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Abstract

Particle formation in spray drying is a complex phenomenon; understanding and
predicting the particle structures formed requires a deep understanding of the link
between drying kinetics, morphology evolution and key material properties. This is
further complicated when drying at high temperaturasove the boiling point of the
dropletdue to boiling driven effectsncluding internal bubble expansion which can
influence morphology evolution and thus results in diverse morphologieis. work
investigates the effect of boiling on the drying rate, morphology evolution and the
structure of final dried particles.The noveltyin the methodology of this work
involved the development a singldroplet dryingapparatuswhere the mass can be
measured directlysinga microbalance with dighresolution(sixdigitsto a gram)
combined with measurements ahe droplet size and temperatureThe single
droplet dryingapparatus was validated layyingpurewater droplets. This apparatus

is then utilised to measure drying kinetics and monitor the morphology evolution of
droplets of aqueous sotions of sucrose, sodium silicate and hydroxypropyl
methylcellulose (HPMC), as well as HPAd€tonewater solutions. To study the
effect of boiling on the morphology evolution, drying kinetics and final structures,
single droplet drying experiments are arcted at air temperatures in the range of

60-180aC and across a range of initial solute concentrations.

The systematic study orthe three different systemss(icrose, silicate and HPNIC
enhancedthe scope ofthe work in this thesisand allowedfor a comprehensive
investigation of drying abovéhe boiling point. The novelelementsof this work
include the considetion of a filmforming materia) HPMC, whicimterestingly upon
drying resultan the formation of a skin layer and a phase change which dominate
the drying behaviouand sypressthe effects of boiling and bubble nucleatiomhe
properties of the skin faned are altered when drying HPMGacetonewater
system. Thaise ofwater/organic solvent mixture to manipulate the skin of the
particle and the final morphology athightemperaturerangeis studiedin this work

for the first time to the best of our knowtige.



The effect of boiling on the morphology evolution and drying rateadsereported

and related to the evolution of rheological and mechanical praps. Drying of
sucrose solution droplets results in inflation/deflation cycles, which enbdhe
evaporation rate. Sucrose droplets exhibit liclilke behaviour during boiling and
thus the droplets collapse at the end of the inflation/deflation cycles. On the other
hand, the drying of agqueous solutions of sodium silicate results in inflatohless
RSINBS 2F O2ff | dABORE 4R NA SRiodudedNiFheOd 1S a
differences in behaviosrabove boilirg are further investigated by analysis of drying
kinetics such as droplet diameter, droplet temperature and evaporation rEbe.
structures obtained from the single droplet drying experimeats also compared
with laboratory spray drying in the case afyohg of aqueous solutions of HPMC or

silicate.
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Chapter lintroduction



1.1 Background and motivation

Spray drying is the most common method of producing dried particles in industry. It
is used across a wide range of industries to produce dry solids in powder, granulate
or agglomerate form. In spray drying, a feed of liquid contey dissolvedand/or
suspendedsolidsis atomised into droplets and then contacted with hot air. The
moisture in the droplets undergoes evaporation under controlled temperature and
airflow conditions to produce dry powder, which is discharged from theelof the
tower. Spray drying is not just a process for removing wates a particle formation
process, the product of which will haveertain property and performance
requirements.Depending on the process conditions and the bulk physicochemical
properties, spray drying generates a wide range of particle structures such as solid,
puffed, buckled or hollow particle@Valton and Mumford, 1999a; Vehring, 2008)
Such structures and morphologies strongly dependvarious factors including the
external drying history of the droplet; the internal resistance to water diffusion
which depends on the nature of structure formed during drying and the mechanical
properties of the material being driedhe final morpholgy of the dried particles
influences various aspects of particle quality such as its density, flowability, size,
dispersibility and brittlenesg¢Walton and Mumford, 1999a; Vehring et al., 2007)
Therefore, understanding the particle formatitmom the initial droplets and the key
factors that control the final particle features are vital for achieving optimum powder

properties.

It is challenging to undertake particle formation studies in the spray dryer due to the
variability between individulaparticles arising from the complexity of the process,
and thelargenumber of droplets being atomised and dried simultaneously. Many
alternative approaches have been devised for drying a single droplet under a
controlled environment: filament suspeion, levitation (typically acoustic or less
commonly aerodynamic), sessile drying afrde-falling studies. Single droplet
approaches offer an easier approach to visualise and record the drying of a droplet
that cannot be easily accessed om iadustrial scale. Single droplet drying studies
have been used to establish four drying stages: constant drying stage, falleng

stage, a boiling stage and a final heating stefgjeraydried materials have been

1



categorised into crystline materials, skin forming materials and suspensions or
colloids (Walton and Mumford, 1999a)Skin forming materials are materials that
form particles with askinlike polymeric appearance and are composed of a

continuousnon-liquid phase.

The estimation of final size and structure of particles is more challenging when drying
at high temperaturesindustrial applications of spray drying involve drying at high
temperatures as it increases the output of the spray dryer. Heweat such high
temperature, the drofet temperature reaches boiling as results of restriction of
mass transfer. During boiling, vapopiressure causes bubble expansioside the
droplet and results in an increase in the internal pressurehef droplet, which
strongly influenceghe final structure and the drying rates of the droplefghe
boiling driven effects on morphology evolution and the response of the crust/skin
covering the droplet to the pressutauild-up is dependent on theheo-mechanical
properties of the skin/shell on the droplet surface. Different drying routesozaur
during boiling, depending on theheo-mechanical properties of the crust formed
during drying(Charlesworth and Marshall Jr, 1960here can be inflation and
rupture; inflation/deflation cyclegHecht et al., 200)r cracking behavioyiwalton

and Mumford, 1999a)These subsequent drying behaviours and final dpadicle
morphology depend on the propees of the shell or film regions. SKorming
materials showinflation/deflation cycles e.g. skim milk(Walton and Mumford,
1999a)and coffee extrac{Charlesworth and Marshall Jr, 1960; Hecht et al., 2000)
while less pliable crystalline materials undergo partial itddla or form hollow or
semthollow driedparticles. Polymers, particulates, inorganics, emulsions will show
different behaviours when dried at high temperatures. Final particle properties and
drying rates are influenced by the initial moisture contenmg-poiling drying history
and post boiling historyThis thesidocuseson the effects driven by boiling and look

to address key limitations in current understanding.



1.2 Aims and objectives

Thiswork seeksto understandthe effects driven by boiling on the dried particle
structure, properties and drying ratelt also seeks t@omparethe strudures and

sizes of the dried particles obtained from dryingelow and above boiling for
different compositions. The main objectives of thithesis are summarised as

follows:

91 Design commissiomg and validation of a single droplet drying apparatus
that has the caability to operate ata wide range of drying conditions. A
particular emphasis ison the incorporation of an accurate mass loss
measurementmethod that can be used to obtaithe drying rates at the
boiling stage.

1 Explore the link between material properties and dryloghaviour as well as
morphology evolutiorabowe the boiling point by mnsideration of different
compositions exhibiting differentmaterial properties evolution during
drying. Maderials of considerable industrial interestnamely sucrose,
hydroxypropyl methylcellulose (HPMC) and sodium silidaéee keen
selected.These materials were selected as they provide a rangeatérial
properties. For example, sucrose is a low viscosity majeralst HPMC is a
material with filmforming propertiesand high viscosity.

1 Investigate the mechanismeccurring during boiling which result in
differences inthe morphology evolution and the structure of the final dried
particles

1 Investigte the link between the morphological developmeand the drying
rate, particularly during boiling for different compositions at different air
temperatures and initial solute concentrations.

1 Mapping of keyparticle and dryingnetricssuch as final size and porosity,
locking parameters, boiling onset parameters as function of air
temperature, composition and initial solute concentration

1 Comparison of structures froraboratory spraydrying andsingle drglet

drying



1.3 Thesis structure

The thesis outline is given as follows:

Chapter 2coversthe relevantstate of the art forthe work carried on this thesis
First it givesan overview of the experimental techniques usedttee study drying
behaviour and morphology evolution. Chapter 2 then reviews in detail all the work
conducted on drying at high temperatures above the droplet boiling point,
highlighting current gaps in the literature. Studies on particle formatiand
morphology development are also coveredth a focus orthe role of mechanical

and rheological propertieChapter 2 concludes by reviewing all the studies on the

systemsselected forthis work namely sucrose;iPMCand sodium silicate.

Chapter 3describes thedevelopment ofthe experimental methods used in this
study. The first part of this chapter covers the development, design and
commissioning of the single droplet drying a@patus. The validation of the single
droplet drying apparatus is done by comparisomm@asurements osingle droplet
drying experiments of pure distilled water with a modelsedon RanzMarshall
correlations The second part d€hapter 3 describes tHab-scale spray dryewhich

is used for comparison of final dried structures to the single droplet drying

experiments.

Chapter 4covers a systematic study on the dryingagfueous solutions asucrose
with a focus orthe boiling driven effects on thenorphologyevolution and drying
rate. It presents measurements dtie drying kinetics ananorphology evolutiorof
sucrose droplet at a range of drying conditions. gignificantpart of the work is
focused on the conditions at the onset of boilifmyoisture content and size) artde
influence ofthese conditionson the morphology evolution and drying rate. A
comparison of the measured drying kinetegainst theoretical expectations is also

carriedout.

Chapter Sfocuses on the mechanisms of drying below and above boiliagudous
solutions of sodium silicate with emphasis on the effect of boiliog the final

morphology and final particle size. The link between the material properties and



morphology development is also explored by using rheological properties of sodium

silicate obtained from the literature.

Chapter 6covers a study omthe drying of aqueous solution®f HPMC HPMC is
material of considerable industrial interesind a system that exhibits strong skin
forming properties. A thorough investigation of morphological development below
and above boilig at high and lovgolidcontent is conducted. The interplay between

morphological developmensuch as skin formation and boiling is covered.

Chapter 7investigates the potential of manipulating the mechanical and rheological
properties of HPMC by the ddion of acetone, to alter the morphology evolution

during boiling andhe structure of the final dried particles.

Chapter 8resents the main conclusions from this work andlook on future work



Chapter 2Literature review



2.1 Introduction

Thischapter firstgives an overviewf the industrialuse of spray drying and research
efforts in the area ofspray drying. It thergivesan overviewof the experimental
techniques used to study drying behaviour and morphology evolution during droplet
drying. This includes single droplet drying methods (SDD)raedalling systems.

The working principle, history, improvemengnd modification, as well as
advantages and drawbacks of each method, are highlighted. A particular focus is on
the filament SDD as it is the method used for this wdtks chaptethen reviews in
detail all the work conducted on drying at higbmperatures above the droplet
boiling point, highlighting all the current gaps in the literature. Following on that, the
work on the particle formation with particular emphasis on the role of material
properties is reviewed. This includes the role of thedmanical and rheological
properties during drying on the particle formation and the influence on the final
shape of the dried particle. This section concludes by reviewing all the studies on the
system studied in this workamely sucrose, hydroxypropylethylcellulose (HPMC)

and sodium silicate. The ratiomafor the selection of these materials is also

highlighted.

2.2 Industrial use of spray drying

Spray drying is an industridtying technology witha wide range of applications in
various sectas including the food and pharmaceutical industries. It is onéhef
most commercially and economically feasible drying techniq@€ken and
Mujumdar, 2009) The concept of spray dryimgasfirst patented in 1872 by Samuel
Perry(Chen and Mujumdar, 2009J he introduction of spray drying for commercial
purposes occurred in 1920 and established aiarge-scale basis in the 1980s
(Masters, 1991) The first commercial application of spray drying involved the
production of milk powder, one of the most importauses of spray drying. Spray
drying is used to produce large quantitiespowder due to the use of large drying
chambers known as drying towers. This section details the industrial useay sp

drying described as follows:



2.2.1 Spray drying in the pharmaceutical industry

The application bspray drying in the pharmaceutical industry was first explored in
the 1940s and applied to extracts, inorganic medicinal salts, adrenaline and vitamin
(Masters, 1991) Following this spray drying has been used for further
pharmaceutical applications for the manufacture of pharmaceutical excipients and
the isolation of active ingredients that were either thernsansitive or difficult to
crystallise. Ta use of spray dryinigp the pharmaceuticaindustryhas increased due

to the need to produce oral drugs in an amorphous state due to its contribution to
enhance the bioavailability of many modern drifgéalters et al., 20145pray drying

is a rapid evaporation process and hence it is ideal to precipitate drugs from solutions
in an amorphous sta. Other factors for the use of spray drying the

LIKF NXYI OSdziAOFtf AYRddzZZGNE Ay Of dzZRS (G KS LINE
Exubera, microcapsules for controlleelease formulations or taste masking and
advanced powder forms such as direct quessible and readily wedble powders

(Walters et al., 2014)

2.2.2 Spray drying in the food industy

In the food industry, spray drying is used to produce a range of ingredients such as
milk powder, whey/casein powder, cheese powder, instant coffee/tea powder, juice
powder, cereal powdeand dried infant foods (Selvamuthukumaran, 2019The
advantage of usingspray drying in the food industincludethe ability to control

the chamacteristics of the product and enhance the overall performance. For
example, the end products have low moisture content and high bulk density which
enhancethe product shelf life and contributet® the reduction of packaging and
storage costgSelvamuthukumaran, 2019)The high quality and functionality of
spraydried productsaredue tothe short drying time combined witthe evaporative
cooling period which protects the suspended particles from overheating. These vital
characteristics protect heat sensitive food constituents such as nugighich lead

to high retention ofthe bioactivityof the spraydried product(Selvamuthukumaran,

2019)



2.2.3Spray drying in the detergenndustry and other
industries

The commercial use gpray drying in theletergentindustry started in the 1930®
produce detergent powdersvhich have dominged the laundry market since its
launch. This is because spidiyed detergent powders offea huge advantage over
other forms ofdetergentssuch as liquid detergentdasters, 1991)For example,
detergent powders have low moisture content and thus it is easign&intain the
stability of complex materials such as enzymes and bleach for a long period of time.
Detergent powders also contalmgher percetages of inorganic materialssed as
water hardness removerswhich tend to be cheaper.The manufactung of
detergent powdersis done usingcountercurrent spray dryers as they offer the
advantage of having higher thermal efficiency overcoorent spray dyers(Masters,
1991) Spray drying is also used in other industries including cosmetics, fine

chemicalspigmentsandagrochemica (Chen and Mujumdar, 2009)

2.3 Research in the area of spray drying

The main researcleffort in the area ofspray drying focuses on understanding flow
patterns and particle trajectoriesn spray drying towers tmptimise spraydried
powder characteristicandtrouble shoot any operational grroduct quality issues.
The study of flow patterns inside drying towers is key to understanding various issues
within spray drying including agglomeration, wall deposition, aroma loss and thermal
degradation as well as other possible reactions includirygtatization(Langrish,
2007). Considerable effortsi dedicated tounderstandng flow patterns to reduce
wall deposition and thermal degradation of particles by altering flow patternisan
drying chambes (Langrish, 2007)Understandingflow patterns in spray drying
include a combination of modelling eftsr (using CFD, Computational fluid
dynamicgand pilot scale testing. Thehallengdacedin understandhgflow patterns
is the need tohave a full understanding gfarticle drying kinetics and particles
agglomeration This includes thevolution of particle properties during drying
Therefore,considerableresearch effors have focused on particle formationwhich
combines with studies on spray drying toweis predict spraydried powder
characteristicsMost particle formation studiediave been conducted using single

9



droplet drying approaches as they offer an alternative easier approach where the
evolution of particle formation can be monitored closélye canbination of particle
formation studies and studies on spray drying towers can facilitatertaeipulation

of spray drers design and conditionso generae complex powders that meet
powder properties demands includimarticle size and shape, bulk densatyd flow

properties
2.4 A review ofsingle droplet drying techniques

2.4.1 Introduction

In the spray drying process, billions of droplets of different sizes are produced by the
atomiser and subsequently sprayed into the drying towEnese droplets follow
different trajectories within the drye where the surrounding conditions change
continuously and thusdroplet temperature and moisture content exhibit varied
changing historiegMasters, 191). Such changes occurringeach droplet are hard

to monitor accurately during the intermediate stage of drying due to the fact that a
large number of droplets is dried simultaneously in a huge tower. Because of the
difficulty in droplet sampling, aaditional spray lacks the capability to evaluate the
correlation of these functionalities to the changes in droplet temperature and
moisture content. To overcome these challenges, single droplet drying (SDD)
techniques were developed. SDD is a recognisetiique used to monitor drying
kinetics and morphological development for an isolated droplet subjected to
O2yNRPffSR RNEAY3A O2yRAUGAZ2YAEAD ¢KAA (SOK\
process encountered in spray drying. The SDD technique wasdlyniteveloped to
measure the drying kinetics of single droplets. It was extended to monitor the
morphological changes of a single droplet during the transition of the droplet to a
particle. Fu et al. (2012ajlemonstrated thata single droplet drying device should

satisfy three criteria to generate accurate measuremetiiese include:

1 The size of the single droplet used as a model droplet can be couitiatie
reproduced.
1 The temperature, velocity, humidity of the air stream used for drying the air

droplet can be varied and controlled to facilitate the understanding of the
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heat and mass transfer phenomena occurring during the drying process of a
single drglet.

1 The monitoring techniques of the variation in the droplet kinetics variables
such as mass, temperature, and diameter are accurate and robust in
producing quantitative data.

Single droplet drying techniques have undergone a lot of changes and mbadifeca

to meet these three criteria. SDfystems can be classified into four groups based on
the approach used to suspend the single droplet during drying. lllustrations of these
four categories are provided iRigure2.1. These techniques involve the use of
imaging to track the morphological changes and the drying behaviour of the droplet.
This information facilitates the understanding of the process aodsequently

allows for modelling the drying behaviour of an industrial spray dryer.

:b ® Filament\
. . (
. — (N = R
Video camera A ol TN
| coustic field | —
Drying tunnel — [ _—* TN I:':' B
Droplet
Free falling droplet Acoustic levitation Sessile droplet Levitation by
Filament

Figure2.1 The fourtypes of single droplet drying system@daptedfrom Fu et al. (201239)

2.4.2 Sessile droplet

This technique involves depositing a droplet on a hydrophobictsatlesplaced in a
chamber where drying conditions can be controlled. It involves the use of a dispenser
to make droplets and optical instruments to closely monitor the evolution of the
droplet morphology(Perdana et al., 2011)Sessile techniqu®as been used to study
morphology development and particle formation during drying of food products
such as whey and casein protein in various stu(Bedgh et al., 2018a; Both et al.,
2018b; Both et al., 2019; Sadek et al., 2013; Sadek et al.,.20h&% also been used

to study skin formation and mechanical instabilities during drying of polymer
droplets (Pauchard and Allain, 2003b; Pauchard and Allain, 2003c; Pauchard and
Allain, 2003a; Pauchard and Couder, 2004a; Pauchard and Couder,.28@txn)d

review of the technique has been givenSchutyser et al. (2012A morein-depth
11



description of relevant studies that focused on the studies of particle formation is
given in Section8.7.1& 2.7.2 Sessile drdpt setup can also be used to study the
evolution of components inside the droplet using high sensitivity digital camera
(Marin d al., 2011)or smaltangle xray scattering(Chen et al., 2012)Although
sessile droplet is useful to monitor pete formation, most of these studies were
conducted at low air temperature. It is expected that at high air temperatures, which
is the main focus of this work, sessile droplet-sptwould be unsuitableue to the
significant effect of heat conduction from the substrate. The surface of the substrate
is also expected to influence the mechanism of bubble nucleation during the boiling

stage.

2.4.3 Freefalling single droplet drying systems

The free-falling system doesnot involve any support for the generated single
droplet. A droplet or stream of mondispersed droplets of identical properties are
allowed tofree-fall through the tower and thereforefree-falling systemprovides

the closest representation of the drying conditions inside a traditional spray dryer.
In the free-falling system the feed solution is pressurised through a capillary glass
tube surrounded by zirconate /lead titanate ceram{®u et al., 2007)The feed
solution passing through the tube is subjected to a pulse of a sinusoidal electrical
signal generated by a pulse controller connected to the piezoelectricniera
component. The frequency of the electrical signal can be altered to allow for a
continuous generation of monodisperse droplets. This system can also incorporate
glass capillary tubes of different orifice sizes, allowing the system to generate

monodispese particles with varied sizes.

The main disadvantage dhe free-falling system is the challenges faced in
monitoring the drying kinetics of th&ee-falling droplets. In most cases, indirect
measurements are used to detern@inthe evaporation rate of the droplets; for
example, by determining the droplet terminal veloc{ginzer and Gunn, 195by

the changes in droplet diameter at different distances from the atomising nozzle
using light scatteringvVehring et al., 2007 More direct approaches to monitor the
moisture content in the droplet during drying were usedWwllack et al. (199@nd

ElSayed et al. (1990yvhere samplingports were installed along the drying tower
12



and further away from the droplet generatoFhese sampling ports were also used
to collect particles for morphology characterization. Although this techniquerff
a good method tocharacterisethe final morphology and indirectly measure the
drying rate based on the diameter measuremeritere is no method to measure

the droplet temperature or the mass loss.

2.4.4 Acoustic levitation of single droplet

In the acoustic levitation setup, the droplet is suspended in the air by an acoustic
field at a fixed position where the changes in droplet morphology and drying kinetic
parameters are recorde@Davis et al., 1981)The diameter changes @f single
droplet can be determined by evaluatingpet projected shadow captured by a
camera(Kastner et al., 2001; Schiffter and Lee, 2007a; Schiffter and Lee, 2007b;
Mondragon et al., 2011; Mondragon et al., 20I)e evaluation of the evaporation
rate in the acastic levitator is more compleXastner et al. (200Ieported two
approadies to measure the drying rate in each drying stage. In the first stage, the
evaporation rate was determined based on the decreased droplet volume while in
the second drying sige the evaporation rate was evaluated by changes of the
droplet/particle opposition in the acoustic fiel@&roenewold et al. (2002added a
dew point hygrometer to the system to provide antmuous onrline measurement

of the droplet moisture content during drying. The measured data were used to
construct droplet drying curves by determining the partial vapour pressure of the
outlet air. In adlition to the complexity of measuring evaporation rate, acoustic
levitation system also entails the disadvantage of the effects of the ultrasonic field
on the droplet drying behaviouGroenewold et al. (2002eported tha acoustic
levitation approach returns a higher drying rate and lower moisture content in
comparison to those measured using a microbalance, signifying the influence of
ultrasanic waves during measuremearin et al. (1999Iso reported that heat and
mass transfer coefficient obtained from acoustic levitator are higher than those

determined fromfree-falling droplets.
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2.4.5Filament single droplet drying

The filament SDD systems involreintrusive method for supporting the generated
droplet. The droplet is suspended at the tip of thin filament (glass, or other materials)
or glass capillary tube during the tée drying process. As the droplet is stationary,
filament SDD systems offer a relatively easy method for monitoring the three droplet
kinetics parameters; mass, diameter, and temperature. Therefore, it has been widely
used in previous studies to invesiig the droplet drying kinetics. The changes in the
droplet mass during drying are measured by connecting the glass filament or
capillary tube to an external mictlsalance, analysing the moisture content of exit

air or by calibration from the filament moweent.

2.4.5.1Filament SDD system for measuring droplet kinetics

Several improvements and modification to the techniques used for measurement of
drying kinetics have been made to enhance the accuracy of the measurements. This
part reviews all the different sefps and the pros and cons of each modification.
Single droplet drying studies were initially developed to study the evaporation of
pure liquid droplets(Fuchs, 1934; Frossling, 1938; Langstroth et al., 199@se
were then extended bjranz and Marshall (1952édRanz and Marshall (19520)
study drying of droplets with dissolved solids. Theysatilia ghss capillary tube to
produce a single droplet and also to suspend the droplet during drying. Later studies
used a similar desigrut the glass capillary was replaced by glass filament. The
measurement of the droplet temperature was achieved by inseritigtermocouple
into the drying droplet Using tle filament single droplet drying seip, Ranz
MarshallCorrelations for heat and mass transfer in a debgvere established. These
are given as follows

.0 ¢ mdpmRAO0O (2.1)

3E¢ R A 3A (2.2)
Although the setup biranz and Marshall (1952&dRanz and Marshall (1952wd
the capability to measure the temperature and diameter of the drying droplet, mass
measurementsvere not possibleCharlesworth and Marshall Jr (19&0¢orporated
a method to measure the droptienass based on the displacement of the filament

with mass loss. A glass filament balance was used to evaluate the mass changes of
14



the droplet being dried The glass filament consisted of a long horizontal filament
with one end fixed to a scale and the ethconnected to a shorter finer filament at
right angles, as shown Figure2.2. The free ed of the glass filament was used to
suspend the droplet. After the droplet was suspended, the glémsiéint deflected
based on the mass of the droplet. The fixed end was adjustable to allow the free end
to relocate to its original position. The droplet mass was correlated to the distance
of fixed end displacement. As drying progressed, the glass filabadgmice was used

to measure the actual droplet mass at different time intervals.

Flexible horizontal body
/ _~ Fixed end

~ Vertical body for hanging single droplet

Freeend —

Figure2.2 A systematidllustration of the glass filamenused byCharlesworth and Marshall Jr
(1960)to measure the chages of the droplet mass during air dryir{§u et al., 2012a)

Sano and Keey (1982nployedasimilar design concept to that @harlesworth and
Marshall Jr (196Gp measure tle changes in droplet mass during the drying process.
The measurements were conducted by interrupting the drying at frequent time
intervals. Amicrometer was incorporated over which the fixed end of the glass
filament moved to raise the free end to its initial position. Measured drying rate was
then used to develop a mathematical model to describe the drying of droplets
containing dissolved solids above boiling points where internal bubbles are formed.
Cheong et al. (1986)sed the same glass filament technique, but wslight
modifications to account for the drag force of the upwardflaiv to accomplish a
better accuracy of mass measurement. Unlike the studies discussed garlidrich

the droplet volume changes were estimated by analysing the projected droplet area
recoded by a video camer&incaid and Longley (1989etermined the actual
volume changes of a pure water droplet by suspending the droplet at the tip of the
needle of a micresyringe. The droplet volume at a certairying rate was measured

by drawing the droplet bacto the syringe and recording the corresponding volume
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changeslin all studiesdiscussed above, drying experiments had to be stopped at
given intervals to record the displacement of the glass filament and calculate the
mass of the droplet/particleln this way, the final mass loss profile is either obtained
from a single drying run that has been interrupted several times or from endpoint
readings of multiple drying rates. To overcome these limitatigisl.in and Chen
(2002)used a video camera to allow for continuous monitoring of the displacement
of the glass filament during dryinghilst still following the same glass filament
conept shown inFigure2.2. Droplet mass was calculated by converting the position
of the droplet/particle showing on the screen to a calibrated standard curve.
Although this approachedenharced the accuracy of the glass filament SDD
experiments in comparison with previous studies, it still required a rigorous amount

of calibration to obtain mass measurements.

Another method of determining the mass loss is by measurement of the humidity of
the gas downstream of the dropletlecht et al. (2000)sed flowing nitrogen as a
heaing medium and incorporatedthermal conductivitydetector (TCIpto measure

the humidity of the exit air downstream of the suspended droplet. The TCD was
calibrated by drying drop of water and measuring the decrease in the drop size and
then comparing it with the output from TCDhis study also ut#ed electron capture
detector (ECD) for analysis for traces of volatile components such as sulphur
hexafluoride (S4}. A similar concept was uséid by Tran et al. (2016ayhere the
humidity of inlet air is measured by a dgwint whilst outlet air humidity is recorded

by an infrared spectrometer. The mass loss of the droplet is determined by a
moisture balance of the inlet anoutlet air. The drawback of this approach inclsde
limitations of the amount of airflow going into the humidity sensor as it requires the
exit air stream to be split where only a fraction of the airflow is introduced into the
sensor. Another drawback igritations to the sensor operating temperature. These
sensors have an operating limit and the air is required to be cooled down before it is

introduced into the sensor.

All the studies discussed earlier used an indirect method to measure the mass of the
droplet; converting the glass filament displacement into droplet mass using an

established calibration curve or measurement of humidity in the exittaihikari et
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al. (2004)proposed a methodd monitor the changeni the droplet mass during air
drying using a micrbalance. They modified the glass filament design development
by Charlesworth and Marshall Jr (1960he flexible horizontal part was removed
and only the vertical glass filament was kept. The whole system was connected to a
micro-balance and themasslosses inthe droplet, as drying progressedvere
recorded through a computeifhe use of a balance to measure mass loss requires a
very stable airflow to minimise the influencef airflow on the mass loss
measurement.This method also allowed the droplet mass and temperature to be

measuredn a single run by the use of a thermal camera.

All studies discussed earlier demonstrate that the glass filament SDD systems have
been commonly used to determine droplet kinetics of a range of materials because
of their bettercontrollabilityand operability in comparison to the other types of SDD
experiments. Comparisons of three types of SDD systems is providexbie2.1.

Issies with the intrusive nature of the filament and ehcontribution to heat
conduction can be minimised by the use of small filament and material with low heat
conductivity. Three different methods of mass loss measurement have been

highlighted with a description of the pros and cons of each method.

2.4.5.2Filament SDD system for studying morphology evolution

Droplet morphological changes have been widely investigated using filament SDD
experiments due to thesuperiorcontrollabilityand the ability to dry at a wide range

of conditions. Fament SDD provided insights into the impact of composition and
process parameters such as air temperature, air velocity and air humidity in the
formation of different morphologies. Significant examples of the use of filament SDD

to study the morphology deslopments are given in this section.

The evolution of particle morphology during dryingsbeen captured in a previous
study by EtSayed et al. (199G¥ho used filament SDD to observe the droplet to
particle transition of several materiglsuch as skim milk, coffee extracts and sugar
solutions. Filament SDD systems otidwetter approach for capturing the evolution
of particle structure compared to thieee-fallingexperiments. Filament SDD systems

have alsabeen used to investigate the effect of morphological development and
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drying rate on the loss of volatieomponents such asulphurhexafluoride, SF6,
(Verderber and Judson King, 1992; Sunkel et al., 1993yas concluded that
morphological developmestsuch as inflaon and rupture strongly influence the
retention of volatile substances and subsequently needs to be accounted for when
drying droplets that contain flavonoids and volatile substances. Similar work was also
conducted byHecht et al. (2000)ith additional process parameters investigated
including the mass loss rate of SF6 and droplet temperature. The results
demonstrated the effect ointernal bubble formation on enhancing the loss rate of
additives. Furthermore, condensation of water vapour inside the bubble was seen
to cause deflation of the partialgiried particle Sgnificant work on the morphology
development of a wide range ahaterials at different drying conditions was
conducted by Walton and Mumford (1999a)ln this work, the morphology
developments were analysed using filament SDfBtesns and subsequently
categorised into three group based on the different morphologies formed:
crystalline materials such sodium chloride and sodium carbonate, agglomerate
materials such as silica and skimming materials such as skim milk and gelatine.
General morphology maps of these materials weronstructed and are given in

Figures2.3, 2.4& 2.5.
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Figure2.3 The effect of temperature and concentration on the particle morphology of skin
forming materials (Walton and Mumford, 1999a)
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Figure2.5 The effect of temperature and concentration on the particle morphology of crystalline
materials (Walton and Mumford, 1999a)

2.4.6 Limitations of SDD methods

The advantages and disadvantages of each tfp8DD system are summarisied
Table2.1. SDD approaches have several drawbacks in terms of realistic comparison
to industrial spray dryingOne of the major concerns is the large droplet size used in
SDD, particularly the flamenD®, which is a magnitude larger than the atomised
droplet in industrial spray drying. The use of the large droplet size in the SDD systems
is due to the difficulty of the measurement of the kinetics of smaller droplet sizes
and the associated increase ofeasurement error with the use of small droplet
sizes. Thé&ee-fallingssystem is the only system where droplet sizgycallysimilar

to that produced in the spray dryer. However, tfree-falling system is unsuitable

for the measurement of drying kinetics such as droplet temperature and mass loss.
Another drawback of the SDD techniques is the influence of the experimentapset
used for levitation (flament, ultrasonic waves) on the heat and mass transfer

process. Further,ni the SDD setups, the droplets are dried in stationary state
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droplets, unlike spray drying where droplets are in motioNthough SDD
approaches have several drawbacks, they still provide valuable insights into the
drying mechanisms such as shrinkagédaour of droplets, transport phenomena,

skin formation and morphology evoluti¢®adek et al., 2014; Schutyser et al., 2018)

In terms of the usefulness of SDD to predict particle morphology in a spray dryer,
several studies have reported similarities between structures produced from SDD
methods and spray drying. Studies\Walton and Mumford (1999@gndWalton and
Mumford (1999b)xshows good agreement between structures producemhfrspray
drying and those produced from single droplet dryirigtSayed et al. @90)
demonstrated that the morphologies obtained from the filament SDD #rd-
fallingexperiments showed similar morphologies to commercial sghdgd coffee.
Furthermore,Fu et al. (2012b)eported that the shape of crystals of lactose from
filament SDDwvas similar to those obtained from the spray dryer. Therefore, these
studies suggest that the droplet size had minimal impact on the structure of the final

dried particle.
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Table2.1 A sunmary ofa comparison between the three types of single droplet drying systems
(adapted fromFu et al. (20123)

Fredall

Glass filament

Acoustic levitated

Advantages

The changes drying
conditions closely follow
that of an actual spray
dryer

Less complexity in the

measurement of

drying kinetics and
visualisation of the
droplet as drying is

Less complexity in the
measuremen of drying
kinetics and
visualisation of the
droplet as drying is

progressed progressed

Disadvantages | complexity in the| Intrusion nature of the| A possibleinfluence of

measurement of drying filament irto the | the acoustic waves o
kinetics and visualisatiol droplet, however, it | the mass transfel
of the droplet as drying i{ can be minimised process
progressed
Support method | No support Using acoustic field By inserting the tip of
fine glass filament io
the droplet
Intrusive io | No No yes
droplet
Approaches of - Direct approaches| - Direct methods| - Indirect methods
drying rate for example, through for example by including
measurement the determination connecting  the transforming  the
the distance the glass filament to droplet  diameter
droplet travelled the microbalance changes or droplef
inside the tower or| - Continuous position  changesg
collection of droplets measurement into mass changes

at different heights
of the tower.

during drying

Capability to| Very possible; can b{ Not possible; dryindg Not possible; drying
mimic actual| extended to become ar kinetics are influenceq kinetics are influenceg
spray drying| enhanced spragrying | by intrusive glasg by acoustic waves
process process for  certain filament

applications

2.5 Stages of particle drying

The removal of moisture from droplets in spray dryers involves heat and mass
transfer and is also associated with simultaneous particle formation process. Drying
rate and the structure of the final dried pargcdepend orthe air properties such as
temperature, humidity and the transport properties as well as droplet properties

such as temperature, diameter and relative velo¢ityandscomb et al., 2Q0.

A typical temperature history of a droplet with dissolved or suspended solids drying
in a spray dryer is shown Figure2.6. As drying begins, the droplet heats up to the

wet-bulbtemperature and the drying rate increasesB} the drying rate increases
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till point B where thermal equilibrium is attained between the solid and its
surroundings. Thereupon, the droplet stays at the Wwatb temperature where the
drying occurs aa constant rate with a moisture saturated surface. In th€ Bine,

the dynamic equilibrium is sustained between the energy lost by evaporating
moisture and that transferred to the particle frothe drying gas. This is known as
the constant rate drying pevd where the moisture flux from the surface remains
almost constant. The surface of the material being dried as well as the vapour above
remains saturated with moisture during the entire constaate period. In addition,

the solid surface remains at theet-bulb temperature so long as convection is the

only mechanism of heat transfer to the droplet.

The falling rate or second drying stage commences when the moisture can no longer
be supplied to the surface of the droplet atsufficient rate to sgtain moisture
saturation. Consequently, the drying rate decreases and the droplet temperature
rises. The transition between tHalling rate and the constant rate stages occat

a critical moisture content anghay concur with the initiation of crust formation. The
critical moisture content has been shown to be a function of the drying history as

well as the mass and geometry of the material being dfi¢ahdscomb et al., 2009)

A

gas temperature -----—————————-

droplet centre temperature

- - — - wet bulb temperature

>

time

Figure2.6 Thetemperature history of a liquid droplet containinglissolvedsolids drying in a spray
dryer (Handscomb et al., 2009)
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Vaporization begins if the droplet reaches the boiling temperature. Due to the
considerable energy required for vaporizatieensible heating ceases. This phase is

called puffing regime and drying in this phase is controlled by external heat transfer.
Once free moisture in the droplet is removed, the droplet rises until it reaches the

surrounding gas temperature.

2.6 Particle formation abovethe boiling point

This setion givesa more indepth review of the studies that have focused on the
main phenomena and behaviours seen when drying at high temperatures. Boiling
occurs when the droplet temperature reaches theillng point when drying at air
temperatures higher than the droplet boiling point. Vapour builds up inside the
droplet resulting in an increase in the internal pressure of the particle. The behaviour
following boiling strongly depends upon the permeabilignd mechanical
characteristics of the crust/shell or skin formed on the particle surface. The particle
can inflate or crackthus allowing the vapour inside the particle to escape and
alleviate the pressure difference, or it can explode and disinteg@te of earlier
studies byCharlesworth and Marshall Jr (19683tablshed different routes of
morphology development above boiling depending on overall mechanical properties
of the shell that forms on the surface of the particle during drying. These different
routes are depicted irFigure2.7. In an open poroussystem,the resistance to
internal mass transfer remains Ilgwonsequentlythe particle temperature does not
reach the bding point A crust with less permeability results in a pressure bupd
within the particle and the morphology development depends on the mechanical
propertiesof this crust. A rigid crust results afractured particle from minor or
major crackingOnthe other hand, a plastic shell can either allow for stretching and

puffing or rupture and collapse.
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Figure2.7 Morphology development routes when drying at temperatures above the droplet
boiling temperature, depicted from(Charlesworth and Marshall Jr, 1960)

Further single droplet drying studies have highlighted the impact of boiling on
morphology developmentEtSayed et al. (199Qitilised filament single dropleset

up as well as free-falling set-up to investigate the morphology of maltodextrin,
coffee, milk and sucrosat moderate and high temperatures. Different behaviours
above boiling were highlighted; sucrose solution collapses after cycles of
inflation/deflation to form smooth, solid particles Maltodextrin maintained
expansion at the endtage of drying which was attributed to higher viscosity than
sucrose and/or lower water diffusivity. Skim milk remained unaffected during boiling
without any expansion or collapse, which was attributed to the formation of a rigid
surface. Effects of moletar and water diffusivity on the length of the constaate
period and size entering boiling were highlighted; for example, sucrose remains in
the shrinkage period longer thanaltodextrinand coffee as it has a l@vmolecular
weight and higter diffusivity than maltodextrin and coffee extract ( these enter
fallingrate periodearlier in drying). SEM images from tinee-falling set-up showa

sign of expansion for maltodextrigimilar observations were reported biecht et

al. (2000)where they highlighted that skin forming materials possess rheological
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properties that enable such droplets to undergo a series of inflation/deflation cycles.
Themorphology time seriesf coffee extract and sucrose were included. The final
morphdogy thatfollows deflation and inflation cycles also were highly dependent
on the materialproperties final dried sucrose particles were seen to be smooth and

solid, whereas coffee formed hollow particles with folds and surface irregularities.

bSOAOG | yR =zohdugfeddsinglenmeidiying studon colloidal silica,
sodium sulphate and milkThis studyhighlighted that different behaviour above
boiling depending on material properties, mainly focusing on the diffusivity of water
through the solid shell. Colloitigilica forms very permeable and fragile crust. The
diffusion coefficient of vapour through this crust was calculated a%mds, and
hence no boiling stage was reported even when drying at high temperatsoesum
sulphate formed an impermeable andgid crustwhich results incracking and
deformations above boiling. Skimmed nfitkmed avery permeable crusand thus

a boiling stagewas not observed This study highlighted the importance of the
diffusivity of moisture through theruston the accurrence of the boiling stage and

was used to compare with a diffusion model.

A recent interesting study was conducted Tyan & al. (2016a)and focused on the
evaluation of the drying kinetics of lactose/water droplets at air temperatures above
and below boiling point. This study employed a filament Sizwever, an IR was
incorporatedto measure the humidity othe exit air ard hence the mass loss from
the droplet. This study evaluated the locking point below and above boiling and the
occurrence ofinflation/deflation cycles.Below boiling locking was defined as the
point at which the diameter becomes constant, whilst above boiling locking was
determined as the minimm in diameter before the droplet enters the boiling stage.
The mophology of the final particles confirmed the occurrence of puffing. This work
was extended byran etal. (2016b)for sdutions of skim milk, lactose, whey protein
and lactosewhey mixtures. The experimental data collected from drying
experiments particularly conditions of skin formation, locking point and
inflation/deflation parameterswere collatedand implemenédin an empirical sub
model to take account of the effect of the inflation/deflation cycles on the changes

to particle diameter and on the drying curve.
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The effects of boiling on the final size and morphology of dried particles have also
beenreported in a few studiesAlamillaBeltran et al. (20053tudiedthe evolution

of the morphology of maltodextrin in &boratoryspay dryer by collecting samples

of particles at different sampling points from the atomising nozzles. The SEM images
(Figure2.8) showed puffed particles when drying at temperatu@sove boiling.
Thesewere evidenceof the effect of boiling on the inflation of particles. In another
study byParamita et al. (201Gjhe effect of additives suchs gelatindecaglycerol
monolaurate or ethanol and outlet air temperature on the morphology of spray
dried gum Arabigmaltodextrin system was investigated using confocal laser
scanning microscope (CLSM) and scanrglegtron microscopy (SEM). It was
reported that spray drying at higher air temperature resulted in a higher fraction of
hollow particles. Further, the additives also contributed to the increase of the
fraction of hollow particles due to their role in earskin formation.Rogers et al.
(2012)also investigated the effect of drying of skim milk at high air temperatures
above boiling using monodisperse spragryer. At an inlet air temperature of 124

¢ /n@puffingwas observedand all particles obtained were buckled and contained
surface folding. At higher air temperature, 187 > p &> 2F LI NI A Of S &
structure with larger diameters and thin shellSdure2.9). The final dried particles

had sizes larger than the initial droplet size.
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Figure2.8 SEM images of maltoderin-particles at several drying. SEM images in b&c showing
clearly puffed broken particles due to boilingAlamilla-Beltran et al., 2005)

Figure2.9 SEM Images (a) Puffed particles drieditdB3 wt% fresh skim milk concentrate (180
/] 0L 600 06dzO1f SR LI NIAOftSa&a 27T do(Rogessietal., 201 Y YA ]

The sudies discussed in this section on drying above boiling are summariSedlie
2.2.
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Table2.2: Studies on dying a temperatures above the boiling point

Author

Experimental
setup

System
investigated

Conclusions

Charlesworth and | Filament SDD sodium chloride | Summarised general remarks of
Marshall Jr (1960) morphologies above boiling. No
sucrose detailed or systematic study of any
coffee extract of the systems.
sodium sulphate
ammonium
nitrate
Sano and Keey Filament SDD skim milk Effect of inflation on the drying
(1982) rate
bSOAG I y I Filament SDD Colloidal silica Colloidal silicate forms a permeab
(1991) ) and fragile crustand the boiling
sodium stage is absent.
sulphate Sodium sulphate formed
skimmed milk impermeable and rigid crust
cracking and deformations above
boiling.
Skimmednilk very permeable
crust boiling stage not observed.
Hecht et al. (2000) Filament SDD Coffee or sucrose | Sucrose drop shows
solutions with a inflation/deflation which collapses
trace quantty of | to form smooth solid particles.
SF6
Coffee shows nospherical bubble
final particle rough surface with a
hollow inner structure.
AlamillaBeltran et | Spray drying Maltodextrin Morphologies show puffed
al. (2005) particles at high temperatures
Rogers et al. Monodisperse Commercial skim | Hollow, inflated particles were
(2012) spray drying milk powder produced at higher temperatures
due to boiling
Tran et al. (2016a)| Filament SDD Lactose/water Investigated the drying kinetics of

single lactose/water at
temperatures below and above thg
boiling point of water.
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2.6.1 Summaryof the state of the art of drying above boiling

The behaviours observed when drying at high temperatures strongly depend on the
type of material being dried. Out of the three classes of materials (skin forming,
crystallising and agglomerate), boiling wolldve a more significant influence on
the skin forming materials due to their plastic nature. Crystallising materials are
more likely to form a rigid skin due to crystallization and therefore boiling would
result in cracking, the extent of which signifitlgndepends on the size of pores
within the crystallised crust. Suspensions are largely affected by the suspended
particles size and the particlearticle interaction and would only lead to limited
morphologies. On the other hand, skin forming materialsgémic or inorganic
polymers, proteins and sugars) which are widely dried in industrial applications (food
and pharmaceuticals) are more likely to be affected by boiling. Skin forming
materials have more complex rheological properties (including phaseitians),

high molecular weight and can form skin with distinct properties. This can result in
complexity in understanding the morphology development during and post boiling.
A systematic study is therefore needed to understand the particle formation above
boiling with a strong focus on the morphology development-poding and post
boiling and an understanding of the link of the morphology development to key
material properties. The gapn the literature with regards to drying above boiling

aresummairsed in the following:

1. A detailed study on the role of boiling on the morphology development of
skin forming materials. This would include a focus on the morphology
development prior to boiling, during boiling and post boiling. Of particular
interest is tke investigation of liquid teolid transition, also known as skin
formation. Furthermore, the response of this skin to boiling driven effects
needs to be closely monitored. This because the properties of the skin and
its response to vapour presge have a major influence on the particle
formation and final size of the particle. The characteristics of the skin are
significantly influencedy the nature of the solute, the drying conditions and

initial solute concentration.
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2. Developnent of parametermaps of skin formation conditions (size and
moisture content), boiling parametersinlation/deflation parameters,
moisture and size during boiling) and final dried particle metrics (porosity and
size). These parasters are all solute dependent and are highly influenced
by the air temperature and initial solute concentration. Therefore, a key part
of this work is to analyse the influence of the material properties, drying
conditions, and the structure formed durimyying on these maps.

3. Comparison of single droplet drying experiments to spray drying with a
particular focus on the effects of boiling. This would cover the effect of the
differences in droplet size and drying time scale on the boiling stage and its
subsquent influence on morphology development. The questbwhether
the timescale of dryingn a spray dryer allows sufficient time for bubble
nucleation and boiling driven effects.

In order to address the gaps highlighted above, a selection of thareone system

of skin forming materials is needed. One sensible approach is the selection of
material that exhibits one distinct route of drying above boiling and provide a
detailed investigation of this system using single droplet drying and spraggdry
experimental methods. Such study utilises a combination of drying kinetics
measurements, close up monitoring of morphology development and the link
between these to the rheological and mechanical properties. These can be related
to spray drying by chacterisation of the final dried particles collected from spray
drying. This study would include moving from simple systems to complex materials
with high molecular weight and of complex rheological properties as phase

transitions with close resemblance systems used in industrial applications.

31



2.7 Influence of material properties on particle
formation

This section reviews the particle formation studies that have looked at the
morphology developments (such as mechanical deformations and instabilities)
during droplet b particle transition and the relation of these morphology
developments to key material properties such dweological and mechanical
properties. A vital part of particle formation studies is understanding the properties
of skin formed duringhe liquid to solid transition as it plays a key role in governing
the shape of the final dried particle. This involves a closer look at key properties
associated with skin formation such as internal flow;gltransition and evolution

of rheo-mechanial properties during drying. The properties of this skin evolve
during drying as a function of solute concentration and droplet temperature and

further add a lot of complexity to particle formation studies.

2.7.1 Skin formation

The evaporation of water from thsurface of the droplet induces a diffusional flux
of the solutes towards the centre of the dropjetiiven by an increase in
concentration at the surfacddepending on the relation of the diffusion motion and
the evaporation rate, this often leads tbe formation of a skin layer. This skin layer
has distinct rheological and mechanical properteich are often not similar to
bulk composition and plays a vital role in influencing the subsequent morphology
development and the final shape dhe dried particle. The establishment of
concentration gradients was first reported I@harlesworth and Marshialr (1960)
who demonstrated that initially, the droplet evaporates in homogenous fashion
without hindrance of water transport to the surface. However, at critical solid
content, water transport to the surface is hinderemhd a solid phase develops at
the surface of the droplefTheskin formation is due to slow diffusion of the solutes
relative to the evaporation of watgfMaki and Kumar, 2011This is usually related

in terms of aPécletnumber which defines the extent of n@ection in relation to the
diffusion of the solutegVehring et al., 2007; Manukyan et al., 2013; Baldwin et al.,

2011) The convection/ advection can be represented by a characteristic velocity, u
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which in thecase of a drying droplet represents thelocity of the receding droplet
surface,s— s On the other hand, the diffusion can be represented by the diffusive

velocity of the solute or suspended particles, .Dftence, thePécletnumber isgiven

as follows(Vehring et al., 2007)

- . . Qi
0 Q0 Qo@D OW RO bIG§

0A e 7 TR s T
0'Q'QQO Y M {20 Qo » O (2.3)
1

where,
Dis the solute diffusion coefficient ards the doplet radius.

Equation (2.3)can be written in terms of evaporation rate or flug,which carbe
obtained from the square law diameterwhich states that the square of droplet

radiusevolveslinearly intime (Vehring et al., 2007The square law diameter islid
wheni — is constant and the surface area of the droplet decreases linearly as

function of drying timeand isgiven as follows:

Q0 Q Qo (2.4)

Differentiatingequation(2.4) to geti — as follows:

QQ a9 Qi (2.5
Qo oY)
Substitutingi — - in to Equation(2.3)gives the following definition of Péclet
number:
o)
0A — (2.6)
Yo

The definition of thePécletnumbergiven abovas the most commonly used in the
literature as it represents accurately th@mechanisms ofdvection and diffusion
occurring during dropletirying. This definition isstated in the studyby Vehring et
al. (2007) whichhasbeen cited1202times.

In the scenario of loWPécletnumber, the diffusional motion of the solutes tovelr

the centre is more dominant than the evaporation flux of water. In this case, the

33



surface enrichment of solids is smalhd the time required for solutes to reach
saturation at the surface is close to the overall droplet drying t{iviehring et al.,
2007) Therefore there is no skin formation during dryingnd solid particlesare
formedwith a dersity closer to the true density of the dry components. An example
of this is the drying of saccharide particles at low or moderate air temperatures
(Mosén et al., 2005)The second scenario involves drying at Hgtletnumber
where the evaporation flux of the water is more dominant than the diffusional
motion of the solutesTherefore, the radial velocity of the receding interface of the
droplet catches up to the diffusional motion of the solute towards the centre and
results in surface enrichment and skin formation. Typical examples ofAéglet
number involve dryig of proteins(Maury et al., 2005; Samborska et al., 2005; Maa
et al.,, 1998)and polymers(Mu and Feg, 2001; Fu, 2001)These studies show

wrinkled, hollow or dimpld morphologies as a result of skin formation.

A third scenario involves drying at a changiérletnumber due to changes in the
evaporation rate and diffusion coefficient induced d&tyanges in the concentration

of the solutes and the droplet temperature. Typical examples of this involve phase
changes such as crystallisation or phase separation such as gelation. A striking
example of this is the drying @fleucine reported byehring et al. (2007)nitially,

drying occurs aPécletnumber lower than 1however,trileucine separates into a

solid phase once it reaches supersaturation. The comedimg Pécletnumber at

this saturation is much larger than 1 as the diffusion coefficient of the separated
phase becomes much lower than the dissolved molecule. This is a prime example of

the role of the evolution of material properties with the dng time.

The skin formation can also be affected by other material properties such as surface
activity. The role of surface activity of the composition on the skin formation and the
composition of the surface layer of the final particles has been repartguievious
studies. Faldt et al. (1994)noted that the more surfac@ctive components
accumulate on the droplet surface and dominate the surface composition of the final
powder. They concluded that the surface activity results in preferential accumulation
of the more surfaceactivecomponent on the surface resulting in the domination of

protein in the composition of powder skin compared to a component that has less
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surface ativity such as fat or carbohydrates. These studies have usenical
analysis orelectron microscopy to analyse the surface composition of the dried
particle. This role of surface activity in surface enrichment has been used to modify
the shag of the final particlegKawakami et al., 2010fFor example, highly sade
active solutes are more likely to induce the formation of sptedrand hollow

particles(Maa et al., 1997; Paramitt al., 2010)

Other properties such as solubility, molecular weight and diffusivity of the solutes
can also have an influence on the mechanism of skin formation. Molecular weight
can play a role in the composition of the particle surfé€en et al., 2002; Kim et al.,
2003) Solutes of high molecular weight have low diffusivity towards the centre and
are more likely to accumulate at the sucta of the drop resulting in earlier skin
formation at the droplet arface (Faldt and Bergenstahl, 1996; Meerdink and
Vantriet, 1995) In contrast, other components such as minerals have high diffusivity
and are faind at the centre of the dropleiGaiani et al., 200650lubility plag a role
inthe particle size and final structurkin and Gentry (2008emonstrated that more
soluble solutes result in the formation of small dense particles due to the delay in
the skin formation a the saturation limit to induce solid saturation at the surface is

delayed.

Although the skin formation has been reported in these studies discussed previously,
the nature of this skin is still not well understoo@kuzono et al. (2006)
demonstrated that the ski layer can be regarded as a region with viscoelastic
behaviour, a layer of gel or glassy phase which occurs at the interface of the droplet.
It should be noted that the role of the matetiproperties on the skin formation are
interdependent and are likely to be affected by the composition, initial
concentration and the air temperature. Therefore, research effort is still required to
answer questions such as the time of this skin formatod its thickness increase
with drying time. Once the skin is formed, it can deform in various ways depending
on its rheemechanical properties and the extent of the drying stresses. Studies that
have focused on the mechanical instabilities of the skedescribed in more detail

in the next section.
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2.7.2Mechanical and rheological properties influence

The skin formation on the droplet surface is subjected to a considerable amount of
capillary stresses due to moisture loss through the skin. This periquhrbicle
formation is vital as it determines whether the particle buckles, fractures or remains
hollow. This is more complicated as once the skin forms on the surface of the droplet,
the instabilities at the surface depends on the evolution of the rheckigand
mechanical properties of the skin. The mechanical instabilities arising after skin
formation have been reported in the drying of proteins, polymers and colloidal

suspensions and are reviewed in this section.

Several studies have focused on theluehce of the skin formation on the final
particle morphology in the studies of drying of milk. These studies have used single
droplet techniques mainly sessile setupto focus on visually monitoring and
investigating the development of particlearphology. One of the earlier studies on
the morphology developmerdan whey protein was conducted I8adek et al. (2013)
where they investigaté the shape dynami¢sand final structure of whey protein
isolate (WPI) concentrate droplets by recording the drying behaviour on a
hydrophobic substrate. After a period of water like drying, ag&l transition
occurred at concentrations in the range 22 and 30wt. %. The gelation fixed the
surface area while the water was still evaporating inducing buckling. Although this
study reported interesting morphology developments, it was conductestagnant

air and is, therefore, less representative betspray drying procesBouman et al.
(2016) focused on the morphology development of whey protein in the presence of
airflow, relatingbuckling to varying drying conditions such as temperature and initial
protein concentration.This study used a sessile sgt reported inPerdana efal.
(2011) where the droplet was generated using a dispenser vifta ability to
generate droplets down to 150 um. They reported the formation of a hole and a
vacuole which was related to skin formation at the early stage of drying. This work
was extendd to study the effects of the component ratio of protein (whey and
casein) and carbohydrates (lactose and maltodex{ioth et al., 2018a; Both et al.,
2018b) It was reported that the droplet composition did niatpact the initial drying

rate or locking pointhowever, it had an influence on the morphology of the final
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particle. It was found that maltodextrin concentration resulted in the formation of
wrinkled surface and multiple vacuoles, whilst whey profethto smooth particles
with one large vacuole. The skin formation mechanism was different; skin formation
in the case of protein was induced by -g@l transition whilst in maltodextrin
systems, it was caused by the increase in viscosity which resultadiitical skin
rigidity. Both et al. (2019¥%ought to futher understand morphology development

by conducting bulk rheological properties of concentrated aqueous solutions of
whey protein isolate and DE12 maltodextrin. The rheology measuremsagtgested
jamming of the whey protein at concentrations of 50% (w/w), whereas maltodextrin
remained liquidlike up to concentrations of 70% (w/w). These measurements
provided an approximation of the surface concentrations required for skin formation
and danonstrated that the link of particle morphology to bulk rheological properties

can provide insight in morphology developméBobth et al., 2019)

The studies discussed previously relied heavily on close monitoring of the droplet
drying and all demonstrated thathe skin mechanical and rheological properties
play a vital role in determining the subsequent morphology developments. An
interesting study bySadek et al. (20150ught to understand the reason behind
differences in the structure of final particles of wheydaoasein proteins; whey
protein resulted in the formation of smootspherical broken particles while casein
formed twisted wrinkled particles. This was done by measurements of mechanical
properties of 5 mm milk protein dried films using micro indentatidime study
demonstrated the differences in morphology development can be explained by
understanding the differences in mechanical characteristics between the two
components. Casein reached gl transition earlier which was followed by elastic
and plasticregimes where the shell distorted, buckled and formed a wrinkled
particle. On the other hand, whey protein became elastic at later drying time which
maintained a spherical shape and then fractured later in the drying. These
mechanical differences were leged to the behaviour of the protein in jamming
conditions, where casein micelles form soft and deformable colloids whereas whey
proteins form hard spheres. Although mechanical measurements of the dried films

are useful in explaining some of the differescin the mechanical properties of
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different compositions, their relevance to the drying conditions of the droplet is still

guestionable.

Skin formation studies have also been reported to cause mechanical instabilities in
the drying of polymers due to thisrmation of the gel/skin layer on the surface of
polymer droplets during evaporatio(Pauchard and Allain, 2003c; Pauchard and
Allain, 2003a) This layer has distinct rheological property from the bulk solution.
Many further open questions are still yet to be tackled, such aslirckness of the
layer and its influence on the drying rate. Simulation efforts are conducted to answer
these questionsOkuzonoet al. (2006)stated a condition for the skin layer to be
formed depending on the initial volume fraction of the solid components and the
Pécletnumber. They demonstrated that when the initial volume fraction of the
solids is near the volume fractiaequired for gel fraction and thEécletnumber is

high, the skin appears faster at the surface of the droplet. On the other hand, when
the volume fraction is much lower than that for sl transition and at loWPéclet

number, the skin appars later stage of drying.

The buckling phenomena after skin formation have also been described in detail for
colloidal suspensionslsapis et al. (2005demonstratedthat the instability and
buckling were due to the response of the skin to capillary forces which occurs as
water evaporates through the skin, thereby the final shape of the particle is
influenced by the capacity of the skin to deform. The colloidal suspensions are
interesting as the partickparticle interactions within the suspension can be
manipulated to change the viscoelastic properties of the skin and ultimatedy
shape of the finaparticle. A striking example is a study conductedSugiyama
(2006) where the viscoelastic properties of the skin were manipuldtgdchanging

the molecular weight of the dissolved poly(ethylene oxide) (PEO) in the colloidal
polystyrene (PS) suspensions. It was illustrated that changing the molecular weight
changes tk particleparticle interaction and therefore the viscoelastic properties
during drying. Droplets containing high molecular weight buckled earlier while those
with low molecular weight buckled later in the drying process. Bulk rheology
measurements were sl to explain that high molecular weighlissolved PEO

exhibited a solidike behaviour and were, therefore, more prone to early buckling.
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In contrast, low molecular weight dissolved PEO resulted in a rather Higeid
behaviour and therefore the shell Hathe ability to accommodate the buckling
instability. As colloidal suspensions are not the main focus of this study, the reader
is referred to a thorough review hyintingre et al. (20169n the control of particle

morphology in the spray drying of colloidalspensions.

In summary, all these studies on polymers, proteins and colloidal suspensions have
demonstrated that the skin formation results in mechanical instabilities on the
surface of tle particle. The subsequent morphology development, the extent of
instabilities and their effect on the final shape of the dried partidigpends on the
viscoelastic properties of the skin. Efforts to gain information on the viscoelastic
properties of theskin formed on the particle during drying have mainly included bulk
rheology measurements and to a lesser ext@xt situmeasurement of dried films.
These measurements give insight into the mechanical characteristics of the skin and
can be combined witmorphology evolution time series from the single droplet
drying exeriments to further understand the mechanisms of particle formation.
However, the drying history and drying conditions of the films are not analogous to
those endured during droplet dryingnd thereby it raises several concerns on the
usefulness of these measurements and any correlations to drying conditions must
be interpreted with caution. In situ measurements of the skin properties are
extremely hard to achieve due to the inatyilof current methods to measure these
properties in realistic time and size sca(®@&hring, 2008) In addition, the timeline

of skin formation has been determined from the morphology evolution time series
as the point where shrinkage in droplet size ceasesl surface instability arises.
These are dependent atle concentration profiles and the intrinsic properties of
the material. The concentrations required to reach liquid to solid transitions can also
be influenced by phase transitions such as gelation which can be induced by the rise
of solute concentratioror in some cases by temperature increase for materials that
undergo heatinduced gelation. It is important to emphasise that the particle
formation studies discussed above have all been conducted at temperatures below
the boiling point and therefore the bling driven effects have not been taken into

account. Boiling would have a significant influence on the mechanical instabilities of
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the skin as it introduces a new force acting on the skin and must be included on any

drying stresses balances on the pdgic

2.8 Modelling studies

The work described in this thesis is mainly based on experimental, vaoidk
therefore only a quick review of the modelling studies is given in this section which
includes an introduction to the modelling approaches of single drapigng. Single
droplet drying models can be broadly divided into two categories: models based on
semiempirical approaches that uses the concept of characteristic drying curve, CDC
and deterministic models which descriliee droplet drying process by these of
continuity, momentum and energy equations and in some cases population balances
(Mezhericher et al., 2010)Dropletaveraged models describe droplaveraged
guantities such as moisture and t@@rature, whereas mechanistic models give a
picture of the dropletdrying and thus have the capability to provide some
information on the morphology such as final dried particle size and spatially resolved
moisture profiles. Each category has its advansaged disadvantages as discussed

below.

2.8.1Characteristic drying curvéCDQ

The characteristic drying curve, CDC, recognises different stages of drying; constant
rate period and falling rate period. It is used to model the falling period of the drying
andhas the advantage of requiring limited computational efforts. In this model, the
drying rate is unhindered up to the critical moisture content after which the drying
rate is dependent on the moisture content, according to the following equation
(Keey and Suzuki, 1974)

0 0 "Q%o 2.7
where 0 is the drying rate0 is the rate in the first drying period (when the drying
rate is limited by tle rate of heat transfer to the surface) afidis the characteristic

moisture contentcalculated using:

2.8
% (2.8)
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where @ is the volumeaveraged moisture contentp is the moisture content at

the critical point, andb is the moisture content at equilibrium.

The concept of characteristic drying curve states that for\ergimaterial, the
characteristic drying curve is distinct and independent of the temperature, humidity
and velocity of the gafKeey and Suzuki, 1974)he moisture content at which the
droplet enters the falling stage is determined from drying experiments and taken as
constant forthe material investigated. The maimadvbackof this approach, which
disturbs the simplicity of the model, is the unsuitability of the model for drying
conditions different from those used when developing the modsihr and Kemp
(1998)demonstrated that the critical moisture content is not material constant as it
depends on the drying conditions. For example, at harsher drying conditioms
droplet enters the drying stage at higher averagedishoe content. Furthermore,

the shape of the drying curve is assumed to be independent of the external
conditions. However, this shape would be affected by the temperature of the
particle since the temperature influences the viscosity and surface ten$tus.is

not accounted for in the model. Despite these drawbacks, experimental data show
that the CDC concept works well for small particle sizes over a moderate range of

temperatures(Keey, 1992)

2.8.2Reaction engineering approach (REA)
Chen and Xie (1997ntroduced a reaction engineering approach (RBAich

sustains the simplicity associated with the CDC model. The approach takes drying as
0SAYy3 I O2YLISUGAUGAOGS LINRPOSaa 0S0sSSy WwWSQ
NEBIF OGA2YyQd ¢ KS OKIngadiadthe solidtdndsicBnsidete@dby O2 y
maintaining the conventional heat and mass transfer boundary treatment. The REA
approach works by utding an empirical correlation relating partial vapour density

over droplet surface to the average droplet maist¢ content, which needs to be
determined from experiments for each material modelled at different drying
moistures(Mezhericher et al., 2010 he activation enesgfor each given material

can be obtaed as a function of water content. REA was applied to several systems

in many studie$Chen and Lin, 2005; Lin and Chen, 2007; Patel and Chen, 2008; Patel
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et al.,, 2009) Noveldrying models based on REA offer @od consistency with
experiments, fast calculation and require fewer computer resources. However, this
empirical correlation is similar to the need for a functional fitting to experimental
drying curve when using a CDC approach. This restricts the applicdtREA for
modelling droplet drying kinetics since the range of materials whose drying
behaviour already studied in experiments is limited. Nonetheless, the application of
the REA models together with analytical drying kinetics still have a promising
potential as they offer simplicity and high accuracy at different drying conditions

(Mezhericher et al., 2010)

2.8.3Mechanistic drying models

Mechanistic drying models describe the drying process bingla set of heat and
mass diffusion equations with initial and boundary conditions. The numerical
solution of such models is rather complex and demand significant computing time
and resources. This is because of the moving boundary required to accaouhefo
shrinking of the droplet diameter as a result of drying. Furthermore, these models
also require knowledge of many coefficients including thermal and mass diffusivities,
porosity, and critical moisture content under a range of conditions, temperatures
and moisture conten{Mezhericher et al., 2010)These are usually hard to obtain
from literature and require experimental measurements or fitting techniques with
guestionable accuracy. However, thelvantage of these models is that they

produce good accuracy and consistency with experimental data.

2.9 Survey on the systems selected for this research
work

Based on the discussion given in sectibf it is clear that the behaviour above
boiling is largely influenced by the solute and its material properties. The main aim
of the overall framework of this thesis is to understand particle formation when
drying at high temperatures. This necessitates the consideration of more than one
system to provide a detailed study of the behaviours obsemedve boilingThe
systems selectalso had relevance for industrial applicatiori&his studypenefted

from a combination of single droplet drying approach as wek dabscalespray
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dryer. Single droplet drying techniques allow a closer look at the particle formation
and the extraction of valuable information related to locking, boiling aindl size.

A labscalespray dryingvasused to compare results to single droplet drying and a
particular focus on the extent usefulness of single droplet drying to study drying and
morphology behaviour above boilinfhe comparisons are further complicated due
to the variability of the structureproduced from spray drying. Based on the general
routes of drying given iRigure2.7, three materialsvere selected namely, sucrose,
hydroxypropyl methylcellulose (HPMC) and sodiuhcage. A description of each

system, as well as any drying work on each system, is given below.

2.9.1Sucrose

Sucrose is a disaccharide, a molecule composed of two monosaccharides: glucose
and fructose. lwasselected due to a more comprehensive claeisation of its
materialproperties inthe literature such as rheology lfRampp et al., 2000; Telis et
al., 2007; Power et al., 2013; Swindells, 19%&] difusivity in water(Price et al.,
2016; Henrion, 1964; EkdaBever et al., 2003Prying of sucroseasconducted in
previous studiesElSayed et al. (1990)ooked at the morphology behaviour of
sucrose using a filament S@Rd compared structuresvith a free-falling system

They reported that sucres particle collapses afteinflation/deflation to form a
spherical shape with very little or no voidage. The morphology evolution of sucrose
has also been reported iyecht et al. (200Q0where inflation/deflation cycles were
observed. However, this work was more focused on the influence of
inflation/deflation cycles on the loss of volatile components rather tham éffects

of boiling on the morphology development and the structure of the final dried
particle. A systematic study air temperatures above and below boiling is lacking.
Furthermore, the drying metrics at boiling and skin formation are also lackiray for

more thorough understanding of the behaviour of drying of sucrose above boiling.

2.9.2 Hydroxypropyl methylcellulosdHPMQ

HPMC is a propylene glycol ether of methylcellulose and possessesfigued
forming properties that enable protection against dadation and moisture. The

unique features of HPMC such its nontoxic property, ease of handling, high
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biodegradability and solubility makes it desirable for a number of applications
(Sakata et al., 2006pneof the major applications of HPMC is in the pharmaceutical
industry as a carrier material due to its ability to allawlow diffusion of drugs out

of the system(Siepmann and Peppas, 200HPMC is also used in food applications

as an emulsifier, thickening and suspending agent. HPMC is modified by using
different substituentwhich careither by CH ¢CHCH(CEOH group, or a hydrogen
atom. The methoxy¢OCH) group content, hydroxypropoxy¢@CHCH(CEOH)
group content and the molecular weight (Mw) havesignificantinfluence on the
physicochemical propertie@erfetti et al., 2011)The variabn of contents causes

changes in itproperties.

Very little drying work has been done on the drying of HPWGlsten et al. (2009)
used singledroplet drying levitator to studythe drying of itraconazole/HPMC
formulations to determine the influenseof the polymer on the drying rate and dried
particle morphology. They reported that the presence of HPMC in the formulation
led to the early surface skin formatipwhich strongly influenced drying ratelPMC
makes an interesting choice for this study due to its complex properties. The
molecular weight and viscosity can be manipulatedlohange of the substituents
and it can be supplied in different grades. Furthermore, the mechanical propertie

of HPMC can bmanipulatedby the use of organic solvents.

2.9.3Sodium silicate

Sodium silicate isne ofthe most importantsoluble silicates and is widely known as

G ¢ I i S Nywaldesetiah, 4969) It is produced byhe fusion of pure sand with

soda ash or alkali metal sulfate and carbon in large furnacgteatperature of 1300

6/ ® ¢KAA Aa FT2ff{26SR 0608 RAaaz2tPgAy3ad 27F (K
silicate is widet used in the detergent and cleaning compounds as active alkaline
builders. It significantly enhances the effectiveness of the detergents and cleaners

by maintaining high pH due to their buffering ability. Sodium silicate pelgorm
functions such as emulssation of mineral oil, saponification of animal and
vegetable oils and fafWeldes et al., 1969)Sodium silicatés produced as glasses

and can havé&iQ:NaO molar ratioin the range of 1.6.9(ller, 1979)
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In terms of drying work on sodium silicate, the only drying work reported in the
literature was done byVvalton and Mumford (1999a)singa single dropét drying

setup. They reported sodium silicate as materials which form particles with a skin

like structure. Drying of sodium silicate at@d NXB adz 6§ SR Ay (GKS ¥F2
LI NI AOf ST gKAOK NBGIFAYSR AlGa adiondfhd f a LIK
aqueoussilicate dropletcaused the liquid to foam and bubble which on fully drying

give a blistered appearance. Extensive analysis of the drying kinetics or final dried
particle was ot provided. The drying behaviour of sodium silicate is further
complicated byits complex chemistrysuch agpolymerisation and gelation at high

solid content which often depends on the air temperature and the solute

concentration.

45



2.10Conclusions

This chapter provided a detailed review of the different SDD techniques. The review
showed the advantages and disadvantages of the different SDD techniques and
comparisonof the applicability of these methods. The review has highlighted the
suitability of the filament SDD for particle formation studies at high temperature as
it can be used at a wide range of drying conditiguegticularly air temperature. The
usefulness ofhese SDD techniques on understanding particle formation studiss
been highlighted. They provide an easier alternative to monitor particle formation
during drying and has helped unravel various parts of particle formation such as
morphology develpment, transport phenomena and measurement of drying
kinetics. The main drawback of the SDD is the large size of the droplets compared
to those produced on industrial spray dryer. Despite the differences in particle size,
examples of similarities of strtures produced from SDD and spray drying have been
highlighted, which demonstrates the usefulnesf SDD for particle formation

studies.

The literature review has shown that although boiling Basgnificant influence on

the subsequent morphology development, detailed studies on particle formation
accounting for the effect of boiling are lacking. This is particukarigient for skin
forming materials where their plastic nature attekir response to boiling caresult

in diverse morphologies. The complexity of understanding the morphology
development when drying above boiling is digethe significant influence of the
surface structure formed on the particle during drying on the response to boiling
driven effects.The structure formed is highly dependent on the material dried and
is significantly influenced by the evolution of rheological and mechanical properties
with the increase of temperature and solute concentration during drying. The
relation between the morpology development and material properties is therefore
vital for any progress on understanding morphology development in spray drying.
This is even more challenging for systems with complex rheological and mechanical
properties such as phase transitiod$iese are usually relevant and more common
in industrial spray drying.he literaturehas shownthe role of material properties on

the morphologydevelopmenthas been conductedon some food famulations
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However, these studies were conductadlow air temperature below the droplet
boiling point The literature review haalso highlighted the challeng®f in situ
measurements of material propertieparticularly the viscoelastic properties of the

skinon the particle during drying.

To tackle these gaps highlighted in the literatuo®m understanding particle
formation above boiling point, thetérature review has highlighted a need for a
thorough investigationof more thanone system.The systems selected are of
industrial relevance for the detergent, food and pharmaceutical indestThese
systens have not beerstudiedin detail particularlywith regards tathe influence of

boiling on the morphology evolign and the structure of the final dried particles.
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Chapter 3Apparatusdevelopment and
guantification
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3.1 Introduction

The development, design, commissioning and validation of the experimental
equipment used in this work is described in detail in thapter The firstpart of

this chapter @scribes in detail the design, inftaent and testing of the single
droplet drying approach. The validation of the measurements methods is done by
measurementf single droplet dryingf pure distilled waterwhich are compared

with theoretical expectations based on mass and energy balance calculations using
RanzMarshallCorrelations. The secorghrt of this chapter describes thab-scale

spray dryer which is used for comparison of final driructures to the single

droplet drying experiments.
3.2 Single droplet drying

3.2.1 Selection of single droplet drying method

The single droplet drying approach was chosen as it allows for close monitoring of
the droplet drying and measurement of drying kinetigSonsideration of the
different single droplet drying techniques including sessile, acoustic and filament.
The filament single droplet drying is the most practical due to the range of
temperatures that can be applied. An acoustic levitator has a limiabb the
operating temperatureand hence it was excluded in this work. This is due to the
electronics included in the rigwhich cannot withstand higher temperatures
(Groenewold et al., 2002)-urthermore, the suspensiasmiterionis also affected at

high temperaturegGroenewold et al., 2002 ssiledroplet drying approach ialso

not ideal fordrying at high temperatureas the source of error from the substrate
increases substantially at high temperatures. The substrate also greatly affects the
nucleation of the bbbles inside the droplet. The filament single droplet drying rig is

therefore considered to be the most practical option for drying at high temperatures

3.2.2 Filament single droplet drying

A disassembledrig (ThrelfaltHolmes, 2009) missing vital parts and tools rfo

controlling the process parameters and capturing the drying processuses as
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the basis of the singldroplet drying rig designTherefore, measurements methods

had to be devised, installed and validated.

The approach adopted in this design is an apparatus that will operate over a wide
range of droplet diameters and air velocity, temperature and humidity. The desired

drying/evaporation conditions for this device to be operated are:

1. M NJ GSYLISNY GdzZNB&a wups/ G2 opn e/
2. Air velocities 0 to 2 m/s

3. Droplet sizes from 1 to 3 mm.

The final process flow diagram of the single droplet drying apparatus is shown in

Figure3.1.
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Figure3.1 A process flow diagram of the single droplet drying rig
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Figure3.2 Single droplet drying rig
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The rig development includes the design and control of airflow and temperature
which is vital for the success of tisengle droplet drying experiment3he droplet
needs to besuspended in the drying chamber in uniform, jmenditioned
(temperature and humidity) airstreanThe loggingand synchronisatiorof drying
kinetics includig temperature, radius and mass also an important part of the
design The design of each part of tlsengle droplet dryingpparatusisdescribedn

the following sections

3.2.3 Control of air supply

The flow diagramFigure3.1, shows that the air supply includes a pressuraggto
control the pressure of the dlow. The air flowrate then passes through a thermal
mass flowmeters (Brooks) withfluid range of 664 litres/min. The thermal mass
flowmeter is connected to US&11 data acquisition (DAQ) devjcehich is
connected to a PC to control the compressed air flow rate usingb&/|EVWode. A
screenshot of the block diagram of thiabVIEWWode is given id\ppendix AFigure
A.l. The mass flow controller has been calibratedd the calibration table is given

in Talde 3.1. It is of vital importance that the air passing to the drying chamber is
laminar flow and steady to prevent movement of the filament. Before entering the
drying chamber (where the droplet is held) the dryaigis passed through 10 layers
of 24mesh screens (perpendicular to the flow), which serves to flatten the air

velocity profile.

Tale 3.1 Calibration table of the mass flow controller
Voltage (volts) Volumetric flon rate Air velocity

(litres/min) (m/s)
0.50 6.16 0.19
1.00 12.38 0.39
1.50 18.57 0.58
2.00 24.76 0.77
2.50 30.96 0.96
3.00 37.15 1.16
3.50 43.34 1.35
4.00 49.53 1.54
4.50 55.72 1.74
5.00 61.91 1.93
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1.

3.2.4Control of air temperature

The airis heaed using a custom made 4kW helical annular electrical hedtee
heateris controlled usinga temperaturecontroller whichincludes 2 PID LOOP. Two
thermocouplesare connected to the controllepne from the heaterand the other

one is placed in the pipeline upstream of the bypass valves. As a safety measure, an
airflow switch FST100 2R supplied from Omega was mounted in the pipeline feeding
the heater and connded to the temperature controller, if the airflow passing into

the heater is disconnected, the heater is switched off. Tdmperature controller

was also configured to allow for an alarm which can be set for a maximum
temperature for he heater All pipelines in the rigvere insulated withRockwool

insulation to reduce heat loss

3.2.5Selection and design of the drying chamber

The drying chambessithe main unit of the single droplet drying rig and the most

challenging in terms of design. The key design considerations include

Smooth flow: It is important that dilow over the entire length of the drying
chamber is stable and has a minimum degoé&rbulence to prevent distortion

of the droplet and intervention with the drying process. To counter this problem,
layers of mesh screensave been fitted upstream of the drying chamber. To
ensure the flow maintains a flat velocity profile in theyithg chamber, the
distance between the mesh screens and the drying chamber must be minimum,
specifically the distance to the location of droplet suspension in the drying
chamber.

Easy access to the drying chamber: The experimental procedure of rig operation
involves heating the drying chamber to the desired temperatinen diverting

the airfflow so that the drying chamber can beeped from the air exit end and

the droplet can be suspended on the hangilgmentin the drying chamber.
This necessitatesn easy opening of the drying chamber and quick access to the
location of droplet suspension.

The materiabf construction: Higloperating temperatures, as high 280¢ /aie

used and therefore the material must withstand such temperatures. The
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material of construction must also be transparent so that it allows for

visualisation of the droplet. For these reasobstosilicate glass was selected.
After carefully considering all design conditions previously discyussitision was
made to order a customisebund drying chambermade ofborosilicate glass with
RAYSyaAazya 2Pp&éaLyM mwoD EBDIT M dH

3.2.6 Data acquisition and synchronisation

3.2.6.1Measurement of the droplet temperature

The droplet temperature is measured by susdig the droplet on the tipof a
thermocouplewith 200 um diameter. The droplet temperature is logged using-TC
08 Thermocoupledata logger (Pico Technology). The use of IR thermal imaging
camera waslsoexplored. The setup with théhermal cameras givenin Figure3.4.

An example ofinimage obtainedrom the thermal cameras shownin Figure3.3.
Preliminary testslemonstrated good agreememtf temperaturemeasurements of
water droplet during drying measured by FLIR camera and a tlumoople.

However, due to limitation withthe availability of the FLIR camera, théroplet

measurements were all conducted usiaghermocouple

/'\

Figure3.3 A-frame of waterdroplet during drying captured usig a FLIR IR camera
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Figure3.4 The ®t-up of the drying rig with a FLIR IRmoara

3.2.6.2Measurement of the droplet radius

The measurement of the droplet radius required a careful selaatiblens and the

camera. The requirement of the lens to be able to capture:

1 The maximum size of the droplet/particle during drying

1 The minimum size of the droplet/ particle during drying

1 The working distance as the lens need be at a distance from #drying

chamber to avoidhe effects of hot air

The lens selection comprised a vital part of the accuracy of the acquired data from
the rig asit significantly affects the diameter measurements of the droplet during
drying. The ability to perform a quick high accuracy diameter measurement is
therefore of vital importance. Telecentricrisesallow fora high degree of accuracy
to be achievedas they demonstrateero angular field of viewwhich eliminates

parallax errofEdmund Optics, 20197 his is depicted iRigure3.5.
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Figure3.5 Angular fieldof view comparison of conventional viglecentriclens. Telecentric lens
offers zero angle field of viewWwEdmund Optics, 2019)

The droplet is suspended on a filameahd the drying process is recorded using a
Basler Ace USB Camera (128124 fitted with Matrix Detector &lecentric Lens.
Matrix Detector Telecentric Lens hawggsensor size, a working distance of 62 mm
and a field of view of 6.4x4.8 mm. High Performance Telecentric llluminators (LTC
LHP) are used to provide back illumination of the drogleeselluminatorsprovide
excellent illumination stability and precise light intensity specifically designed to give

back illumination for objects imaged usiagelecentric lens.

3.2.6.3Consideration of mass measurement methods

A direct method for mass loss measurement is requipadticularly in the case of
drying droplets with dissolved solids #se estimation of mass loss based on
diameter becomes invalid’he measurement ahass loss was the most challenging
part of single droplet rig design. The initial droplet mass to be used in the droplet is
in the range of 13.5 mgdepending on the size of the droplet and the dissolved solids.
The mass loss per second is expected to be in the range eD@M8Img/s based on
preliminary calculations depending on the air temperatutiee material of the
dissolved soligd and concentrdon. The approaches considered for mass loss
measurement include Infrared (IRpectrometer and balances wietresolution to 6

and 7 decimal places of a gram. The comparison criteria included accuracy,
resolution, response tim ease of installation, calibration requirements and

compatibility with the drying procedure.

ThelR has been used a study byTran et al. (2016a)lherefore, it was considered

for this single droplet degn to measure the droplet mass. The model considered
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was NGA 200 range (MLT1/2/3/4), supplied by Emerson Automation Solutions.
Detail of the equipment is given fable3.2.

Table3.2 NGA 2000 IR analys€éEmerson, 2008)

Response time n a X Gdon X}

Permissible gas flow 0.2¢1.5 l/min.

Maximum gas pressure X mMmpnn Kt |
psig) , 1.5 bar

Sensor operating temperature -40 to +60 °C

Lowest range 0-1000 ppm

Highest range 0-8%

The use of annfrared spectrometerfor mass measrement was excluded du¢o

several issues summarised as follows:

1- Limitation of the airflow that can be admitted into the spectrometer: the
permissible gas flow through tHafrared spectrometers in the range of 0:2
1.5 I/min which is much lowehan the aiflow range for this rig 64 I/min.

This means there was a need to design a pipeline where a fraction of the
airflow exiting that drying chamber can be diverted into the spectrometer to
conduct the moisture analysis. This would introducesamor as the amount

of air used for analysis is much lower than the overall flow rate coming out
of the dryingchamber.

2- The sensor operating temperature is intherangerofn G2 cne/ Y ¢ K
experiments are conducted at air temperatures intheraBg€ Hp 6/ G2
6/ X2 YdzOK KAIKSNI GKFyYy (GKS NIy3IS 2FFSNEB
This means in cases where the air temperature exceeds the sensor operating
temperature the air would need to be cooled before it is fed into the
spectrometer. Tts would be undesirable and might introduce further errors.

3- The need for repeated calibration of the devieging pure water.
Thesevendigit balance, XPR2U supplied from Mettler Toledo, was used to measure

mass lossvhen drying droplets of water at ambient air temperature. Details of the

balance are given ihable3.3.
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Table3.3 Specifications Balance XPR2[Mettler Toledo, 2019)

Maximum Capacity 21g¢
Readability 0.1 ug
Repeatability (typical) 0.15 ug
Minimum Weight (USP, 0.1%, typical) 0.3 mg
Guaranteed Repeatability 0.2 ug
Weighing Pan Diameter 16 mm
Material Number(s) 30279196

The trials ofmass lossrbm water dropletsduring drying were unsuccessful and
showed a high degree of instability of mass measurements due to the effect of
airflow. Anaher microbalance with a resolution to 6 decimal places of a gram
MSEG6.6900-DM Sartorius Cubis balance, was considerdtails of tlis balance

are given inTable3.4. Thesixdigit balance showed a very high potential with stable
mass measurements with airflow and at high temperaturébe setup of the
microbalancen the single droplet drying apparatus is showrFigure3.6. Details

and description of the validation of mass measurements are ¢gv2r1Q

Table3.4 Specifications of the Sartaus Cubissix-digit balance(Sartorius AG, 2019)

Readability 0.001 mg

Weighing capacity 6.19g

Levdling Assisted

Adjustment Internal, isoCAL

Display Liquidcrystal display, black and white
Brand Cubis®

Weighing pan diameter 30 mm
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Figure3.6 The setup of the microbalance to measure moisture loss

3.2.7 Selection of filament

The temperature measurements involved suspending the droplet entith of a
thermocouple with200 umdiameter. For measurement of massfilament made of
PolyetheretherketonePEEKwith a diameter of200 um was usedfor droplets
suspension This material was chosen due to its low rthal conductivity,0.26
W/m.K(Goodfellow, 2018)ThePEEKilament had a temperature limitation of 280
(Goodfellow, 2@8). A filament with200 umdiameter was found to be the smallest

diameter at which successful suspension of droplets was achieved.

3.2.8 Experimental procedure

The experimental procedure for the single droplet drying rig are summarised as
follows:

1. The compressed air is switched on andtedhe desired air temperature and
flow rate to achieve the target velocity and temperature in the drying
chamber.

2. Once the set temperature has been reached, the air is temporarily diverted
from the chamber using a bypass valve, in order to dispense rigleat in
quiescent air and minimise evaporation of the droplet during the loading

time.
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3. The droplet is generated on a pipette tip (045 pL Eppendorf Research
Plus). A filament of similar size to the suspended filament is used to transfer
the droplet fom the tip of the Eppendorf to the tip of the suspended
filament.

4. The recording of frames, droplet temperature and mass is staded the
air is diverted back to the drying chamber

5. Once the mass loss is statlee recording is stoppedind the air igliverted

to bypass, to permit the dried particle to be removed from the filament.

3.2.9 Synchronisation and logging of data

This section describethe development of LabVIEWodes to synchronise data

logging from the following devise

1. Basler USB3 Camera: up to 169 Frames per second

2. Pico logger temperature logger: up to 33 samples per second

3. Sartorius microbalance: up to 5 samples per second.
To achieve the synchronisation, thrdeabVIEWprogramssubroutires, termed
virtual instruments (VIs), were created log the data from the three devices
separately. Then, these three stodes were merged into one code where the
sampling starg at time zero for all the devices. It was ensured that the
synchronsation also works even when with different sampling intervals from the
three deviceslmagesof the front panel and VI codes to log temperature, mass and
camera frames are given Appendix A.2n FigureA.2, FigureA.3, FigureA.4 & Figure

A.6, respectively.

3.2.10Validation of experimental equipment

Validation of the meas@mentmethods used in the single droplet drying apparatus
is doneby conducting experimentadrying runs using pure waterThe two main
measuremenimethods are thedeterminationof the diameter from images antie
massloss from themicrobalance.Testing of the accuracy of these methods is
conducted by drying runs of pei distilled waterat air temperatures of 2&, 60C,
100eC,160aCand 180aC. The experimental runs are compared withetmass loss
and diameter historgalculatedusing a model baseah RanzMarshallCorrelations
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3.2.10.1RanzMarshallmodel

Thestepsusedin the RanzMarshallmodelare asfollows:

TheNusselinumber,Nu, andthe Sherwood numberShare determinedrom Ranz

MarshallCorrelations given beloRanz and Marshall, 1952a)

.0 ¢ M2 R0 G (3.1)
3E ¢ 2 A3 A (3.2)
Reis the Reynolds number of the droplet given by:
LQ”
5 A ‘ (3.3
0, ,” are the velocity (m/s), viscositfPa.s) and density (kgAnof the air

respectivelydq isthe diameter of the droplet.
Pris the Prandtl number calculated from:

05 (3.4)
Q
6 p is the heat capacityf air (J/kg.K)Q is thermal conductivity of agWw/m.K)

¢

00

2

Scis the Schmidt numberalculated using:

x (3.5)
3 A o

The heat and masdransfer coefficientsha and km respectively, areletermined as

follows:
~ - 00 (3.6)
Q@ 5
-~ OB3E 3.7)
Q@ =5

Dvis thewater vapour diffusivity in air.

Thewater vapour saturation pressure otne droplet surface is determined using

Antoine equation:

6 (3.8)
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L (3.9)
n
psat IS the saturated vapour pressure at the droplet temperatufe, p: is the

atmospheric pressurany, is thewater vapour mole fraction at the droplet surface.

The drying rate is determined using:

% 0 UT\L;_ b O (3.10)

mq is the mass of the dropleMy is themolecular weighbf water. wy, is the water
vapour mole fraction at thelroplet surface”Y is the film temperature in Kelvin;
the average of the air temperaturand the droplet temperaturg Adhikari et al.,

2007)
The new diameter is calculated based on the drying rate as follows:

Qa @ (3.11)

™o ' o
is the density of the droplet. is thedropletradius

The droplet temperature is determindahsed on energy balanee follows

QY Qa (3.12
a 0p — MQ“Q Y Y —
" Qo = Q0
“Y and”Y are the temperatures of the droplet and air respectivelyis the latent

heat of the droplet.

The new mass of the droplet is determined using the old mass of the droplet and the

drying rate

Qa4 ., (3.13)

Yois the time step

The thermophysical properties of air were determined as a function of air
temperature based on equations reported by Zografos e{E087), summarised in
Table 3.5. The computed values are summarised in Table 3.6. The water properties
are determined as a function of the droplet temperature based on equations given
in Table 3.7.
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Table3.5 Equations for thermoplysical properties for dry air, temperature range 1063000 K,
atmospheric pressuréZografos et al., 1987)

Equation Unit
Z 1 8 kg/m?
Ho 8 1 8 1 8 d N.s/r?
8
8 I s I s ] kK
8 4 8
8 dl 8 4| 8 q W/im.K
: J TR

Table3.6 Dry air properties used in th&anzMarshallmodel calculation, determined using
equations inTable3.5

Property 'ANJ GSYLISNI Gdz2NB 066/ 0
25 60 100 140 160 180
7.4 (kg/m?) 1.184 1.059 0946 0.854 0.815 0.779

I-L|t><103 (N.s/m?) 1.849 2.008 2.181 2.181 2.420 3.101

R (I/kg.K) 1007 1007 1009 1013 1016 1019

0.026 0.028 0.031 0.034 0.035 0.036

Table3.7 Property equations for liquid water, temperature range 243600 K, atmospheric

pressure
Equation Reference Unit
Z. 8 1 8 Zografos et al. (1987) kg/m3
1 8 4 8
ki 8 1 8 Zografos et al. (199 J/kg.K
TR T
y g 1 HendersonBellers Jikg
d 8 (1984)

The diffusivity of water vapoub), in air is determined using a correlation taken from

Boynton and Brattain (1929yiven by:
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v 8 p 3.14
o o1 619
Y 0

where,

O is the diffusivity of water vapour in air at absolute temperatur®) (and
atmospheric pressure, detmined to be 0.223x1®m?/s (Boynton and Brattain,

1929)

Tis the temperature in Kelvin, in this ca#eis taken asthe film temperature”Y ;
the average of the air temperature and the droplet temperatfahikari et al.,

2007)

3.2.10.2Pure water drying experiments versi®anzMarshallmodel

The validation of the measurements methods incorporated in the rig design was
carried out by conducting single droplet dryingperiments of distilled pure water.
The validationsvere carried outt the conditions summarised ihable3.8. The two
main methods testd include (a) the determination of the diameter measurements
from the images obtained from the camera (b) the mass measurements from the
Sartorius balance witaresolution to 6 decimal places of a gram describegl 6.3

The PEEKilaments, described i13.2.7, wasusedfor droplet suspensions. Up to 5
drying runsof pure water dropletsvere conducted at the same condition to teke

repeatability and accuracy of the data.

Table3.8 Settings at which rig validation was conducted

Parameter Specification

Air velocity 0.57 m/s

Droplet size 1.51.7 mm

Air temperature 25¢ /| X C,d00s /&#6De and 180g /
Filament PEEHKilament (200 pm diameter)

Diameter measurement method Images converted to diameter using Image.
Mass measurement method Microbalance witha resolution to 6 decima

places of a gram

Number ofexperimental dryingrepeats 5
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The images of water droplet recorded during drying are processed using ImageJ2
(Schneider et al., 2012p determine the diameter of the droplet/particle in mm
units. The images are importedanimageJ and converted into binary images vath
black foreground (representing all the values that belong to the droplet as well as
the visible part of the filament) and white background representing the rest. The
conversion of images into binary imageshased on the colour threshold between
the black droplet and the white backgroupas shown irFigure3.7. The visible part

of the filament is cropped out using the editing tools on ImageJidthkarea of the
remaining black section is determined by transforming the square pixels into
calibrated square mf The area of the inserted part of the filament is determined
from the last image where the water has completely driemhd this area is
subtracted from the total are@f the droplet The diameter of droplet/particle is the
diameter of a circle with the same area as the measured projection arehhence

the diameter is calculated as follows:

T b6 8 (3.19)

A) B) C)

Figure3.7 Stepsof imageprocessing using ImageJ analysis to obtain dropletraé&er

Typical individual runs of the recorded mass loss and diameter versus computed
model results are presented igure3.8. Further single droplet drying repeats are

presented inAppendix B
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Figure3.8 shows a strong agreement between thdroplet diameter determined
from experiments and that computed by RaMarhsall model The diameter
measurements show deviation from the expected values towards the end of the
drying. Thedegree of deviation towards thend of the dryingncreasa with the
increase in air temperatutelhe deviation towards the end of the drying is caused
by the small size of the dropletvhich makes the diameter measurements more
challenging due to the increase of error from the filamentusion. In additionthe
increasederror in diametermeasuementstowards the endof dryingis related to

the sphercity of the droplet assumed in the calculation of the diameter in Equation
(3.15). The error associated with the image analysis at the end stage of dilgag
increases adhe relative sizeof the filament to the droplet becomes higher
Furthermore the error from the heat conduction also increasatsthe end stage of

dryingas the droplet size becomes smaller

The mass measurements of the droplet during drying, shoviAigare3.8, alsoshow

a good agreemento the mass computed fronRanzMarshall model at all air
temperatures. The agreement betweenperimentalmeasurements anthe model
demonstrate thatthe effects of the filament intrusionon the drying processre
negligibleat the droplet size range (1-%.7 mm)and filament siz€200 um) usedin

this study A filament with a diameter of 20Qum only makes up about 0.2% o&
droplet with a volume o ul. The heat conducted into the droplet along the filament
remains lower tharil% of the total heat input to the droplet through convection
(Charlesworth and Marshall Jr, 1960; Qi Lin and Chen, 200&jiswork, the heat
conduction from the filamenthas further been redced by the use of
Polyetheretherketond?EEKilaments which posssslow thermal conductivity, 0.26
W/m.K (Goodfellow, 2018)The agreement between the measured and computed
mass and diameter measurements proves the accuracy of the measurements
methods at the range of conditions used @by n e/ | A NJ &-BmmJS NJ G d:
droplet size0-0.57 m /s air velocity). These are the range of conditions required for
the scope othiswork, and therefore it can b concluded that the rig measurements

havebeen successfully validated.
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3.3 Spray drying

One of the overall objectives of this study is to compidwestructures of the dried
particles collected fronthe single droplet drying gparatus and dab-scale spray
dryer. Therefore, this part gives a brief description of ldescale spray dryeused

in this work depicted inHgure 3.9. This spray dryer can be operated withotwr
three columnsThe spray dryeoperating range include25-200¢C air temperature
and airvolumetric flow ratein the range oD- 1.2 n¥/s. It can be operated with two
types of nozzlesa biluid nozzle andan ultrasonic nozzleThe spray dryer is
equippedwith a peristaltic pump to control the feed rate and a cyclone collector for
obtainingthe fine powder. In thistudy, the spray dryer has been used to dry silicate
and HPM@queous solutiong~urther details of the spray drying work of silicated

HPMCaqueous solutionare given irChapter 5& Chapter §respectively.

Fgure 3.9 4M8-TriX ProcepSpray dryer
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3.4 Conclusion

This chapter presented the designpommissioning and wvialation of the single
droplet apparatus. This apparatus measures the drying kinetics by a combination of
optical method and a direct mass measurement method using a microbalance. By
doing this, the mass loss from droplets with dissolved solids can bedest@ven

after the shrinkage of the particle ceasessignificantadvantage of this system
compared to other systems such as acoustic levitation is that high temperatures can
be used analogous to those used in spray drying. Furthermore, the usthef
telecentric lens and a microbalance for mass measurements ensures that this system
requires little calibration effort. In addition, the use BEEHKilaments with lowheat
conductivity ensurs a reduced error associated with heat conductioonfr the
filament. The validation of the measurememtethods incorporated in the rig, the
optical methods and the mass measurements, was conducted by drying pure water
droplets and comparison of experimental measurements with a model based on
RanzMarshallcorrelations The results demonstrated a good agreement between
the measured and computed mass and diameter measurements. This agreement
demonstrates a good accuracy of the measurememthods at the range of
conditionsused 25180¢ / | A NJ (i, 3 A dnN\itopied 2B an@-0.57 m /s

air velocity. These are the range of conditions required for the scope of work in this
thesis and therefore it can be concluded that the single droplet drying apparatus

has been successfylcommissioned and validated.
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Chapter 4Drying of sucrosavater
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4.1 Introduction

The literature review highlighted that one of the most interesting and complex
outcomes of drying above the boilingmperatureis inflation/deflation cycles. The
inflation/deflation during boiling can result in significant changes to the surface area
of the droplet/particle and evaporation rate¢hereby influencing the properties of
the final dried particlesuch as size and density. Depending on the structure of the

particle formed during drying the particle can either maintain an inflated state and

T2NXa | GLWzZFFSRE LI NIAOES 2NJ O2dsblidLla S

particle.A detailedinvestgation of the reason behind differences in outconadter
inflation/deflation cyclesis lacking.Two systems have been selected that shbig
contrasting behaviouafter inflation/deflation cycles silicate and sucros&he focus
of this chapter is on sucrosehilst the next chapte(Chapter 5 focuseson sodium

silicate.

Drying of sucrose has beawnducted in previous studiegtSayed et al. (1990)
reported that sucrosaundergoesinflation/deflation when dried above the boiling
temperature. The morphology evolution of sucrosove boilinghas also been
reported by Hecht et al. (200Q)where inflation/deflation cycles were observed.
However, this work was more focused on the influence of inflation/deflation cycles
on the loss of volatile components rather than the effects of boilingtioa
morphology development and the structure of the final dried partiddthough
these studies have reported some effects of boiling on the morphology evolution, a
systematic studyon the drying behaviouat air temperatures above and below
boiling anda range ofinitial solute concentrationgs lacking.The complexity of
understanding the morphology development during boiling is attributed to the
difficulty of characterising the structure formed during drying and the dependence
of this structure on theevolution of the material properties with temperature and
solute concentrationThe drying kinetics can give insights into the nature of the
surface structure and its influence on the drying behaviour. For example, the extent
of shrinkage and lockinghe point where the paticle shrinkage ceases) can give a
measure of the rheanechanical nature of the surface structure formed during

drying.The influence of boiling driven effects (includinfiation/deflationcycles) on
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the size andstructure of the final particles ah different range of initial solute
concentrations is yet to be investigated. Furthermore, the boiling onset parameters
such as diameter and moisture content which can help understand the nature of the
structure at whit the particle enters the boiling stage are still undetermin€de
effect of the morphology developments on the boiling réd@lso not investigated

in detail particularly with consideration ofhe influence ofair temperature and
initial solute oncentration. The determination of the evaporation rate prior to
boiling and during boiling can give an insight into the ability of structure formed on
the surface of the particle to hinder moisture transport. Furthermore, monitoring
the morphology evolutin such as mechanical deformations can give a qualitative

measure of the rheanechanical properties.

To achieve these aforementioned aims, the single droplet drying appasatsissed

to map the drying behaviour at a range of initial solute concentregti@and air
temperaturebelow and above boilingingle droplet drying experimentgere used

to closely monitothe morphology evolution and measure drying kineticgluding
surface area, droplet temperature and evaporation flux at air temperatures above
and below boilingTherefore, the first part athis chapterbegins by providing typical
morphology evolution time series obtained from the single droplet experiments to
give an insight into the overall morphology evolution at a range of drying air
temperaures. The second part of this chaptpresents the drying kinetiasto two
parts; drying kinetics below and above boiling. In both parts, the effect of the air
temperature and solute concentration on the drying kineticgluding the surface
area of thedroplet/particle, droplet temperature and evaporation flux are closely
investigated. The measured drying kinetics are also compared agaimstiel based

on RanzMarshallcorrelationto assess the effect of the developing morphology on
the evaporation rate and droplet shrinkage. The drying kinetics are then used to
collate parameters on the onset of boiling such as size and moisture content at
different drying condibns. These parameters are used to understand the nature of
the structure at which the particle enters the boiling stage and the effect of air
temperature and solute concentration on tineechanism®f inflation/deflation. The
interpretation of the drying kinets results is also aided bye determination of the

Péclet number
71



4.2 Experimental work

Sucrose solutions we@epared by adding sucrose powder, purchased from SIGMA
ALDRICHo distilled water. The solutions were prepared at solute concentrations of
5, 15, 30 and 45% w/w. To ensure complete dissolution of the solute in distilled
water, the solutions were stirrelly the use of a magnetic stirrer at 200 revolutions

per minute (RPM) for-3 hours.

The single droplet drying apparatudescribed inChapter 3 was utilised to dry
agueous sucroseofutionsat a range of conditions summarisedTiable4.1& Table
5.1. The selection of these conditions wasdeto map thedrying behaviour at a
wide range of drying conditions and offer a thorough reviewso€rosedrying
behaviour. The procedure of single droplet dryggperimentsand image analysis
have been described iB.2.8and 3.2.10.2 respectively Laboratoryspray drying of
aqueous solutions ofucrose was not conducted due to te&pectedstickinessof

sucrose on thehambers of the spray dryer

Table4.1 Single droplet drying conditions used to daqueoussucrosedroplets

Parameter Setting

Air temperatures 60¢C, 100C, 140QC, 180LC
Initial solute concentrations 5%,15%,30% and 45% w/w
Air velocity 0.57 m/s

Droplet size 1.4 1.7 mm

4.3 Morphology evolution during drying

The morphology evolution of sucrose at different air temperatures is showatie

4.2. It can be seen that the morphology evolution can be categorised into drying
below boiling and drying above boiling. Below boiling (at®60and 100C), the
droplet shrinks homogenously and maintains its spherical shapéhémajority of

its drying time until it stops shrinkage at a later stage ofdhgng time.Thesurface

of the droplet remains smooth without any instabilities or deformations. Thasis
indication that the surface of the droplet remains in a liquid state for a majaoper

of drying without the formation of an elastic structure that hinders the shrinkage of

the droplet. This is further suggested by the normalised surface area profiles as a
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function of drying timewhich is discussed further in the drying kinetics section
4.4

Table4.2: Morphology development of sucrose during simgliroplet drying with 15% initial solid
concentraion, var=0.57 m/s and different air temperatures

TaiT,:EODC ‘ ‘ ‘ ‘ I T
f(s) 0 20 40 60 80 100 120 140 180 280
T4°C) 17 28 29 29 30 32 35 42 54 61
T,i=100°C ‘ ‘ ‘ ‘ —
1.5 mm
t(s) 0 15 30 45 60 75 90 105 145 175
Ta(°C) 23 39 39 40 43 55 71 83 97 99
Tair=140°C ‘ ‘ @ d 1.5 mm
t(s) 0 20 40 62 72 73 83 83 94 147
Ta(°C) 28 58 70 105 112 113 127 126 133 135
T,i=180°C ‘ ‘ ‘ ‘ ‘ E é
t(s) 0 10 30 31 32 35 36 37 38 77
Ta(°C) 29 84 121 120 124 137 144 150 158 177

Table4.2 shows that dove koiling (at140°C and 180Q), the droplet goes through
a shiinkage period followed binflation/deflation cycles due to bubbles nucleation
and vapour builelp inside the droplet. The ability of the vapour build to cause
inflation/deflation cycles suggests that tharoplet is stillin a Iquid state when the
droplet enters the boiling stage which means therktike resistance for the inflation
of the droplet.Notably,the particle collapses at the end of the inflatiomfation
cyclesas is evident from th&nal morphologyimages inTable4.2. This is due to the
nature of the structure of the particle dumy drying which remains with little
elasticityand thusincapable of maintaining an inflated state of the particle. The
behaviour ofinflation/deflation cycles is similar to that reported [BtSayed et al.
(1990)andHecht et al. (2000However, thisvork makes use afigh-speed imaging
to gain a closer look at the mechanisms occurring duringytietion/deflation cycle.

The morphology time series at the moment of deflation captured by the-bpged

3 A larger size replica table with better image quality is provideTainleE3 (Appendix E
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camera is given ifrigured.l. It can be seen that the droplet inflates in size and then

the liquid outbreak occursleading to the droplet collapse.

Figure4.1 Morphology time series of thenflation/deflation cycle of 15%w/w sucrose droplet
RNASR G wmy ne /aptired By athi§aspesd dhméralanIH0o0dames per seconds.

The collapse at the end of thieflation/deflation cycles is in contrast with the
behaviour of silicatewhich is discussed iBhapter 5 Theeffect ofthe morphology
developments demonstrated in this section on the drying réag@svestigatedoythe

analysis ofirying kineticspresented in the next section.

4.4 Drying kinetics

The drying kinetics are presented in terms of normalised surface area, droplet
temperature and evaporation fluxrhe drying kinetics presented in thisagher are

of typical drying runs based on3experimental single droplet drying repeats. For
ease of analysis, the drying kinetics below and above boiling are presented
separately. The evaporation flux is determined based on the surface area and the
massloss data, measured by the microbalance describe®.B6.3 using the
following equation:

a a 4.1)
00 O E T Ve NeE— 2 °T“i 0

Where,
ris the radius of the droplet
m is the mass othe droplet

t is the drying time
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4.4.1Drying kinetics below boiling
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The temperature profiles ifrigure4.2 & Figure4.3 show that drying below the
boiling temperature results in three drying stage; heatumperiod, constant rate
period and falling rate period. In the heathug period, the droplet heats upmtthe
wet-bulb temperature where the surface of the droplet remains saturated with
moisture, and there is a balance between the heat added to the droplet and the heat
used for moisture evaporation. The drying continues at wet-bulb temperature

until the surface of the droplet is no longer saturated with moisture and the heat
added to the droplet is greater than that used for moisture evaporation. At this
point, the droplet temperature exceeds theet-bulb temperature and heatsip to

the air temperature. The normalised surface area plot§igure4.2 & Figure4.3
show that the extent of shrinkage and the lehgf the constanm rate period are
largely dependent on the initial solute concentration. In agreement with
expectation, the extent of shrinkage and the length of the constant stage period
decreasewith the increase in the initial solid content. Tmetiease in the initial solid
content results in a decrease in the moisture saturation at the surface at an early
drying time due to the role of the high solid content in hindering the free moisture
transport to the surface of the dropleThis is further gpported by the calculations

based on Ranklarshall modepresented ir4.4.1.1

The evaporation flux, given irigure4.2 & Figure4.3, shows an increase with the
drying until it reaches a maximum and then begiiecreasing. This increase in the
evaporation flux to the maximum is a direct effect of the decrease in the droplet
diameter, which resllts in an increase in the heat and mass transfer coefficients. As
expected, the decrease in the evaporation flux coincides with the increase in the
droplet temperature beyond thevet-bulbtemperature, indicating a decrease in the
moisture transpaot to the surface due to the increase of the solid fraction. The
evaporation flux plots ifrigure4.2 & Figure4.3 are also plotted aginst the moisture
fraction and are presented iRigure4.4. It can be seen that for initial mass solid
content of 5%, 15% and 30%, the decrease in the evaporation flux occurs at similar

moisturecontent.
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4.4.1.1Comparison versuRanzMarshallmodel

The mass and diameter measurements obtained from the rig and used to abéain
plots presented ifFigure4.2 & Figure4.3 are compared against prediction calculated
using theRanzMarshallmodelto assess the effect of the developing morphology on
the drying kinetics. This isde to investigate any effects of the developing surface
structure on the evaporation rate and the shrinkage of the droplet. Ranz
Marshallmodel is used to describe the drying in the constant drying stage where

moisture transports$ unhindered by the developing surface structure. This model is
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unable to account of the effect of solid on the diffusivity of moisture or the effect of
the structure formed on the droplet shrinkage. The method of RenzMarshall

calculdion has been described gection3.2.10.1

The comparisosof the mass and diameter measurements from the single droplet
drying experiments and from the application of tianzMarshal model at air
temperaturesof 60aC and 10@C are giveim Figure4.5 & Figure4.6 respectively. At

low solid content (5% and ¥bww), the diameter and mass measurements closely
follow those determined fronRanzMarshallmodel, particularly in the constant rate
period. At highersolid concentrations, theRanzMarshall deviates from the
measuremetn particularly from the end of the short constant drying stage. This is
because the moisture transport to the surface is hindered by the presence of the
solute which disturbs the surface moisture saturation and thus RamzMarshall

modelbecomes inapplicable.

The comparison witiRanzMarshallmodel shovgthat at low solid contentthefinal
diameter of the dried particle from the model and the measurements sangilar,
which suggest that there is no lockingtié particle. At air temperature of 68C and
high solid concentrations, the final mass and diameter of the particle obtained from
experiments are higher than those froReanzMarshall This is becauset such low

air temperatures,the dropletsare not fully dried even wheett in air for a long time.

At 100 gCair temperature,the final mass and diameter of the dried particle from
experiments and Rarylarshall Model are in agreement even at high concentration.
The agreement in diaeter measurements from the Raiarshall model and
experiment suggest that at low solid content the droplet dries without the formation
of aviscoelastidayer that has the ability to restrict or hinder the shrinkage of the
droplet and the droplet shriks until it reaches its expected diameter corresponding
to the solid mass. This is in agreement with the morphology evolution pictures
presented inTable 4.2, where surface structure remained smooth witltoany
deformations which suggest no elastic nature of the surface. This can be explained
by thelow viscosity of sucrose evenaligh concentration as shown by the viscosity
measurements obtaineffom Telis et al. (2007gnd given inTableC2 in Appendix

C
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4.4.1.2Péclet number determination

The deviation fromRanzMarshall model, particularly at high concentratign
suggests moisturegradient within the dropleaind some solute surface enrichment.
This is investigated e determination of the Péclet number. The Péclet number
gives the ratio of the evaporation flux to the diffusion flux of the solute. It is given by

the following equatiorivehring et al. (207):

L|'O

whereDis the diffusion coefficient of the solute.

k is the evapoation rate (mnd/s) determined from the diameter measurements as

afunction of time as follows:

.0 Q (4.3)

where,
dis the droplet diameter
t is the drying time

The Péclet number is calculated using the evaporation rate determined using
equation (4.3), in the constant drying period where the experimental diameter
measurements and the Rai#arshdl are in agreement based on the results
presented in the previous sectiod.@4.1.]). The diffusion coefficient of sucrose is
taken at the wet-bulb temperature, approximately 3fC, and the initial solute
concentration in the droplet. Sucrose diffusion coefficients are obtained from
Ekdavi-Sever et al. (2003)based on nuclear magnetic resonance (NMR)
measurements. The diffusion coefficients are 1.82%10%/s, 1.62x16°° m%s and
1.02x10!° m?%s at solute concentrations of 16%, 32% and 43% respect{Gslg
TableC1, Appendix ¢

Figure 4.7 shows thatthat the Péclet number is higher than 1 at alllge
concentrations and air temperatures of 60 and X0 This suggests that there is a
moisture gradient within the droplet and a degreesuflute surface enrichment It

can also be seen that the Péclet number increases with the increase in initial solute
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concentration due to the decrease in stuliffusion coefficient and also increases
with air temperature due to the increase in the evaporation rdtes likely that the
establishment of the moisture gradient results in a lower moisture fraction at the
surface and decrease in the evaporation rate at an early drying time. This is also in
agreement with the diameter measurements whereetfinal diameter is slightly

higher than the expected diameter from tlianzMarshallmodel.
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4.4.2 Drying kinetis above boiling
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c)

Figure4.9 (a) Normalised surface area (b) droplet terapature (c) evaporation flux at initial solid
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The droplet temperature profiles given igure4.8 & Figure4.9 show that drying at
temperatures above boiling results in five defined stages; the heating up period,
constant rate period, falling rate period, boiling stage and the final heatimgpge
This is expected and in agreement with the drying stagesbtished byo SOA 3 | YR
Vodnik (1991)Initially, the droplet dries and shrinks atethwet-bulb temperature

prior to entering the boiling stage. Once the droplet enters the boiling stage, the
droplet undergoednflation/deflation cycles resulting in significant changes to the
normalised surface area. Thages of dryingutlined from the droplet temperature
profile correspond to changes in the evaporation flux. Initially, prior to the boiling
stage, the evaporation flux shows an initial increase until it reaches a maxim
corresponding to the shrirdge in the droplet size andnhanced heat and mass
transfer coefficients. Afterwards, the evaporation flux decreases due to a reduction
in moisture surface saturatigriwhich in turn results in the increase in the droplet
temperature to the droplet boitig temperature. Once the droplet enters the boiling
stage, the evaporation flux is severely affected by itifiation/deflation cycles; the
inflation of the droplet leads to lower evaporation flux due to the increase in the
surface aea whereas deflation results in an increase in the evaporation flux. This is
expected and in agreementith equation(4.1) used to determine the evaporation
flux. At the end of these inflation/deflation cycles, the particle continues to dry very

slowly until the end of the drying process.

The evaporation fluespresented inFigure4.8 & Figure4.9 were plotted against the
water moisture content irFigure4.10. It can be seen that with the irgase in the
initial solute fraction, the evaporation flux beginlecreasing at higher moisture
content. This is likely due to the establishment of moisture profildich is
influenced by the evaporation rate and the solute diffusion coefficient. Thistisr
understood by the determination of Péclet numbarhich is presented in the next
section.Figure4.8 & Figure4.9 also demonstrate an increasetbie evaporation flux
which corresponds to the boiling stage. The increase of the evaporation flux at the
boiling stage is due to the liquid phase mixing caused by the rupturing autibe
bubble which increses the internal mass transfer coefficient. @ mupturing action
of the bubble has been demonstrated by the higfieed imaging in sectich3. It is

alsoclear that the extent of the increase of the evaporation flux during boikng
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more pronouncedat highe air temperatures (186C) and higher initial solid content.

This is because the droplet enters the boiling stage at imgisturecontent with the

increase in air temperature and solute concentration which increases the

inflation/deflation rate

as well as thmflation/deflation frequency.
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4.4.2.1Boiling onset parameters

This section focuses on the conditions at which the droplet enters the boiling stage.
The plots presented iRigure4.8 & Figure4.9 were used to collate the diameter and
moisture content at the onset of boiling. The extent of the shrinkage prior to boiling
significantly depends on the initial solute concentration and air temperat&igure
4.11a illustrates that at the same air temperature, the diameter at which the droplet
enters the boiling stage is higher with higher initial solid content. This is expected as
the higherthe initial solid contentthe less amount of water is required to be
evaporated before the surface of the droplet becomes no longer saturated with
moisture and thus the droplet temperature increases to the droplet boiling
temperature at an early dryingme. It can also be seen that at the same initial solid
concentration the increase in the air temperature from 140/ G2 wmyn e/ NB
slight increase in the diameter at which the droplet enters the boiling stage. This is
attributed to a moisture gradient within the droplet as a result of the increase in the
evaporation rate associated with the increase in amperature.The increase of the
moisture gradient within the droplet with the increase in air temperature is
supported by the Péclet number calculations based on the calculation method

outlined in4.4.1.2

The mean moisture content at boilingrigure4.11b, shows an increaswith the
increase in air temperature all initial solid concentrationsThe absolute total
moisture content between the boiling onset and end of boiling is higher with higher
initial solid contents which result in longer total time in the boiling period, as
demonstrated by the temperat@r profiles inFigure4.8 & Figure4.9. Subsequently,

a higher number of inflation/deflation cycles are observed with the increase in initial
solute conceftration. This also explains that the increase of frequency of the
inflation and deflation cycles (number of inflation/deflation cycles) with the increase
in the initial solute concentration as shown in the normalised surface area plots in

Figure4.8 & Figure4.9.
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4.4.2.2Comparison withRanzMarshallmodel

The mass and diameter measurements used to obtain thengrinetics presented
in section4.4.2 are compared againdRanzMarshallmodel. Although theRanz
Marshallmodel is only applicable to drying in the constaate period, it is helpful
to compare the drying in the constanate stage and the expected final diameters.
The results of the comparisons at air temperatsiog 140 and 188C are presented
in Figure4.13 and Figure4.14, respectively. It can be seen that in the consteaate
period, the diameter and mass measurements armmnilarto that predicted by the
model, particulaly at low solid content.The agreement demonstrates that the
morphology evolution of the particle at this point has no influence on the drying
behaviour, moisture transport to the surface of the droplet isrestricted. The
results suggest that the dryingte of sucroset low solid contentan be predicted

by simple modelbased on heat and mass transfer balances.

The discrepancy between the experimental measurements and the model increase
at high solid content where the experimental measurements ofrdduction of the
diameterandthe mass loss arewer than those predicted by the model. Thiglise

to the decrease of the evaporatiaate, caused by the role of high solid content in
reducing the moisture transporto the surface of the particleThe decrease in
moisture transport to the surfacmdicates an internal mass transfer resistance and

a moisture gradient within the drdpt. This is in line with the Péclet number

calculations in the previous section which show a Péclet number higher than 1 which

surface enrichment at higher solute concentrations. Although the diameter
measurements at high solid concentrations are slightly higher than expected, it can
be seen that the particle collapses at the end of the boiling stage and no significant
increase of theparticle diameteris observed This demonstrates that there is no
porosity retainedwhich is in contrast with the silicate system, presente@hapter

5.
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4.4.3The influence of boiling on the final size of the dried

particle
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Figure 4.15 The relative size of the final dried particle atar=0.57 m/s and different air
temperatures Error bars were calculated based on 5 replicates at each condition. Error bars are
based on thestandard deviation of the mean and represent + 1 standard deviation

The final diameter of the dried particle as a function of air temperature and solute
concentration is presented iRigure4.15. It can be seen thadt the same initial solid
content, the increase in temperature results only in a very slight increase in the size
of the dried particle. Thanflation/deflation cycles during boiling resulted only on a
slight increase on the size of the final dried particles as the droplet collapses at the
end of inflation/deflation period and fails to maintain an inflated structure. The
hypothesis behind this is that sucrose remains viscousligndl-like during drymg

as shown by the morphology time seriesHigure4.1 and thus the particle has no
sufficient strength to maintairthe inflation experienced during boiling. This is also
suppoted by the viscosity data given TrableC2 (Appendix Emeasured byTelis et

al. (2007) which shows a low viscosity of sucr@sesn at high concentrationghe

viscosity of sucrose corresponding to the GQGlB7 solute concentration range at
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which the droplet enters the boiling stage, givenFigure4.11b, is in the range of
1.22 to 4.75 mPat 85dCas measured byelis et al. (2007)herefore, at such low
viscosity, the droplet has little elasticity to maintain the inflated state of the particle.
The limited increase of particle size when drying above boiling is in contrast with
systems witthigher viscosit such asnaltodextrin which has been reportead show

an increase of dried particle size when dried above bofiliEkpayed et al., 1990;
AlamillaBeltran et al., 2005)t is also in contrast wit silicate which is presented in
Chapter 5

4.5 Conclusion

The morphology evolution below boiling demonstrated homogenous shrinkage of
the droplet and the spherical shapé the droplet was maintaied till the end ofthe
drying period The surface of the droplet remained smooth without anstabilities

or deformations. The drying kinetics of sucrose in the constant rate period
demonstrated good agreement with a model based on Rdarshall correlations
This suggesd that the drying behaviour is unaffected by the morphology
development. The particle did not form an elastic structure that hinders the
shrinkage of the droplefThe influence of the concentration and air temperature on
the droplet temperatire profile, evaporation flukas been highlighted. The increase
of initial solute concentrationat the same air temperatureesulted in a shosdr
constantrate periodand early increase of the droplet temperature profitethe air
temperature This has been related to early solute surface enrichnesident bya
Péclethnumber higher than lwhich causes a moisturegaadientand a decreaseni

moisture saturation at the surface.

The increase of the evaporation flux at the boiling stage been relatetb the liquid
phase mixing caused by the rupturing action of the bubkbl¢hich increases the
internal mass transfer coefficientheextent of the increase of the evaporation flux
during boilingiwvasmore pronounced at higher air temperatures (1&%) and higher
initial solid content.This was related to the moisture content at which the droplet

enters the boiling stageThe droplet enters the boiling stage at high moisture
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content with the increase in air tempature and solute concentrationwhich

increases the inflation/deflation rate as well as tinflation/deflation frequency.

The total drying time at the boiling stageased on the droplet temperature profile
increased with therise in initial solid content. This increase was caused by early
surface enrichmentith the increase in initial solid contenand thus thedroplet
entered the boiling stage at earlydrying time and high moisture content.
Subse@uently, the absolute total moisture content between the boiling onset and
end of boiling ihigher with higher initial solid contenta/hich resulsin longer total
time in the boiling periodThe longer time at the boiling stage resultedaitigher

number of inflation/deflation cycles

Although the morphology development above boiling demonded
inflation/deflation cycles the particle collapses at the end of the inflation/deflation
cyclesand thus it failed to retain any porosity. The failure to maintain any inflation
has been related to the rheological proprieties of sucrose. Sucrose Wwasgdoosity
even with the increase in droplet temperature and solute concentrations and
therefore exhibits liquidike behaviour during boiling.The behaviour of sucrose
above boiling is in contrast with materials with higher viscosity such as silicatewh
the inflation is maintained during boilingnd the size of the final dried patrticle is

increased. The behaviour of silicate is investigated in detail in the next chapter.
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Chapter 5Drying of silicatéwater
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5.1 Introduction

Chapter 4focused on thdnflation/deflation behaviour encountered during drying

of aqueous sucrose droplet3he outcome oinflation/deflation cycles resulted in
particle collapseand thus the size of the dried particles was unaffected by the
boiling driven effects. This outcome was related to the rheological properties of
sucrose which showed little elasticity ging boiling and thus the particle was unable

to maintain an inflated state following thiaflation/deflation cycles. To expand on
the work conductd in Chapter 4 another system was selected to study the
inflation/deflation behaviour in detail but with a different outcome to that observed
with sucrose. This outcome involviedlation/deflation which results in an inflated,
AJzZF FSRE FAYFE RNASR LI NIAOfSd ¢éhitha o6 SKI
density and the size of the final dried particles, which in turn can have a significant
effect on the bulk properties of the dry powder. The extent of influence i®ddpnt

on solute concentration and air temperature. Therefotleis part focuseson the
drying of sodium silicate a material used in many detergents and cleaning
compounds as active alkaline build&¥eldes et al. (1969ndhasbeen repated to
show puffing behaviouin a study byWalton and Mumford (1999a)A systematic
studyof the drying of silicatbas not been conductegbarticularly on the mechanism

of the inflation behaviour abovboiling andthe effects of the drying parameters and
initial solute concentrationTherefore, this part focuses on the mechanisms of drying
below and above boiling with a focus on the influerdéekey drying parameters on
the drying kinetics and the properties of the final dried particle. A particular
emphasis is on the effect of boiling on the final morphology and final particle size.
The link between the material properties and morphology depeient is also
explored by using rheological properties of sodium silicate obtained from the

literature.

Thischapterfirst presents the morphologiime series at different air temperatures,
highlighting thekey differences between drying at aemperaturesbelow and

above boilig. Then, the drying kinetics beWw boiling including surface area,
evaporation flux and droplet temperature histogye presented, covering the link

between these drying kinetics and the morphology evolutigiterwards, his
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chapterpresents the drying kinetics above boilingdahe effect of air temperature
and solute concentration on thkoiling onsetparameters The effect of boiling on
the evaporation rate and evaporation flux is then discusdéds is followed by a
discussion ontte effect of boiling on theize and poros$y of the final dried particles
The final part of tis chapterinvestigates the structures of the findtied particles

collected from the single droplet drying experiments dhd lab-scale spray dryer.

5.2 Experimentalwork

Sodium silicate solutits were prepared from 45% sodium silicate solution supplied
by Proctor and Gamble. The weight ratio of silicon oxide to sodium oxide of the
solution was 1.6. Desired solutions concentrations of 6 and 17% w/w were obtained
by diluting the 45% w/veoncentraked solutionby the addition of distilled wateiTo
ensure complete dissolutiorthe solutions were left on a magnetic stirrer at 200

RPM for 3 hours.

The parameters considered in this study include air temperatur¢he range of 60

c My n g /itiallsolidRconkexits of 6% wiw, 17% w/w and 45% w/w. The single
droplet drying approach described @hapter 3s used a0.57 mkair velocityand
conditions summarised ifable5.1. Details on the experimental proceduod the

single droplet drying experimentsave been dscribed irChapter 3

Table5.1 Single droplet drying conditions used to dagueoussodium silicatedroplets

Parameter Setting

Air temperatures 60¢C, 100C, 140C, 180LC
Initial solute concentrations 6%,17% and 45% w/w
Air velocity 0.57 m/s

Droplet size 1.41.7 mm

The solutions preparation method for spray drying was similar to the single droplet
drying experiments. The ligd solutions, approximately 0.5 L in voluymeere spray
dried on 4M8TriX ProcepSpray dryer at the settings givenTable5.2. The spray
drying experiments were conducted with theecolumns setip. The system was

heated to the desired temperature and allowed to reatbadystate before turning
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the pump and allowing the liquid solution to béomised. After drying was complete,

spray dried powder was collected and stored in vials for further characterisation

Table5.2 Spray drying settings foradium silicate solutions

Process variable Value

Inlet air flow 0.3 m¥min

Nozzle aiflow 16.9l/min

Inlet feed flow rate 1.66 gram/min

Nozzle type Two fluids nozzle

Nozzle size 0.8 mm

Solid content 5% and 15% w/w

Inlet air temperatures Mmnne/ ¥ Mnne/ ¥ Myne

Dried patrticles collected from the single droplet drying were studied using a Hitachi
Tabletop Microscope TM3030. The particles were removed by cutting the end of the
PEEHKilament holding the dried particle and depositing the particle on an St
covered with adhesive tape. Analysispfaydried powder of silicatevas also done

using SEM.

5.3 Morphology evolution

The morphology evolution time series rable5.3 clearly shows that the drying of
sodium silicate as function of air temperature can be classified into tweain
categoriesdrying below and above boiling. Below boiling, the morphology evolution
shows that the droplet goes through a shrinkage period until they form the final
dried particle. The morphology of the final particle is spheriaald no notable
surface deformations are observed. The lack of deformations, as opposed to those
encountered in the drying of organic polyme(Raubard and Allain, 2003g)
suggests that there is no formation of any skin or solid layer that severely restricts
the shrinkage or moisture diffusion. Above boiling, the droplet goes through a faster
homogenous shrinkage and notably, the droplet goes thiourdlation/deflation
cycles. The inflation experienced in these cycles is sustained at the end of drying, and
puffed expanded particles are producerthe ability of silicate to maintain inflation

at the end of thanflation/deflation cycles is in contragb the behaviour of sucrose
presented in the previous section where the particle collapsed at the end of the

inflation/deflation cycles.Thisdifferenceis attributed to the viscoelastic properties
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of silicateduring inflation which resists the collapsétbe particle. This is discussed

in more detail in parb.5.4

Table5.3 Morphology development during singlerdplet drying of17% w/w aqueoussodium
silicatedroplet at va=0.57 m/s and different air temperature$.

e @ @ @ 6 6 6 6 &6 & &
t(s) 0 20 40 60 80 100 120 140 180 280
T4(°C) 18 29 31 35 38 43 47 50 54 58
2r=100°C ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
t(s) 0 15 30 45 60 75 90 105 145 175
T4(°C) 22 42 47 53 62 70 77 83 93 96
6 6 9 &
«ir=140°C
t(s) 0 20 60 89 89 104 107 118 123 138
T4(°C) 27 64 104 113 113 128 128 132 132 134
Tair=180°C ‘ ‘ ‘ w b @
t(s) 0 20 40 59 59 63 64 69 75 145
T4(°C) 25 79 111 126 127 132 134 153 163 167

The effect of the airemperatureand theinitial solutecontent onthe drying kinetics
including surface area, droplegmperatureand evaporation flux aravestigatedn
detalil in the next section. A highlight on the effect of boiling ondkaporationrate
is included. Me boiling onset parameters are also used to explain the drying

mechanismsbove boiling.

5.4 Drying kinetics of silicate below boiling

To investigate the influence of air temperature and initial solute content on the
drying kinetics of sodium silicatehe normalsed droplet surface areajroplet
temperatureand evaporation are plotted iRigure5.1. Thenormalised surface area
plot was done to represent the square diameter law where squared diameter is
normalised by the initial squared diameter of the droplet. For each conditién, 3
experiments were conducte@ndtypical dryng runs were presented’he method

of the calculatiorof the evaporation flux has been outlined@hapter4.4.

4 Alarger sizaeplica table with better imageuglity is provided iMable E4 (Appendix E
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Fgure5.1 The drying kinetics aafunction of time at initial mass percentages of 6%/w , 17%w/w
and 45%w/w and air temperatures of 60 and 106C (A) normalised surface aregB) droplet
temperature, (O evaporation flux

FHgure 5.1 (O shows that he increase in air temperature and solid content affects
the extent of shrinkage of the droplet andehime required to reach the final size
of the dried particle As expectedthe increase in air temperature results in a faster
shrinkage of the droplet due to the increase of the energy transfer to the droplet and
a larger temperature gradient between thdroplet surface and the hot air. This

results in a higher water vapour pressure at the surface of the drapletebyfaster
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evaporation and enhanced decrease of the droplet diameter. The extent of
shrinkage decreases with the increase in solute conegioi, as there is lower
amount of moisture to be evaporatedhe final size of the dried particles at the same
solid concentration and different air temperature is simjlahichsuggessthat the
increase of air temperature from 6L to 100eC causetttle change to the surface

structureand thus little influence on thenechanism®f shrinkage

The evolution of the droplet temperature givenhigure5.1 (C showssimilar stages

to thosedefined in the literature in th study byb S O A &/odhik/(FO91)At initial
solid concentrations of 6% and 17% and air temperatures af368@nd 10@C, he
droplet temperature rises rapidly to thevet-bulb and remains constant until the
moisture saturation at the surfageduces due to the decrease mibisture transport

to the surface caused by the increase of the solid fractBubsequently, theensible
heat added to the dropletbecomeshigher thanthe heat of evaporationand
therefore, the droplet temperature increaseuntil it reaches the airamperature
Thedroplet temperature history can be related to the evaporation flux profile shown
in Fgure5.1 (C).Initially, theevaporationflux increases, the surface is saturated with
moisture andthe decrease in the droplet size results in an increase in the heat and
mass transfer coefficientéfterwards, theevaporation flux undergoes a reduction
which corresponds to theise of the droplet temperaturebeyond the wet-bulb
temperature The lower moisture transport over timayives an indication of the
decrease in surface moisture saturatidne to decrease of moisture transport to the
surface The droplet temperature profile aninitial concentration of 45% w/w and
air temperatures of 6@nd 100aC shows that the droplet skips the constant drying
stage at thewet-bulb temperature.This is because high solid concentration results
in reduced water activity anthcreased resistance tmoisture transport This is also
reflected in theevaporation flux profile where the reduction in the evaporation flux
is observed early in the drying time compared with lower initial solute

concentrations.

The decrease of the length of the constant drying stage awbebulbtemperature
with the increase in the solute concentration and air temperature can be related to

the moisture content at which the droplet rises above thet-bulb temperature

102



shownin Figure5.2. It can be seen thahe droplet enters the fallingate periodat
relatively high moisture fractions. At high concentration, theplet enters the
fallingrate periodat a moisture fraction similar to the initial moisture fractiomhe
increase irair temperaturealso resuk in entering the falling stage at higher mean
moisture content. This is attributed to moisture gradients within tiiepletand can

be explained by the calculation of ti&clethumber.

1.0
0.8- l
| :
I
= ]
<]
0.6
L]
= T,=60°C
e T,=100°C
0.4 T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5

Initial solid fraction

Figure5.2 The water fraction of the particle at the end of the constant stageriod, basedon the

end of thewet-bulb temperature, at vair=0.57m/s and different air temperature Error bars were

calculated based on 5 replicates at each condition. Error bars are based on the standard deviation
of the mean and represent + 1 standard deviation

During drying, the evaporation difie moisture carries the solute particles to the-air
water interface while diffusion motion homogenises the concentration of the
particles over the droplet spac&his is quantified by the dimensionless number

known asPécletnumber given by the following equatiqiWehring et al., 2007

L. Q 5.1
bQ — (5.1)
Jio

The Pécletnumber calculations are based on tlmtial evaporation rate in the
constantrate period Thediffusion coefficiens of sodium silicatevere taken from

an NMR study conducted lBahlmann et al. (1997)
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Figureb.3 Initial Pécletnumber calculated basedn the evaporationrate in the constantrate period
Error bars were calculated based on 5 replicates at each conditiemor bars are based on the
standard deviation of the mean and represent tstandard deviation

Figure5.3 shows thatthe Péclethumber increases at higher air temperature and
solute concentrdon due toanincrea® inevaporation rate ad adecreag insolute
diffusion coefficient, respectivelyt can be seerhat the Pécletnumber is higher
than 1 for all air temperaturgand initial solid concentrationghissuggess a non
uniform solid distribution with high saliconcentration at the surface and thereby a
faster timefor the droplet to enter the fallingate periodand heatup to the air
temperature. Although the increase in air temperature resultsarhigher Péclet
number andahigher degree of sugice enrichment, the final particle size of the dried
particle is unaffectedas shown irHgure5.1 (O. This suggests that the solutairface
enrichment isinsufficient to lockthe particle and ifeeze the surface area of the
particle. The particle continues shrinkage even after the droplet temperature
exceeds thewet-bulb temperature. This is also supported by the lack of surface
deformation as shown in the morphology time seriesTable5.3, which further
suggests that surface enrichmeritaavs continuecevaporation andghrinkage of the
droplet. The behaviour of silicate below boilingtarms of morphology and ging

kinetics is similar to sucrosand no significant differencese observed.
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5.5 Drying kinetics above boiling

Drying kinetics above boiling are presented-igure5.4 in asimiar fashion to that

below boiling for easier comparison.
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The droplet temperature profile Figure5.4 (C),shows a boiling stage following the
heatup period andhe constant drying stage at th&et-bulbtemperature It can be
seen that the droplet experiences shrinkage prior to entering the boiling stage where
the droplet goes through cycles wiflation/deflation. The extent of shrinkage prior
to boiling and thetimeline of entering the boiling stage are greatly affected by the
air temperature and the initial solid fractiod higher initial solid content results in
a lower extent of shrinkagerior to boiling and skippinthe constant drying stage at
the wet-bulbtemperature.Thisis caused byhe reduction of water activity with the
increase in the initial solute concentration and also by the reducbbrwater
diffusivity to the surface of tie droplet It is also clear that the inflatiddeflation
cycles started earlier with higher initial solid content dueatiaster increase of the
droplet temperature to the droplet boiling temperaturét lower solid content,he
extent of shrinkagerior to boilingis greater wherethe droplet remains at thevet-
bulb temperature for a period of time prior to heating up to the droplet boiling
temperature.It can also be seen thait the same initial solute contenthe extent

of shrinkage prior to boilinglecreass with the increase in air temperature as is

clearly evident in the case of 6% and 17% initial solute concentsation

The evaporation flux profilesn Figure 5.4 illustrate that the initial sod
concentration has atrong influence on the evaporation flux. At low initial solid
concentration, it can be seen that the flux increases and remains constant for a
period of time corresponding to the constant drying periatl the wet-bulb
temperature. Aferwards the evaporatiorflux reducesdue to the reduction of the
moisture content at the surface of the dropleHowever, at high initial solid
concentration,the reductionin the evaporation fluxoccurs at earlier drying time,
caused bythe reduction of water activity with the increase in the initial solute
concentration.It can also be seen that the evaporation flux is influenced by the air
temperature; as expected the evaporation flux increases with the increase in air
temperature. The effect of boilgnon the evaporation flux and evaporation rage

studied in detail irpart5.5.2
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5.5.1Boiling onset parameters

The parametersat the onset of boiling such as thégiameter andthe moisture
contentinfluence the inflation/deflation cyclesand thesubsequengeffects of these
cycles on the evaporation ratnd thefinal size of the driegarticle. Fgure5.6 (A)

& (B) shows that the increase of air tempetae at the same initial solute
concentration results in an increase in the relative sind themoisture content at
the onsetof boiling. At 45% initial solid concentration, the droplet enters the boiling
stage at large relative size of the droplet amchoisture content close to the initial
moisture content. Tiscan be understood by the temperature profiles, presented in
Figure5.4 (C) which show that ata high solid concentration, the droplet rises
immediately to the boiling temperature indicating that the surface of the droplet is
unsaturated with moisture. The increase of theanmoisture content athe onset

of boiling with the increase inair temperature is strong evidence of moisture
gradients within the droplet which results iman earlier reduction of surface
saturation at higher mean moisture contenthis $ further provedby the Péclet
number, shownin Figureb.5, calculated usinghe initial evaporation rate and silicate
diffusion coefficients obtainefom Bahlmann et al. (1997Péclethumbers higher
than 1 are obtainegwhich suggesta nortuniform solid distribution with high solid
concentration at thesurface. Thd?écletnumberincreaseswith the increase in air

temperature causedoy higherevaporation rate
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Figure5.5 Initial Péclet number calculated based on the evaporation rate in the constaate
period. Error bars were calculated based on 5 replicates at each condition. Error bars are based on
the standard deviation of the mean and represent + 1 standard deviation
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5.5.2 Effect of boiling on the drying rate

This section investigates the effect of boiling on the drying rate. To dpsihigle
droplet drying runs at air temperatured 140dgCand 180eC arepresented For each
run, the normalised surfac area,evaporationrate, evaporation flux andiroplet
temperature profiles asa function of time are presented. Furthermorehe

correspondingevaporation flux vs the moisture conterst alsgpresented.
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The results presented ifrigure 5.7, Figure 5.8 and Figure 5.9 show that the
evaporation rateincreases during the boiling stage. This is clearly demonstrated in
the case of high concentrations as the droplet enters the boiling stage with high
moisture content and higher diameter and experiences a higher degree of
stretching. Morphology time serieshowing an example of droplet stretching is
presented in Figure 5.10. The morphological development including inflation
increased the evaporation rate substantially and also resulted in fluctuatiorieein t
RNEAY3I NIGS +a y20A0SR Ay GKS Figurea®d. 27
According tdHecht et al. (200Qthe occurrence of inflation causes an increase in the
drying rate due to the stretching of the droplet from the bubble growth occurring
inside the droplet and the mixing of the droplet after the bubble bursting. The
stretching of the drop causes a convective flow of the liquid towards the surface.
Therefore, with the increase in the surface areere of the drop liquid is closer to

the surface than prior to the stretching. These effects of stretching result in the
reduction of the internal mass transfer coefficient. The reduction in the internal mass
transfer resistance is also due to liquid phase mixing caused by rupturing action of
the bubbles.

Figure5.7, Figure5.8 and Figure5.9 alo demonstrate he effect of boiling and
inflation/deflation cycles on the evaporation flux. The particle/droplet diameter
increases during inflation and therefqrthe evaporation flux reduces. Inflation is
followed by deflation where the water vapour igleased and evaporation flux
increases. Th#uctuations in the drying rate are more pronouncedadtigher initial
solute concentration as the dropleperienceshigher degree of inflatiorA similar
effect ofinflation/deflation cycles on the evaporan fluxhas also been reported in
another study(Tran et al., 2016an the case of single droplet drying of lactose/water

system & air temperatures above the boiling point.
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Figure5.10 Growingbehaviour of 45%silicate dropletdried at 180aC, captureda using highspeed
cameraat 1000 frames per second he series correspond ta starting and the ending drying time
of 12 and 12.6 secondsrespectivelycorresponding tathe boiling stage shown ifrigure5.9 (right)

5.5.3The effect of boiling on tk porosity and final size of
dried particles

The size of the driedparticle, determined based on the images obtained during
drying experimentsasafunction of air temperature and initial solute concentration
is given irFigure5.11 (A). It can be seethat the increasen air temperature below
the droplet boiling temperaturgfrom 60 and 10@Ccauses little changm the final
size This means thah this temperature rangethereis no locking or any significant
change in the surface structur@n the other handthe increase of air temperature
above boiling haasignificantinfluence orthe final particle size; particles with larger
diameters than the initial droplet size are produced above boilifflge exent of
increase in size is largely influenced by the initial solute concentratiogiser initial
solute concentrations lead to a larger final dried particle sV¥éh the increase in

initial solute concentration, the droplet enters the boiling stageadarger relative
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size asexplained in5.5.1 The effect of boiling on the final dried particles can be
further investigated by determination of the porosity of the final dried particles. The
porosity 5 calculated based on the measured mass and the diameter of the final
particle according to the following equations:

s o RS Q01 6 IGmDA 260 20 (52)
el e a ani 61 QO

where,
©QomR 0heB0 (5:3)

The measured volume is calculated based on the diameter of the final dried particle
determined from images using ImageJ. The solid density of sili2zd@) kg/n?
(Weldeset al., 1969)is used in the calculations of the expected diameter. At air
temperatures below boilingfigure5.11 (B) show that particles with low densities
were obtained. This is becauysat temperatures below boiling the droplets
underwent shrinkage without any hindrance from the surface structaseexplained

in part5.4. It can also be seen that there is a dramatic increase in the porosity of the
dried paticles with the increase of air temperature above boiling. Particles with high
porosity are observed duto the inflation of particle during boiling which results in

the production of puffed particles.
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Figure5.11 Theproperties of the final dried paticles asa function of air temperature at differer
initial concentrations A) relative final size (B)Porosity. Error bars were calculated based on 5
replicates at each condition. Error bars are based on the standard deviation of the mean and
represent + 1 standard deviatian
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5.5.4 Mechanisns of inflation

The previous two parts have explained the role of boiling on the drying rate,
morphology developmensizeandporosity of thedried particles. This part discusses
the mechanisms and propertiesallowing sodium silicateto undergo
inflation/deflation cycles and sustain inflation at the end of these cycles forming a
puffed expanded hollow particleFigure5.13 shows the morphology time series
from the onset of boihg till the end of dryin@f 45% w/wsilicatedroplet at 180gC.

The expansion of the droplet during inflation cycles and the ability to sustain the
inflation of the droplet is directly related to the rheological properties of the sodium
silicate. The growing behaviour and lack déflation suggest thatthe dropet
possesssviscoelastic properties that allow inflation to be sustain€de increasef
evaporationrate during inflatiorresults infastersolidificationof the droplet during

the inflation period. The role of rheological properties of silicate is investigdigd

the inclusion ofbulk rheoloy measurement on sodium silicatpresented irFigure
5.12, obtainedfrom Weldes et al. (189). Bulkrheologicalmeasurementsare used

due tothe lack of material properties in neequilibrium states and the inadequacy

of current experimental methods to probe the process on realistic t{Mehring,

2008)
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Figureb.12 Viscosities of sodium silicate solutions asunction of concentration(Weldes et al.,
1969)
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The bulk rheological properties of sodium silices@ be used to give insights on the
rheological properties of the droplet at the onset obiling. The boiling onset
parameters presented in paB.5.1shows thatthe droplet entesthe boiling stage
at sdid fractions in therange of 0.3-0.5 (Figure 5.6 (A)), dependenton the air
temperature and initial moisture content. This solid fraction range correspontis
viscosities in the range of@-10 Pa.s(Weldes et al., 1969)At such concentration,
sodium silicate begmencountering an exponential rise of the viscosity until the
solution gains viscoelastic properti@&/eldes et al., 1969Yhis is supported by the
growth and surface stretchingf silicate droplet, shown in Figure 5.13, which
indicate a viscoelastic behavioltr.can be seen that thdroplet remains expanded
for a major period of drying with minor collapse cycl&his results ifiasterdrying
during boiling and patrticles with thin shells and high porosity are forrmée. nature

of inflation of silicate during boiling is very different from that encountered during
drying ofsucrosedroplets presented irthe previouschapter. Sucroseshowed more
rapid inflation/deflation cycles. Unlike sucrose, drops of silicate maintain an
expansion at the last stage of dryiraithough the surface of the bubbles collapse
(Figureb.13). The less degree of collapse indicatégh viscoelastic propertiesnd
less degree of diffusivity of water than encountered when drying of suciidss.is
the reason silicate drying resultsan expanded particlaith largesize at the end of
boiling as opposed to sucrose where thgarticle collapsesat the end of the
inflation/deflation cyclesand smaller particleare formed. The extent of inflation is
highly dependent on the initial solute concentration and air temperatuke the
same drying enditions and initial moisture content, the extent of inflatias also
stochastic from one droplet to anotheillustrated by the error bars of the final
diameter of the particle irFigure5.11 (A), due to the stochastic nature of bubble

nucleation.
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5.6 Final morphologies

The morphologies of sodium silicate particles obtained from single droplet drying
and laboratory spray drying are presented ifrigure 5.14 and Figure 5.16,
respectively. At low air temperatures, the SEM micrographs of the particles collected
from the single droplet drying show smooth particles with spherical structures.
These shw high similarity to the particles collected from spray drying. The smooth
appearance and sphericity of the particles are related to particle formation
mechanism demonstrated by the morphology time series presented in5parf he
particle underwent shrinkage without any hindrance from the surface structure.
Surface deformations are caused by the formatioma stirface structure with elastic
properties that hindershrinkage and thus continued solvent evaporation results in
surface deformations due to pressure gradients on the surface of the particles. This
is not the case for silicate where the droplet underwent shrinkage for a major period
of drying without any hidrance by the surface structure. At high temperatures,
puffed expanded particles were collected. This is very clearly showigime5.15
where a broke particle shows a thin shell and a large internal vacuole. This is caused
by the inflation of the droplet and accelerated drying which enhances the rheological
properties of silicate and allowed the particle to maintain an inflated particle as
discussedn part5.5.4 It is hypothesised that these broken particles are similar to

those collected from spray drying, shownHigure5.17.
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Figure5.14 SEM pictures of fial dried particles collected from single droplet drying experiments
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Figure5.15Broken particle cdected from single droplet drying of 45% sodium silicateoplet at
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Figure5.16 Spray dried sodium silicate particles

TM3030PIus0313 2018-02-28 13:141 LM 50 um TM3030PIus0315 2018-02-28 13:181 LM 50 um

Figure5.17 Broken particles collected from spray drying of 45% sodium silicate szl A 2y & G Hnn
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5.7 Conclusion

A single droplet drying technique has beesed to extensively investigate the
morphology evolution and drying kinetics of single droplets of sodium silicate
agueoussolutions at temperatures above and below the boiling point and different
initial solute concentrations. At lower temperatureglow boiling, slower drying
was observedand the particle diameter underwent shrinkage until it reactibed
final diameter without any significant morphological developmeAt higher
temperatures above boiling, faster dryingaurred and inflation/deflation cycles
were observed which resulted in an expanded puffed particle. mbgohological
development during boiling includingflation/deflation resulted in accelerated
drying rate due to enhanced internal mass transfer dogfht caused by stretching
of the droplet and enhanced internal mixing of the liquithe boiling onset
parameters such as size and moisture contemre influenced by the air
temperature and initial solute concentration. Higher initial concentration resulted in
boiling at larger diameter duetrapid heating up of the droplet temperature caused
by reduced water activityPécletnumber calculationsshowed aPécletnumber
higher than 1 which increased with a@mperaturesuggesting a moisture graait
within the droplet. he moisturegradient within the droplet is furthedemonstrated

by the increase of the mean moistus®ntent at boiling with the increase adir

temperature.

The final porosity and diameter of the dried particles were significantly influenced
by the air temperatures. Ding above the boilingemperature results in a larger
diameter of the final dried particles. The effect of boiling on the size of the dried
particle has been linketb the mechanism of inflationwhich is influenced by the
rheological properties of sodium silicat€he droplet enters the boilingtage at
mean solid fractions in the range of €0%, dependent on the air temperature and
initial moisture content. This solid fraction range corresponds to viscosities in the
range of 0.0410 Pa.s. This shows that the silicdteplet enters the boiling stage at
very viscous liquid statevhich allows the droplet to undergo and maintain inflation.
The droplet remains expanded for a major period of drying with minor collapse

cycles thus, the droplet dries faster during boiling. The less degree of collapse
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indicates high viscoelastic properties of the surface struct@didificationof the
surface structureupon further dryingresults in maintainingnflated particles and
leads to the formation of puffed expanded particles with larger diamet&ise
nature of inflation of silicate dimg boiling is very different from that encountered
during drying of sucrose/water droplets, presented in the previous chapter. Sucrose
showed more rapidinflation/deflation cycles, suggestg a liquid-like behaviour
during the boiling stage. On the othéand, silicate demonstrated the ability to
maintain inflation which indicatea viscelasic behaviour thatincreases with the
increase in solute fractionThe behaviour above boiling is therefore largely

dependent on the material properties evolution dogi drying.
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Chapter 6Drying of hydroxypropy!
methylcellulose (HPMQ@)ater
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6.1 Introduction

The previouswo chapterscovered two systems, sucrose and sodium silicate. In both
these systems, the pressure generated duriggling encountered little resistance
from the particle surface structureghus, the internal vapour pressure resulted in
inflation/deflation cycles. This was attributed to the nature of the surface structure
of the particle atthe onset of boiling. The material entered the boiling stage at a
more viscous statehowever, a surface structure with elastic properties was not
encountered prior to the boiling stage. The literature review in 2.4 highlighted that
drying skin forming raterials such as proteins and polymers results in the formation
of a skin layer with elastic properties which strongly influences the subsequent
morphology development and the final morphology formed. This was reported in
several studies in the polymer anmotein solutions(Pauchard and Allain, 2003a;
Arai and Doi, 2012; Both et al., 2018bhe solute concentration becomes high near
the droplet surface, forming a layer with distinct rheological properties fronbihlk

of the initial solution. Once the skin is formed, varisusacemechanicaktabilities
arisg caused by the drying stress dueexternal and internapressure differences
Therefore, thefinal particle morphology obtained depends on theperties of the

skin that is formedduring drying The skin formation and the subsequent drying
process dictates the type of the final morphology: hollow, dimpled, folded or
buckled. However, these studies were contdatc at low temperaturesand the
influence of boiling when drying at high temperatures has not been considered.
Therefore, it is vital to include one system that exhibits th&lga forming properties

to expand theinvestigationof morphological developments encountered when
drying above boiling. The interplay betweeskin formation and boiling is an
interesting part whichneeds tobe considered in the scope of this work. To achieve
these ams, hydroxypropyl methylcellulose (HPMC), known forfiite-forming
properties is selected. The selection of HPMC alltiwesinvestigation ofa system

that exhibits complex rheological and mechanical propenwagch evolve with the
increase in air temperature and concentration during dryirfeurthermore, HPMC
was selected duto aconsiderable industrial interesThe unique features diPMC
such its nontoxic property, ease of handling, high biodegradability and solubility

makes it desirable for a number of applicati¢Bskata et al., 2006pne of the major
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applications of HPMC is in thégarmaceutical industry as a carrier material due to
its ability to allow a slow diffusion of drugs out of the sys{@repmann and Peppas,
2001) HPMC is also used in food applications as an emulsifier, thickening and

suspending agergystem(Siepmann and Peppas, 2001)

The first part of thichapterinvestigates the morphology evolution during drying as

a function of air temperature and solute concentratjomith a particular focuson

the role of boiling on the morphologyhe differences in the morphology evolution
with the increase in air temperature and solute concentration are related to the
rheological and medmical properties evolution with thencrease in thedroplet
temperature. The morphology evolution is also used to explain the differences in the
structure of the final dried particles. The drying kinetics are then presented and
related to the morphologyevolution. In particular, the rate of shrinkage of the
droplet and evaporation fluxs related to distinct morphological developments
Trends in the droplet temperature history and evaporation flux are also further

explained by the determiation of the Péclet number.
6.2 Experimental work

6.2.1 Solutionspreparation

Hydroxypropyl methylcellulose (HPMC) solutions were prepared from Pharinacoa
603 powder, supplied by Shitsu. Pharmacoat 603 is produced from hypromellose
with 28.7 and 8.%%6 w/w degrees of substitution of Methoxy and Hydroxypropoxyl
respectively and a molecular weight of 130{Perfetti et al., 2011) The

specificatons ofPharmacoat 60&re summarised irnmable6.1.

Table6.1 Specifications of Pharmacoat 603 used to prepare HPMC gwnist(Perfetti et al., 2011)
Grade Pharmacoat 603

Degrees of substitution % w/w 28.7 Methoxy
8.9 Hydroxypropoxyl

Viscosity (3% solution in water at 2&°) 4.55 mPa.s

Molecular weight 13000
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6.2.2 Single droplet drying

The filament single droplet drying technique describedCimapter 3was used to
investigate the morphology evolution and drying behaviour at air temperature in the
range 60; 180°C and aross a range ohitial solid concentrations. Thapecificatiors
used for single droplet dryingxperimentsare summarisedn Table5.1. The final

dried particles were collected from the end of the filament for Sthldracterisation

Table6.2 Single droplet drying conditions used to daqueousHPMCdroplets

Parameter Setting

Air temperatures 60¢C, 100C, 140C, 180L
Initial solute concentrations 5% and 15% w/w

Air velocity 0.57 m/s

Droplet size 1.41.7 mm

6.2.3 Spray drying

The solutions preparation method was similar to the single droplet drying
experiments. The liquid soluti@, approximately 0.5 L in volumeere spray dried

on 4M8TriXProcept Spray dryer. The spray drying experiments were conducted
with three columns setip to ensure that thedry particles were collected. The
systemwas heated to the desired temperature and allowed to reatdadystate

before turning the pump and allowing the liquid solution to be atomised.

Table6.3 Spray drying settings

Process variable Value

Inlet air flow (m¥min) 0.3

Nozzle air flow Kmin) 16.9

Nozzle size 0.8 mm

Solid content (w/w) 5% and 15% w/w

Inlet air temperatures Mmnne/ ¥ Mnne/ X Myne

6.2.4 Microscopy

Dried patrticles collected from the single droplet drying were studied using a Hitachi
Tabletop Microscope TM3030. The particles were removed by cutting the end of the
PEEHKilament holding the dried particle and depositing the particle on an Stild
covered with adhesive tape. Analysispfaydried powder oHPMC was also done

using SEM.
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6.3 Morphology evolution and structure of final dried
particles

The particle morphology evolution and the droplet temperature as a function of
drying time at different air temperatures are given Tiable6.4 & Table6.5. The
morphology time series presented represent the typical behaviased on &
single droplet dryinguns. The final morphologies of the dried particles collected
from these single droplet drying experiments are showRigure6.1 & Figure6.2. It

can be seen that the morphology evolution is strongly dependent on the air
temperature: low air temperatures lead to buckled particles while high air
temperatures result in spherical particles with smooth surfaces.iéehanisns of
drying at low air temperaturandhigh air temperatures are analysed in detail in this
section to explain the reason behind the drastic differences in morphology with the

increase in air temperature.

Table6.4 Morphology development during single droplet drying of HPMC with 5% initial solid
concentrationvar=0.57 m/s ad different air temperatures the air is passing from right to left

W
S Y X-E-E-E-E- RN
t(s) 0 51 101 106 115 122 129 146 162 260
T4(°C) 17 30 36 37 39 41 42 44 46 63
Tmom
t(s) 0 24 45 51 54 60 72 79 107 151
T4(°C) 34 47 56 59 60 64 72 75 84 99
= XeleI-I-I-kE X XK ]
Tmm
t(s) 0 14 26 32 35 38 43 79 86 106
T4(°C) 46 58 70 77 82 87 93 120 122 138
Tmm -
t(eleXeloX-X- X ¥ ¥ X
t(s) 0 6 11 13 15 18 37 53 63 79
T4(°C) 53 73 82 86 91 98 123 163 178 180

5 A larger size replica table with better image quality is providethinleES5 (Appendix E
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Table6.5 Morphology development during single droplet drying of HPMC with 15% initial solid
concentrationvai=0.57 m/s and different aitemperatures, airis passing from right to lefts

1mm
666666 883
t(s) 0 31 49 59 67 78 89 106 | 132 | 214
T4°C) 17 34 38 41 42 a4 45 47 48 57
t(s) 0 9 27 29 31 35 39 50 91 214
T4°C) 40 52 68 70 71 74 76 81 87 100
‘ - 1mm ‘ )
T.,=140°C b -
t(s) 0 10 11 13 15 17 19 78 103 | 119
T4°C) 26 69 72 77 82 86 93 127 | 137 | 138
1 mm
Y / 5
T.i=180°C & -
‘“/
t(s) 3 4 5 7 8 35 39 56 69
74°C) 60 70 78 85 91 163 | 169 | 176 | 178
5% w/w 15% wiw

T =606C

TM3030Plus0282 2019-02-22 13:38 NMM 500 um TM3030PIus0253 2019-02-19  09:22 mMU 500 um

D)

C)

Tar=100eC

TM3030PIus0291 2019-02-22 14:08 NMM 500 um TM3030Plus0261 2019-02-19  09:55 mMU

Figure6.1 Morphology of the final dried HPMC patrticles collectébm the single droplet drying

\

500 um

experiments at different temperaturegA) 5% w/w,Tar=606 / 0 . 0 TapEBOc 6 K B X 0

Tair =100¢ /

650

6 A larger size replica table with better image quality is providethinleE 6 (Appendix E
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140eC

Tair

TM3030PIus0268 2019-02-19  10:20 mMU 500 um TM3030PIus0270 2019-02-19  10:28 mMU 500 um

G)

Tar=180eC

TM3030PIus0277 20190219 11:00 hMU 500 um TM3030PIus0281 20190219 11:16 NMM 500 um

Figure6.2 Morphology of the final dried HPMC patrticles collected from tilsengle droplet drying
experiments at different tenperatures(E) 5% W/wTar I Mnne/ OCI MEASHK 6 DU Pz
TarlMyne/ Ol Tulwpnedk oz

I 4 ¢the marphology evolution and final morphology asignificantly influenced

by the initial solid content. At low solid content (5%), shrinkage is followed by
bending and vacuole formation on tli®wnstream sidef the airflow as can be seen

in the morphology evolution given ihable6.4 as well as the final morphology in
Figure6.1 (A). The location of this vacuole is on tHewnstreamside of the airflow

as the modulus of the skin layer is minindale to lower lochevaporation On the
other hand, at higher solid contenthe droplet undergoes surfacdeformations
which begin on the left side of the airflow and spread throughout the whole droplet
surface. The deformations of the droplet are causedhigchange of the rheological
properties at the surfacdue to the increase isdute concentration which gives the
surface of the particle sufficient strength to counter shrinkage. However, the interior
of the particle still contains moisture and the removal of this moisture from the
particle through the skin can cause a pressure gnatdon the skin.This has also
beenreportedin a study byArai and Doi (2012yhich was conducted on the drying

of polymers where an inward bend of therface was observed. It was related to
continuedsolvent evaporation after skiformation which creates a lower pressure

under the skin, thus exerting a stress on 8ken after skirformation.
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The strength of the developed skin determines the extent tocltihe skin can resist
the difference between internal pressure and atmospheric pressure and
subsequently the type of morphology produc@dehring, 2008; Both et al., 2018a)
Weak skin can buckle and bend leadingmrinkled buckled particle while particles
with fully rigid skin will not bend and will develop defect at the lowest pointhe

skin and a vacuole is formed at this point. The occurrence of surface instabilities such
as buckling and invaginations $ébeen reported in previous studies in the
evaporation of polymers solutions (dextraiPauchard and Allain, 2003a; Sugiyama,
2006; Pauchard and Allain, 2003b; Pauchard and Allain, 2@83e¢ll as colloidal
systems (Tsapis et al., 2005; Sugiyama, 2006y all these studies, it has been
hypothesised that these instabilities occur due to skin formation on the surface of
the droplet, which impedes evaporation of n&iure ard shrinkage of the droplet
However, the effect of air temperature on buckling has not been investigated
previous studiesThe intenal pressure can also play a rahethe final morphology
developed, particularly the increase of the internal pressure due to boiling when

drying at temperatures above the droplet boiling point.

2 A0K GKS AYONBIFAaS Ay I A Nphadyyeaddutdn tinheNB { 2
series show a distinct clouding of the dropl&his is shown iffable6.4 at 100¢ Air
temperature atthe drying time from 54 tal07 seconds and imable6.5 at drying

time from 29 t091 secondsThis clouding is an indication of the phase separation of
the polymer and water, which is consistent with the two phases having different
refractive indexes and thus scattering the ligiitoo and Um, 2013)HPMC
undergoes sagel transitiondue to phase separation of the polymer and the water
which results in a change of rheological properties of the surface from viscous to
elasic. The formation of gels from aqueous solutions of methylcellulose upon
heating has been reported in a few studigteymann, 1935; Sarkar, 1979; Bajwa et
al., 2009) The gelation of HPMC occurs at temperaturetha range of 665 ¢C
(Bajwa et al., 2009). The phase separation is induced by associations between
hydrophobic rich areas of the polymer chain. In solutions at low temperatures, the
polymer is a random coil with few polymppolymer interactions. The solutgolvent
interactions protect the hydrated polymer molecules against agitation. However,

upon increasing the temperature, polymer molecules lose their water hydrzdion
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polymerpolymer associations occur between the hydrophobic methyl side groups.
This results in a macsoopic phase separation which is seen as the insolubility of the
gel or polymer precipitate. This is accompanied by a rise in viscosity and a rapid
increase in the dynamic storage modulbgBajwa et al., 2009; Sar, 1979) The
gelation effects on the droplets with low solid content experience an inward bending
of the droplet at the left side of the airflovhowever, the vacuole formation is not
observed. This is strongly related to the gelation of the dropleich occurs after

the bending of the droplet as can be seen in morphology ts®ees inTable6.4.

The gelation of the droplet gives sufficient strength to resist the vacuole formation.
At highe solid content, although the droplet undergoes gelation, similar morphology
evolution and final morphology are seen to that produced at €@ T & dzNJ | O

deformations anduckled dried particleare produced.

The increase of air temperature to 140and 180s / NI & ddfynifi&mchange |
in the surface/external morphology. For low and high solid content, no surface
deformations were observed and smooth spherical particles were produced. The
SEM micrographs of the final morpholodygure6.2 (E), (F), (G) & (K)early show
that these particles have hollow internal morphology. The drastic change in external
morphology as compared to low temperaturesgisught to be relatedo two factors
(a) rapid gelation and the influence of the air temperature on the strength of the
gelled skin, and (b) higher internal pressure due to the vapour generated during
boiling which acts as resistance force to the inward pressure gradient. Higher air
temperature results in faster drying which causes the droplet to cross the phase
boundary into a gelled region as it can be seen from the droplet drying trajectory
superimpsed on the phase diagram of HPMC Rigure 6.3. Drying at high
temperatures also leads to boiling within the droplet as is evident from the dtopl
temperatures profile, presented in sectid4 in Figure6.4 (A) andFigure6.5 (A),
GKAOK aK2g | OfSINIo2AfAy3a adl3sS ouKS Of
is at constant temperature, close to the boiling point of water). During this boiling
stage, an additional driving force is introduced due to the vapour pressuckeitise
droplet which resists the inward pressure gradiemt the skin This is very clearly
aSSy Ay GKS OFrasS 2F p: az2ft ARTaDeAIMRey (0 |y
particle initially begins bending inwards at the left side of the airflout as the
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droplet reaches boiling, the particle expands and regains a spherical shape. However,
this pressurduild-up within the drop is insufficient to overcome the elasgty of the

skin Unlike the inflation/deflation cycles observed during drying of sucrose and
silicate presented in Chapter 4 & Chapter 5 boiling did not cause any
inflation/deflation cycles when drying HPMC droplets above the boiling pdinis is
evident from the morphology time seriesTrable6.4 as well as the diameter history

of the droplet given ifrigure6.4. This is an indication of the skin strength to suppress
any inflationand deflation cycles. This is attributed to therskormation and its
response to the pressurbuild-up: the droplet is not flexible enough to allow for
inflation/deflation. However, in some cases, a bubble protrudes from the opposite
side of airflow and ruptures at the oppits side of the airflow, the point of the skin

with the lowest strength.

200

1 | —— Gel boundary
180 1| —=— Glass transition

~ 160 Solid fraction vs T trajectory
P
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HPMC solid fraction in the droplet

Figure6.3 The drying trajectay, droplet solid fraction vs droplet temperaturesuperimposed on
HPMC phase diagramrhe drying trajectory data was collected from a single droplet of 15% w/w
HPMC at18@ / ® DSt , a8 @elizghihe difiel boundarywere extracted from data given in
Silva et al. (2008and Bajwa et al. (2009)Glass transition boundary was extracted froRerfetti et
al. (2011)

Thermal gelation properties such as gel strength, rate of gelahgel pointare
hypothesised tqlay a key role in the morphology evolution and subsequettly

final structure. These properties are significantly influenced by air temperature and

solid concentration. Higher temperatures lestt rapid gelationwhich is thought
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to giveastronger skin that can resist surface deformatioBarkar (19953onducted
oscillatory shear mode rheology experiments for agqueous solutions of HPMC by
raising the solution temperature as quickly as possible to the desired temperature
and measuring the increase in the storage modulusfaactionof time. From these
experiments, the maximum rate of gelation and the final storage modulus of the gel,
D Q r methylcellulose were related to various parameters according to the

following models:

Q0o ., .. o o~ woa 6.1
— 0v68Y8poQueo @ 6.1)
Qo

O 0V6BYEPOQO O 8 (6.2)

Where

CT, b- A/ 0 arethe concentration in wt% the temperaturedd the methoxyl

content and the molecular weight respectively.

Equation(6.1) shows that the rate of gelation is related to the fourth power of
temperature and third power of concentrationThis corresponds well witthe

timeline of gelation in the morphology time series showT able6.4 and Table6.5,

which shove that gelation onset timeline becomes shorter with the iease in air
temperature and initial solute concentration. Further quantitative data on the time

of gelation is given in and is discussed further in sedidnl. The storage modulus

of the gel is redted to the third power of temperature, which is consistent with the

lack of surface deformations with the increase in air temperature. Hydroxypropyl
methylcellulose also exhibits similar gelation behaviour \litRefatedto nearly the

third power of concentration. This has also been reported in another stu@iloy

et al. (2008)where the absalte value of moduls becomes higher with increasing

HPMC content as evident from the storage, losd e complex viscosity modulus
recorded at concentrationsof 1% H: P2 YR wMmE: Ay GKS (GSY
to90s/ ® LG OlFly 06S 02y Ot dzZRSR GKIdG GKS AyAC(
temperature, plays a role in the skin formation, skin formation properties and the
resistance of the droplet to surfackeformations, high initial solid concentration and

air temperaturess hypothesised to leatb a stronger skin which in turn resists the

surface deformations particularly at high temperatures.
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6.4 Drying kinetics

In this section, the drying kineticsncluding normalised surface area, droplet
temperature and evaporation flux are presented. These drying kinetics are
interdependent and therefore they are presented together Figure6.4 & Figure

6.5 for air temperatures in the range 080 &C to 180 &C andinitial solute
concentrations 06% and 15% w/wThe influence of the air temperature and initial
solute concentration on theurface area, evaporation flux and droplet temperature
history are discussed in detail with particular focus on the effect of air temperature
and initial solute concentration on locking, gelation and boiling. Evaporation flux was
determined from mass lossieasurements recorded using thmicrobalance and
diameter measurements calculated from the measured projected area from the

images.

6.4.1 Particle locking

The normalised surface areshown inFigure6.4 (A), is significantly affected by the
initial solute concentration and the air temperatur&t low soid concentration, 5%
w/w, Figure6.4 (A) demonstrate that faster shrinkage is enatered with the
increase in air temperature. On the other hand, at high initial solute concentration,
15% wiw, the increase of air temperature results in a significant reduction in the
extent of shrinkagefrigure6.5 (A).In this study, the time when theshrinkage ceases

is definedasthe locking timeand occurs when the surface of the droplet posgsss
sufficient strength to counter shrinkage and freezes the surface area of the droplet
Continued evaporation post locking results in a pressure gradient on thengkich

can result in surface deformations. Locking can also be influenced by gelation which
occurs when the droplet temperature exceeds gelation temperature65® /
(Bajwa et al., 2009). Gelatiarauses a rise in viscosity and a rapid increase in the
dynamic storage modulu® (]Bajwa et al., 2009; Sarkar, 1978nd therefore
influences the particle size and time at locking. Therefore, the time of locking,
gelation onset and full gelation need be investigated to reveal the effects of the
air temperature and initial solute concentration. Locking time is determined based
on the morphology time series as the start of the morphology development onset

such as bending, surface deformations of the droglefer to morphology tine
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series inTable6.4 and Table6.5). The onset of gelation and full gelation are also

based on the morphology time series as the time of the first appearance of clouding

and time at which the whole droplet becomes fully cloudy respectivedyreduce

error from random variation, the results of-8 drying runs wereused in the

determination of the time of locking and gelation.
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Figure6.6 and Figure6.7 show that the time and diameter at loeig significantly

decreasewith the increase in air temperature. At air temperature of €D, below

s/

the gelation tempeature, locking occurs at small particle size compared with higher

air temperatures. This can be related to the droplet temperature histbrgure6.4

(A) shows that at air temperatures of €0/the droplet displays an initial period of
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constant rate drying at thevet-bulb temperature which corresponds to a relatively
constant evaporation flux as demonstrated by the evaporation flikgure6.4 (B).

In this stage, the surface remains saturated with moistared the evaporation is
controlled by the diffusion of water from the surface of the droplet to the air. This
constant evaporation flux at thevet-bulb temperature allows the droplet to
undergo shrinkage and hence locking osatrsmalker particle sizeThe point of the
reduction of the evaporation flux corresponds with the increase of the droplet
temperature beyond thewet-bulb temperature. The reasoning behind this late
reduction in the evaporation flux is related to surface enrichment and explained in
detail inparts6.4.2& 6.4.3 After locking, the particle is subjected to severe degree
of bending and surface deformations, as shown by the morpholimgg series in
Table6.4 and Table6.5. These deformations result mreduction of the final particle
size compared tohte particle size at locking as demonstratedFgure6.7 which
shows that 460 &C air temperature, the final size of the dried particle is much lower

than the size at locking for both 5% and’d tnitial concentrations.

At air temperatures above the gelation temperature, the size of the dried particle

and the size at locking depend on the relative timeline of gelation and locking. In the
cases of drying of 5% w/w at 1@0/ I y&R/ min A NIurésSavdLISNw/w at

1006/ FANJ 0SYLISNY GdzZNBx AdG OFy o6S aSSy GKl
skin formation occurred earlier than full gelation. The morphology time sdrie

Table6.4 (T.r=100eC, drying time51-60 secondsind Table6.5 (Tar=1006 / = RNE A Y :
time=27-29 seconds)show that the droplet locks and undergoes bending and
deformations prior to gelation. This resultsarsmallerfinal particle siz&ompared

to that at locking. These differences in the timeline of locking and gelation can be
understood by investigatinthe droplet temperature history of the droplet and the
evaporation flux. For the droplet to undergo gelation, it must exceed gelation
temperature, 6065 aC (Bajwa et al., 2009)At 5% solid concentration and air
temperatures of 106 / | yeR/Fijure6i (A showsthat the droplet displays a

constant drying stage at wet-bulb temperature below gelation temperature. The

increase of the air temperature aboweet-bulb temperature corresponds to the

reduction in evaporation fluxgigure6.4 (B). The drying at theet-bulbtemperature

results in delayed gelation and the droplet experiences shrinkage. This is due to
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lower rate of heating allowing the skin formation and deformations to occur prior to

full gelaton of the droplet.

The gelation time and locking occur simultaneously at early drying time in the case
of 5% wi/w at 18@C and 15% at 144C and 18@C. Locking occurs at large size of the
droplet almost similar to the size of the init@doplet. This islue to the rapid rate of
heating and the skipping of the constant drying stage atwie¢-bulb temperature

as shown from the droplet temperature history figure6.4 (A) andFigure6.5 (A).

The skipping of the constant drying stage at tinet-bulb temperature corresponds

to aninstantaneous reduction of the evaporation flux at early drying tieseshown

in Figure6.4 (B) andFigure6.5 (B). The increase in air temperature resulted in
simultaneous full gelation and skin formationelto the rapid rate of heating. The

size at locking is similar to the size of the final dried particle. This can be related to
the rapid gelation whicltauses a sharp rise in etsityand results in freezing the
droplet surface and resiing any surface deformations. It is also related to boiling
driven effects which also act as a resisting force to surface deformations and bending

of the droplet.

Figure6.4 (A) andrFigure6.5 (A) show that at both low and high solid concentrations,
the normalised surface area remains unchanged during the boiling stage. This has
been explained by the morphology tinseries which demastrate that gelation
precedes the boiling stage and thus the droplet enters the boiling stage at a gelled
state.Gelation causes a rise in viscosity and a rapid increase in the dynamic storage
Y 2 Rdzf ¢Bajwalefal., 2009; Sarkar, 197@nd provides sufficient strength to
suppress any effects of the vapour pressure on the surface area. In some cases, the
droplet underwent a secondary bubble growth angbture in the downstream side

of the air stream, as shown in the morphology time series of 5% w/w at280
Table6.4. This is caused by the direction of the airflavhich results in the lowe
modulus of the skin formed on the downstream side of the airflow due to lower local
evaporation rate.Figure6.7 shows that the final particle size is smaller than the
initial droplet diameterfor air all temperatures above boiling. Boiling fails to result

in an increase of the droplet diameter above the diameter of locking or initial size of

the droplet. This furthedemonstratesthat the puffing behaviour which has been
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reported in theprevious chapter to cause an increase of the surface &ea#ot

observed for HPMC related to the formationa$kinwith high elastic modulus
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Figure6.6 Time of locking (solid), gelation onset (open), full gelation (centre) as function of air
temperature and initial solute concentrations of 5%/w (square) and 15%w/w (circle). Errorbars

were calculated based on 5 replicates at each condition. Error bars are based on the standard
deviation of the mean and represent + 1 standard deviation
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Figure6.7 The relative size of the HPMC particles at locking (open) and the relative size of the final
dried particles (solid) avar=0.57m/s and different air temperaturesError bars were calculated
based on 5 replicates at each condition. Error bars are based on the standard deviation of the mean
and represent + 1 standard deviation
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6.4.2 Evaporation flux versus moisture content

The effect of the air temperature on the droplet temperature histggrticularly on

the length of the constant stage at thveet-bulb temperature has been related to

the reduction of the evaporation flux the previous section. It was shown that a
constant evaporation flux is obtained at tivet-bulbtemperature and the reduction

of the evaporation flux corresponds with the increase of the droplet temperature
beyond thewet-bulb temperaure. This is further investigated by the presentation
of evaporation flux versus the moisture content presentedrigure6.8 (A) & (B).
Figure6.8 (A) shows that drying at 64T results in a lower evaporation flux compared
with higher air temperature which is maintained for a period of drying until it
reduces later at lower mean moisture content. Lower evaporation rate delays solute
surface enrichment and allows moisture tramspto the surface of the droplet. With

the increase in air temperature, the reduction in evaporation flux occurs at higher
mean moisture content-igure6.8 (A), and thus the increase in droptetperature
beyond wet-bulb temperature occus at an early drying time. This is due to the
increase in the evaporation rate which results in early solute surface enrichment and
the decrease of moistartransport to the surface. This is clearly shown at AB@ir
temperature where the reduction in evaporation flux occurs instantly at a mean
moisture contentclose to the initial moisture content. The evaporation flux is very
high resulting in an stantaneous solute surface enrichment and a reduction of
moisture transport to the surface of the droplet. At high solid concentratite
droplet temperature profile presented in the previous sectioifrigure6.5 (A) shows

that the constant stagas only encountered briefly at 68C air temperature and
drying at higher air temperatures resulted in skipping the constant drying stage at
the wet-bulb temperature. This is strongly related to an instantaneous early
reduction in the evaporation flux at high moisture content hewsn inFigure6.8 (B).

This occurs because the high evaporation flux encountered at these air temperatures
resulted in early solute surface enrichment and a reduction of the moisture transport
to the surface. This theory of surface enrichment is investigated further by the

determination of the Péclet number.
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Figure6.8 The evaporation flux vs the moisture fraction at different air temperatures and at (A)
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6.4.3 Determination of the Péclet number

The relationship between air temperature, solute concentration and the constant
drying stage at thewet-bulb temperature can be explored further by the
determination of the Péclehumber. The Péclet number gives the ratio of the
evaporation rate to the diffusion motion of the solut&.Péclet number higher than

1 indicates a degree of solute surface enrichmé¥ehring et al 2007) The
diffusion coefficient of the HPMIS not avdable from the literature. Therefore, an
estimation is made usintipe StokesEinstein equation as follows:

QY (6.3)
¢ +

0O

where,

keAd GKS . 2fd1TYlyyQa Oz2yail yi
T 5 the absolute temperature

—is the viscosity of the solvent

1 is the hydrodynamic radius of the solute

The hydrodynamic radius ,is measured to be 60 nm using dynamic light scattering
(Bodvik et al., 2012)he diffusion coefficient of HPMC is calculated utbia@tokes
Einstein equation at thevet-bulb temperature to be 4.810%>m?s. It should be
noted that the Stokefkinstein equationfails to account for the effect of the
increased solute concentration on the diffusion coefficient. Therefore véiae of
the diffusion coefficient from StokeSinstein, 4.8102> m?s, is used for the
calculations of Pécletumber at 5% w/w and 15% w/w initial solute concentrations.
The Péclenumber is determined using the evaporation rate in the alistage of

drying based on the diameter measurements showRigure6.4 (A) andrFigure6.5

(A).
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Figure6.9 Pécletnumber determined using the initial evaporation rate at different air temperatures
and 5%w/w and 15% w/w initialsolute concentrations Error bars were calculated based on 5
replicates at each condition. Error bars are based on the standard deviation of the mean and
represent £ 1 standard deviation

Figure6.9 shows that the Péclet number &gnificantlyhigher than 1 for all air
temperatures and initial solute concentrations, suggesting solute surface
enrichment.t is also clear that the Péclet number increases with the air temperature
due to the incrase in the evaporation rate. The Péclet number is also lower at higher
solute concentration. This is due to the use of the same diffusion coefficient for the
calculations of the Péclet number. At 15% initial solute concentration, the diffusion
coefficientis likely to be much lower than that determined usthg StokesEinstein
equation. Therefore it is expected that the Péclet number at 15% solid
concentration to be much higher than that calculated-igure6.9 should accurate
measurements of the diffusion coefficient be used. NonethelessPé®et number
values shown irFigure6.9 suggest a high degree of surface enrichmemilbich
increases with the increase in air temperature. Thaute surface enrichment
reduces the moisture transport to the surface and thus results in an early reduction
in evaporation flux and reducing the timeline of the initial drying stage in ageee

with the temperature and evaporation flux profiles. The theorysofute surface
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enrichment is alsesupported by the mean moisture content at the moment of

locking shown inFigure6.10.

1.0
L}
0.9+ - =
o [ ]
F - ‘
0.8 +
x
®
0.7 1
B Xs,0=5%
® Xs,0=15%
06 T T T T

T T T T T T T T T
60 80 100 120 140 160 180
Air temperature ( C)

Figure6.10 The water fraction of the particle at the moment of locking ®ir=0.57m/s and different

air temperatures. Error bars are based orS3repeats at each conditiorError bars were calculated
based on 5 replicates at each condition. Error bars are based on the standard deviation of the mean
and represent = 1 standard deviation

Figure6.10shows that meamnoisturecontent at locking increases with the increase

in air temperature at the same initial solid content. The increase of the mean
moisture content at locking with théncrease inair temperature is due to the
increase of evaporation rate which in turns results in early solute surface enrichment
as explained by the Péclet number calculations showRigure6.9® ! G C airy n 6
temperatures, locking occurs at very high moisture content, close to the initial
moisture content. This is because, with the increase in air temperature, the solute
surface concentration at the surface increases more rapidly whichlteegn a
reduction in surface moisture saturation and rapid increase in droplet temperature
exceeding gelation temperature. It must be emphasised that this study gives the
average water content, whereas locking is mainly influenced by the water content at
the surface rather thanhe average water contenflthough it would be extremely

useful to measure the water concentration at the surface, it is not possible with the
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current setup of the drying apparatysand the author is unaware of any previous

studies in the literature where such measurements have been conducted.

6.5 Final morphologies single droplet drying vs spray
drying

TM3030PIus0368 2018-03-04 1511 NLM 30um  TM3030PIus0353 2019-03-04 14:22NL M 30 um

: e \
TM3030PIus0358 2018-03-04 14:39NLM 30pm  TM3030PIus0379 2018-03-04 15:37 NL M 30 pm

Figure6.11 SEM pictures of sprayried HPMC particle§5% w/w, Tnetl' M N1 N1 @ahbvtod € 1 6/
15% WiW, Trietl’ M A N @GabbEodd € 1 6/ 6/ el BEAN GakoBo I MO N 6/ 650
Tote H 1 N @Gahbelod 10N 6/ @

The morphologies collected from thab-scale spray dryeare shown irFigure6.11.

Details on the spray drying conditionsveebeen presented imable6.3. At low air

temperatures, the morphologies collected from spray drying show particles with
buckled morphologies and deformed saces at high and low solid content. This is

highly similar to the particles collected from the single droplet drying rig shown in

Figure6.2. At high air temperatures, the morphologies collecfeaim spray drying

show deformed particles as well as spherical particles with smooth surfaces. The
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different types of structures are due to the different dryitrgjectoriesthe droplets
encounter in the spray dryer. The particles with smoothfates are similar to the
ones seen in the single droplet drying,agd the mechanism behind this formation
has been related to rapid gelation and boiling effects as explained in Bat
Overall, partides collected from the spray drying show high similarities to the
particles collected from the single droplet drying rig. This shows that regardless of
the droplet generation system and the scale, similar drying mechanism are observed
in the spray dryer Wich proves the usefulness of the single droplet drying technique
described in this work, to closely investigate the mechanisms governing the

morphology evolution and the formation of the final structures.

6.6 Conclusion

This chapterhas investigated the influence of the air temperature and initial solid
content on the drying behaviour and final morphology of hydroxypropyl
methylcelluloselt has highlighted the significant influence loéatinduced gelation

on locking, evaporation rate and ultimately the final size as wdahasgxternal and
internal structure of the final dried particles. Drying at temperatures above the
gelation temperatire resulted irheatinduced gelation whiclkkaused a sharp rise in
the viscosity of thgarticle and thus resulted inlaw extent of shrinkage and locking
at an early drying time This effect was more pronounced at higher solid content.
The strength of the skin was also influenced by the air temperature, which is evident
from the morphology evolutiotime series. Droplets dried at low air temperatures
resulted in the formation of a weak skithat endured deformations The
deformations wererelated to continued solvent evaporation after skin formation
which createsa lower pressure under the skithus exerting stressn the skinwhich
eventually results in bending and defortrans At high air temperatures, rapid
gelation at the start of dryings thought to resulin the formation of a stronger gelled
skin which resisted the deformations and spherical particles wsitimoth surface
were produced.It was also hypothesised thaté vapour pressure associated with
boilingplays a rolen alteringthe internaland external pressure differences on the

particle surface and thus causing expansion adbition of surface deformations.
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The normalised surface area remains unchangeéhdithe boiling stage and boiling
driven effects caused no inflation or deflation of the droplet. This has been explained
by the morphology time series which demonstrate that gelation precedes the boiling
stage and thus the droplet enters the boiling staagea gelled state. This gelation
causes a rise in the viscosity and the dynamic storage mo@u@isthe skin(Bajwa

et al., 2009; Sarkar, 1978hd provides sufficient ength to suppress any effects of
the vapour pressure on the surface ardde behaviour of HPMC above boiling is
different from that demonstrated by sucrose and silicatevhich exhibited
inflation/deflation cycles.Drying of HPMGQesulted in skin formatio and heat
induced gelation which suppressedbiling driven effects. The differences in
behaviour highlight the role of theevolution of material propertieson the

morphology behavioumparticularly above boiling

The significantinfluence of the ski properties on the final structure offers an
opportunity to manipulate the properties of the skin, for example by the use of
plasticiers, to influence the morphology evolution and ultimately the structure of

the final dried particles.

The structures ppduced from the single droplet drying showed high similarities with
structures produced from spray dryingshich proves the usefulness of the single
droplet drying technique to understand the drying mechanisms resulting in certain

morphologies.
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Chapter 7Drying behaviour of HPMGC
water-acetonesystem
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7.1 Introduction

Extensive work on the drying of aqueous HPMC droplets in the previous chapter has
demonstratedthat the morphology evolutionas well as the drying behavious,
dominated by the skin formation and itdastic properties which is enhanced by
heatinduced gelation. Drying at lower air temperatures resulted inckied
morphologies dugo skin formation followed by continued solvent evaporatidine
deformations were related t@ontinued solvent evaporation after skin formation
which creates a lower pressure under the skin, thus exerting stress on tharskin
eventually results in bending and deformations. At high air temperat{iré8aC and
180¢C) rapid gelation at the start of drying is thought to result in the formation of a
stronger gelled skin which resisted the deformations and spherical particles with a
smooth surface were produced.However, the properties ofthe gelled skin
prevented any effects of boiling on the expansion of the droplet surface area. One
of the objectives of this thesis was to explore the link of the drying behaviour and
morphology evolution to the material propertiggarticularly at high temperatures.

The morphological development studies conducted on materials with skin forming
properties including polymer@auchard and Allain, 2003pyoteins(Bouman et &,
2016; Both et al., 2018b; Sadek et al., 204&)e conducted at low air temperatures.
Therefore, this chapter investigates the potential of manipulating the skin properties
to change the structure of the final dried particles ath@ morphology evolution
during boiling. This is done by the additionaafetone which influences the drying
kinetics including the boiling point as well #se mechanical properties and
rheological propertiesof HPMC. Therefore, amvestigation ata wide range of

conditions mainly air temperatureis required.

The first part of this chapter includes an investigationhef effectsof the addition

of acetoneon the morphology evolutionparticularly focusing on the sponse of

the skinto the subsequent drying. The effect on the final morphology is also
investigated by characterisation of the final dried particles using SEM. The
morphological developments are compared to the morphological developsnent
encounered during drying of aqueous HPMC droplets and other materials with skin

forming properties established in the literature. The second part of this chapter
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investigates the effects of the addition of acetone on the drying kinetits an
emphasis a the effect of boiling. Finally, the drying metrigscluding the final size
and size at lockingre investigated with a focus on the effect of air temperature and

initial solute concenttion.

7.2 Experimental work

HPMC is insoluble in acetortberefore, this required the use of a mixture of acetone
and water to increaséiPMCsolubility. In this study, aixture containing70 w/w
acetone and 30% w/w water was used to preparévidPsolutions at concentrations
of 5% and 15% w/wRPharmacoat 603 powder was used as the solutbdénsblutions
Specification®of Pharmacoat 603 has been describedbi.1 The solutionswere
left overnidht on a magnetic stirrerand the beakers were fully enclosed to ensure
no evaporation of acetonerhe single droplet drying apparatus describe@apter

3 was usedto conduct single droplet drying experiments at the conditions
summarised imable7.1. The final dried particlesollected from single droplet drying

experimentswere also characterised using SEM.

Table7.1 Single droplet drying conditions used to diyPMGacetonewater solutions

Parameter Setting

Air temperatures 60eC, 100C, 140C, 180C

Initial solute concentrations 5%,15%w/w

Air velocity 0.57 m/s

Droplet size 1.4-2mm

Solvent mixture (70 % w/w Acetone, 30%/w water)
7.3 Results

In this results section, firsthe morphology evolution and the morphology of dried
particles are presentedand the effect of air temperature and solute camtration

is discussed. Typical morphology behavimselected based on-3 experimental
repeats. The morphology development time series are used to investigate closely
the effect of skin formation on the subsequent drying below and above boilireg. Th
drying kinetics are then presented and related to the morphology development. The
drying kinetics are used to investigate closely the effect of skin formation and boiling

on the evaporation flux.
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7.3.1Morphology evolution during drying

Table7.2; Morphology development of single droplets containing 5% w/w HPMC in a mixture of
acetoneand waterwith weight percentages of 70% w/w and 30% w/w respectivelt/var =0.57
m/s and different air temperatures. The direction of airflow is fromght to left. *

-~ 000600006060

1.5 mm
t(s) 0 34 39 50 58 67 81 129
T4(°C) 5 26 35 37 39 42 44 45 48 61
Tu=100C Q 0 O o O
1.5 mm
1) 0 Z 10 14 19
T4(°C) 35 48 59 63 69
Twi=140°C o 0 O
1) 3 70 3
T4(°C) 62 71 75 71 89 122 135 136
Tair=180°C
t(s) 0 4 8 10 11 15 18 20 22 24
T4(°C) 14 62 85 88 92 125 167 176 177 177

Table7.3: Morphology development of single droplets containing 15% w/w HPMC in a mixture of
acetoneand waterwith weight percentages o70% w/w and 30% w/w respectivelgt var=0.57
m/s and different air temperatures®

Tni,=600c Q 6 o o o 0 o 6 6 6
1.5 mm
0 4 g 12 15 22 32 47 65 122
42 44 46 49 51 54 60
16 22 30 37 42 51 68|

t(s)
Ta (°C) 16 32 39

Tar=100°C
t(s) 0l 7| 13
T4 (°C) 17 57 64 66 69 72 73 79 76 102
ap « 3 Y S oY
t(s) 0 6 9 10 11] 14 21] 27 36 44
Ta(°C) 21 71 74 75 77 79 98| 112 137 13§
Tair=180°C
t(s) 0 5 6 7 12| 13 14 19 21 30
Ta(°C) 21 78 82 85 101 106 111 134 14§ 175

" A larger size replica table with better image quality is providethinleE. 7 (Appendix

8 A larger size replica table with better image quality is providethinleE 8 (Appendix E
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Figure7.1 Morphology of the final dried HPMC particles collected from the single droplet drying

experiments at different temperatures (a) 5% wW/Wli=806 / 00 0 Taupbdec B K@QAL P2 GK G
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The morphology time serseinTable7.2 and Table7.3 show that at air temperature
0St 26 02Af Ay Bthoes through aShrifk&gs peRodBHete the detp
decreases in size without enduring any surface deformations. At the end of this
period, the droplet undergoes bending on the downstream side of the droplet

followed by some deformations on the surfacetbe particle. The bending of the

droplet on the downstream side of the airflow is attributed to the weak skin caused
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by lower local evaporation. The SEM micrograghswn inFigure7.1, demongrate

that the particles collected at n ag temperatureshow surface deformations. The
deformations can be attributed tocontinued solvent evaporation after skin
formation, which creates a lower pressure under the skin, thus exerting a stress on
the skin(Arai and Doi, 20124t higher initial solid concentration, 15% wi/w, it can
be seen that shrinkage ceases early on during dr{reigr to Table7.3, 60 gC air
temperature. This is due to the early skin formation which is enhanced by the
increase in solute content. Deformations of drying of materials with skin forming
properties are expected andhave been demonstrated duringdrying of polymers
(Pauchard and Allain, 2003mdproteins(Both et al., 2018b)The deformations are
also simihr to the case of drying of aqueous HPMC drapéetair temperatures of

60eC and 10@C presented itChapter Gn Table6.4 and Table6.5.
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Figure7.2 Boiling point of acetone/water mixture as function of acetone weight fraction
(Thomas and McAllister, 1957)

Drying at air temperatures of 1G4, 140:«C and 80&C is above the boiling point of

the 70/30 % w/w acetone/water mixture used inighstudy. This is evident from the

boiling point of the mixtures of acetone/water shownRigure7.2. The mixtire used

in this study involved weight percentages of 70%/30% w/w of acetone andrwat

respectively, which corresponds to a boiling point of &2 The boiling point is

expected to increase with the addition of HPMC soluiable7.2 and Table7.3
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boiling which aids in resisting the deformation of the sKiine vapour pressure due

to boiling introduces a newattor force on the skin where it resists the pressure
difference acting on the skin. This is clearly showfiahle7.2l &G mnn e/ | YR
air temperatures where the bending of the droplet on tth@wnstream of the droplet
occurs at times from149sand13adp a8 F2NJ mnn e/ YR wmnn
the droplet reaches boiling, the vapour pressure resists these deformations applied

on the skin. The droplet also shows an inflation correspontbrtye boiling stage.

The nature of the inflation includealsustained increasm the surface area without

any noticeable deflation cyclegsefer to Table7.2). Homogenous inflation of the
dropletis2 6 a SNIWWSR &4 mnn e/ |yR wmnn ¢Tablel 4 p2
7.3). The ability of the vapour pressure to force expansion of the skin indicates the

skin has a plasticised nature with weakened meatanproperties.Table7.2 and

Table73F f 82 RSY2yaaGN)} 4GS GKIFG Fd p2 é6ké G ™
6/ X (KS RNER alvedylsignifmam $aitAlzirdlation in the direction of

airflow. This is due tthe nature the heterogeneous skin layer formed on the droplet
surface caused by the direction of airflow. The upstream side of the droplet forms a

skin instantly with stronger mechanical properties due to higher degree of
evaporation. On the other hand, the skin formed on the downstream of the droplet

is weakened with lower modulyand therefore the droplet expands in the direction

with the least resistance. The SEM rographs,Figure7.1, demonstrate that dried

particles above boiling possess puffed hollow stroesuwith smooth appearance.

The expansion and inflation of the droplet in the case of drying H(Q acetone

and water mixture as a solvent is different from the behaviour observed when drying
aqueous HPMC droplets. Dryingamfueous HPMC dropletssults in the formation

of skinwith higher elastic modulysvhich sypressed the effect of the boiling and
thus had insignificant influence on the surface ardaring boiling The contrast in
behaviour is due to the role of acetone in changing the mechanical properties of
HPMC. Previous dfies have reported that plasticisers including glycerol and
Polyethylene glycol (PE@ulton et al., 1981and Sorbito(Somashekarappa et al.,
2013)resultin a breakdown of the HPMC polymer network which in turn causes the

increase in the elongation and decrease in the tensile strength and modulus of
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elasicity of dried HPMC films. It is expected that acetone results in similar
mechanical changes to the properties of the HPMC which explains the occurrence of
inflation. Furthermore, a vital effect of the addition of acetone is the prevention of
solgel transition which was reported in the dryingagueous HPMC droplet3he
morphology time seriesTable 7.2 and Table 7.3, show no cladiness which
demonstrates the prevention ofsolgel transition. This is a direct influence of
acetone which prevents gelation when added in considerable quantities (30%) into
HPMC(Heymann, 1935)Boiling driven effects on the drying kineticxluding
droplet temperature profile and evaporation flux are further investigated in the next

section

7.3.2Drying kinetics

The measurements of the drying kinetics of solutions made with organic solvents are
more challenginghanthe drying of aqueous solution&®epeatability is much harder

to obtain due to the fast ature of evaporationthe difficulty of droplet handling,
error arising from evaporation before turning the airflow. Furthermore, at air
temperature above boiling, the droplet enters the boiling stage and extent of
inflation is highly stochastic. Therefoneepeats of individual droplet drying runs at
the same conditions are presented rather than averages. Although several errors
arise from the use of solvents, this study is very useful in highlighting the potential
of manipulating the skin mechanical ankeplogical properties to alter thénal
structure of the dried particles as well as the drying behaviour above boiling. It
should be noted that the diameter, mass measurements presented in this chapter
are taken fromthe same rurusingPEEKilament. Temperature measurements are

taken from a separate run witatype K thermocouple.

This section focuses on the relation between the drying kingd@asicularly surface
area, droplet temperature and evaporation flux. The drying kinetics aste@lto
the morphological developments presented in the previous section to highlight the
influence of skin formation and boiling on the droplet surface area and evaporation
flux. The drying kinetics amividedinto two parts; drying kinetics Bew boiling at
cn e/ FANJI GSYLISNI GdzNBE yR RNEAY3I 1AYySOA
e/ £ mMmnn e/ X mMyn e/ @
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7.3.2.1Drying kinetics below boiling
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Figure 7.3 Normalised surface area, normalised mass, evaporation flux and droplet temperature
vsdryingtimel & c ne/  kude Nith &% ahtdIS¥Iv/w initial solute concentratiofis
The temperature profiles, shown kgure7.3, clearly demonstrate that the droplets

skipthe constant rate dryingtage athe wet-bulb temperature at both 5% and 15%

9 Diameter, mass and evaporationflare taken from the same run whilst temperature
measurements are taken from a separate run with type K thermocouple.
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w/w initial solid content. This shows disagreement with temperature profiles
expected and established in the literature in studiedb OA 6 | YR HtZBSRY A {1
also in contrast with the casef drying of aqueous HPMC droplets at &2 air
temperature, presented irChapter 6 which resulted in drying at thevet-bulb
temperature. The skipping of theet-bulbtemperature can b explained by the high
initial evaporation fluxFigure7.3, caused by the preferential evaporation of acetone
due to its high volatity compared with water. The high evaporation flux resufis i
early surface enrichment and hindering of moisture transport to the surface. The
large hydrodynamic radius of the HPMC molecule, 6(0(Bauvik et al., 2012)glso
indicates slow diffusion of the solute and hence enhances early surface enrichment.
The tempeature profiles also show no boiling stage was observeith@srying air

0 S Y LIS NI (i dadlielov the doplet wiling point

The high evaporation flux encounteréu the initial stage irthe drying of 5% wi/w,
Figure 7.3, corresponds to the initial linear decrease in the normalised surface area
plot due to shrinkage of the droplet. Once the linear shrirk@griod ceases, it is
followed by partial bending from the downstream side of thdlaw. This is evident
from the morphology time series given Trable7.2 (Ta=602C and dring time= 81
seconds) The surface area plot demonstrates that the extent of shrinkage at 15%
w/w initial solute concentration is less than at lower solid concentration (5%). This is
expected and is due to the formation of the skin layer at eadrying time at higher
solute concentrationswhich resists shrinkage. The normalised surface after skin
formation exhibit differences at the same drying conditions due to the nature of the
deformations and the bending of the droplet surface. The tineelof these
deformations corresponds to a reduction in the evaporation flux as the formation of
the skin hinders the moisture transport to the surface of the droplet. In conclusion,
the morphology as well as the drying kinefi, show a high similarity to that
encountered in the case drying aqueousiPMGand similar polymer systems in the
literature (Pauchard and Allain, 2003dhe shrinkage is hindered by thekin
formation which resultsn surface deformations and bending. The disagreement in
the droplet temperature profileskipping of drying at the wedulb temperature has
been attributed to high initial evaporation flux due to preferential evaporation of

acetone.
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7.3.2.2Drying kinetics abwe boiling
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Figure7.4 Normalised surface area, nhormalised mass, evaporation flux and droplet temperature
|.
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10 Note: the scattering observed in the third run of 5% w/ws€dl.34 mm) is due to secondary bubble

growth and collapse rather thainflation/deflation cycles.
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