of flavor was also
affected in terms of flavor retention. Le Thanhaét[100] and Goubet et al. [101]
reported higher retention of alcohols than othengounds (ester and aldehydes). The
results in this study agreed with the literatura tihhe alcohol of linalool was the most
retained compound. Furthermore, the surface oiltezinof d-limonene was the
lowest. The water solubility of the flavors was dige explain the surface oil results.
The higher water solubility flavor as linalool dgsiliffused with the water through
the crust of the spray dried droplet which actec a=lective membrane. Therefore,
the higher surface oil content was obtained. Ondtieer hand, the low solubility
flavors asd-limonene were more difficult to diffuse throughetirust of the droplet

resulting in lower surface oil content.

4.1.4 Effect of Emulsion Feed Rate on Encapsulaté&tbwder

In order to evaluate the effect of emulsion feed ma spray dried powder, the
total retention and surface oil af-limonene, linalool and linalyl acetate were
investigated. In this study, wall material solusomere prepared and kept overnight to
ensure a full saturation of the polymer molecule30]. For emulsion preparation, the
ratio of bergamot oil and wall material solutionsva4 and mixed by a high speed
homogenizer. Table 4-4 shows the flavor retentiod surface oil content od-
limonene, linalool and linalyl acetate at differée¢d rates (3, 6 and 9 ml/min) with a
constant 180C inlet air temperature. The results showed thaharease in emulsion
feed rate increased the retention and decreasesutface oil content of each flavor.
The higher emulsion feed rate decreased the drgitegof the each atomized droplet

which affected the flavor retention and surface teoh The high drying rate
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decreases the flavor retention and surface oilectrgince the loss of flavor from the
initial evaporation is promoted. However, the lowidg rate decreased the flavor
retention and surface oil because of the slowlsted formation of droplets which

acts as a selective membrane resulting in the aseref flavor loss and surface oll
content. These dried crust selective membraneseqiemt against the loss of
flavor[102]. That means the optimal drying ratenss| as the emulsion feed rate can
be expected to give the highest flavor retentiath lawest surface oil content.

However, the optimal emulsion feed rate giving thighest retention and
lowest surface oil was not observed in this stutynight be that the emulsion feed
rate used at a 18T inlet air temperature is with in the suitablegarto dry the
powder. Even at the highest feed rate of 9 ml/rihie, drying rate is high enough to
immediately form a crust of droplets for preventiags of flavor.

As for the effect of the type of flavor on the mien and surface oil with
different emulsion feed rates, the results folloviled same trend as in the previous
section. The retention of linalool was the highegh over 100 % value. The surface
oil content ofd-limonene was the lowest. This can be explainethbytransformation

of linalyl acetate to linalool and the solubility ftavors as mentioned above.

4.1.5 Effect of Air Inlet Temperature on Retentionand Surface Oll

The effect of air inlet temperature on the retamtid multi-flavor bergamot oil
after spray drying is shown in Table 4-5. The fesdulsion was spray dried at
various air inlet temperatures (120-180 °C) while emulsion feed rate was kept
constant at 9 ml/min. The highest flavor retentisas found at 16GC air inlet
temperature. The flavor retention in each air indehperature was higher than 90%.
The results were explained by the effect of thendyyate on the loss of flavor from
the evaporation at the initial state of drying ahd rate of semi-membrane crust
formation as mentioned in the effect of emulsioedfeate. At the low inlet air
temperature (120 °C), the lower drying rate thevslocrust formation resulting in low
flavor retention and high surface oil content. Ag thigh inlet air temperature (180
°C), the higher the drying rate the higher the lokdlavor from evaporation and
consequently the decrease in flavor retention anckase in surface oil content. The

optimal inlet air temperature at 160 °C was showhis study to give the highest
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flavor retention and lowest surface oil contentitkermore, the results for the type of
flavors followed the same trend as in the prevgerstions as explained before.
Furthermore, the total retention of linalool waghwar than 100% for all inlet

air temperature systems. As explained before, thesalts should be from the
transformation of linalyl acetate to linalool. Thealool retention at 180 °C air inlet
temperature was higher than the low range of dat iemperature of between, 120
and 140 °C. On the other hand, the linalyl acettention was lower at 180 °C. This
can be explained by a higher conversion of linalgetate to linalool at a higher

temperature.

4.2 Effect of Mass Ratio of Bergamot Oil and Wall Mterial on

Flavor Retention and Surface Oil Content

4.2.1 Effect of Mass Ratio of Bergamot Oil and WalMaterial on Retention

Table 4-6 shows the effect of bergamot oil conianteed emulsion on the
retention of bergamot oil during spray drying. Both wall materials, the increasing
mass ratio of bergamot oil and wall material deseelathe retention of bergamot oil.
This is similar to previous reports [8, 10-12] azah be explained by the higher wall
material content increasing the rate of the foramtf the semipermeable membrane
resulting in the reduction of flavor loss duringapdrying according to the selective
diffusion theory [13]. For example, the mass raifoHI-CAP 100 increased from
0.125 to 0.25, the retention dilimonene, linalool and linalyl acetate, which dne
major chemical compounds in bergamot decreased d8620%. From the results, at
the same oil content and solid feed concentratiothé feed emulsion, HI-CAP 100
showed higher flavor retention than CAPSUL. Fumhere, as for the retention of
each flavor component, in both types of wall maisrilinalool showed higher flavor
retention thard-limonene and linalyl acetate, respectively. Thaald be explained by
their volatility (boiling point temperature) andlsbility as reported by Soottitantawat
et al. [6].
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Table 4-6.Effect of bergamot oil content on the flavor reien

_ Retention of bergamot oil (%)
Mass ratio of

) HI-CAP 100 CAPSUL
bergamot oil _ _
_ ) _ Linalyl _ _ Linalyl
and wall materials  d-limonene Linalool d-limonene Linalool
acetate acetate
1:8 95.25 100.00 76.25 87.86 98.50 67.56
1:4 75.14 87.34 62.72 55.05 66.04 47 .95

4.2.2 Effect of Wall Material on Emulsion Size andncapsulated Powder

The type of wall materials (HI-CAP 100 vs. CAPSUAgre investigated in
terms of emulsion size, particle size and retentdaning spray drying. Emulsions
were prepared by high speed homogenizer and spiey-d the same condition. The
result (Table 4-7) showed that encapsulated powdasisting of HI-CAP 100 had
higher retention than CAPSUL emulsions. For instarnke retention ofl-limonene,
linalool and linalyl acetate for HI-CAP 100 was 25%, 100.00% and 76.25%,
respectively.This was higher than that of CAPSULuksions (87.86%, 98.50% and
67.56% respectively). Also, the emulsion and pkrtgize of HI-CAP 100 as wall
material were 0.62m and 26.45um, which was lower than that of CAPSUL (0.79
um and 29.62um).

HI-CAP 100 emulsions size (0%@) demonstrated smaller emulsion size
than CAPSUL emulsions size (Opff) and could retain more oil droplets inside the
microcapsules.

Table 4-7.Effect of the emulsifying agent on encapsulatedger in the ratio of 1:8

_ _ _ _ Retention of bergamot oil (%)
Emulsion size Particle size

Material _ _ linalyl
(um) (um) d-limonene linalool
acetate
HI-CAP 100 0.62 26.45 95.25 100.00 76.25

CAPSUL 0.79 29.62 87.86 98.50 67.56
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4.2.3 Effect of Oil Content on Encapsulated Powder

The content of bergamot oil influenced emulsiare sreconstituted emulsion
size, surface oil content and particle size. Acowydo Table 4-8, for the-limonene,
represented flavor, retention was decreased wéthatio of bergamot oil and HI-CAP
100 increasing. Therefore, emulsion size is an mapo factor for flavor retention.
According to Soottitantawat et al. [6], the recangtd emulsion size was in the range
of fine emulsion which was stable during atomizatamd spray drying. In Table 4-6,
the retention ofl-limonene showed that increasing mass ratio ofdragg oil and Hi-
CAP 100 with decreasing the retention dsfimonene of about 20%. Figure 4-3
reveals that indentation, shrinkage and rough sarfeere frequently found at in the
ratio (core: wall material) of 1:4 more than thécaf 1:8. There were some spherical
dried powders in the ratio of 1:4 with smooth scefs but there were some holes
(Figure 4-3D). The presence of holes on the suréaegd not prevent any losses of
bergamot oil. The comparison of the ratio of (bergaoil: HI-CAP 100) 1:8 (Figure
4-3A) and the ratio of 1:4 (Figure 4-3C) indicatederall encapsulated powder.
Figure 4-3A demonstrates a perfect sphere witle ltthange in particle size while the
dried powders in Figure 4-3C were cracked. Thesalt® implied that less content
HI-CAP 100 was not enough to encapsulate bergaihaherefore a ratio of 1:4 of

powder with cracks and holes to decreasing retem@s found.

Table 4-8.Effect of the ratio (bergamot oil and HI-CAP 1@0) encapsulated powder

properties
_ _ _ Reconstituted _ ) Retention of
Mass ratio Emulsion size ) ) Particle size )
(ﬂ i) (um) emulsion size (um) d-limonene
avor: soli pm pm
(um) (%)
1:8 0.62 0.53 26.45 95.25
1:4 1.15 0.81 32.92 75.14

In order to explain the decreasing retention afjda emulsion size, the

emulsion size and reconstituted emulsion were tiyeed. Figure 4-4 shows the
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distributions size of emulsion before and aftenamation when the ratio of bergamot
oil and HI-CAP 100 is 1:8 (Figure 4-4A) and 1:4d#ie 4-4B). In Figure 4-4A, the
distribution size of feed emulsion and reconstdugenulsion appear unchanged, but
in Figure 4-4B there is little shift in reconstidtsize. For this reason, the retention of
the ratio of 1:4 is less than 1:8. This shows thatpowder at the ratio of 1:4 was not
as stable as the ratio of 1:8 during atomizatiod apray drying. The unstable

emulsions will reach lower retention.

Figure 4-3. The structure of dried powder.
Core material and HI-CAP100 in the ratio (A,B) a&d (C,D) 1:4
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Figure 4-4. Emulsion size distribution before spray dryingpggd symbols) and
reconstituted emulsion size (opened symbols) indkie (bergamot oil and HI-CAP 100) of
1:8 (A) and 1:4 (B)
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4.3 Encapsulated in Spray-Dried Modified Starch Power

4.3.1 Effect of Feed Solution Viscosity on Emulsioroplet Size and Spray-
Dried Powder Size

The viscosity of feed solution could be controlleg varying the solid
concentration of modified starch. It affects thecgiation movement in the drops
resulting in a rapid skin formation. Moreover, tleenulsion viscosity also had
influence on emulsion droplet size, reconstitutetlksion droplet size and particle
size. The reconstituted emulsion droplet size wasessed through the stability of
emulsion during atomization. In these experimettis,solid contents varied from 10
%w/w to 40 %w/w. Bergamot oil, which is used as tirilhvors was compared with
3 single flavors d-limonene, linalool and linalyl acetate). Figure54shows the
correlation of mean emulsion droplet size versuallsion viscosity and mean
emulsion droplet size versus solid content of wabtterial. In the case of the
bergamot oil and linalyl acetate, the emulsion tkbgize of the initial emulsified
solution and the reconstituted solution were almtb&t same. However, fod-
limonene, the reconstituted emulsion droplet sizs wmaller than the initial feetd
limonene emulsion. The results also showed thatntbéi flavor of bergamot oll
emulsion was more stable and gave smaller emutsigpiet size than pure flavors.

Furthermore, the viscosity of the feed emulsifievdr liquid was related to
the spray-dried powder size. The correlation betweenulsion viscosity versus
particle size and solid content versus particlee saze shown in Figure 4-6. The
empirical relationship between feed emulsion viggosnd mass mean powder size
wasd, =36.5.%**with R= 0.7052wherm, is the mass mean diameter of emulsion and

U is the emulsion viscosity.
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4.3.2 Effect of Emulsion Viscosity and Emulsion Drplet Size on Flavor
Retention

The flavour retention of the spray-dried powderss wlatermined at various
emulsion viscosities and emulsion droplet sizesidgs the effect of the solid content
in the feed emulsion, the emulsion viscosity shaltb affect the flavor retention as
shown in Figures 4-7, 4-8 and 4-9. For all flavgstems, the higher the viscosity the
higher retention could be obtained especially winenviscosity was higher than 0.03
Pa.s. As concerns to the retention of the multifita in the bergamot oil, nearly
100% flavor retention could be obtained with visggoabove 0.03 Pa.s. However, the
flavor retention of the single flavor system wawéo than the multi-flavor retention
in the bergamot oil, especially faklimonene and linalyl acetate. The interaction
between each flavor was expected to have highentiet in the case of the multi-
flavors in bergamot oil. Furthermore, the unexpectsults could be observed in the
lowest retention of linalool at the low viscosityelsion in both the single and multi-
flavor system.

Some researchers [12, 24, 103] reported that thesesn droplet size affected
flavor retention during spray drying. The flavortemtion increased with decreased
emulsion droplet size especially for the high hydrabic flavor [103]. In Figure 4-9,
the same results could also be observed even ®ordifierent type of flavors.
Furthermore, the retention of multi-flavor in thergamot oil was higher than the
single flavor retention. These results could belarpd by the smaller emulsion in
the multi-flavor system resulting in higher retenti The smaller size emulsion of
multi-flavor in the bergamot oil might be from thieange of mixture properties. Even
at the same emulsification condition, the sizemfiksion from the single flavor was
larger than the multi-flavor emulsion. These resaliso suggested that the emulsion

droplet size should be less than 1 um to obtaimstih00% flavor retention.
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Figure 4-7. The correlation between flavor retention and emalsiscosity

(A) d-limonene (B) linalool (C) linalyl acetate.

Closed symbols represent flavors in bergamot a@l@mened symbols for pure flavor.
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4.3.3 The Morphology of Spray-Dried Powder with Diferent Solid
Concentration

For the structure of encapsulated powder, the segrelectron microscopy
was used to observe morphology and surface inyegrtie morphology of spray-
dried powder was related to the atomized dropleindudrying. Spray-dried powders
were obtained from bergamot oil emulsion at 10 %wA® %w/w of solid
concentration. The external morphology of spragdipowder is shown in Figure 4-
10. The particle sizes increased with increasirgy ghlid content. At lower solid
content and low emulsion viscosity as in FigureOa1the oil droplets could be
observed at the outer surface. On the other hagheihsolid content was not noticed
from the external morphology and the powder hadnaath surface. However, the
smooth powder surface was observed more at 30%wiv48%w/w than with the

others.

| 5pum X 2000

Figure 4-10.External morphology of spray-dried powders.
The mass ratio of flavor (bergamot oil) to solid.id.
Solid concentration: (A) 10%wi/w, (B) 20%w/w, (C)%W/w, (D) 40%w/w
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Moreover, the internal structure of spray-dried peve was presented in
Figure 4-11. Oil droplet was observed and embeddethe shell of wall matrix.
These SEM photographs were also confirmed the éomudsoplet size in spray-dried

powder.

X 10000 X 10000

X 10000 um X 10000

Figure 4-11 Internal morphology of dried powders.
The mass ratio of flavor (bergamot oil) to solid.id.
Solid concentration: (A) 10%w/w, (B) 20%w/w, (C)%W/w, (D) 40%w/w

4.3.4 The Diffusivity of Flavor in Emulsion using BDSY-NMR and Wilke-Chang
equation[104]

Diffusion is controlled by the water solubility @he volatile compound in
emulsion and the permeability of the volatile comnpd through the shell of the
matrix. Diffusion is important in food becausesta strong mechanism to evaluate
flavor loss from the diffusion of the volatile cooynd through encapsulation matrix
during atomization in the spray drying process #ador release from spray dried
powder. Therefore, the diffusion coefficient shoute estimated to find the
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correlation of flavor diffusion and retention. Diffion coefficient was estimated from
DOSY-NMR and the Wilke-Chang equation (as showrCirapter sections 2.5 and
2.6). Table 4-9 shows the diffusion coefficienteafch flavor in water and emulsion
using DOSY-NMR. The diffusion coefficient of pura¥or in water was higher than
in the emulsion system because the emulsion sysssma barrier (wall material) to
prevent the flavor from diffusing into the surroumgk. In the same way, the trend of
the diffusion coefficient from the Wilke-Change atjon was similar to DOSY-NMR
data. The results implied that the emulsion systemid protect flavor loss during
atomization in the spray drying process. In theecafsd-limonene, flavor retention

was lower than linalool and linalyl acetate becatibad a high diffusion coefficient.

Table 4-9.Diffusion coefficient of single flavor in pure flav and emulsion system
by using DOSY-NMR

Diffusion coefficient (n/s)

Flavor

Pure flavor Emulsion
d-limonene 6.6E-10 3.03E-10
linalool 3.85E-10 2.29E-10
linalyl acetate 3.35E-10 2.24E-10

The Wilke-Chang equation was used to calculatediffasion coefficient in
different emulsion viscosity as shown in Table 4-2A0 low solid content of wall
material, the diffusion of linalool was higher thadtfimonene and linalyl acetate with
linalool retention being lower than any anothendias (Figures 4-7 and 4-8). With
increasing emulsion viscosity, the diffusion coa#fint ofd-limonene was highest and
this influenced low flavor retention (Figures 4-da4-8). The result implied that
flavor retention not only affected the volatile gomund but also the emulsion

viscosity in each flavor.
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Table 4-10.Diffusion coefficient of single flavor in pure flav and emulsion system

by using Wilke-Change equation

Flavor Solid content Viscosity Diffusion
(wiw) (Pa.s) (m2/s)
10 36 1.51E-09
d-limonene 20 67 8.12E-10
30 128.5 4.23E-10
10 10 4.99E-09
linalool 20 36 1.39E-09
30 144.5 3.45E-10
10 10 4.53E-09
linalyl acetate 20 20 2.27E-09
30 206 2.2E-10

4.4 Effect of Flavor Volatility on the Release Behaor of Emulsified

Flavor Powder

4.4.1 The Stability of Spray-dried Powder in 20 Day using Multi-flavor and
Single Flavor Powder

The flavor releases of multi-flavor (bergamot odhd single flavor d-
limonene, linalool and linalyl acetate) were meaduat 50%RH and 5G. The
effects of the flavor release behavior during sierare shown in Figure 4-12. It can
be seen that the type of flavors influenced theoflaloss from the spray-dried
powder. As concerns only multi-flavor (Figure 4-1)2Ainalool and linalyl acetae
retention was not simple over time because thedtysis reaction of linalyl acetate to
linalool and acetic acid occurred. This reactiomasersible, so linalool and acetic
acid can produce linalyl acetate again. Therefibre retention of linalool and linalyl
acetate in multi-flavor was not stable over timewever,d-limonene release did

function with time.
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give the same result as multi-flavor due to linhloannot produce linalyl acetate
because linalool does not have acetic acid in flavo

As can be seen in Figure 4-12B, linalyl acetatermg&bn was not simply the
same as multi-flavor because the hydrolysis react@curred during storage.
However, linalool in single flavor did not give tilsame result as multi-flavor due to
linalool not being able to produce linalyl acetateit does not have acetic acid in the
flavor. The release behavior dflimonene and linalool was governed by the water
solubility of flavor. In the case of the insolublevor asd-limonene, the flavor
released less than 25% of total flavor in powdeera®0 days. On the other hand,
linalool could release more flavor thddimonene and the amount of linalool release
was about 40%. The resulted implied that the reléahavior of flavor was governed

by the water solubility of flavor and the reactiafiisensitive flavors.

4.4.2 Effect of RH Dependent Phenomena on VolatiRelease Profile

d-Limonene and linalool were used as model flavorgvestigate the effect
of volatile properties on release behaviors. Emoulsivas transformed to powder by
the spray drying process and it was used in releageriments. Spray dried powder
properties (particle size, surface oil and flavopbwder) ofd-limonene and linalool
are shown in Table 4-11. The flavor release bemawias investigated using the
humidity ramping and repeating method. The iniflavor release with humidity
ramping measured the flavor distribution in the &sified flavor of the spray dried
powder. The humidity ramping experiment was stucied0°C and 10-50 %RH.
High surface oil content as linalool was releasédoav relative humidity (10-
15 %RH) as shown in Figures 4-13 and 4-14. Theeefdtimonene and linalool
powders removed the surface oil by vacuum treatm€hé released amount of
linalool was influenced by the vacuum treatmenspfay-dried powder, but the
limonene amount was not affected by this treatmdiie release profile ot-
limonene and linalool (Figure 4-13A and Figure 4Al4lid not change before and
after treatment from 10 %RH to 50 %RH. On the oth@&nd, the total amount of
linalool release from the vacuum treatment powdecrehsed from non-treatment

powder (Figures 4-13B and 4-14B). The results ietplihat the vacuum treatment
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could remove some surface oil of linalool. Becaak@avor properties, the release
behavior ofd-limonene and linalool powders had different re¢epsofiles.

Table 4-11.Spray dried powder properties

Flavor Particle size SSA Surface oil Flavor in powder
(Lm) (m?m3) (mg-flavor/g-powder)  (g-flavor/g-powder)
d-limonene 24.70 0.13 0.013 0.125
linalool 16.06 0.24 0.069 0.166

At low RH, the release profile depended on surfaiteontent and vacuum
treatment. With the increase of the relative hutyidh a glassy state, the loss
mechanism of volatile flavors was governed by fladdfusion in the powder. The
spray dried powders were not agglomerated at 106RH (Figure 4-15). At 25-
40 %RH (before collapse point), the amounddimonene release was greater than
linalool release. Since the molecular weightddimonene is lower than linaloot-
limonene is easy to diffuse through the matrix.nkféigure 4-15A, the collapse point
of emulsified d-limonene and linalool powder was about 45 %RH ahd
morphologies of the powders were confirmed by SHMtpgraph (Figure 4-16). At
high relative humidity, the powders were collapaed the carrier was changed from
a glassy state to a rubbery state. At this paidimonene and linalool releases
decreased near 0 mg/s.g-powder over time and dtaotee-encapsulate the flavor.
After collapse point, the release behavior couladbated with the water solubility of
flavor. The amount of linalool release from spraied powders increased

dramatically but the amount dflimonene release decreased.
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microscopy (SEM). At 0% (data did not show) and @®RH (Figure 4-15)d-
limonene and linalool powders were spherical asirpowders. Averagd-limonene
powder size was bigger than linalool powder siagufes 4-15A, 4-15C). As shown
in Figures 4-15B and 4-15D, the spray dried powd&gan to contact each particle
but did not show the structure agglomerate or pe#a In both flavor powders, the
structural agglomerate occurred at 45 %RH (Figui&$ The powders clumped and
adhered together, so the flavor was entrapped #fidull to diffuse through the
surface powder. The initial collapse directly afégt release behavior as shown in
Figures 4-13 and 4-14. The spherical changes vedated with relative humidity or
water content. The outer surface of powder stadechelt and adhere to each other
(Figure 4-16) until collapse (Figure 4-17). At tfieal point (50 %RH), the sample
photographs are shown in Figure 4-17. The powdesse wnelted and collapsed.
Moreover, the spherical particle was lost and s&dson the surface (Figure 4-17).
The results suggested that the physical changdarboapsules is related to the with

release of active and water content in the system.
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Figure 4-15.External morphology changes in spray-dried powdér vamping RH
from 10% to 20% RH at 5. (A, B) d-limonene, (C, D) linalool
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Figure 4-16.External morphology changes in spray-dried powd#r vamping RH
from 10% to 45% RH at 5. (A, B) d-limonene, (C, D) linalool
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Figure 4-17.External morphology changes in spray-dried powd#r vamping RH
from 10% to 50% RH at 5¢C. (A, B) d- limonene, (C, D) linalool
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4.4.3 Comparison ofd-Limonene and Linalool Release Using Repeated Mettlo
of Relative Humidity

The effect of flavor properties on RH was studisthg the humidity repeating
method. This method fixed the RH at 0% and 50% 4ohours and desiccator
temperature was kept constant at %0 The flavor release was studied using a
dynamic vapor sorption system. The released dasacetfected every 5 minutes and
analyzed using GC. The result of tHdimonene and linalool release is shown in
Figures 4-18 and 4-19. The effect of vacuum treatmas also investigated in terms
of the surface oil content. At 0 %RH (Figure 4-1&)imonene release behavior did
not differ between treatment and non-treatment mos/dut the release amount of
linalool from the vacuum treatment powder was lowen non-treatment powders
because the surface oil content of linalool wa$ hithe morphology of spray dried
powders in both flavor powders did not change &RH (Figure 4-20A, 4-20C). At
low RH, the release behavior of flavor from theedripowder was controlled by the
surface oil content.

Moreover, release behavior and physical changbdrcapsule wall was also
investigated for high relative humidity (50 %RH)gére 4-18 shows release behavior
over time; the release amount dflimonene was almost same as low relative
humidity but linalool was released rapidly from #@ay-dried powders. At high RH
spray-dried powder became higher in water contertt & affected the release
behavior of flavor. The surface of the capsule dimst water from the system and
then the spherical powder was hydrated and begaahere and agglomerate until
complete collapse together. Therefore, hydrophobk d-limonene was re-
encapsulated and could not diffuse through wallemat but high water solubility as
linalool easily diffused through the capsule evdrewthe wall closed. As we know
from the dynamic release results (Figures 4-134id), the amount ad-limonene
release dropped after collapse point but linaletdase content increased rapidly over
time because the solubility of linalool was highlean d-limonene. From the SEM
photograph (Figures 4-20B, 4-20D), both flavorspifay dried powder agglomerated
and collapsed. The morphology of spray dried powdeanged from spherical
(Figures 4-20A, 4-20C) to partially collapsed (Figmi 4-20B, 4-20D). The results
implied that the release amountdfimonene from the spray-dried powder was lower
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than linalool because the amount of surface oil water solubility of linalool were
higher thand-limonene. These results suggested that linaloghtdistribute in the
surface shell of spray dried powder atimonene might distribute homogeneously

in the shell.

Table 4-12.Avrami’'s equation parameters @imonene and linalool as a function of

treatment condition

Treatment d-limonene linalool
%RH N
condition n k (1/min) n k (1/min)
Vacuum treatment 0.40 7.05E-07 0.31 1.29E-07
0%
Non treatment 0.30 9.24E-09 0.22 2.2E-09
Vacuum treatment 0.16 0 0.78 1.37E-02
50%
Non treatment 0.14 0 0.68 6.4E-03

Avrami’'s Equation was used to evaluate the rele@ade constant ofd-
limonene and linalool in spray-dried powder. Thigi&tion was applied to the release
time-course and correlated well as shown in TaBld2 and 4-13. The release rate
constant and n-value were obtained by linear pldbh@InR) versus In t. At 0%RH,
the release rate constant of both flavors was amblut these values were quite
different with increasing RH. The release rate tamis of d-limonene slightly
decreased with increasing RH in both treatment monttreatment powder. These
results could be explained by re-encapsulationaofier and collapsed powder from
SEM photograph (Figure 4-20B). This implied thétimonene in powder could
release more slowly in a glassy state (low RH)ibwias trapped inside the matrix in
a rubbery state (high RH). On the other hand, dolfelease rate constant was not
similar to d-limonene at high RH. Although the morphology afiaiool powder
changed ad-limonene from a glassy state to a rubbery statidinot affect linalool

release. The release rate constant of linalookas®d significantly with the increase
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in RH. Due to the water solubility of linalool beirmigher thard-limonene, linalool
could diffuse through the matrix. As can be seeiable 4-12, the n-values were in

the range of 0.1 to 0.8 which implies tlhlimonene and linalool release should be

controlled by the diffusion mechanism.
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Figure 4-20.External morphology changes in spray-dried powgeunding constant
RH at 50°C. (A) 0%RH,d-limonene, (B) 50%RHg-limonene, (C) 0%RH, linalool,
(D) 50%RH, linalool

4.4.4 Effect of Spray Dried Particle Size on the Bvor Release Behavior using
Repeated Method of Relative Humidity

In this section, the release time courseddimonene and linalool from the
spray dried powder using non treatment powders vedse investigated in the
experiment as described above at°®0and at 0 and 50 %RH. The relationship
between the release behavior of powder size andliRlidg short time storage (4h) is
shown in Figures 4-21 and 4-22. Non-treatment posvideboth flavor powders were
sieved and 3 sizes were used (32, 53, 75 um). Duleet 75 um powder being the
agglomerate powder and giving the same releaselgad 53 um, 32 and 53 pum
powders were used for comparison with no sieve gosvdlhe release profile of both
flavors in different powder sizes was similar asréhwas no sieve powder from 10
%RH to 50 %RH (data did not show). From Figuresl4ad 4-22, RH also greatly
affected the release rate of linalool ketmonene release content was similar in both

RH. At low RH (Figure 4-21), no sieve powder waglgly affected in terms of the
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amount of flavor release due to it having surfateamd irregular powder (from SEM
photograph). When water activity or high RH wasoiwed in the release system, the
amount of flavor release in small particles incesaslramatically. However, the
influence of flavor release on the particle sizéedf occurred only for the water
solubility flavor (in case of re-encapsulation mgtrAt 50 %RH,d-limonene can be
released through the matrix only 40 min after beiagencapsulated by modified
starch. However, linalool can diffuse through thatmx even after re-encapsulated
matrix appeal. At 32um powder of linalool had higfiavor content than other sizes.
Due to the small powder size, there was high sjgesifirface area and effective
surface area. This result implied that small pkrtgize could have a higher release
rate than large particle size for high RH. The éappwder size was chosen for long
shelf life. SEM photographs show the external molpdpy of spray dried powder at O
and 50 %RH. Encapsulateedimonene and linalool powder did not change at G%6R
(Figure 4-23A, 4-23C). When water concentration%eRH increased, the state of
modified starch was transformed from a solid orsgjastate to a rubbery state.
Samples in the glassy state were originally spheriEigures 4-23A, 4-23C) but
powders began to agglomerate until collapse witheiasing RH (Figures 4-23B, 4-
23D). Spherical powder became flat with smoothamefarea (full collapse) when the
temperature and RH passed the glass transitiorn. (lgecausel-limonene spray dried
powder has low surface oil, it collapses more gahihn linalool powder, which has

high surface oil and high water solubility.
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Table 4-13.Avrami’'s equation parameters @imonene and linalool as a function of

powder size
Powder size d-limonene linalool
%RH
(nm) n k (1/min) n k (1/min)
32 0.22 5.05E-13 0.31 1.02E-07
0%
53 0.19 5.13E-14 0.31 3.91E-09
32 0.01 0 0.73 1.24E-02
50%
53 0.14 0 0.66 6.00E-03

The release rate constant as calculated from Algaaquation was similar in
different powder sizes but it different in eachvfla and RH. Ford-limonene, the
release rate constant of sieved powder did notgghfnom the original powder. In the
case of linalool, powder size affected release catestant. Small powder had higher
release rate than large powder because small payagtera high specific surface area.
The values of n with different powder sizes anddfawere in the range of 0.01 to
0.7. These values indicate that flavor release astrolled by the diffusion

mechanism.
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Figure 4-21.Flavor release from spray dried powder with camsigH at 50°C and 0% RH.
(A) flavor release profile with time and (B) flavoelease rate with time.

@, 32 um;M, 53 um. Closed symbols represent linalool and epaymbols fod-limonene.



104

(mg/s.g-powder)

Released flavor rate

0 100 200 300
Time (min)

[N
N

Released flavor
(mg/g-powder)
H
(@)

O N M OO 0

AN NN

0 100 200 300
Time (min)
Figure 4-22.Flavor release from spray dried powder with camts®H at 50°C and 50%
RH. (A) flavor release profile with time and (Baflor release rate with time.

@, 32 um;M, 53 um. Closed symbols represent linalool and epaymbols fod-limonene.
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Figure 4-23.External morphology changes in spray-dried powd82rn(m) by using
constant RH at 5€C.
(A) 0%RH, d-limonene, (B) 50%RHJ-limonene, (C) 0%RH, linalool, (D) 50%RH, linalool
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4.5 Chemical Transformation of Linalyl Acetate to Linalool in Spray-

Dried Powder

Emulsion (oil in water) was prepared from linalgetate as flavor, gum arabic as
carrier material and MD as additive wall materialng a high speed homogenizer.
Original emulsion droplet size and reconstitutedptit size of the emulsion were in
the range of 1.8 to 2,2m as shown in Table 4-14. The slight differenceveen the
original emulsion droplet size and the reconstitigeulsion droplet size reveals that
the emulsion was stable during the spray dryinggse. Only water was evaporated
from emulsion, resulting in the transformation eofitg arabic to a solid state by the
spray drying process. Spray dried powder of ematiinalyl acetate and gum arabic
was formed by the spray dryer with air inlet tengpere between 120 - 200 °C. The
average particle size of the dried powder was énréimge of 12 to 2gm as shown in
Table 4-14. Interestingly, the transformation afalyl acetate to linalool occurred
during spray drying. The amount of linalool convensfrom spray dried powder was
almost similar at 120-18%C of air inlet temperature; it was about 7 - 8 %6wdver
the conversion dramatically increased at 200of air inlet temperature. Percentages
of flavor determined before and after the spraymdyyprocess are shown in Figure 4-
24. Before the spray drying process, pure linat@tate used as core in the emulsion
was analyzed and it was found that almost 100%inafiyl acetate still remained
without existence of linalool. After the spray drgiprocess, both linalyl acetate and
linalool were detected within the spray-dried poveddt was found that 22% of
linalool was produced and 37% of linalyl acetateswatained in the spray-dried
powder as shown in Figure 4-24. The retention oélil acetate was only 37%
because of flavor loss and chemical transformatlaring spray drying. Linalool
formation was ascribed to hydrolysis reaction (Fégé-25) which was stimulated
during the spray drying process. Many researcherse hreported that the flavor
retention could be governed by many factors reltdgtie chemical nature of the core
or wall material, weight ratio of core to wall magds, inlet gas temperature and
drying rate (Wang, Lu, Lv & Bie. 2009; Yoshii et.,a2001). However, no one has

reported on the effect of chemical transformatiom ftavor retention. For the
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hydrolysis reaction, the water is added to sphiallyl acetate into linalool and acetic
acid as shown in Figure 4-25. The key factors wintluced the hydrolysis reaction

of linalyl acetate in the spray drying process wheat transfer from hot air to

droplets and the evaporation of water droplet. Bubot air contracting the droplets

and heat from the hot air being transferred to létsp the droplet temperature

increased. Then the water in emulsion evaporatddairy powder was formed. For a
few seconds the hydrolysis reaction occurred aodpstd after the dry powder was
formed. The rate of hydrolysis occurring in theagpdrying process depends on the
reaction temperature. At 280 of air inlet temperature, linalyl acetate camsfarm

to about 22 % linalool without catalyst.

Table 4-14.Properties of feed emulsion and the spray-driesddeo for encapsulated

linalyl acetate

Emulsion Reconstituted

Air inlet temp . _ _ Powder size Conversion
0 droplet size  emulsion size
(C) (um) (%)

(Hm) (Hm)

120 2.01 2.17 12.10 7.11
140 2.05 2.08 11.65 7.52
160 1.99 2.09 12.43 7.72
180 1.95 2.14 15.47 8.49
200 1.80 1.97 22.21 21.18

For confirmation, formation of emerging linaloolthin the spray dried powders
was again examined by GC-MS in comparison with lihalyl acetate standard
solution. As can be observed in Figure 4-26a, yinatetate and linalool peaks were
found in the dried powder but there was no linalwothe linalyl acetate standard
solution (Figure4-26b). The result confirms thaalool formation occurs when the
emulsion is subject to the spray drying proces® ffansformation of linalyl acetate

to linalool is attributed to the hydrolysis reactiof linalyl acetate with the presence
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of water content [99] or its biotransformation [9B)5-107]. Madysta et al. [105]
reported transformation of linalyl acetate wherulmated withAspergillus niger. Pure
linalyl acetate (100%) was transformed to 25% mdlibol. Similarly, Ramishvili et al.
[99] showed that some catalysts could be usedve gihigh conversion of linalyl
acetate. These previous results support the tranafmn of linalyl acetate in the
prepared emulsion of gum arabic reasonably taklagepwhen subject to the spray
drying process. The results implied that the chahtansformation of linalyl acetate
to linalool was affected not only by the hot airtle spray drying process but also by

small oil droplets in the emulsion system.
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Figure 4-24. The amount of linalyl acetate and linalyl acetaa@sformation before and
after spray drying.
and pure linalyl acetate were incubated at 80 ?Gdme designated incubation times.

Every hour a sample was collected and analyzed @yASter emulsion preparation
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(0 hour), only 3% of linalool was found in the esioh but in the incubated pure
linalyl acetate there was no linalool formationriduWith the longer incubation time

applied to the emulsion of linalyl acetate and ganabic, a higher content of linalool
was detected as shown in Figure 4-27. Incubatiohinafyl acetate emulsion for 4

hours resulted in the transformation to linaloanfr 3% to 6% by weight. These
results suggested that the key factor which aftettealyl acetate transformation or
hydrolysis reaction was the presence of water cintethe emulsion. The emulsion
with smaller oil droplets which occupy higher sedaarea would enhance the
hydrolysis reaction of linalyl acetate. Lee et H)2] reported that only small olil

droplets could undergo hydrolysis reaction by lgpa8ased on all the above
mentioned results, it would be reasonable to sumzendnat not only the spray drying
process but also the surface area of droplets iiséom play an important role in the
chemical transformation of linalyl acetate to lmall Therefore, encapsulation of
sensitive flavor components like linalyl acetatesinibe carefully carried out to avoid
the chemical transformation of linalyl acetate tnabol otherwise the odor of

encapsulated oil will be different from the oridieatracted one.
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Figure 4-25.Transformation of linalyl acetate to linalool aacketic acid by

hydrolysis reaction.
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Figure 4-26.Chromatogram of flavors which analyzed by using KS-(a) flavor
compounds in linalyl acetate spray-dried powderagplrying condition: 30ml/min of feed
flow rate, 200 °C of air inlet temperature, 30,08@min of speed atomizer and 110 kg/h of

air flow rate ), (b) linalyl acetate standard smwlat (c) linalool standard solution.
(1) linalool; (2)a-terpineol; (3) linalyl acetate; (4) (Z)-geranyletate; (5) (E)-geranyl acetate.
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CHAPTER V

SUMMARY

5.1 The loss of OSA-modified starch emulsifier progrty during the
high pressure homogenizer for encapsulating multithvor bergamot
oil by spray drying

Encapsulation of multi-flavor was studied using iified starch as the wall
material and bergamot oil as flavor. The mean vel@mulsion size was governed by
the emulsification process type of the wall materlor gum arabic, the larger
emulsion size was decreased using a high pressmedenizer but modified starch
could not reduce the emulsion size by the sameepsoas shown in Figure 5-1. This
is due to the chemical functional group of modifigdrch being destroyed by the
pressure from high pressure homogenizer procesthdrpreparation of emulsion
from the modified starch carrier solution, the hgessure homogenizer process was

not suitable.

P=1500 barg

b Modified starch

b Gum arabic

Mean emulsion droplet size (pum)

Figure 5-1.Effect of pressure and cycle in high pressure lggnizer on emulsion

droplet size
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5.2 Effect of mass ratio of bergamot oil and wall mterial on flavor

retention and surface oil content
The mass ratio of bergamot oil and wall materials influence the properties

of encapsulated powder in a number of different syapcluding emulsion size,
reconstituted emulsion size, particle size, mogtontent and retention. Low ratio of
core to wall materials is more efficient in bothadler emulsion droplet sizes and
retention as shown in Figure 5-2. This is due &oftftt that these emulsions had more
stability. The smaller emulsion size had betteemBbn because emulsion droplets

were retained and encapsulated more efficientlsriger particles.

Retention

Mass ratio of core to wall
material

Figure 5-2. Effect of mass ratio of core to wall material ¢avbr retention

5.3 Effect of feed liquid viscosity on flavor retetion of bergamot oil

encapsulated in spray-dried modified starch powder
The viscosity of feed solution influenced the pbgsproperties of spray-dried

power such as flavor retention, reconstituted eimnlslroplet size and powder size.
High emulsion viscosity indicates higher retentias shown in Figure 5.3. The
viscosity of feed solution significantly affecteldor retention. The powder size also
could be effectively controlled by changing the ésion viscosity. The flavor was

optimal in emulsion viscosity for the retentionwailatiles. Furthermore, the retention
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of multi-flavor was higher than the single flavatention. The interaction between

each flavor was expected for higher retention endhse of multi-flavor.

110

Mulii flavors as d-limonene in bergamot oil

}

90 | C

|1 Single flavor ag

80 . A _’ [ d-limonene

70

Flavor retention (%o)

60

50
0 10 20 30 40 50
Solid content (%o)

Figure 5-3. Effect of emulsion viscosity on flavor retention

5.4 Effect of flavor volatility on the release behaor of emulsified

flavor powder

From Figure 5-2, the release amount of insolulaleor from the spray-dried
powder was lower than the soluble flavor because dblubility and surface oll
content of soluble flavor was higher than the inbt# flavor. Therefore, the soluble
flavor might easily diffuse through the wall matdriThe flavor solubility in water
might affect the distribution of flavor in the spraried powder and surface oil
content. The release behavior of dried powders ad@sely related to the humidity
and the flavor distribution in the emulsified flavaf spray-dried powder. Therefore,
the volatile release of spray dried powder depemaethe solubility of flavor, powder
size, temperature storage and RH. This implied filagbr release was governed by

the interaction of flavor and matrices.
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Figure 5-4. Effect of flavor volatile on release behavior

5.5 Chemical transformation of linalyl acetate toihalool in spray-

dried powder

Chemical transformation of linalyl acetate to limall was affected by not only the
characteristics of oil droplets in the emulsion gass but also the spray drying
process. The encapsulation of sensitive flavoss litkalyl acetate should be carefully
handled to prevent chemical transformation othexwifee odor of encapsulated oil

would be different from the original one.
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