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Abstract

Research into the mechanisms of formation of granules produced from heterogeettimgs
powder blends istill at an early stageGranulation of noswetting powdes is a common
problem in pharmeeutical applications. The discovery of liquid marbles by the spreading of
nonwetting powder over a liquid droplet is a promising way to solve the wettability problem
of nonwetting powder. Hollow granules are formed upon drying of liquid marlethis
work experimental investigationssing different formulation and process parameters were
designed to understand the mechanisrhgofid marble and hollow granule formation. This
work has helped to produce a qualitative and semuantitative prediction ofinternal
microstructurebehaviour of new formulations from fundamental prdipsr This research
investigatedhe required conditions to form stable, spherical, hollow granules that form from

liquid marbles irthe nucleation stage.

Wetting and nofwetting model powder mixturegglass beads silanised to give different
wetting propertiesyvith different types and viscosities of liquid bindeolyethylene glycol)

were usedNucleation experimentaere performedoutside the mixewhere drops of liquid
binderwereplaced on a powder belifferent mixing time, primary particle size and shearing
forces were investigated. Different granule size and internal microstructure were produced
using different formulation and process parameters. Studies concluded thiatitreriscosity

and shearing force are critical factors in producing spherical hollow granules.

Mixtures of wetting and noewetting pharmaceutical powder (red iron oxide/efavirenz) were
granulated with different concentrations of liguihder (dextrar). Different operational
conditions were applied by changingmixing time and shearing forces. Granule size,
morphology, internal microstructure and ingredients distribution inside the gramales
identified. The effect obinder viscosity and shearingrées were found to be essential

parameters in controlling granule size, internal microstructure and ingredient distribution.

Two novel regime maps were developed. A mechanistic understanding of internal
microstructure of granules produced uswegttable pwders (contact angle < 90%as
proposed. It was found that solid graniurgernal structure is produced with a decrease of the
immersion time of powder particles into the liquid droplEhe immersion time ofow
wettability particles (contact angle > 9dnto the liquid droplet is infinite, and the only way

the particles can move through the droplet surface ldiyimpact forcesTherefore, for the



first time, a mechanistic understanding of internal microstructure behaviour of granules
produced usinglow wettability powders is introduced. A hollow granule internal
microstructure was produced with decrease inertial force, which led to decrease in the

immersion rate of powder particles inside the liquid droplet.

This research has established that &nighmersion time antbwer level of inerti& forces
applied aresuccessful in producing hollow granul@$isis expected to facilitate progress in
creating hollow granules asoth products and precursors farwide range of structured
powderliquid prodwcts inthe pharmaceutical, detergents, food and other advamegerials

industries
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Chapter 1 Introduction

CHAPTER 1. Introduction



Chapter 1 Introduction

1.1 Research Background

Granulaton is the size entgement ofsmall particls by the addition ofa liquid binderto
agglomerate the particle&ranulation plays an important role time pharmaceutical, food,
cosmetics and detergandustries and has an important influence on the properigsguality
of theproducts(lveson et al. 2001)

Granulaton of nonwetting powdes is a common problem in the pharmaceutical industry,
which compromises a uniform distributioh @rugs during granulationThe effects ohon
wettingpowder in wet granulation has been investigated by some studies, includingrapser
theinitial formation and stability of liquid marbles, liquid marbles morphology, examining the
driving force of liquid marbles formation, and looking at hydrophobic powder distribution for
different rang@s of formulation wettabilitK.Hapgood € al. 2009; N.Eshtiaghi 2012; C.
Williams et al. 2013N. Eshtiaghi et al. 2009)

The granulation growth behaviour of pure hydrophilic powder is becoming established but an
understandingf the effect of heterogenecugettingpowders a the granule sizand internal
microstructuran low andhigh shear granulation remains relatively unknown, and this forms

the motivation of this study.

1.1.1Granulation

Granulation is usetb reduce dusting, improve product handling, increase aedse bulk
density, improve dissolution or dispersjamdis used prior totableting(Knight, 2001) These
desired properties can be achievedthydesign of particles with a suitable combination of
formulation and process parameters that control the characteristics of prodietts
granulation in high shear mixers and tumbling dsuane popular methadfor the size
enlargement processes because genitthe production of uniformly shaped granules with
a high level of compactiofParikh, 2005)High and low shear granulators are used for a wide
range of applications in pharmaceutsgalgricultural chemicals and detergenfhese
granulators workoy causing powder motion using a mechanical impeller while the liquid
binder is sprayed from above onto the moving powder (hédter, Ennis, & Liu, 2004)
(Parikh, 2005and (Salman et al. 200@hapter 1
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A gred advancen understanding the granulation mechanism and controlling the granules size
has been mad@veson & Litster 1998)For awetting powder, the distribution of the liquid
binder occurs homogenously under suitable conditi@tsarlesWilliams, Wegeler, et al.
2013) However if the mixture contains a Higpercentage ofon-wettingpowder, for example
in pharmaceutical industries, the problems then begin. To solwedttability problems, a
suifactant may be adde#iowever, this is not always the case, as the surfactant may be either

incompatible or tooxgensive to uséHapgood and Khanmohammadi, 2008)

Many studies investigate the granulatiomoftwetting powderThe nucleation afionwetting
powder involves spreading dtie powder overthe liquid dropletsto form liquid marbles.

Hollow granules are produced after drying of the liquid mar@essillous et al2006)

Tablets with good pharmaceutical characteristics, such as active ingredient and excipient
uniformity, compressibility and flowability, are usually a function of the granulation process
rather than the tabletting process. Hollow granules with their poroususéyrovide good
compression properties and excellent dissolution rates due to thin wall thiCkaggpod et

al. 2009) It may be possible to control the size distribution and the internal structthie of

granules by monitoring the shell thickness of the hollow granules.

1.2 Thesis objectives

The aim of this thesis is farovide a mechanistienderstandingf theinternal microstructure

of hollow granules formed frorheterogeneousetting componentssinglow and high shear

wet granulationTherefore, it is essential to develop an experimental method to investigate the
effect of different formulation and process parameters on granule internal structure and granule

size. The thesiaim can be subdivid®into:

1 A literature study on granulation, granulation processes, and the effect of powder
wettability on the granulation process to highlight the novelty and impact of this work.

1 Development of an experimental method to study granule size and internal
microstructure.

1 Using the developed experimental method to study the effect of diffeverderbinder
systemson granule size and internal microstructure using model powders and PEG

solutions binder, including the following factors:

3
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a. The effect of binder viosity
b. The effect of powder wettability
c. The effect of powder patrticle size
d. The effect of shear force applied
e. The effect of mixing time

1 Applying the understanding from the above investigations into a study using real
industrial pharmaceutical powders aretify their applicability.

1 Developing novel regime maps that explain the kinetic behaviour of the internal
microstructure of the granules produced using different powder wettabilities, binder

viscosities and the shear forces applied.

1.3 Thesis outlire

Chapter 2 gives a summary of the #p-date understanding of granutati which isrelevant
to this work The review starts with an introduction to the general granulation process and then
proceeds to focus on the phenomenbgofid marbles The diferent parameters affecting the
formation and stability of liquid marblesd hollow granules reviewed. Finally, an insight

into the different mechanisms controlling the growth of granules is presented.

Chapter 3 describes the propertied the raw naterials used in this projecsuch as
determination of the size distribution, density and powdeguid contact angleln addition,
the set up fodifferent equipment used to characterise the graraltexy with details of the

granulation experiments explained

Chapter 4 describes the results obtained frdaw sheargranulation experiments and
discusses the effect bfnder viscosity, powder wettability, mixing time and primary particle
size on granule size andhternal microstructure using modebwder blends of various
wettability. The aim is to investigate which condition result in formation of large hollow

granules and explain the granule size behaviour for a range of powder wettabilities.

Chapter 5 describes the results obtained frdngh shear granulation experiments and

discusses the effect ghear forceon granule size and internal microstructore modé
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powderblends with differentvettability. The level of shear force is determined to produce
spherical hollow granules and investigétte granule size behaviour using different shear force

and powder wettability.

Chapter 6 applies all the understanding and results from Chapters 4 and 5 into industrial
pharmaceutical powder. Low and high shear granulation is used to verify theabipjiof
this work. This work was performed by the author of this theswSdd, PA, USA.

Chapter 7 contains details afiovelregime maps developed to understand the mechanistic
behaviour of internal microstructuréormation of granules produced ugndifferent

formulation and process parameters.

Chapter 8 summarises the results of the effect of different parameters on granule size and
internal microstructure for a range of powder wettabilities. The overreaching trends and themes
are described aneixplained A theoretical concept is described ahé contribution of this
work to the field oppharmaceuticagranulation Finally,recommendations for further research

in this field are proposed.
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2.1 Introduction

Granulation/agglomeration is the process in which small particles combine into a larger semi
permanent aggregate while the small particles are still distinguigthadsen etl. 2001) This

process can occur by either wet or dry granulation methods. During wet granulation, liquid
binders are sprayed onto powder particles and act as a linking material. This can be carried out
by granulating in a tumbling drum (low shear), hijtear, twin screw granulator or similar
device. Dry granulation can also be used to produce granules by pressurization or by the
cohesive characteristics of the material it¢glimar et al. 2014; Tu et al. 2013)fter the
granulation process, the obitad granules can be used as an intermediate step process in the
manufacture of the solid dosage form such as tablets and capauletsal.2014)

Thereare many advantages of using giasunstead of powder during production processes

in many industries. It reduces dusting, caking, explosion, lump formation and powder losses.
Granulation is used to increase bulk density, control dissolution, porosity and improve powder
handling and meterg. Furthermore, it improves product appearance and flowability and
decreases segregation of powder blend ingredients. The latter is very important in tablet
pharmaceutical manufacturifgitster, Ennis, & Liu, 2004)

Despitemany years of research, granulation has been more of an art rather than being based on
science. More recently, there have been improvements in the understanding of the granulation
process (Salman et al. 2007, Chapter 20). Howdugher experiments ardilsnecessary to
determine and predict which conditions result in granules with desired progéitssr,

Ennis, & Liu, 2004)

Here, a review of the basic considerations for a granulation process are described, with a focus
on low and high shear wet granulation. The pringegranulation equipment goeesented.

Next, the current understanding of the mechanisms involved in the granulation process are
presented. Finally, literature studies of granulation with a rangevedgrowettabilities and

liquid marble formation are discussed Anderstanding of the effect of heterogenewatting
component®n the granule size amaternatmicrostructure in low and high shear granulation

remains relatively unknown, and this forme thotivation of this study.
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2.2 Application

In the pharmaceutical industry, it has been reported that 60% of products are synthesised as
granules, and an additional 20% use powders as constituents. Granulation is also an essential
and widely adopted prcess varying from pharmaceutical, food, detatg catalyst
manufacturing anagricultural chemical and minerals procesgjivgson etal, 1998) Some

advantages that granulation provides are listed below:
1 Improved flow properties:

It is very important for the homogeneous distribution of the particles and content uniformity of
the drug in pharmaceutical manufacturing when using graoanlas an intermediate step in
tabletting(Chang et al2014)

1 Product design:

The granule properties sudss surface area, hardness, bulk density, morphology, size
distribution, etc. can be modified, achieving the desired manufacturing requirement with
appropriate granulation equipment. It can improve medicines in terms of dissolution

characteristics, releasates, or even taste can be contro([Edl et al. 209).
1 Reducing dust:

Dust can cause many problems ranging from inhalation to the mass distrigigage of the
ingredients and even dust explosion ([Bkodes, 1998)

However, the granulation process is not without daskb. The main disadvantage is that the
production process is relatively complex, and even with the knowledge of all the variables
during this process, it is still impossible to predict the behaviour of the granules in an accurate

way.

2.3 Granulation tedniques

In the pharmaceutical industry, three types of granulation technology are employed: wet, dry
and melt granulation. The use of this technology depends on physicochemical properties such
as water and heat lability, melting point and glass tramsitemperature of the active
pharmaceutical ingredient (API) in the formulatiiwackman & Liebermann, 201.3)

9
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During wet granulation, the liquid binders or adhesives are added to the excipient and active
mixture, usually by atating. The mixture is then dried, sized and compressed into tablets. The
most common equipment used are high shear mixers, twin screw extruders and fluidised bed
granulators. Some active pharmaceutical ingredients show moisture and heat sensitivity that
can be problematic during wet granulation. Therefore, an alternative method needs to be used
(Aulton, 2007)

In the dry granulation process, the powder mixture is compressed without the use of heat and
liquid and is, thereforesuitable for ingredients that are heat and moisture sensitive. There are
two basic intermediate procedures; the formation of large salbibere the powder is
precompressed, in the process known as slugging. The other method is to precompress the
powder wth pressure réérsto produce a sheet or flakes byragess called roller compaction
(Lackman & Liebermann, 2013)n both caseghe intermediate product broken to produce
granules using milling equipment. Theéhesegranules are sieved to separate the desired size
fraction. Fines, friable and poorly compressible granules are produced using this matblod, w

can be overcome by recyclitige unused fine product to avoigde.

Hot melt granulation methods are used rfaristure sensitive drug formulations. During the
process, the temperature stays below the melting point of the active ingredient but above the
glass transition temperature of the binder. The powder mixture consistswidtig binders,

which typically melt or often at relatively low temperatures (#8D°C) (Weatherley etl.

2013) Either the agglomerates are formed from the molten material in a powder mixture when
the temperature decreases or the water of crystallization released from the powder bed acts as
a binding agent.

Hot-melt extrusion (HME) is aontinuous procss that makes it useful in pharmaceutical
formulations, which helps to decrease the number of manufacturing steps. It is primarily
employed to improve the bioavailability of poorly soluble substgnibes also shows a
considerable benefit for different uges such as controlled release formulations and targeted
drug delivery including taste masking systdifigsnparadeet al.2015) Twin screw extruders,

high shear mixers and fluidized bed granulators can be used for melt gran(Patiibet al.

2015)

10
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2.4 Granulation equipment

There are different types of granulation equipment, each of which has advantages and

disadvantages. Four diflent wet granulatiotechniquesre discussed in this chapter:

1 Tumbling drum granulator

1 High shear mixer granulator
1 Fluidised bed granulator

1 Twin screw granulator

2.4.1 Tumbling drum granulator

Tumblingdrumgranulation is a wet granulation proc#sat granulates fine powders into large
agglomerates using a cylindrical rotating drum in the presence of liquid invadter et al.
2000) The granules in the tumbling granulator grow by layering or by crushing in which the
granules abrade but still have sufficient energy to coalesce with other egranithout
breakagdKnight et al.2000)

Thereare many typesf tumbling granulator including rotating drums, pans and discs. In
tumbling granulators, motion is imparted to the particles by tumbling action. Liquid binder can
be added by a spray nozzle and a scraper is used to prevenigaflgowder on the tumiblg

wall. These types of granulator are used in the fertiliser and minerals industries and in particle
coating(Litster, Ennis, & Liu, 2004)

Granule size produced from tumbling drums is in the range26fiam, and these gralators
are not suitable to produce small granule sizes. In addition, highly dense and consolidated
granules are produced using this granulator. Tumbling granulators are characterised by a very

large throughputs (up to 100 tonne/tiveson et al. 1998a)

In disc granulatiomuring continuous operation, the natural segregation of the particles can be
useful to sort out and remove the largest particles. This can result in narrow particle size

distributions andow recyclingrates of offsize produc{Litster, Ennis, & Liu, 2004)

11
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2.4.2 High shear mixer

High shear mixer granulator consist of a bowl with different geometries and sometimes a
chopperto break down large agglomerates. Here, an impeller is used to vigorously agitate the
powder and prduce highdensity granules (Salman et al. 20@hapter L This typeof

granulator isusually more popular than the low shear force mixers

They are widely used in pharmaceutical, agrochemical and detergent industriessdag to
processing times anddtlability to manage difficult formulation properties, involving high
viscosity binders and fine cohesive powdéi#swever, a inconsistent result is sometimes
obtained when scaling up from laborataiyed (up to 15 kg per batch) to industrial digep

to 100 kg per batch)igh shear mixer@L.itster, Ennis, & Liu, 2004)

At the same time, the high work rate can lead to an increase in the temperature, causing damage
to heat labile ingredients. In addition, the binder may bedese viscous at this elevated
temperature. Consequently, it is difficult to determine a theoretical end point of high shear
granulation due to complex growth behaviour as a result of more deformable g(Rails,

2005)

High sheamixer can be used for batelise or continuous wet granulatidBatchwise high

shear is widely used in the pharmaceutical industry due to their ease of enclosure and
robustness. Dry mixing of the ingredients can be performed in this type of ifireze can be
differences in powder flow pattern and shear rate, which is mainly due to the difference in
impeller and chopper geometry-or examplea chopperhas arelatively small effect in a
verticalshaft mixer. In contrast, in horizortsihaft desig the chopper has a much larger effect

(Litster, Ennis, & Liu, 2004)A schematic of a verticalhaft mixer can be seenhigure 21.

Theimpeller speedn high sheaplays an important role in the gnalation process. It has a
major effect on the mixing quality between the powder and liquid binder, and the collisions
between the particles or between the particles and the walls of the equipment. A controlled
granulation with proper wetting is usuallyneeved by increasing impeller speed with good
granule compaction and liquid binder dispersion. However, uncontrolled granulation with
preferential growth and local wetting results from an inappropriate mixing between the powder

and liquid binder due to sdrease in the impeller spe@knali, Gerbaud and Hemati, 2009)

12
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Figure 2.1: Schematic of an example of a high shear granulatawvith a vertical axis
shatft.

Impeller

Reprinted fronChemicalEngineering Research and Design Vol (91), Gi gek, K., Hraste, M.
granulation of dolomitau: Ef f ect of s hear,pp. €86, (2013),avith pgrmissionefrons Elskvien et i ¢ s

2.4.3 Fluidised bed granulator

The particlesn fluidised bed granulata@re mixed in motion by air, rather than by mechanical
agitation. This method is widely used in industries such as pharmaceutical, chemical, fertilizer,
and can be operated as a batch or continuous granulation. The granule size produced using this
equipmenis typically in the range of 0:2 mm This equipment, providing low shear forces,

has the advantage of producing either high porosity agglomerates or high strength layered
granules It is a mechanically simple process with the removal of the drying stepvever,

the running costs are high and poor operation with fine powder and highly cohesive powder
are the main disadvantages of the fluidised(hé&dter, Ennis, & Liu, 2004)

2.4.4 Twin screw granulator

The modification of a twin screw extruder fdratch orcontinuous twin screw granulation has
been carried oun the past few yeardn some cases, twin screw extruder can replace high
shear granulation, which may be desirable because the former can be continuousdyg.opera
Figure 22 shows a schematic diagram of twecrew granulationforce is applied onto raw

materials filled in the container from one end towards the opposite end by a pair of rotating

13
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screws. The screw used acenveying and/or kneading elemer(iseleb et al. 2004)
Conveying elements design to impart low mechanical energy and act to transport material
between mixing zone. Kneading design to impart high mechanical energy and act as a mixing
zone.The granule size distribution and shape can be vasied) different kneading elements.

The particle size can be produced directly or after an extra step such as cutting or milling which
depends on the granulation conditions used. The main disadvantages of this equipment are the
complexity of process paratees which make the control and the optimisation of the

granulation mechanism difficu{Seem et al2015)

Kneading
Liquid Feed

‘i SRS

Conveying Temperature Control Jacket

Figure 2.2: Components ofa typical screw granulation.

Reprinted fronPowder Technologyol (276), Seem, T.C. et al, Twin Screw GranulatidnLiterature Review, pp. 89
102, (2015), with permission from Elsevier

2.5 Granulation processes (wet granulation)

Wet granulation is a complex process that is usually composed of many competing physical
phenomena occurringiithe granulatorA thorough understanding of different phenomena
during granulation is important to design granulation proceskace, it is becoming more
popular to view granulation as a combination of only three groups of rate processes as shown
in Figure 23 (Salman et alk017, Chapter 20pranule average length approximately between
0.24 mm

1- Wetting, nucleation and binder distribution

2- Consolidation and growth

3- Breakage and attrition

14
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Figure 2.3: Modern approach on wet granulation processes.

Reprinted from Powder Technology, V (117), Iveson S., Litster J., Hapgood K., Ennis B., nucleation, growth breakage
phenomena in agitated wet granulation processes: a review;3®. @001), with permission from Elsevier

2.5.1 Wetting, nwcleation and binder distribution

This is an essential step in the granulation process ldifficult to examineseparately from
other effects like agglomeration and attrition. During this process, the liquid binder is sprayed

into a moving powder befitster, Ennis, & Liu, 2004)

There are two different nuclei formation mechanisms: distribution or immersion, depending on
the relative size of the liquid droplet to the primary particles. Nucleation with small binder
dropletswill occur by the distribution of the drop on a surface of the primary partidhen

the binder droplets are bigger than the powder particles, they are immersedippthe as
shawvn in Figure 24 (Iveson et al. 2001)nucle average length approximately between-49.2

mm.
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Figure 24: Nucleation mechanisma: distribution b: immersion.

Reprinted from Powder Technology, V (117), Iveson Stekid., Hapgood K., Ennis B.ubleation, gravth breakage
phenomena in agitated wet granulation processes: a review -39, @001), with permission from Elsevier

In the immersion mechanism, when the droplet impacts the powder bed, different types of
fragmentation of the droplet can occur, eggsulting in different granules types. énheling
mechanism isobservedwhen usingfine cohesive powdeand at low granular velocity.
Cohesive powder formeldrge loose aggregaavith high powder bed porosity. When the
droplet first comes to contact Wwipowder bed, it bounces and rokventually ending in a
stabilised position. The liquid penetration is driven by capillary action and penetrates through
small pores of dry aggregates rather than in between large aggregates. Dry aggregates are
sucked ingle the droplet which then casdbe bed to collapse by the weight of the drop which
tunnels into the powat bed. This leads to collectiarp of new powder particles and dry
aggregates from the new surface. The liquid droplet keeps its original spklepal during

nucleation leading to spherical granulEgure 25) ((Emady et al. 2011)
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o1

Figure 2.

: Schematic diagram of tunnellng mechanism

Reprinted from Powder Technology, Vol (21(Bmady et al., 2011)Granule formation mechanisms and morphology from
single drop impact on powder beds, RB®, Copyright (2011), with permission from Elsevier.

A spreadimg/crate formation mechanism isbservedwhen usingcoarse andree flowing
powder (Emady et al2011) A spreading formation mechanism occurred when the liquid
droplets hit the smooth surface of free flowipgwder. Then the droplet is deformed
elastically, splashing a small amount of powder and making a shallow crater. After a very short
time, a few powder particles are picked up by the liquid droplet which then retracts. If there is
a low concentration of thgathered particles on the surface, they form a mobile layer on the
liquid surface, allowing the droplet to spread on the powder surfareadonger time scale

The liquid spreads over the powder bed surface by capillary action while it is simultgneousl
penetrating into the powder bed. As tiage of penetration is slow compared to the rate of
spreading, the resultant granules are disc shaped with a slightly high@figume 26) and
(Figure 27) (Emady et al. 2011)

9
N 74

Figure 2.6: Schematic diagram of crater formation mechanism.

Reprinted from Powder Technology, Vol 2i{Emad et al., 2011)Granule formation mechanisms and morphology from
single drop impact on powder beds, RB®, Copyright (2011), with permission from Elsevier.
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Figure 2.7: Schematic diagram of spreading mechanism.

Reprintedrom Powder Technology, Vol (212Emady et al., 2011)Granule formation mechanisms and morphology from
single drop impact on powder beds, RB®, Copyright (2011), with permission from Elsevier.

CharlesWilliams et al.2011compared drop infiltration and spreading on a dry andyatted
particle powder bednfiltration time is longer in a pravetted powder, and the binder viscosity
effects the spreading and infiltration time of the liquid droplet. For a liquid/powder contact
angle greater than 9dfor example aqueous liquid with nevetting powder, the ligid spreads

on the liquid droplet and forms a layer around the droplet surface. The spreading of-the non
wetting powder on the liquid droplet is forms a granule which is known the liquid marble,

which upon drying form a hollow granu{elapgood and Khanmohammadi, 2009)

Binder distribution is an important parameter in the control of granule properties and an
indication of the effectiveness of mixing between the powder and binder fluid. A narrow
granule size distribution is obtained whéeliquid is distributed homogenously. If the binder

is unequally distributed, then a bimodal nuclei size distributidikesy. The quality ofthe
dispersion of the granulating liquid depends on the combination opdha&er mixture,

granulating liquid and the method of binder addi{iBalashanmugam et &015)

Spray fluxyais the dimensionless group whiihconsideredasan important development in
wetting and nucleation process. is defined as the ratio of the area wethein dropsby the
nozzle to the renewal area of powder surface in the nucleation(Bapgood, Litster and
Smith, 2003)

ow
c0O

Equation (21)

In Equation (21), V is the volumetric spray rate, amis the area passes through the spray
zone,Dq is the droplet diameteAt a low spray fluxya < 1, one drop forms one nuclei and
drops do not overlap. At high spray fliga > 1, a broader nucleation distributioroigserved.

This probably occurrgluring granulation when the liquid is poured into the granulator. The
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sprayarea is equal to the cross sectional area of the lsprdyed(lveson, Wauters, et al.
2001)

The nuclei formation kinetgccan be also be quantified by p&adéion time(Hapgood, Litster
and Smith, 2003)The penetration time depends on the wetting charactsmdgttbe powder

and on binder viscosity. Drop penetration time can be calculated according to the following

v o7

wher Vq is the volume of the drop is the binder viscosity is the porosity of the powder
bed,Ris the powder pore radiusis the liquid surface tensiod,is the dynamic catact agle

of powder/liquid

Hapgood, Litster and Smith, 20@8veloped a nucleation regime map for wetting powdgrg

the concept of spray fluand liquid penetratiotime asshown inFigure 28.

10
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Figure 2.8: Nucleation regime map developed by Hapgood et al.

Reproduced with permission from Wiley Materials.
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The nucleationregime mags dvided into three regimes. Drop controlled nucleation regime
obtained with low spray flux and fast drop penetration time. However, for high spray flux and
long liquid penetration time, mostly occurred with poor wetting powder and high viscous
binder, mechaical dispersion is obtained. There is also an intermediate regime in which the
process is sensitive to changes in spray flux and penetration time. This regime map can be used

to predict the nucleation behaviour using different formulatéord process pameters.

2.5.2Consolidation and Growth

Granules mayconsolidateand grow if successful wetting and nucleation are controlled.
Understanding when and how growth occurs is essential in industg,granulatedneducts

are often evaluated faize distribution and pmsity or a related propert§Parikh, 2005)
Granules can undergo either slow or rapid growth, depending on the mechanics and how energy
is absorbed on impac®low granule growth occurs bgyeringwhich is the formation of a

fresh layer of powder around an existing granRlapid granule grow occurs bypaescence
whichinvolves the collision andisking together of two or more granul€rowth bylayering

is often preferred over coalescence because it is cantrollableln the following sections,

growth and consolidatioarediscussed.

2.5.2.1Consolidation

Consolidation is the process during which granules experience numerous collisions between
other granules and with the walbf the equipment. Thisvill reduce the granule size and
porosity, and consequently squeezes the interior granulating fluid and entrapped air to the
granule surfaces. When the porosity decredsedo consolidatigrthe granules will be more
robust(Pohlmanet al.2014)

Granule porosity also has a stgomfluence on granule growth due to its effect on liquid
saturation and granule deformability. Rapid granule growth occurs if the consolidation permits
more liquid to be squeezed the granule surface after a period of little or no growth.
Nevertheless;onsolidation also reduces granule deformability, decreasing the area of contact
formed between colliding granules and hence may reduce the probability of successful

coalescenc@veson & Litster 1998)
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2.5.2.2 Granule growth

Granule growth ishighly influenced by the peder particle size, width of powder size
distribution and powdedensity which ultimately affects the resulting properties of the
granulesGranule growth is a complex process and manyoasithave studied its mechanism,

but it is still not clear.

Granulegrowth is mainly divided into two systems basedaduandamental understanding of
growth mechanisnfLitster, Ennis, & Liu, 2004)and these are discussed in the following

sections.

2.5.2.2.1Non-deformable particle systens

When considering the growth of the granules in any mixer granulation, it is important to
understand what happens when two surface wet granules collide with one another in the
granulation equipment. Basically they are three types of collision can be spendidg on

the formulation and process parametdesins et al1991)

For nordeformable or near elastic granules, only two phenomena can occur. This depends on
the granule kinetic energy and collision of the granulesesdrer result in rebounding or
coalescenceGrowth by coalescence occurs when the collisional kinetic energy is too small to
overcome the resistance of viscdascesof the binder in the liquid layeRebound of the
granules occurs when the granules havegh kinetic energy, and the formed liquid bridge is

not enough to keep the granules togetkan(s et al1991)

Ennis et al1991defined thegranulecoalescence by using thescous Stoke numbeySt, for
spherical, unequal sized particl&4.is a ratio of initial granule kinetic energy to the viscous
dissipation by binder lubrication forc8t, is highly influenced by impact collisional velocity
and liquid binder viscosity and providassuitable classification dhe coalescence growth
regimeand according t&quation (23):
P” oY
o

YO Equation (23)

where” is thegranule densityv is relative collisional velocityRy is granule adius andu is

binder viscosityBy comparing th&t, to a critical valueSt,” a conclusion regarding the process
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of granules collision can babtainedEquation 2.4). St is a functionof the amount of liquid

binder deposited on the powder bed:

’ paY p ~ 'Q H

= — Equation (24
(o p ) ig q (%)
wheree s therestitution coefficientha is theheight of surface roughnegsis thethickness of

liquid layer.

When the viscous Stokes number is smaller than critical viscous Stokes nSitnRest,’,

growth is innorrinertial regimeand allcollisions are successful. Granules in this regime grow

by coalescencer layering. When the viscous Stokes number increases and becomes equal the
critical Stokes numbet, ~ St, granule growth is in the inertial regimehdre is a balance
between granule growth by coalescence and granule relaodnaolverall reduction in granule

size is observed. When the viscous Stokes number increases further and becomes much higher
than the critical viscous Stokes numb®t,> St/, in this regime granules enter the coating
regime. In this case, all granules collisions result in rebound and layering which is the major

granule growth mechanisriiinis et al1991)

However, granules can be deformed duringhglation which limits the applicability of the
elastic assumption of the granule. This leads to another growth regime of plastic granule

behaviour(lveson & Litster 1998h)as described in the next section.

2.5.2.2.2 Deformable particle system

Although theregime map developed IBnnis et al1991provided a description of elastic and
nontdeformable granule, granules in high shear mixer can be deforithablet al. 2000)

When the kinetic energy is fully dissipated by the viscous forces between two colliding wet
surface granules, then type | coalescence occurs. Either rebound or another type of coalescence
occurred when the kinetic energy is high enough to make the granules collide. Type Il
coalescence occurs when the granule kinetic energy is slowed and keep thes goayather.

With a further increase in the kinetic energy, the liquid bridge breaks and the deformed granules
rebound (Liu et al.2000)

Liu et al. 2000 extendedEnnis et al.1991 study to include the probability of granule

deformation during collision. The model is developed to include dimensionless; group
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deformation stokes numbeBter Ster, is a function of the granule yield stress compared to
kinetic energy Equation () (lveson, Wauters, et &2001)

~

” 'Y
e _ _
0 —C ) Equation (%)

In Equation (), ” ¢ is the density of the granulgl? is the granule collisional velocigndYy

is the dynamic yield stress. The regime map can be sdegure 29.

The collisional behaviour of the granules can be predicted using this proposed regime map by
Liu et al. 2000 At a low granule velocity, minimal granule deformation is observed and
granules show type | coalescence. At a high collisional velocity and lowntktion number,
rebound behaviour mostly observed. Type Il coalescence mostly dominates at high velocity
and with highly deformable granul@dsu et al.2000)
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Figure 2.9: Coalescence regime map in terms of deformation stokes number and viscous
stokes number (Liu et al. 2000)

Reproduced wit permission from Wiley Materials.
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2.5.2.2.3 Regime maps

In order to predict and identify all types of granule growth behaviour during granulation, Iveson
and Litster1998 proposed a regime mam updated version can been inFigure 210. The

map explains different regimes as a function of stokes deformation nuabeandmaximum
granule pore saturatioBnax Which gives the fraction of pores occupied by the ligimgu@tion

(2.6):

oy v p - Equation (26)

wherew is the liquid to solid mass ratio aidand” | are the densities of the solid and liquid

respectively and  is the minimum powder pore saturation.

Granuk growth behaviour depdas on many variables such dsformability and consolidation

rate of the granulefLitster, Ennis, & Liu, 2004)Narrowly sized, coarse particles and low
viscosity liquid binders produce weak, deforneafgtanules. This behaviour leads to steady
growth by rapid coalescence. In contrast, for widely sized, fine particles and viscous liquid
binders, there is initially a period of |
duration oft ifine dd eiocreasa s thaatunatiort ofithe granules.
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Figure 2.10: Proposed growth regime map by Iveson and Litster 1998
Reprinted from Powder Technology, V (117), S. lveson, Ph. Wauters S. Forrest J. Litdesstérs B. Scarlet, Growth

regime map for liquiebound granule: further development and experimental validation, ®183Copyright (2001), with
permission from Elsevier

The location of a system in terms 8er and Snax, Characterigs the differenbehaviour of
granule growth

1 Atlow Snax nuclei are formed by Van der Waals interactions, and particles remain as

a dry, free flowing powder.

1 With an increase th@&nax the particle behaviour depends on$te; at low Stier, nuclei
are formed with no@wth occurringbut at a high value @te, nongr anul ar fAcr u

material will be formed.

1 At a medium level of granule saturation, with a mode&g, granules will grow
steadily, but at lowSter slowly consolidated granules display an inductionetim
behaviour.
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1 At high granule saturation, all granules will grow rapidly.
1 At very high granule saturation, a slurry or over wet mass will be formed.

A regime map theory qualitatively or sequiantitatively explains the difference in granulation
behaviour dting thegranulation processeBy introducing a regime map, it becomes possible
to correlate the input of processing variables and equipment with the granule properties,

making it possible to envisage a forenul at.i

laboratory or pilot scale testing. This would have enormous economic béKefitsr et al.
2014)

The proposed map waerexperimentallyalidated bylvesonet al. 2001 They found aood
fit with drum granulabn data. However, it proved difficult to determine correctly the Stokes
deformation numbeiStes) for high shear mixing. However, the map gives some prediction and

explanation of granulation behaviour.

Later,Tu et al.2009 proposed the effect of processing parameters on the granulation regime
map such as impeller speadd liquid to solid ratipinsteadof Stokes deformation numband
maximum pore saturation respectivalyhigh shear granulation. They found that increasing
impeller speed leads to an increase in the rate of granule growth and finally larger granules,
although sufficient binder is angsntial requirement for granule growth. However, it is equally
important for the distribution of this binder and that a low impeller speed is inadequate to
achieve this.

Although therehave beesignificant advancgin our understanding on the growthgpénules
from wetting powder, the addition of nametting material andhe study of itsffect on the
nucleation behaviour and kinetics of growth remains to be considenadesWilliams et al.
2013studied the effect of thecreasing amounts ofonwetting substrate on the granulation
mechanism. They used high shear granulation to investigate the effect of incre@sing
wettinglimestone on granulation growth behavidusctosewasused as base line data for the
effect ofincreasinghon-wettingingredient. Rapid granulation wasomoted with the decrease
of the spraying droplediameter. Norwetting content had strong effect on granule size and
granulation behaviour. As thenwetting powder increasethere was a decreasn granule

size atagiven granulation time.

Yu et al.2014 studied the effect of granulation behaviour in twin screw granulation for a

formulation of increasing newetting content. Lacte was used as a wetting excipient and di
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calcium phosphate anhydrite was used as awwihng substrateHydroxyproyl methyl
cellulose (HPC) was used over a range of viscosities as a liquid binder. They found that the
liquid binder viscosity and powderattability play an important role in controlling the granule
size. The granulation liquid was easily distributed across the wetting powder bed, resulting in
a higher granule size with a higher concentration of Hit@er. The effective liquid
distributionwasprohibited with an increase abnwettingcontent in the powder, resulting in

a decrease of granule growth. However, for a high binder viscosity, Wssan overall
increase in granule size due to an increase of the strength of liquid bridgesmjriokies
resistance to breakage.

It is clear that the newetting systems affect granule growth and internal microstructure and
the properties of the resultant granules. The mechanism of granule growth in these systems will
be different. This will beeviewed in section 2.6.

2.5.3 Breakage and attrition

Breakage may control and have an influence on the final granule size distribution, particularly
in high shear granulation. In some cases, breakage can help the distribution of the granulating

fluid or limit the maximum granule siZ&nde, 2011)

Attrition leads to the formation of dust from the dry granules. This is generally an undesirable

process, needed to be avoided in most granulation prodegsesr, Ennis, & Liu, 2004)

Limited studies have investigated wet granule breakage in granulation process. In tumbling
drum some preferential granule growth may involve breakage and attrition of weak granules.
However, breakage is much more likén high agitation mixer such as high shear mixer
(Litster, Ennis, & Liu, 2004)

2.6 Granulation of non-wetting powder: theory and mechanism

With 50 years of research, granulation is a majoa afénterest, and significéprogress has
been made in understanding the mechanisms of the granulation {t&pgeod et al. 2009)

The majoity of these studies have foats onthe mechanism of granulatioof wetting
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systens. However, there hawnly beena few studies carried on navetting systemsjespite

the prevalence of these systems in the pharmaceutical industry

For a wetting powder/liquidranulation process, the liquid binder wets and penetratethie
powder bed, which leads to formation of nuclei thvath agitation in suitable granulator
results in growth of the nuclei either by coating or coalescence. However, the situation is
different with poorly or nofwetting powders; her@onwettingpowders spread over a liquid
binder during agitation iagranulator{Hapgood et al. 2009)

Agglomeration of wetting powder typically involves the wettinghaf powder particle with

a liquid droplet. Te liquid bridgesareformed by the addition of liquid binder atdhd the
particles togetheHowever,liquid binder cannot penetrate into poorly wetting powdEcs.
nontwetting powder (high contact angle between powder and lignistead particlesspread
over liquid droplet as the powder beds agitated Liquid marblesare formed with
encapslation of the liquid droples within the powder particlesThese liquid marblesan
bounce and move intact without l&ads liquid. The dried form of these liquid marbles are
called hollow granule@/Nhitby et al. 2013)

The spreading of fineonwettingp owder over a solid surface i
spreading nucl eat i onagturing] the sprdading coeflicent has bear ma |
used for many years to estimate the wettability of a given formulation. The spreading
coefficient is usually referred as the difference between the work of adhesion and cohesion and
gives an indication of whethahe spreading of solid over a liquid is thermodynamically
favourable This is shown mathematically iBquation (27). In addition, the spreading

coefficient has been used for many years by pharmaceutical companeedict whether

adequate wetting of pharmaceutical powders will od¢teipgood etl. 2009)

- [ [ [ Equation (27)

In Equation (27), _ is a solid liquid spreading coefficient.is the interfacial adhesion &

solid, L liquid andV vapour.

Many researchers have studied the effect of spreading coefficient on wettability or other
properties ohonwetting pwder mixturg(Planinsek et al. 2000; Zhang et2002)and these

generally have been performed on a large particle or compact powder.
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The driving force for the spreading ofonwetting powder ona liquid drop has been
investigated. Wo mechanisms have been suggeskustly, the spreading ohonwetting
powder is driven by a soldverliquid spreading coefficier{Eshtiaghi et al. 2009; Nguyen et
al. 2010; Hapgood et al. 200Bemndly, the kinetic energy is the driving force based on the
examination of the role of mixing intensity through tlmequction of liquid marbleg(Forny et

al. 2007)

Hapgood et al2009 suggested the use @af solid-liquid spreading coefficientes, as a
guantitative tool to predict whether a given combination of powder and liquid will result in the
formation of liquid marbles. They found that bging differenhonwettingpowdesand liquid
bindess, that the liquid mdies cannot be formed uske there is a solitiquid spreading
coefficient more thams. . O .

Forny et al2007studied encapsulation of water witimed silica powder witkarious levels

of wettability, andused two different mixs; a high and a low shear. Two alternative methods
wereused for adding water to the fumed silica powder; (i) direct loading of powder and liquid
into the equipment, (ii) by atomization oved3ninutes. For a high sarwith highly non
wetting fumed silica R813uccessful liquid marblesereformed with direct addition of liquid
within 10 seconds at a mixing rate above 12 G90. 98% water encapsulation walstained

at a mixing rate of 18,000 rpm for 30 seconds. Ewsv, for a low mixing rate, between 4000

T 8000 rpm liquid puddles of water werfermed at the bottom of the mixing bqwelen with

an increase in mixing time for up to 5 minutes. For kivearmixing, neither direct liquid
addition ror atomization, withdifferent mixing condition and agitation speedssulted in a
successful spreading of fumed silica R812 over a liquid droplet. From this study, one can
condude that with an increase in the agitation intensity such as impeller speed, the kinetic

energy icreased which playskey role in liquid marble formation.

A study byEshtiaghi et al2009s u ppor t s FHerethgydngestigateth angre detail

the mechanism afionwetting powder coverage on a liquid droplet to examine whether the
solid over liquid spreading coefficiestL or bulk motion is the responsible mechanism for
liquid marble formationThis wasdone by releasing a single drop of different liqudistilled
water, glycerol, polyvinyl pyrrolidone (PVP), hydroxyl propyl methyl cellulose (HPEI@p

a loosely packe powder bed of different partelsize powder. When the drop walaced
directly andgently on the loosely packewnwetting powder begdno spreading occurred of

the powder over a liquid droplet. However, a comgtaverage of liquid marbles wesmed
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by releasing the dropfrom greater heights (10 cm to 25cnthis result indicated that the
spreading coefficient alone could not predict the formatiliiquid marbles, but there was
further contribution of kinetic energy or bulk motion for the spi@atbn-wettingpowder over

liquid.

More about liquid marble formation and characterisation can be found in Section 2.8. The next
section will focus on powder wettability for understanding the dajidd contact angle, which
gives an estimation of powderettability.

2.7 Powder wettability-Theory

The wettability ofpowders is an important aspect during the production of pharmaceutical
dosage forms. The wettability evaluation of the powders usually depends on a determination

of the solidliquid contact agle, which give an iication of their wettability A completely

wetting liquid has a contact angle of @n incompletepowder/liquidwetting occurs with a

cont act angl e o fwetthd systech when tBe0fldid cores im comtact with
powderwihout spreading across the surface is sp
nonwetting powder gives a complete novetting system with aantact angle greater than

150° (Hapgood, 2000)

In theory, the contact angle éxpected to be a property for a given sdilighid system in a
particular environment. If you consider a static liquid droplet on a solid surface, the contact
angle is the angle formed by the intersection of the ligoid interface and the liquidapour
interface. The interface where liquid, solid and vapour intersect is known aplias@ contact

line, whereds, s, 9 ae the solievapour, solidiquid and liquid vapour interfacial enees
respectively, andis the contact angle as showrHigure 211. Determination of contact angle

is not an easy task, but retly, efficientexperimental methods have been descr{haedghab

et al. 2005.

As described by Thomas Young in 1805, the contact angle is expressed by the mechanical
equilibrium of the drop falling onto an ideal solid surface under the influence of the three

interfacial tensions:

[ wéE+ T [ Equation (28)
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wherethe subscript$ v ands indicate liquid, vapour and solid respectivedyepresents the
interfacial free energy of the surface at equilibrium @d the contact angle between the solid
and liquid phase. This description of contact angle is usually referred to asé¥eunge qu at i on

This equation applies to a system at equilibrig@moeijer et al. 2008)

6 <90°

Y1

Figure 2.11: Contact angle on a powdesurface

Reprinted by permission fro8pringer Series in Surface Sciences,54. Yuan Y., Lee T.Rpntact Angle and Wetting
Properties. In: Bracco G., Holst B. (ed§pringer, Berlin, Heidelberg2013).

From Youngds equati on idesaig $ysteend threeahermodymamict i c u |
parametersy, v andas define a single andunique contact angl#. Practically, the process

of wetting is more than just a stagnant state in which there are various metastable states of the
droplet on a solidand the contact anglese almost never equal th. When the threghase

contact line is in real motion, a single static contact afjgéeno longer adequate for describing

the wetting behaviour . The angl e atglethat t
Particularly, the contact angles formagexpanding and contractimgoples are indicated as

the advancing contact anglie and the receding contact angle respectivelyFigure 212).

These angles occurithin a range, with the advancing angles approaching a largest
reproducible value, and the receding angles approaching the smepestiuciblevalue.

Dynamic contact angles can be deteredi at different ranges of shear. At low shéashould

be closeor equal to a properly measured static contact angle. The difference between the

advancing and receding angle is called the hysterd$ier(ian & Lee 2013)
0o — — Equation (2)

The importance of contact angle hysteresis has been thoroughly investigated and it is assumed
that it arises from surface roughness and/or heterogeneity. For surfaces that are heterogeneous,

they are many barriers to the motion of tiogiid droplets on the contact area. For instance, a
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nonwetting surface will hinder the movement of the water front as it advances, leading to an
increase in the observed contact angle; the same surface will restrain contracting movement of

the water frontwhen the water recedes, consequently causing a reduction in the observed

contact angl e. Youngb6s equation fail to exp

reflect surface topograph{fimmons et al. 1966)

|
W

advancing angle receding angle

Figure 212 Schematic ofadvancing and receding contact angles.

Reprinted by permission fro8pringer Series in Surface Sciences, vol 51. Yuan Y., Lee T.R, Contact Angle and Wetting
Properties.In: Bracco G., Holst B. (eds), Spger, Berlin, Heidelberg, (2013)

The determination of the contact éd&mghte i s

might not reflect the experimentally determineb nt act angl e. Newert hel

angle interprets the experimentally observed contact angle on ideal smooth solid surface when

V €

there is no contact angle hysteresis. While forlhomogenous solid surfa&e  Youngdés con-

dy angle might represent the advancing contact adiglbut itis usually observed to be less
consistent than the receding contact argjlelue to liquid sorption or solid swelling. There is

no correlation betweeth anddyon a rough solid surface as a
to interpret contact angles dmose types of surfac€¥uan et al. 2013; Zhenyu et al. 2015)

Two wetting states are generally defined, Wenzel and GCBssier, depending on whether

the liquid droplet settles on a rough or heterogeneous surface respectively. The Wenzel model
suggests that the droplet wets the entire rough substrate while the Bagsiemodel suggests

that the liquid incompletely wet$ié rough substrate due to the air in the msatractured
surfacegWenzel, 1936; Cassie, 194d9 shown irFigure 213.

For anonwetting powder, the Cassie and Baxteapproach can be used for estimating the

average contact angle measurement

AT-©0 QAT-O0 TQAIT-O Equation (210)
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wheref; is the fraction of the powder mixture with contact angle equakhtandf. is the
fraction of the powdemixture with contact angle equalda Experimentally, the measurement

of the contact angle of neat pharmaceutical powders or a combination of powders with water
was investigated by Lerk et al., 19%ted inHapgood et al. 200%howed the contact angle
directly affects the propeess of a granulated batch and wawrelated to the particle size.
However, for a combination efonrwetting drug powder and wettinggredients, the contact
angle depends on particle size. As a particle size increasemrtneettingpowder controlled

the contat angle. Furthermore, there waslirect relationship between contact angle and the
ratio of the components for a small particle size.

Ow

@ (8)

Figure 2.13: (a) CassieBaxter (b) Wenzel models for wettability states
Reprinted with penission from Langmuir, 28(29giacomello, A. et al., Cassleaxter and wenzel states on a

nanostructured surface: Phase diagram, meta$tads, and transition mechanism by atomistic free energy calculations.
pp.1076410772, (2012)American Chemical Society.

The incorporation ohonwetting ingredients into the formulation decreases the extent of
wetting between the liquid binder and fi@vder, which accordingly may lead to roniform
distribution of the drug in the granulation mixture. Approximately 150000 new drugs have
been investigated and showed to have a poor water solubilitgrewetting characteristics
(Dimond et al2005; Staub et al2005), cited ir{Nguyen et al. 2010Hence, an understanding

of the effects of the inclusion afonwetting ingredients in wet granulation is becoming
increasingly important for good granulation and pé&taesign. The neaniform distribution

of the drug in the granulation mixture may partly be attributed to the difference in the particle

size between the drug and ingredients in the granulation mikigreyen et al2010)
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Many authordhaveinvestigated the relationship between contact angle, wettability and the
growth of nonwetting powders Hemati et al.2003 studied the effect of contact angle on
granulation growth kinetics in a fluidized bed granulator through granulated sand powders with
different wettability and 1% ceboxy methyl cellulosesolution with powder liquid contact
anglsr anging from 38 908 Ahis study.sloed thdt Bs ebmtact angle
increased the wasa decrease in agglomeration growth kinetics until no further growth
occurred at a contaengle of more the 90 Consequently, more studies are required to
investigate the relationships between contact angle and the mechanism of growth of

wetting powder mixtures.

2.7.1 Methods for determining the wettability of powder

The wettabilityof powdes usually plays an enormous role in several applications such as
powder processing, coating, dispersion and analytical techniques (contact angle analysis) to
characterize surface properti@ner et al. 2000) Such significance generates a continuous
interest within the scientific community to develop methods to assess the wettability of
powders by measuring the contact angle. In general, the wettability of the s@ittideon the

angle that is formed at the molecular interaction between solid and liquid coming into contact.
The sessile drop technique is one of the most popular methods for measuring the contact angle.
It can be measured directly through thpdase coract line of liquid, solid and gas formed

when a liquid droplet is placed on a solid surface. However, it is only applicable for flat smooth

and norporous surfaceKwok et al. 1999)

Due to complex wetting behaviour of the powder system, new methods need to be developed
for accurate measurement of the contact angle and wettability of the powder. This is a
challenging task as they are many parameters which influence the measurement of contact
angle on a solid surface apart from chemical and physical properties of the liquid, such as
surface roughness, liquid penetration into the pores, surface heterogametitswelling
(Alghunaim, Kirdponpattara and Newby, 2016)

Accordingly, there is no common test to estimate the wettability of the powder and every single
powderliquid pair must be investigatein a WfAcase by caseo0o basis
method for the contact angle measuremgaizghab et al. 2005)Table 2.1,displays an
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overview of some methods used for the determination of the wettability of powders with their

advantages, disadvantages, and limitations.

Literature review

Table 21: Methods for determining the wettability of a powder.

Studies Methods Benefits Drawbacks
(Schuster, It is generally applicable to smoqt
Schvezov and flat surfaces regardless of chemic
Rosenberger Sessile dro Easy and fast and physical properties of the soli
ger. P y liquid contact area, such as surfal
2015)
(Puri et al2010) roughness, surface heterogeyeit
| air encampment, and swelling.
A very sensitive micrahlance is
(Buckton, 1990) . Automated, r_qulred.Swelll_n g occurs due to
. Wilhelmy liquid penetration into the pores
(Pepin, Blanchon does not L .
and Couarraze plate require resulting in an underestimation g
1997) operator contagt angle.
(Chau, 2009) training A constant perimeter of the plate
’ should be usedyr a serious error
could result.
(Shang et al Easy It requires the use of a referencin
2008) column | - roducible _ Wwetting liquid. -y
(Shi and Gardner, wicking Unsuitable for a powder containin
2000) extra pores or highly porous
particles
(Nowak ¢ al.
2013). Thin layer Acc;urate a.md Not applicable for a dense particl
(Alghunaim, easily predicts .
: method " and a powder with a contaangle
Kirdponpattara the position of less than 50°
and Newby, the liquid
2016)
(Lazghab et al. Applicable for
2005a) measuring a
(Nowak et al. highly non It cannot coisidered as a robust
Pressure : . :
2013) compensation wetting method adiquid maydiffuse
(Alghunaim, P powder with a| between inter and intrgarticles
Kirdponpattara contact angle pores.
and Newby, greater than
2016) o0°
(Lazghab et al. me;)sI:Jethment Inapplicable for powder with
2005b) Environmenal PP P
(Alghunaim scannin of the lower contact angle.
NG ’ g wettability of | Failed to measure the wettability
Kirdponpattara | electron . : :
and Newb MICrosco water droplets| fine and porous powder with a liqu
2016) Y, Py on a surface ol other than water

fine powder
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2.8 Characterisation and uses ofitjuid marbles

In section 2.6, the formation of liquid marbles from +weetting systems is introduced. This is
important as many pharmaceutical formulations usewetting powders. In this section, more
details are given about the properties and uses of liquid marblesvétong powder can be

usa in combination with water or any liqurdixtures to produce spherical structures termed
liquid marbles. There are foed fromnonwetting powder covering water droplets and are
able to roll and bounce dglas® marbles but deform and flex like a liqu{efigure 214).

Liquid marbles are characterised by distinctive physical arthal properties which show

a wide range of high value technological applications such as in the food, cosmetics,
pharmaceutical, chemical, mechanical and biotechnology industries, which has attracted
significant attention of researchers in the past de(fashtiaghi et al2012a; Anoret al.2012;
Eshtiaghi et al. 2009)There is a high demanidr producing the chemically ineliquid
marbles, which can be used in different industrial application

Figure 2.14: Liquid marbles of a mixture of 75% salicylic acid and 25%
microcrystalline cellulose with 5 % lyethylene glycol 200

Liquid marles act as micro reserive of liquid that survive withoueakage andrea potential
candidate to be applied in genetic and biomedical analysis whererHetip and 2D
microfluidics methods are used. The evaporation rate of the liquid inside the marates
important parameter to ensure the stability of liquid marbles. If the liquid is quickly evaporated,

the liquid marbles will collapse and deform easily. The lifetime of the liquid marbles depends
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on the particle size afonwettingpowder and the cheical natureof the liquid usedDandan
et al. 2009; McHale et al. 2009)

The liquid marble phenomenon wiast introduced in the pioneering worksAdissillous and

Quéreé (Aussillous, 2001)who have viewed thahonwetting lycopodium grain powder
particles can spread over a liquid droplet creating a surface film or liquid marble. A high contact
angle of norawetting powder ad lateral capillary force are responsible for the stabilization of
nonwetting powder at the awater interface. The wall of nemetting powder around each

liquid droplet acts as a protective shell to prevent leakage and coalescence of liquid marbles

when they come into contact with each otffeorny et al. 200)/

Dandan et al. 2009ynthesized graphite liquid marbl@hesegraphite liquid marbles have an
electrical conductivity which is promising to use in microfluidics, antifouling and genetic
analysis.Liquid marbles were producdsy encagulating graphite powder omater droplet
andthe evaporation period and lifetinsemparedwith pure water droplst They found that

the evaporation time fohé graphite liquid marbles was twice the ifime of pure water

droples.

McHale etal. 2007 definedelectro wetting liquidnarbles which arevidely used in 2Dmicro
fluidics. In biomedical and genetic analysis fieldiquid marbles are promising candidate to
use, where very small quantities of materials must be analysed in a slatidrdaf time.The
electro wetting liquid marbles help to overcome contact angle hysteresis in order for a liquid

droplet to move.

lonic liquid marbleshave received lots ddttentionover thelast decade because of their
excellent characteristics as alv&nt, ionic conductivity, thermal stability, and low vapour
pressure and evaporation rdic liquid marbles werproduced bysao and McCarthy, 2007
formed from perfluordiyl particles (OTFE) and polymeric (PTFE) tetrafluoroethylene, which
were unreactive and fluoride containing polyraeihe ionic liquid marbles with OTFE are
much more robusand remained floatingn the water surface for a week comparethtse

preparedvith hydrophobized silica or lycopodiuwhich coalescedfter a minute of floating.

Bormashenko 201feviewed the properties and application of liquid marbles from over 10
years of experience gained from the study of liquid mar@lkes. study showed that liquid
mar bl es coul d -rdaeorsunsiceguumpes and fHNgas, waier pollution sensors.
Arbatan et al2012reported the usag# liquid marbles as a micybioreactor in biological and
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analytical tests. Liquid marbles can be used to identify human blood groups by the formation

of blood marbles. This may offer many advantages waditional methods such as simplicity,

safety, and cost effectiveness.

Liquid marbles are a promising tofdr controlling the divery of active ingredients fro
powdered drugs, food, detergergnd fertilizes into solution. This can be achieved by
assembling the particles in open and coarse aggre¢fat@sed granules)The rate of the
release depemsn the granulsize and porosityand the granulmicrostructurgWhitby et al.
2013)

McEleney et al. 2009 studied the influence of formulation parameters rather than

hydrophobicity on the formation and stability of liquid marbles, such as powder particle size,

shape and densityhey found the higher sphericity and lolensity powder pécles leado a
complee spreading othe powder over the liquid, and more stable liquid marklese
producedThe sphericity contributes to the laentact of the spherical particles at the liquid
solid interfacewhile the lower density powder medosver energys requiredto move over a

liquid surface.

Bhosale et al2008 examined the formation of elasticity and strength of thdl siidiquid
marbles made from polgtraflouro¢hylene (PTFEparticle size of 712 pmand fumed silica
powder with a surface treated with taifferent nonwetting chemicalshexamethyldisilazane
and dimethyldichlorosilane. Uniform wall coveragdlué powdeiliquid interface wasormed
with nanoparticle materials abnwettingp owder . They found that
mechanically robust liquid marldenvereformed with nanoparticle sis&sompared with ta
marbles formed frontarger particle size These robust liquid marbles wedlgle to wthstand

the remaining proces®ompression forces during drying and manufacturing.

Whitby et al. 2013studied liquid narble behaviouby using liquids of differentsurface

tensiors by varying alcohol concentration in water. Three differentsstrml shapgof non

mo |

wettingpowder used; coarse spherical glass beads, irregular coarse coal particles, and irregular

fine molybdenite particlesThey found the droplet either easily wetted and penetrated the

coarse powder bed (glass beads and coal dust) at low surface tension of the liquid, or spread

overtheliquid of high surfaceension. Dops placed onto fine myiddenite powder bed do not

pendrate but instead roll awgyeven when deposited very carefully. They behave as a super

nonwetting powder and collect much mom@nwettingpowder along their path. In addition,
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they found that the evaporation of the liquid is add@own on complete cdag of the powder

around the liquid droplet.

Nguyen, 2009 investigated the effect of powder particle sizes on the internal structure of the
liquid marbles. It was found that the powder encapsulated the liquid droplet either as a
monolayer or multiayers of particleswhich was mainly dependent on their sidearger
particle sizesmore than 50 pumformed a monolayer, while a mulyer powder shelvas
formed from a fine particle size. In additiahwasreported that the large particle size tead

to float on the ligid surface with a decreasingktent of penetration into the liquid core

compared witHine powder particles.

Binks et al. 200@&leveloped a novel method of phase inversion in a single system comprising
water,air and fumed silica particles having different hydrophobicity. They described the phase
inversion of paitle stabilizedaqueous foams into water in air pow{lauid marblg and vice

versa (Figure 215). The transformatiorwas achieved by either changing fumed silica
wettability at constantidwater ratio or changg the ainwater ratio athe same fumed silica
hydrophobicity. A foam stabilisewas obtained witla contact angle of a fumed silica close to

90°, whereas antifoam formed at a contact angle more than 90°.

Increasing hydrophobicity

Increasing water/air ratio

Figure 2.15: Phaseinversion of foams (air in water) b liquid marbles (water in air).

Reprinted by permission from Nature Material, 5(11), Binks, B.P. & Murakami, R., Phase inversion of-ptatitized
materials from foams to dry water. pp.8869., (2006).

Liquid mables have attracted intensive experimental research and different industrial potential
implementations. Many authotisave focused orstudying the effect of formulation or

processig parameters on liquid marbles suchhasdrying temperatur@shtiaghi et al. 2010
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Hapgood et al2009) or liquid marble propertiesuch as strength, elasticitgtc (Bhosale,
Panchagnula and Stretz, 200&)thers have tadied liquid marbles with the aim of
manufacturingdesigner particle configurations for pharmaceutical and industrial applications
(Eshtiaghi et al2012; Hapgood et al. 2009; Forny et al. 206iQwever, there are very limited
studies on what is happening after liquid marble formation and the resulting hollow granule
structue in low or high shear granulation. Studies in this area are reviewed in the following

section.

2.9 Liquid marbles in granulation

In granulation, liquid marbles are a promising way to solve the problematic behaviour of non
wetting powder where the paler spreads around the liquid droplet in the nucleation stage and
the interior liquid is subsequently dried to form hollow granules. Desirable granule properties

can be produced from nuclei formed by the spreading of powder over a liquid droplet such as:

1 Controlling granule size and structure. The size of granules is controlled by droplet size
under low spray flux and hollow granule structure is-asfembled during the
granulation, which depends on powder wettab{liEghtiaghi. et al. 2009)

Ability to handle a high loading of a nametting powdeEshtiaghi. et al. 2009)
Improved flow properties with spherical granu{eapgood et al. 2009)

Good dssolution and compression properties for tableting with highly porous granule
(Ansari et al.2006)

Reduction in the drying period due to thin wall powder structasétiaghi. et al. 2009)
Potential to load both wetting and Ramtting drugs; soluble drug in liquid interior
with a nonwetting one to form the outer sh@apgood et al. 2009)

1 Economic advantages of producing light granules with minimum powder loading
(Eshtiaghi. et al. 2009)

There are two reported experimental methods ustxproduction of liquid marbles resulting
in hollow granulesupon drying melt granulation(Ansari et al. 2006)and high shear
granulation(Hapgood et al. 2009; Eshtiaghi et al. 2009; Saleh et al. 2011)

Many researchers investigate the effect of different formulation and process parameters on

granulation of liquid marbles in low or high shear mixers. These studies are tairbetier
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understand the behaviour of decreasing powder wettabilities on the size, strength, shape,
internal microstructure of resultant granules. In addition, researchers investigate the effect of
different parameters on survivability (intact and sphéricaf liquid marbles during

granulation. They are described in the following sections:

1 Effect of process parameters (wet massing timeémpeller speedand liquid/solid

mass ratios):

The effect of liquid to solidatios (L/S)and wet massing timen granulesize distribution and
morphologywasstudied byHapgood et aR009 L/S ratiosof 70wt. % and78 wt. % for 1 and

7 minutes wet massing tinvgere usedAt 70 % liquid ratio, the granule size distributioras
bimodal with a one mode at 300 um adecond mode at 20 um whichuisrelated to wet
massing time. However, granules deformed with an inerebwet massing time of 7 minutes.

At 78 % liquid ratio, there waa significant change in granule microstructure and the granule
size distributionsvere more dependent on wet massing tirkgure 216, shows granes
deformaion with prolonged mixing timeAt 1 minute, a similar granulgize distribution was
producedbut there was decrease in the number of fines. After 7 minutes wet massing time,

therewasa unimodal granule size distribution.
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Figure 2.16: SEM images of granules produced at 70 % and 78 % liquid/solid ratio and
at 1 and 7 minutes mixing time.

Reprinted from Powder Technology, Vol (188), Issue3®), Hapgood, Farber and Michaeldgglomeration of
hydrophobic powders via solid sprding nucleation, pp (24854), Copyright (2009)with permission from Elsevier.

In addition,the effect of L/S otthe formation of hollow granules of a fumed silica +veetting

powder in a high shear granulator was investigateBdiytiaghi et al2009 Different ratios of
hydroxylpropyl cellulose solutionvere usedAs the liquid to solid mass ratio ireased, the
granule size distribution increased with a decrease in the number of fines. Moreover, the
number of stretched and flattened granules increased with increased liquid ratio. This highlights
the importance of the use of an appropriate amoulidwitl binder. It was concluded that the

final granule size and shape was dependent on the liquid to solid ratio when nucleation of liquid
marbles started with the nucleation dropkgime one drop formed one nuclei. While @n
mechanical dispersion regimevhere there is a large bulk of fluidhe structure and

morphology of the granulegeindependent of the liquid olid mass ratioKigure 28).

In addition, they found that the impeller speed had a signffiefiact on granulation growth
behaviour of noswetting powder. As the impeller speed increased with a mixture of a high
nonwetting content, a better liquid distribution and greater extent of granulation was obtained
at shorter granulation times. Undegatous mixing conditions, a uniform distribution of
wetting and noswetting substituents inside the granules was obtained. The wetting material
was initially nucleated followed by layering of the reetting substrate. As the impeller speed
increased, thgranules experienced more collisions leading to consolidation and became more
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uniform in granule composition. During collisions, the structural rearrangement pushes the
nontwetting particles at the surface into the centre of the grariGlearlesWilliams et al.
2013)

The effect of granulation time was studied Ayada et al2018 who produced a sustained
release formulation of newetting powder through the formation diollow granules.
phenytoin(nonwetting) and Egragit(wetting) as powders and water as liquid binder were
used It was concluded that the granule size increaisea time dependent manner as the
granulation proceed In addition, the wall thickness incredsand the hollownss inside the
granules decreasesth granulation time. The roundness and smoothness of the granules also

increased with granulation tin{Eigure 217).

2 min 4 min

100 pm

100 pm 100 pm

Figure 2.17: XRCT images of granules produced at different mixing times.

Reprinted from European Journal of Pharmaceutical Science, Vol (A%&)a et al., 201,8Vlechanism of the formation of
hollow spherical granules using a high shear granulator, pp {378), Copyrjht (2018), with permission from Elsevier
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1 Effect of formulation parameters (amountof non-wetting powder, binder viscosity

and primary powder patrticle size):

The effect of the presence of naretting powder in the powder mixture on the formation and
stability of hollow granules was studied by Hapgood et al. 2008y Granulated a mixture of

70 wt. % nornwetting drug powder, 20 wt.% microcrystallicelluloseas awetting diluent,

4% hydroxyl propyl cellulose powder as a binder. The presence of wetrg ingredient
components did not affediquid marble formation or movement of particles on the drop
surface. In contrast, the existence of wetting ingredients helped to stabilize and preserve a
hollow structure of liquid marbles during drying. Evle presence of 1% sodium lauryl sulfate

as a surfactant did not affect the formation of liquid marbles since 70 wt. % (90% by volume)
of the formulation is nowvetting powder. Stabilized hollow granulesreproduced by drying

the liquid marbles to elimiria the interior drops. These hollow granuhesre strong enough

to withstand further wet massing, milling during drying and additional pharmaceutical
processesuch as tabletting<-ray tomography of the dried granuasused to confirm the

formation ofhollow granules.

The increasing amount of navetting powder inthe powder mixtures studied byCharles
Williams et al. 2013 Mixtures of wetting lactose and nevetting limestone powders were
used in their study. They found that the wetting content had a signiiat effect on
granulation behaviour both for the size and granule compositional distribution. At the same

granulation time, the granule size decreased asvadiing powder content increased.

The effect of the amount of nametting powder in a mixturevas also studied byguyen et

al. 201Q This was conductethy granulating different ratios adalicylic acid(a nonwetting
powde) and lactos€a wetting powde) with two different granlating liquids (water and 5
(w/v) % poly vinyl pyrrolidone (PVB) They found that as the proportion ménwetting
powder increased, theveasa decrease in granule sizeformulation with a lower proportion

of salicylic acid produced granules that exhibit a morphology consistinajeagranule size
with a saturated core surrounded by a seatirated shell powder. This suggested that the
coreshell structure demonstratdsgh granule strength which was able to resist any
deformation forces applied. As the proportion of salicyticlancreasd the granule strength
decreased. With 40 w& of the salicylicacid in the mixture, the outer sesaturated shell

was broken away from the saturated core. Increasing the proportion of the salicylic acid to 80
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%, granules were composed ofausated core only. This was because of the weak binding
forces between salicylic acid particles and the weak resistance of the core to deformation forces
that result in the loss of the all sesdturated core during the granulation process. The saturated
core only structure that was produced with the formulation that had a high proportion of
salicylic acid can explain the decrease in the size of the granules due to breakage with an
increase in the amount of nevetting particles in the powder mixtudeigure 218). However,

further studiearerequired to further investigate the mechanism behinddi@ease in granule

size with the use of momonwettingpowder.

S50wt%SA 60Wt%SA 80wt%SA

100wt%SA

Figure 218 Granule size and morphology as a function of increasing amount of
salicylic acid (nonwetting) powder.

Reprinted from Chemical Engineering Journal, Vol (164), T. H. Nguyen, W. Shen, K. Hapgood, Effect of formulation
hydrophobicity on drug distribution in wet grdation, pp (330339), Copyright (2010)yith permission from Elsevier.

The effect of primary particle size on granuéernal structurevas studiedby Davis et al.
2017 A quantitative method tetudy the variation in granule microstructure waseloped.

U-alumina powder with four differenqtarticlesizes wereused. Watewasused as a binder for
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the ultrafine powder particles, while water with 0.05 g of PW&sused for the larger particles
size. Granulegvereprepared through single drop heation; liquid dropletsvere placed cio

a static powder bed using a-gduge needle. The granutecrostructurevasobtained using
X-ray tomography. Different primary powdearticle size leads to differencés granule
microstructure and the total vol@rof macrevoids. Therewere very few macrevoids in
granules formed from coarspowders. Ultrine powder had the ability to form@mplex
structure and become stronger than other granules. This pavederapable of forming

granules with large maceoids of different shapes and sizes.

1 Combination of process and formulation parameters

The effect of binder viscositylrying temperature and primary particle size on the formation
and survivability of liquid marbles (liquid marble remain intact andesphl) was studied by
Eshtiaghi, Liu and Hapgood, 20Itheyfound that at higher drying temperature, higiegrid
viscosity, and smaller or nasgize particles, leds to the formation of a spheridigjuid marble.

It wasfound that thergvasa direct correlation between the survival r@tefore collapsedind

the binder viscosity of hydroxy propyl methylcétise (HPMC)(Figure 219) and polyvinyl
pyrrolidone (PVP). However, for hydroxy propyl cellulose (HPC) binder, the survivaleste
essentially constant regardless of HPC concentration. This may be due to dgaeasitity

of HPC and precipitation of the polymer in water at higher temperature. Various combinations
of drying temperature, binder type, binder concentration, and powder type/grade could result
in major changes in survival rate, stressing the impoetarf careful formulation selection

during hollow granule process development.

a
240pm

2
=P

Figure 2.19: Hollow granules formed at 100 °C from Aerosil R974 and (a) 12% HPMC,
and (b) 18% HPMC.

Reprinted from Powder Technology, Vol (L98sue (3), NEshtiaghi, J. Liu and K. Hapgoo&prmation of hollow
granules from liquid marbles: smaktale experiments, pp (1885), Copyright (2010)yith permission from Elsevier.
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In addition, Ansari et al2006studied the effect of binder particle size and liquid to solid ratio
on granule internal microstructure usinga§ tomography. Bmannitolwasused as a powder

and polyethylene glycalvasused as a binder using fluid bed in situ melt granulation. Binder
sizewasfound to have an effect on the formation of hollow granules. Formulations that have
the binder particleige larger than the powder primary particle size tend to produce hollow
granules. The hollowness inside the granulesseéadncrease as the binder particle size

increased whichin turn, effects granulaisintegration, dissolution and tabletting.

Briens et al. @19 studied the effect of tumbling speed and binder viscosity using different
powder wettabilities on granule strength and .sizbey used three different powder
wettabilities of biochar (low, medium and high) as a powder and different concentrations of
aqueous HPMC solution as liquid binder. Two different tumbling speeds; 40 and 60 rpm were
used. Granule strength was measured usmstyon 8874 They found granules strength
increased with increasing binder viscosity, tumbling speed and powder wettabiitgranule

size decreased with increasing binder viscosity because of increase droplet resistance to
deformation and the viscous force inhibited the movement of the liquid through the granule
voids. They suggested that the increasing binder viscositiyipea a more hydrophobic liquid
powder interaction. The droplet penetration took longer time and became more difficult for the
powder to penetrate into or around the liquid droplet to form a liquid marble. The granule size
increased with increasing tumbdirspeed due to the increase the impact force and collision
between granule with other granules and with the wall of the tumbling drum which contribute

to particles coalescence.

2.9.1 Regime maps

A regime map was developed [Baleh et al2011 to described the primary mechanism
responible for hollow granuldormation by examining the effect of several process parameters
and a range of powdevettabilitieson the formation ofiquid marbles. The regime map was
suggested to depend on the comparison between mechanical energy from mkithge a
energy of particle immersio@eEmm which differs linearly withwetting criterionaxvc 0 s d
normalised with pure water surface tensas shown inFigure 220. In this diagram, the
energetic impact of the mixing processs is positionedtqtigely on the yaxis. For example,

the energy of immersioraEimm, is qualitatively described in this diagram and has a linear
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correlation to the immersion parametc o .9~dr a wetting system, the energy of immersion

is positive and a suspensionncde obtained. In this region immersion takes place
spontaneously without any mixing. For naetting powder, different systems can be seen
depend on the effect of shearing forces and surface tensions forces. If the energy of mixing
impacted to the partiek is lower than the immersion energy, the biphasic system will be
formed of water and silica. In contragthe mixing energy is high enough but does not exceed
the immersion energy, a spreading of powder particles around a liquid droplet will occur and
liquid marble will be formed. Finally, if the energy of mixing is higher than the energy of

immersion the liquid will split into droplets and immerse the particles as a mousse can be seen.
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Figure 2.20: Regime mapfor liquid marble formation.

Reprinted from Chemical Engineering Research and Design, 89(5), Saleh, K. et al., Dry water: Fromgitessical
aspects to proceselated parameters, pp.58%44., (201) with permission from Elsevier

Theregime map ifFigure 220was verifiedoy Saleh et al2011 Under an extremely energetic
process, only thaighly nonwetting powder Aerosil R812S) can produdiguid marbles. A
moussewvasformed with moderatelyonwetting powder (Aerosil R972'he same finding

wasobtained with alecreasen surface tension of liquidht point A (Figure 221) (water with
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a highlynonwetting Aerosil R812S developing hollow granujéke powelnmparted intathe
system is high enough to splhet liquid into droplets but does not exceed the energy of
immersion,andsolid particles willspreado the surface of the droplets aliglid marblewill

be obtainedWith a decrease hydrophobicityof Aerosil R972 ol decrease isurface tension

of the liquid, points B and C areobtained. In additiorthe power given to the system is high

enough to split the liquid and to immerse the partiale$a mousse will be formed
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Figure 2.21: Verified r egime map forliquid marble formation.

Reprinted from Chemical Engineering Research and Design, 89(5), Saleh, K. et al., Dry water: Fromgte/sical
aspects to proceselated paramete, pp.537544., (2011) with permission from Elsewi

In addition, Eshtiaghi et al2012revised and validated a preliminary flow chart for liquid
marble formation proposed previously Hgpgood et aR009 A revised flow chart gives the
opportunity for a better understanding of the mechanisnoofwetting powder granulation.
This study showed the formation of liquid marblbgsa "droplet template” regime; one drop
forms one nuclieor liquid marble Figure 222). They also developed a quantitative framework
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for the formation of | iquid mavhedmbukoflqguid a " me
is available during granulatio@ontact anglend dimen®nless spray fluxthemeasure of the

area wetted the powder from the nozzle to the renewal flux of powder througjrélyearea,

are amongdheimportant parameters in order to differentiate between the droplet template and
mechanicatlispersion regimeseenucleationregime map irFigure 28. Theyfound that if the

contact angle is above 1@ sucessful liquid marblean form in the medmical dispersion

regime while an approximateB0° coniact angle is essaat for the doplet template regime.
Consequently, in # mechanical dispersion reginge morenonwetting powder is required

than in the droplet template regime to prevent gartmmersion and liquid marbdestruction.

This framework has been achiewbdough many criteria;

=

The liquid droplet size to be 25 times greater than the particle&sizel,).

=

Bond number should be small to ensure the formation of spherical drop rather than

distorted pool or puddleB(< 1).

1 Weber number should be smate drop must land on the powder and survive the
impact without breaking or shattering/& 1000.

1 The contact angle of the binder on the powder bed needs to beto p@vent the

penetration of the drop into the powder bed

Dimensional spray flux shodilbe smallya<1), one drop form one nuclei.

The kinetic energy should be enough to produce single spherical liquid maithles

spreading of the powder around liquid droplet.
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Figure 2.22: Schematic chart for the formation of liquid marbles bya droplet template

regime.

Reprinted fromPowder Technology (223), Eshtiaghi N., Hapgood K.,,A quantitative framework for the formation of
liquid marbles and hollow granules from hydrophobic powdgps6576, (2012), with permission fra Elsevier
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2.10 Conclusios and thesis objectives

This literature review has summarised some of important studies relevant to this thesis. Until
recently, there has been limited researchganulation of nofwetting powder whichis a

major problemin the pharmaceutical industryand how to control thegranule sizeand
microstructure of hollow granulesittle experimental data is available for the granulation
growth mechanism of newetting powder, especially when compared to the data for wetting

powders, or study the nucleation of rametting powders.

There have been several studies on the granulation and nucleationved¢ttiog powder, and
an approach proposed to transform pin@blematic norwetting powder into a powerful tool
for creghéengphdemmac eAftamawark for quid manble éosnation by

solid spreading nucleation has previously been propdssdiaghi et al. 2012

Severamethods for the study of the mechanism and driving force for liquid marble formation
have been presented. Many researchers try t
formed. 0 Based on experiment al r agsthe lkihesc, t her
energy and the percentage of coverage of a liquid marble. The liquid marble coverage
percentage decreases as the binder viscosity increases and surface tension decreases. In
addition, a complete coverage of powder around a liquid dropéethigved with increase of

powder particle size.

Furthermore, a framework for hollow granule formation has been developed. The framework
emphasized the importance of using an optimum concentration of compatible polymeric
binder. Liquid to solid ratio andying temperature are an additional requirement for successful
formation of hollow granules with single or multiple cavities. Many researchers have studied
the growth of norwetting powder granules and found that the granule size distribution

decreases witan increase in the content of a retting powder.

To conclude, liquid marbland hollow granulesesearch is still in its infancy, and many
essential properties of liquid marbles are yet to be explored. Studiggral microstructure

behaviou of heterogeneouwettingpowders are limited, reqing considerable further work.
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Gaps in knowledge of liquid marble formation have been identified:

1 A lack of systematic studies of the effect of formulation parameters over a wide range
of conditions.
Limited studies on growth of granules from Aeetting powder.
Limited studies on the internal microstructure behaviour of hollow granules.
Limited studies on the effect of shear force on size and internal microstructure of hollow
granules.

1 Most studies ave focused on nucleation and mechanism of formation of liquid marbles.
However, there is very limited work on the mechanism of growth and microstructure
characteristics of the resulting hollow granules for range of wetting anavetbimg

powders.

This thesis preserd a unique approach to dom the effect of formulation and process
parameters orthe granule sizeand internalmicrostructure ofgranulesformed from non

wetting powders

Consequently, a thorough understanding of the following questiofigisat impornce, and

forms the bawbectivesf this thesisos

1. What is the effect of binder viscosity and powder properties (especially particle size)
on thesizeand microstructure of hollow granules?

2. What is the effect of mixing conditisnongranule size and microstructuren these
system®

3. What is the effect of changing wettability on the mechanism of grasimé&and
microstructure?

4. What is the effect of powder and binder properties on the wall thickness of hollow
granules?

5. What is the effect fopowder particle size othe granulation of powder of different

wettabilities orthe sizeand microstructuref granules?
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3.1 Introduction

This chapter givemformation of the materials uden all exgeriments, and the methods used
for their characterisatiorit also describes the experimentathodologyand analysis of the
products This chapter acts as reference foall the experimentslescribedn the following
chapters.

Section 3.2 plains thadifferent characterisation methods used. Sections 3.3 and 3.4 describe
the powders and liquid binders usespetively. Section 3.5lescribeghe properties of the
different powdetbinder systems used in the experiments. Finally, the differgmerimental

methods arexplained in Section 3.6

Three types of experimenigere performed. The first type focuses on exploring the use of a
low sheamixer (tumbling drumjor investigatinghegranulesize and internal microstructure
characterisatio. The second type is an investigation of grarsif and microstructur@ a

high shear mixerBoth these two methods employed a model material systdre.final
experimentapart wasperformedto verify the applicability of the results obtained from the
previous two methods into industrial pharmaceutical powder granuldtiere, similar
methods using both low and high shear were employed, but in this case using a pharmaceutical

formulation.

Although different types of methodologies are investigatqur@duce hollow granules, all of
them are based on firstly preicleated liquid marbles or immersion nuclei externally prior to
granulation. Once the praucleate liquid marbles or immersion nuclei are formed, there are

then added to the different typesnoifkers for granulation.

3.2 Characterisation methods

Several methods are used to analyse and characterise the powder, liquid binder and the granules
produced in this work. The principles of these methods and operation techniques are discussed

in the folowing sections.
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3.2.1 Particle size distribution

Particle size is ammportant property of particulate products. The measurement oflpaitie

is usually performed in a wide range of industries and is an essential parameter in the
manufacturing of many products. Particle size analygiges information on thesize
distributionof particles. This can be used toaadhte different properties pfrticlesand how

they will act under certain conditions. This information is critical in industries heeae
different goalgqLitster, Ennis, & Liu, 2004)

The mrticle size distribution is a term used to represent the size of particles present and in what
proportion. The length scale of particle size in industry can rangelfumureds nanometres
to several millimetre (Allen, 2003) Two methods of measuring the partisiee distribution

are used in this work and are described in the following sections.

3.2.1.1 Laser diffraction

All powders usedn this work were analysed for their particle size distributions using dry and
wet cell laser diffraction (Malvern Mastersizer 30003ser diffraction measusehe particle

size distribution by measuring the variation in intensity of light scatterethasrdbeam passes
through a dispersed particulate sample. Small pastclatter light at a large angle while large
particles scatter light at a small angle, relative to the laser beam. The variation in angular
intensity data is then analysed to calcritie particle size responsible for the scattered pattern,
by the using Mie theory of light scatteriflgyzak et al2011)(Figure 31).
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Figure 3.1: Principle of laser diffraction (Malvern Instrument handbook).

Laser diffractionis a widely used technique for determination of particle size for materials
ranging froma nanometre to millimetre particle size range, which is the main reason for its
success. In addition, there are other advantages such as rapid measurement, good repeatability
when brge numbers of particles are sampled in each measurement, instant feedphigh

sample throughput.

The output of the laser diffraction characterisation usigMalvern Mastersizer ia table

with size classes, or bins, and the volume of the pestioside each bimA plot of volume
frequency distributionq3, is obtained from this tablihe volume percentage of particles in a
bin divided by the bin width. Thigequency distribution curve gives information on powder
particle sizeuniformity, the surface areanomentmean diameteor dz 2, and thevolume
moment mean diametasr ds3 The ds2 is defined as thephere diametehat has the
samevolume/surface areatio of a particle of interest, and is mostly used when the surface
area of the parties is important. Theas s, is more sensitive to the presence of a large particle

size. Itis relevant to the size of those particles which constituent the bulk volume of the sample.

Thedszis most favourable because laser diffraction first isolatestaluition proportional to

the volume of the particl@ his volume distribution can be converted to a number distribution

by matching some assumption on the size of the particles to each volume bin, and equally
weighted all particlegAllen, 2003)
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From the volume frequency distribution plot, themulative frequency distributiorQs, by
volume,can be calculated. This distribution yields three important percentile \(dlvakies).
The dvalues are¢he diameter when all pactes in a sample are arrangeaider of ascending
mass, divided by he s a mp | ea®mecifiedapsreentage. The number expresdtst

t h e is thelnfass percentage below therditer of interest. For examplepds the diamete
when 10% of thesample massonssts of particles smaller than this value. The id the
diametewhen 50% of a s aohpaltided small@aharsthiscvaluEre dodst s
also knowras the mass median diameter. Thgsithe diameter when 90% thhe samplenass

of particlesare smaller than that value

In this work,the particle size distributions were measured giveltheds 2, dio, dso anddgo for
all powders used. Additionally, thg8 is shown for all samplesvMeasurements were carried
out in triplicade. Equipment calibrationwas performed by the lab technician through

verification using standard reference material.

3.2.1.2 Sieve analysis

The oldest and cheapest method of particle size determination is sieve analysis defined by the
mass or volumeSieve analysis is used to divide the particulate material into size fractions and
then to determia the weight of this fraction. Retsch sieve Shaker AS 2@0used in this

work, andis a vibratory sieve shaker in which an elestagnetic drive sets a spg-mass

system in motion and transfeoscillations to the sieve stack. The sénis subjected to-3
dimensional movement and is distributed uniformly asrthe whole area of the sieviéne
probabilities of the partickpassing through the sieve depeon particle size, particle
orientation and the number of encoustagtween thgarticles and the mesh openir{@nbh,

2014)

In thisresearchthe granule size distribution was measured by sieving using sieves (Retsch)
with the following mesh sizes 4000, 3350, 2800, 1700, 1000, 500, 250, 180, and Ta6mm.

visual inspection of the product, it appeared that there was no granular material present below
a paricle size of approximately 10Qim; only ill-defined particles/fines &e observed.
Therefore, a 10fim sieve was the smallest sieve size used. All materiaiis size was

considered to be ungranulated and was not included in the granule size distribution.
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These mesh sizagerearranging in a stack with the largest mesh opening atofhef the

stack. The sample wadaced on the top of the siesad durimg the process the particles were
separated into different size fractions through the sieves. Any remaining fine powder was
collected in a collector paat the bottom of the sieve stackhe sieing time was set for 2

minutes. The amplitude was chosen &rim/g (Allen, 2003).

Calibration of the sieves waserformed by a visual check for broken wires or damaged mesh,
confirmation that the tension was satisfactory, and excessive blinding and pegging. In addition,

a visual check of solder joints for crevicgas performed

The frequenyg distribution curve, the number of particles betweengszes, was used to give
the granule size distribution. The sampémaining on each sieve size was weighed
calculated as a percentage of the sum of the individual fractionsmake frequency &s

obtainedby dividing the percentage of the individual fraction by the width of each sieve size.

For the work that was performed at MSD, USA (Chapter 6),-d&osieve shaker was used

with sieves of the following mesh sizes; 1000, 500, 300, 180, D&Quh. The sieving time

was 1 minute. Here, the sieve analysis was performed to separate the granules from the fine
powder.Light microscopy was done using SZX16 Olympus stereo microscope equipped with
Infinity 3 color camera (Luminera, Canada). Granuleseplaced on a white plastic dish

Granule size was calculated from images acquired with SZX 16 microscope using ImagePro
Premier software. Threshholding was done using build al gori t hm Adar k o
backgroundod. For clatédlsizepepresdntsitha adiaimeter of the dgwevalena | ¢ u
flat disk. Fifteen to eighteen granules were testednufber median diameter s was

measured and presented throughout Chapter 6. Median diameter was defined as the value

where half of granule sizesides above this points and half resides below this point.

3.2.2 Contact angle measurements

Contact angle measuremgntereused to characterise the wettability of different powders and
liquid binder mixtures. Many different methods have been develpettasure the contact
angle from the shape of drop. The shape of the drop depends on the combination effect of

surface tension and the external force (gravity force).
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The dop shape method is consideredrecent development method for contact angle
measirement. During an early stage of contact angle measurgntieed/2 method Equation

(3.1) waswidely used to analyse the shape of a sessile drop. In the shape analysis method, the
liquid drop is assumed to be part of the sphere. Geometrically the contact angle can be
measuredby calculating the diameter of theogh and the height of the apex.

- 0WE — Equation (31)

whered is the contact angléQs the height of the apex abdl is the drop diameter.

Contact angles of all powdinder systers were measured usin@ First Ten Angstroms
FTA200 goniometerigure32).The i nstrument uses the fAdrop s
describs the shape of a liquid drop in contact with a solid. It captures the inwddiegiid
droplets on a CCD camera and analyses their shape and size by FTA softeacenpuiter.
50 g of different powdemixtures wereused after mixing witla spatula for 5 minutesA thin
layer of powder mixture was spread@@a microscope slide i double adhesive tape on top
(Oostveen, Meesters and van Ommen, 20IBg contact anglevasthen measured through
releasing the liquid dpet usinga22 G blunt needle a@a thelayerof powder(needle internal
diameter= 0.41 mm). The drop detachedrfrdhe needle befertouching the powder surface.
Single snapshatwere taken over 20, 40,,6I2Q 300and 600 sex; whichwasthe exgcted
duration of the measuremerdand the time where the drops startecevaporate. From the
images, the softwarautomatically calculated the contact angilee mean contact angle was

calculated from three measuremeiotseach powder/liquid combination.

Forthework carried outat MSD (Chapter 6)the contact anglwasmeasured manually #ie
intersection of the threphase line (solid, liquid, gas) using light microscoligyence VHX
6000 with 0.X objective lensaand 1X zoom lenwith the same procedure atiche duratioras
mentioned abovelhe mean contact angle was determined from three measurements for each

powder/liquid combination using Keyence software.
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Figure 3.2: Contact angle measurement by goniometer.
3.2.3Interfacial tension measurements

Interfacial tension ishe elastic tendency of a liqusdirface, whichmakes it acquire the least
surface area possiblaterfacial tension is an important propeaffyectingthewet granulation
proces. It controlssolid flow pattern and relative motion of particles for controlling powder

wetting and, therefore, the granulation mechar{iBarkkeli et al.2003)

Interfacial tensiorwas measuredisinga First Ten Angstroms FTA200 goniometé&or this
measurement, the pemat drop shape method was us@étie shape of the liquid droplet
depends on the combined effect of interfacial anaditpational forces. Surface tension tends to
make the drop spherical by minimizing the surface area, while the gravity tends to deform the
liquid droplet by either elongatirg pendant drop or flattening a sessile drop. The balance
between interfacial tesion and gravitational force wasterpreted mathematicallysingthe
Laplace equatignwhich gives a chance to measure the surface tension by analysing the shape
of the dropand the density of the liqui@uan et al. 2013)

A pendant dropletvas produced using @2 Gblunt needle (0.41 mm internal diameter). A
single snapshatastaken of the dropleand therthe imagewas analysed by the softwarA.

meanaveragdrom ten interfaciatensionmeasurements was calculated for each condition

The interfacial tensianfor liquids described irChapter 6were measured using KRt S S

tensiometebased orthe Wilhelmy plate method. AVilhelmy platewas a thinplatethat is
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used to measure equilibrium surfaceimterfacial tension at an diquid or liquid-liquid

interface. In thisnethod theplatewas oriented perpendiculaptthe interfaceand the force

exerted on it wasneasuredWhen a vertically suspended plate touches a liquid surface or
interface, then a fordé was producedwhich correlées withtha nt er f a c iamdwitht ensi o
the contact angld according to théollowing equationwhereL wasthe wetted length:

0
D& é i —

Equation (3.2)

In this work, the plate was connected with a clamp to a microbalance force sensor. A liquid
container on the platform was moved upwards at a specified constant speed to immerse the
plate into the liquid containeDuring the immersion of the plate into the liquid pool, the
microbalance force sensor measured the force applied on the moving plate and was recorded

by built-in software in the tensiomet@vlohammad et al. 2018)

Thecalibratiors for bothtypes ofequipment were performed by measuring the surface tension

of astandard liquid.

3.2.4 Viscosity measurements

The viscosity of théiquidsis determined using Rheoneter MCR 502Anton Paamvith a cone
size of CP5/TG. Rheology is the study of flow and deformation of materials under applied
forces. Viscosity is determined by shearing a sample and measuring its resistance to that shear,

it is the ratio of shear stress to shear rate.

Theliquid wasplaced on a stationary plate, aheé upper moving plate waswered onto the

sample, which waattachedtotherheamt er 6 s mot or . movedabsppgfiedr pl at
velocity (shear rate), wth was a function of thepeed of the plate and the height of the gap
between the stationary and rotating pl&mre 33). The shear rate applied varied between

1-300 s'. A mean of three measurements was daeiteed for each liquid.

For the work carried out at MSQChapter 6), the viscosity measurements were carried out

using a rheometer (ARES G2) with the same principal as Rheometer MCR 502 Anton Paar.

The alibratiors for both types ofequipment were perforrdeby measuringhe viscosity of a

standard liquid.
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Figure 3.3: Rheometer for measuring viscosity.

3.2.5 True density measurements

The apparent density is the mass of substance dibigis volume, inclding open and closed
pores. Tru@ensity is similar to apparent density except the volume of closed poxetuided.
The truedensity of all powders weraneasured by heim pycnometry;AccuPyc 1340;
Micromeritics (Norcross, Georgia, USA). Helium pycnometry ioadestructive method as
it uses the gas displacemanethod to measure the volumeeit felium gas is used as a
displacemenmedium. It is considered as the most reliable method for measurirtguéhe
volume and densitgMicromeritics 2015Nordstrom et al2015 Wade et al. 2015)

The samplesvere weighednd put in the instrumécompartment of 10 chvolume. Helium

gas flowsinto the sample chamber (purging stage) to remove all other, gapesially oxygen

and nitrogenin the chambers and pipe&fterwards, the measuring stage \stated, which
consised of 10 cyclesDuring this stage, helium flowethto sample chamber un@ target
pressure of 19 psi wasached. Helium molecules rapidly éiipores as small as one angstrom
in diameter. Then, helium flowethto an additional second chamber @ known internal
volume. Thepressuresvereobserved upon filling the sample chamber and then discharging it
into a second empty chambaiowed computation of the sample solid pbaglume. The
volume obtained wadivided by the sample weight determine thgas disphcement density

The pressure wathen vented intadhe atmosphereA mean of three measurements was

determined for each powder or granule.
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3.2.6Liquid density measurements

Liquid densitywasdetermined using a measuring cylinder by weighing the specified volume

of theliquid using the equation:

T == Equation (33)
wherey | is thedensity, Wy is the massf the dropletandVy is the volumeof the droplet

Tenmeasurement®r each liquid were performed for liquaensityto ensure the reliability of
the resuls.

3.2.7 Liquid droplet size measurements

The size of the droplets was measured through measuring the weight and the volume of the
liquid droplet. The weight of each liquid dropletvas measured individually using a
microbalance (Mettlefoledo XS3DU,Xk g accuracy), and awasean of

taken to measure the volume of the droplet using Equation (3.4)

w — Equation (34)

whereVy is the volume of the droplet in &n\g is the mass of the droplet in g ands the
density of the liquid droplet in g/cn

Then, the radius of each liquid dropleas measured using Equation (3.5) by assuntirey

liquid droplet as a sphere:

: A :
Y Cali= Equation (3%)

1]

whereRy (in cm) is the ralius of the liquid droplet andy is the volume of the liquid droplét

(cm?).

Equation () wasused tacalculate the % of Grate size changed). Thiswasperformed by
comparing the size of thveetliquid droplet to size of dried liquid marbles or immersion nuclei
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for nucleation experimentnd to size of the resultant granules after granulation in addw a

a high sheamixer.
%G —— Op T T Equation (36)

In Equation (3.6Dg is the diameter of thgranuleafter nucleation or granulation pm, ILD

is the initial liquid dropletdiameterin um. If the result oEquation (36) is apositive value,
this gives a % of granule growth and indicata percentage of granule increase in size
comparetoILD. However, if the result is a negative vathes givesa % of granule destruction

and indi@ates a percentage of granule decrease in size compér® tealue.

3.2.8 Scanning electron microscopy and energy dispersive -r&y
spectroscopy for morphological analysis and elemental compaosition

A scanning electron microscoffeEM) andenergy dispesive X-ray spectroscopy (EDXvere
performed for all powders and some of the granules used in this study. SEMésofelectron
microscopehat produces images of a samplesbgnningt with a focused beam @fectrons

The electrongnteract with abms in the sample, producing various signals that contain
information about the sample's surface topography and compo&iiotcan be used to obtain
seni-quantitative elemental data about very specific locations within the area of interest. The
powders sed in Chapters 4 and 5 were scanned using a JEOLG603BLA, with an
accelerating voltage of 15 k&hd 60 x magnification. For powder and granules produced in
Chapter 6, a Quanta 250 (fFhermo) equipped with MAXX150 EDX detector (Oxford
instruments), withan accelerating voltage of 10 kahd 10000 30000 x magnification, was
used to obtain electron micrographs to identify the morphology and elemental composition of

the primary powders and the granules.

All materials used in this study are not electricaibnductive. For this reason, the samples
were placed on metal stub and coatedhwithin layer of gold of approximate®b nm prior

to any imaging.
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3.2.9 Xray computed tomography for internal structural analysis

The important characteristics ofllwav granules are porosity and wall thickness as well as the
size and distribution of the pores. The presence of voids inside the granules controls some
important properties such as strength, disintegration, and dissolution for both granules and
tablets. Mercury porosimetry is a common methoddisemeasure the total porosijowever

it is a destructive methodith handling problerg is time consuming ahis a relatively costly
apparatus. In additiormercury is a toxic materialAn alternative method tmeasure the

porosity and wall thickness of granules<isay computed tomograph)XRCT).

XRCT is arelatively new technology developed in tlage 1978, which is a nordestructive
method thaieasures the difference in material density. XRCd very pomising instrument

to be able to characterise the porosity and morphology of granules with a length sqaie of 4

or largerXRCT can provide qualitative morphological data about the pore shape and its spatial
distribution. In addition, it can give a qudative measure of total and local porosity, and wall
thickness of granulegg-arber, Tardos and Michaels, 2003)

In XRCT, the sample is rotatiewhile the Xray source and the detector are statioiiAeytler
et al.2009) X-rays are emitted from a high power source towards an objecs fflated in a
special sample holder and collected on the detector on the opposit€rsédsample holder is

rotatedaround its zaxis with an anglar incremen{Perfetti et al., 2010)

After each rotation increment, therdys passing though the sample will attenuadepending

on the atomic number and the density of the sample under examjnateadtion to the
energies of the Xays used. The detector meass the intensities dhe attenuated Xays.
Two-dimensional sectional images are available after complete revolution of the sample and
under different anglby implemening mathematical algorithm3D visualization images with

high resolutionare obtaned by the reconstruction techniques of tKRCT from different
consecutivewo-dimensional intensity slic§sondej et al. 2013 erfetti et al. 201,0Farker et

al. 2003)

The equipment used for the experiments in Chapters 4 and 5 $gsean 1172 device,
Bruker, Belgium.Individual granulesvere mounted on the sample stage of the XRCT in a
small cradle made of a plastic tube and stabilized on a ptagtwe. Raw imageserecollected
using a Skyscan 1172-pay micro tomograph with 3.8 um/pixel resolution. Theay source
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wasoperated at 47 kV with a currentI82 pA. Samples were scanrfeam 0-180° at intervals

using a 0.7° rotation incremert.medium camera binning mode with 2000 x 1024sused.

For work performed in Chapter 6, a Versa 500 XRM (Zeiss) was i@y granulesare
mounted on the sample stage of the XRCTdfear capsule shell and stabilized with blue tack
on the stageGranules wer scanned at 80 kV, 1200 images/scan, 1 sec/image, using either 0.39X

or 4X lens.

Images were reconstructed usdeglicated software (NRecon v.1.6.3, Brukacro CT) that
provided axial cross sections of timmer structure. The cross sectional, coronad sagittal
images of the granulesevisualized using the reconstructed images and DataViewer software
v 1.1.4 32 bit, Brukemicro CT. Total porosity and wall thicknesgere measured using the
reconstructed inges andMicro-CT Analysis sky scan softwa(€TAn v1.14.4, Brukemicro

CT). Three epresentative granules from each sannges measured.

This study will focus on the measuring the wall thickness of hollow granBtasules cross
section vall thickness was measured by selecting the region efesit in the middle part of
thegranule approximately 300500um along because the voids are mostly seen in the middle
part.It is assumed that, it isiore accurate to measure the wall thickness in the middle part of
the granules than from the top oittieon, which might give false higher wall thickness results.
The wall thickness was measured from the edge of internal void to the edge of the granule

surface. Then, the mean of all measurements were shown on the screen.

For the first time, the porosity afranules was measured as the mean of the whole granule
porosity. The granule was split into three main parts (bottom, middle and top) in®licro
Analysis software. Then, the porosity of each part was measured separately and the mean of
the porosity of tk all three parts was calculated. This way of measuring granule porosity is
more accurate than measuring local or region of interest within the granules because it might
give false higher or smaller porosity measurements. The top and bottom parts aintlle gr

(wall) give lower porosity, while the middle part of the granule (empty space) give a high
porosity measurement. It should be noted that the internal void in the middle part of the
granules are considered for porosity measurement and ignored asythaidnclude in the

granule powder shell.
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3.3 Powders

Three different powders were used in the experiments performed in this work. Glass beads of
three different sizes were used as a model powder. Efavirenz and red iron oxide were used as
more realigt industrial materials. Glass bead powders were analysed for particle size
distribution using dry cell laser diffraction. However, wet cell laser diffraction was used for
efavirenz and iron oxide, because these two powders consisted of small partices any
cohesive in nature. Helium pycnometry was used to measure the true derssitgmary of

all powders used, includg some of their key properties shown inTable 31. SEM images

for all powders are shen in Figure 34. Further details of the powders are given in the
following sections, including the method of hydrophobisation of the glass beads to give

different wetting properties.

Table 31: Summary of powder properties

Powder Glass beads| Glass beads| Glass beads Efavirenz Red_iron
(AQ) (AH) (AF) oxide
ds2(um) 33.6x1 65.9+ 2.7 112.3+ 2 3.4* 0.04~*
da,3(um) 355+1 70.7+1.9 115.3+ 2 8.8* 0.06*
d1o (um) 25.3x1 48.3+ 1.7 91.3+1.7 1.4* 0.04**
dso (um) 34.6+1 68.5+ 2.0 114+ 2.6 6.2* 0.05**
doo (Um) 47.3+1 96.5+ 1.5 141+ 2.6 19.1* 0.09**
bU€ | 5544021 | 2.55+0.35 | 2.54+0.51 1.5 5.242
(g/cm?)
Molecular Sio, Sio, Si0, | ClHoCIFNOz | FeOs
formula

*data adapted fronfFandaruff et al., 2015particle size distribution is measured using the wet modasef diffraction
(Malvern Mastersizer 2000).

** data adapted froniDengxin et al., 2008Particle size distribution is measured using laser particle size analyser (LPSA).
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Figure 34: SEM images of all powders used in this study.
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3.3.1 Glass beads

Glass beads of three different siz&®, AH and AF wereprovided by Potters Indusgés LLC
Ltd. UK. Glass beads ampwders consisting of spherical particles whicheasy to use and
charactese, and havbeen extensively used by many researcfi¢apgood et al. 20Qdveson
et al. 1998Eshtiaghi et al. 2010Beads were used asdel wetting and newetting powders
(by hydrophobisation Section 3.3.1.1) because of tiegirly spherical shapgood flowability,
andthe rapid separation of powder and granuwedsequent to granulatiomhree different
measuremestof the particle sizedistribution of each glass beatze classwere performed
using ay cell laser diffraction. All gades of glass beads show a unimodal size distribution.
Figure 35 showsthe particle size distributionq3, of all glass beads used in this woilhe
glass beads (AQ) are the smallest beads used wigh~a35pum, while the glass beads (AF)
are the largest beads used withe@~d114um. A triplicate series of helium pycnometwas
used to determine the true densitytlod powder The densitywasfound to beapproximately
2.54 g/cni for dl grades

25 |- —=— Glass beads (AQ) ||

—e— Glass beads (AH)
—4— Glass beads (AF)
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Figure 3.5: Particle size distribution of glass beads obtained via laser diffraction.
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3.3.1.1 Hydrophobisation of glass beadsowder

Hydrophobisation of the glass beads was carried out in this work to giveveeatiomy powder.
Granulation of nofrwettingpowder is a common problem in the pharceutical industry and
understanding of the effect of heterogenemesting components on the granule growth
mechanism and internal microstructure remains relatively unknown, and this forms the

motivation of this study.

Immersion of hydrophilic powder ia chlorotrimethylsilane (Sigma Aldrich, company Ltd,
Germany) was performed to produce hydrophobic powder. The immersion was performed as
follows (Figure 36): (a) Firstly, hydrophilic powder was put inside a Fybew! inside a fume
cupboard. (b)Next, chlorotrimethyl silae was added until all the powders were covered
sufficiently. (c) Then, the chlorotrimethyl silane was allowed to evaporate from the powder in
the bowl overnight inside the fume cupboard. Finalhe resultant powders were put in an
oven at 35° C for 5 hours to get rid of any remaining silane liquid.

This type of experiment permitted a modification of the glass beads surface properties and
hence the wettability without changing any other glasslberoperties (density, size, and

surface roughnesg$yaleh and Guigon, 20Q7)

It should be noted that many silane liquids were tried before chlorotrimethyl silane such as
Sigmacot, dichlorodimethyl silane and tetraethylorthosilicate silane (Sigma Aldrich). Different
exposure times with glass beads and mixtures of two of these liquidiffgientratios were

tried. All thesdrials failed to produclydrophobic glass beadbat they were very difficult to

dry.

Figure 3.6: Preparation of the nonwetting glass beads.
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3.3.2 Efavirenz

In addition to usingnodel powder, a realistic pharmaceutical powder was used for comparison
with model materials (see Chapter 6). Efavirenz was acquiredRatnrica Italiana Sintetici
S.p.A, Vicenza, Italy. Efavirenz is a class of medication calledmmfeoside reverse
transcriptase inhibitors. It works by decreasing the amoumtimian immunodeficiency virus
(HIV) in the blood and used to treat HIV in humans. It is sold both as a solo API formulation
or in combination with other antiretroviral medicatigiawar and Amin2016) Efavirenz

was used as a nametting powder due to higher and stable contact angle with the liquid used
over 15minutes timeTable 34). Efavirenzshow a narrow and unimodal size distribution with
dio~ 22 pm, o~ 8.5um and do~ 22.8um (Table 31). Efavirenz is extremely cohesive
Compared to model powderefavirenz has a smaller particle size &t 8.5um than the

smallest glass beads powder (AQ) usethis work with do~ 35um.

3.3.3 Red iron oxide

Red iron oxide is a real pharmaceutical excipagmwas acquired from Ferroxide Red 212P,
Huntsman Pigment§hiswas used in this work as a wettin
ref err ed Redsron@XidR @ ¥idic oxide is an inorganic compound with the formula

FeOs. Red iron oxide wasgsed as a wetting pharmaceutical excipient for various types of pills

and filmcoated tablets. IROX is a very fine powder and can be referred to as-a self
agglomerating powder. It is the smallest powder particle size used in this workseatt0dt

pm compared tosd~ 8.5 um andiso -~ 35 pm of the efavirenzand smallest grade dleads

powder particle size respective(Jable 31). Likewise, it has the same cohesive nature as
efavirenz. The true density afoh oxide powdewas found to be approximately 5.2 gfgm

whichis the highest density powder used in this work.
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3.4 Liquids

The liquid binders used in this study were @ohylene glycol (PEG) and dextran aqueous
solution. Viscosities were varied by using different molecular weight grades of PEG and
different concentrations of dextran 70000, and spanned viscosities from ~ 8 mPa s to ~ 3067
mPa s. All liquids werenalysed sing a goniometerto determine theimterfacial tension
(Section 3.2.3)Liquid densitiesveredetermined using measuring cylinder (Section 3.2.7)

the liquidviscosities were determined usiatheometer (Section 3.2.4) full list of solutions

used ad their properties is shown Trable 32.

Table 32: Liquid properties; Standard deviation are shown as £).

Surface tension

Liquid Density (g/cn?) (mN/m) Viscosity (mPa. s)

50 wt/wt % PEG 1500 1.0501 +2 5356 62.83 £ 42
50 wt/wt % PEG6000 1.0904 +2 54.32 7 307.95 £ 67
50 wt/wt % PEG12000 1.0908 4 54,77 £5 1267.2 £ 22
50 wt/wt % PEG20000 1.0944+1 55.82 £5 3067.08 £ 48

10 wt/v % Dextran 1.04 4 72.09 £5 7.97 £3

30 wt/v % Dextran 1.13 3 73.09 =6 109.07 %7

50 wt/v % Dextran 1.2+2 73.74 £1 1039.21 1

3.4.1 Aqueous polyethylene glycol solutions

50 wt % aqueous solutions of different chain length polyethylene glycols (PE@ha
Aldrich) wereprepared with wtilled water, and with acid red dye to allow bettisualization
of the resultant granules. Firstlavt % aqueoussolution of acid red dyeasprepared. Next,
polyethylene glycolasdissolved in the dye solution in a 1:1 mass ratio. In this way,vet 50
% PEG solutiorwas produced Four different molecular weighPEGswereused toproduce
solutions of different viscosities: PEG00, PEG 6000, PEG 120@hd PEG 20000. The
liquids hadapproximatelysimilar densities and surface tensioalf the datas presented in
Table 32 after dye addition.

The viscosities of different PEGs solutiomereanalysed using a rheometer. The behaviour of
the liquids showed constant viscosities (i.e. Newtonian) over the exastiaar raté1-300 s

1y, which is within the shear rate range for the granulation pro&égsré 37).
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Figure 3.7: Viscosities of PEGssolutionsas a function of shear rate in the range
between 1300 st.
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Figure 3.8: Viscosities of PEGssolutions as a function of shear rate the same &gyure
3.7 but in range between 1-16 s.
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3.4.2 Aqueous dextran 70000 solutions

Dextran 70000 solwution (Sigma Aldrich), whi
work, was prepared with distilled water. Three different concentrations of dextran were
prepared; 10 %, 30 % drb0 % dextran (wt/vol) to produced different liquid viscosities. The

liquids had densities ranging from 1.004 to 1.2 gicand surface tensions from 72.09 and

73.74 mN/m.

Overall, the curvem Figure 39 show Inear behaviour, although the lines fluat®e more below

a shear rate of 2! using 50 % dextrarMeasurements below this value are used to determine
whether a liquid is shedhickening or sheathinning and, overall, measurements in this range
showshea thinning During thegranulation experimentshear is expected to be higher than

this range.

However, there are linear behaviours for 30 % and 10 % dextran concentration over the shear
force applied Figure 3.9. The viscosities were 7.97, 109.7 and 423 mPa s (mean values

over whole range of shear rate) for 10 %, 30 % and 50 % dextran respectively.
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Figure 3.9: Viscosities of 10%, 30% and 50% dxtran solutions as a function of shear
rate.
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Figure 3.10: Viscosities of 10%, 30% and 50% dextran solutions as a function of shear
rate the same ag-igure 3.9but in the range between 112 s.

3.5 Powderbinder systems

Overall, 29 powdebinder systms will be investigated in this study. Non wetting-#etting

% glass beads systems, with powder mixtures ofQ 06535, 2575, 8320, 0100, in
conjunction with four binders of different molecular weight PEGs were used in this study.
Systems of beaeBEG areshown inTable 33. The contact angles of mixtures of 100%,
80%-20% and 65%35% non wettingwetting powder mixtures were high and stable over time
from 20 to 120 sec with different binder viscosities. A, itee contact angle decreased sharply

after 300 secs.

Powder mixtureof 25%75% and 0%100% non wettingvetting, can be classed as wetting
powders. The liquid droplet spread quickly over time and a stable point was never reached,
particularly with low linder viscosity such as 50 wt % PEG 1500 and 50 wt % PEG 6000. The

liquid started to dry and evaporate after 10 minutes.

In addition, 60%40%, 50%50%, 30%70% powder blends of efavirenz and IROX
respectively wereised.Table 3.4showsthe contact anglef all efavirenzlIROX blends with
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different dextran solutions. These systems gave stable contact angles up to 600 sec with
different dextran concentration; 10 %, 30 % afd® (Figure 311). The high percentage of
efavirenz in théblends gave the higher contact angle; likewise, the lower percentage gave a

lower contact angle and good wettability.

Materials and Methods

Table 33: Overview of powderrPEG systems used in this study.

. Binder Contact angle
FONTEET | STEES viscosity 300 600
(PEG) 20 sec| 40 sec| 60 sec| 120 sec
(mPa s) sec sec
1500 60 114+ 7| 112+1 | 107+2|103+1| 91+8 | 80+4
Non- 6000 300 115+2 | 113+3 | 109+ 4 | 104+ 5| 95+5 | 92+ 3
wetting 12000 | 1300 |116+3|113+2|108+5|105+4| 97+4 | 96+3
20000 3000 |116%+2|116+1|110+4|100+5|98+3 | 97+6
1500 60 2947 | 26+8 | 24+5 | 203 | 18+ 7 | 17+7
Wetting 6000 300 33+6 | 29+8 | 25+8 | 22+7 | 19+2 | 186
12000| 1300 | 38+3 | 35+7 | 32+8 | 30+3 | 28+1 | 26+4
20000| 3000 | 40+4 | 38+5 | 36+x5 | 34+4 | 32+4 | 29%+9
80% - 20% | 1500 60 97+3 | 966 | 96+4 | 95+7 | 90+ 6 | 89+ 3
Non- 6000 300 1004 | 100+1 | 99+9 | 97+2 | 95+4 | 90+ 1
wetting- | 12000 | 1300 |102+5|101+2| 99+4 | 98+1 | 96+2 | 91+7
Wetting 20000 3000 |103+1|101+3| 98+5 | 97+1 | 97+1 | 92+3
65% - 35% | 1500 60 90+5 | 90+7 | 89+5 | 88+1 | 84+3 | 79+3
Non- 6000 300 92+3 | 91+6 | 90+8 | 89+4 | 85+9 | 82+2
wetting- | 12000 1300 | 93+3 | 92+4 | 91+5 | 90+2 | 88+3 | 855
Wetting 20000| 3000 | 935 | 92+1 | 91+9 | 90+3 | 89+9 | 86+ 3
25% - 75% | 1500 60 57+4 | 49+9 | 461 42 32+3 | 26+ 3
Non- 6000 300 59+8 | 57+2 | 567 | 54+7 | 48+2 | 44+ 4
wetting- | 12000 1300 | 67+8 | 64+3 | 62+2 | 60+7 | 57+7 | 55+5
Wetting 20000 3000 | 68+4 | 68+3 | 68+6 | 63+5 | 62+2 | 59+ 4
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120 sec

Materials and Methods

Figure 3.11: Microscope images of 60%40% Efavirenz-IROX with 50% dextran
solution. The contact angle is stable over the time of the measurements.

Table 34: Overview of powder-dextran systems usedh this study.

Binder | Binder Contact angle
0 : :
Powder Yo viscosity 20 sec| 40 sec| 60 sec 120 300 600
Dextran | (mPa s) sec sec sec
10 8 148+1 | 14745 | 1463 | 14624 | 1463 | 1441
Efavirenz 30 100 148t3 | 1474 | 14742 | 1462 | 146t9 | 1453
50 1000 | 152+1 | 148t7 | 14743 | 14748 | 1464 | 1453
10 8 64+3 | 638 | 62+3 | 6242 | 61+l | 596
IROX 30 100 731 | 74+6 | 742 | 733 | 705 | 695
50 1000 TH | TH2 | THA | TT7TH9 | T4+l | 7245
60% - 10 8 125+5 | 1196 | 118+8 | 1152 | 1146 | 95+9
49% 30 100 1305 | 1285 | 128t6 | 12743 | 1143 | 117+9
Efavirenz-
IROX 50 1000 | 1421+3 | 1353 | 133t3 | 132t3 | 1321 | 128t5
50% - 10 8 83 | 90+9 | 85+8 | 76+2 | 69+4 | 61t5
50% 30 100 | 92¢3 | 88t3 | 8745 | 84+3 | 82t3 | 69:8
Efavirenz-
IROX 50 1000 | 128+3 | 12143 | 1148 | 10%8 | 1044 | 96+3
30% - 10 8 63t5 | 61+3 | 5745 | 54+7 | 50+6 | 49+6
70% 30 100 | 7243 | 66£1 | 69t1 | 66:9 | 59+5 | 544
Efavirenz-
IROX 50 1000 94+3 | 86+9 | 8449 | 822 | T6+2 | 7442
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3.6 Methods

This section providea descriptiorof all the experiments performed in this work. The sectio
follows a chronological ordefrom earlytumbling drumexperimentglow shear)to high shear
experiments using the model particles (glass beadsl) finallythe experimentation to apply

the results obtained with the first two methods to pharmaceutical powders using a low and a
high shear

3.6.1 Prenucleation experiments

All the experiments performed in this thesis are based on theupleation of wet nuclei
externally prior to granulation in a low or high shear granulation. Once theupleated wet
nuclei were formed, these were then added to the granulator. The forroatimmersion
nuclei or liquid marbles depends on powder wettabilityuid marbles are formed bgolid
spreading nucleatiom which the powder spread on the liquid droplet. Liquid marbles are

formed when the liquid/powder contact angl80® (Figure 312).

{-a} droplet rolling across bed hydrophobic grains encapsulated droplet
of hydrophobic grains attach to droplet “Liquid Tarhle’

water

Figure 3.12: schematic diagram of liquid marble formation.

Reproduced from Soft Matter, V (12), Glen McHale and Michael I. Newton, Liquid marbles: principle and applipgtions
54735481,(2011), with permission from the Royal Society of Chemistry.

The liquid marbles consist of a liquid core with a surrounding powder shell, which can be dried
to form a hollow granule after granulatigAussillous et al. 20Q1Hapgood et la 2009;
Hapgood et al2009) However,drops interact withwetting powder with contact angle of less
than 90, anda different mebanism of prenucleation occurghe droplet penetrates into the

powder bed and a wet nucleus is formeigjgre 313).
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1. Droplet 2. Droplet 3. Droplet 4. Drop 5. Mechanical
formation impact & coalescence penetration mixing &

6 breakage dispersion

v C e

Powder bed

Figure 3.13: Schematic diagram of immersim nuclei formation (Hapgood, Litster and
Smith, 2003)

Reproduced with permission from Wiley Materials.

Table 35 showsthe identity of the initial product from pireucleatian, prior to being added to

the mixer. Liquid marbles are formed with a contact angle of powder/bindef afr $0ore,

such as powder mixtures of non wettwegtting of 100%0% and 65%35% and efavirenz

IROX of 60%40% and 50%b0% with different binder visosity. Note that the contact angle

of these powder mixtures with a range of binder viscosity shows contact angle equal or greater
than 90. Liquid marbles are formed when a pavdf low wettability surrounda liquid

droplet by solid spreading nucleatio

On the other handyet nuclei are formed with powder/binder contact angle of less than 90
Non wettingwetting powder mixturesfa25%75% and 0%L00% and efavireriROX of
30%70% having contact angle with a range of binder viscosity of less than 8ffuged
immersion nuclei prior to granulation.During immersion nuclei formation, the droplet

penetrates into the powder bed and a wet nucleus is formed
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Table 35: Summary of pre-nucleation experiments

Materials and Methods

Conditions
Non wetting- I.3inde.r Contact angle Pre-nucleation product
wetting mixture viscosity
(mPa s)(PEG)
100%0% 60 115 Liquid marble
100% 0% 300 115 Liquid marble
100%0% 1300 116 Liquid marble
100% 0% 3000 117 Liquid marble
80%20% 60 97 Liquid marble
80%-20% 300 100 Liquid marble
80%-20% 1300 102 Liquid marble
80%-20% 3000 103 Liquid marble
65% 35% 60 90 Liquid marble
65%-35% 300 92 Liquid marble
65% 35% 1300 93 Liquid marble
65%-35% 3000 94 Liquid marble
25% 75% 60 57 Immersion nuclei
25% 75% 300 59 Immersion nuclei
25%-75% 1300 68 Immersion nuclei
25% 75% 3000 68 Immersion nuclei
0%-100% 60 30 Immersion nuclei
0%-100% 300 34 Immersion nuclei
0%-100% 1300 39 Immersion nuclei
0%-100% 3000 40 Immersion nuclei
Conditions
Non wetting- Binder
wetting mixture viscosity Contact angle Pre-nucleation product
(Efavirenz- (mPas)
IROX) (Dextran)
60%-40% 8 125 Liquid marble
60%-40% 100 130 Liquid marble
60%-40% 1000 141 Liquid marble
50%-50% 8 89 Liquid marble
50%-50% 100 92 Liquid marble
50%-50% 1000 129 Liquid marble
30%70% 8 64 Immersion nuclei
30%70% 100 72 Immersion nuclei
30%70% 1000 94 Immersion nuclei
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3.6.2 Granulation of model particles in a low shear mixer

The initial investigation of granule size and internal microstructure fdooisexperiments in

a lowshear mixer (tumbling drum). Thl'um hasan internal diameter of 70 mm aisd100

mmin height.A powder bed for praiucleation was prepared in a small petri dish by sweeping
the excess powder from the bed surface with a rulgrdaduce a smooth powder surface.
Before granulation, the amount of the powder added to the low shear mixer was calculated by
subtraction of the total amount of the powder from the amount of the powder added to the petri
dish. A total amount of 100 g of poler was used. The powder fill level in the drum was 10%
(Figure 314 a). The movement of the powder inside the dmas observed to be a rolling
regime, which is the desired regirfMorrison et al. 2016)Rolling motion is characterised by

staic and uniform flow of a powder layer on the surf@gkellmannet al.2001)

Liquid marbles oimmersionnuclei were prepared through single droplet nucleatiorthe
petri dishafter the preparation dhe powder bed and thew sheargranulator(Figure 314).
Prenucleation outside the low sheeasperformed to reduce complexityof the granulation
procesghat therevasno need to add liquid binder during granulatiéig(re 314 b and c).
Twenty dropof 0.16:100 wt/wt L/S were used increase the precision of tresults A higher
number of drops was not usedorder to decrease the probability of the coalescence of the
liquid marbles or immersion nuclei inside the mixer. These dropsgeatéy dropped ~5 cm
over a loosely packepetri dishpowder Using a syringe pumpHarvard Apparatus PHD
ULTRA I/W,USA). The close distance of liquid droppimgasselected in order to minimize
drop bouncing, rolling and splashing and to prevemster formation The needlewas
connected to a syringe through a tube and Luer lock ctomd@de syringevasoperated at 4
pl/s and at a constant speed, which gave an acceptable addition rate. The needishisatl
with a Q16 mm internal diameter (30 G). A simple shaking ofgk&i dishcontaning the
formed liquid marblesvasperformel to ensure a full coverage of the droplet with a poviae
prevent sticking of a liquid marbles to the wall of the dduming granulatiorfFigure 314 c).
Then, the liquid marbles ammersionnucleiwereremoved from the petri dish using spatula
once all the liquid marbles anmersionnucleiwereformed and placed onto the powder bed

surface inside thérum(Figure 314d). The drunwasthen operated at 25 rpm for fiv@nutes.
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06.03.2018 11:08

Figure 3.14: Tumbling drum granulation procedure.

After granulation, the whole powder mass from the dwamsplaced in a tray to dry overnight

at room temperature (2C€). Granulesflakes ordyed fine particleswereextracted using a stack

of sieves as described in Section 3.2.1.2. Any remaining undyed fine powder in the tray in the
panwasnot included in the analysis, to allow a clear frequency size distribution of the granules.
Then, the extreted ganules, flakes or dyed fine particlegre removed from the sieve cuts

and stored in petri dishes at room temperature for XRCT analysis. The experiments were
repeated after the end of each of the experiments using different powder wettabilities, bin

viscosities, powder particle sizes and mixing times.

Three representative granules from each condition were selected for internal structure analysis
using XRCT. Porosity and wall thickness of granules from all experiments were measured
using XRCT softvare package. For more details of the methods and characterisation, see
Chapter 4, Section 4.2.

84



Chapter 3 Materials and Methods

3.6.3 Granulation of model particlesn a high shear mixer

The purpose of experiments in a high shear mixer with a flat plate impeller is to investigate the
effect of varying the shearing and impact forces and impacts on granule size and internal
microstructure of granules formed from liquid marbles or immersion nugldlat plate
impeller wasused to maximize shearingut at the same timinimizing impac to liquid
marbles or nuclei, which should reduce granbifeakageA stainless steel high sheaixer
wasused. The bowl has capacity of 3 Laninternal diameteof 205 mm, ancheightof 125

mm (Figure 315). The mpellercould rotate aspeed varying from 150 t&/O0 rpm. No
choppe wasused in these experimenBurthermore, a 11° bevelledii?adeal and a 3bladed
impeller wereused tostudy the effect of various shearing and impact forces on granule size
and nternal microstructureHgure 316). The use of bladed and bladed impellersvasto

vary the shearing force impacted to the granules as will be explained in detail in Chapter 5. In
total, fifteen different systas were evaluated. The experimental procethasthe same as

the low shear mixer described in Section 3.6.2. For all the impeller speeds, the motion of
powder inside the high shear mixeas observed to be in a roping regime, which is the
favourable regira for high shear mixer granulatiomhe roping regime provides a better
mixing of the powder from top to the bottom in the mixer. Poor mixing results in accumulation
of the liquid at the base of the bowl, which can occur if the powder runs in a bumpmeg.reg
Here, the powder loops around the wall of the granulator due to a lower powder content or

higher rotational spedditster et al. 200R

First, 5@ g of powdemwasweighed. One portion of 100 mrigasused to fill the petri dish, and

the surface levelled by a ruler to obtain a smooth surface. The remaining peoagjgaced

inside the high shear granulator. Liquid marbles or immersion nweleiprepared through

single droplet nucleatioim a petri dish after the preparation of the powder bed in the petri dish
and in the granulator. Fifty drops with 0.1:100 wt/wt L/S ratio were nucleated to extract a
sufficient number of intact liquid marbles or immai@n nuclei and increase the precision of the
results. Drops were gently dropped over a loosely packed petri dish powder using syringe pump
(Harvard Apparatus PHD ULTRA I/W,USA). A simple shakingtioé petri dishcontaining

the formed liquid marbles or imersion nuclewasperformed to ensure a full coverage of the
droplet with powder to prevent sticking of a liquid marbles to the wall of the bowl during

granulation. Once athe liquid marbles or immersion nucleereformed, theywereextracted
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by a spatlaand placed onto the powder bed surface inside the high shear. The highigkear

wasthen operated at different impeller speeds for twenty seconds.

Figure 3.15: High shear mixer.

After granulation, similar asientioned in Section 3.6.2, the whole powder mass from the high
sheamixer bowl wasplaced in tray to dry overnight at a room temperature. Granules, flakes
or dyed fine particlesvere extracted by using a stack of sieves with cuts as mentioned in
Section3.2.1.2. Any remaining undyed fine powder in the pan at the bottom of the sieve stacks
wasnot included in the analysis. Then, the extracted granules, flakes or dyed fine particles
wereremoved from the sieve cuts and stored in a petri dish at room teorpe(2l°C) for
XRCT analysis. The experimentgere repeated after the end of each experiments using

different impeller speeds, impeller designs and powder wettabilities.
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(a)Flatplate (b) 2-bladed (c) 3-bladed

Figure 3.16: Impeller designs

Five represetative granulesvasselected from each condition for internal structural analysis
using XRCT. The porosity and wadhicknessvasdetermined using XRCT software package.

For more details of the methods and characterisaemChapter 5, Sectior25

3.6.4 Granulation of pharmaceutical powder

This work was performed by the authortbfs thesis at MSDPA, USA. The aim of the
experimentsis to investigatehe applicability of the results obtained using the previous two
methods with model particles intodustrial pharmaceutical powders. Efavirenz ¢(maiting
powder) as an active constituent and iron oxide (wetting powder) as an excipient were used.
Dextran with three different concentrations (10 %, 30 %, 50 %) was used as a liquid binder.
Both low and hgh shear granulations were performed in these studies. The low shear mixer
was same as the specified in Section 3.6.1, while Biosna high shear granulator was used
with a threebladed impeller and built in chopper for high shear experiments.

The effectof varying the shearing forceinder viscosity and mixing time on granule size and
internalmicrostructureof granules for a range of powder wettabilities was investigdteel.
experimental procedureasthe same afor the low and highshear for the maal systems
(Section 3.6.2 and 3.6.3).

Liquid marbles or immersion nuclei were produced without further granulation to give data for
comparison with granules formed after granulation in low and high shear granulators. Powder
(15 g) was placed in a petrist and the surface was levelled using a ruler. Liquids were
allowed to drop on a powder surface using a 10 mL syringe and 21 G if@&dlenm in

diameter). The formed liquid marbles or immersion nuclei in the petri dish were allowed to dry
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overnight. Thdormed marbles oimmersionnucleiwere extracted by passing all the powder
through 1 mm sieveSievingwasperformed manually by tapping the mesh withpatslato
allow the powder to pass through. The extradigdid marbles oimmersionnuclei were
removed from the sieve and stored in plastic contaiaereom temperature (2C€) for internal

microstructure and sizanalysis.

Forlow sheaexperiments, 20 g of powdetasused, whictwasmuch lower thatheamounts

used inSection3.6.2 because ahelow powderbulk density. The 20 gf powderwasdivided

into two. (nhe portion(12 g) wagplaced ina petri dish and another inside tlosv shear mixer
Liquid marblesor immersion nuclei were prepared through single droplet nucleation after the
preparatiorof the powder bed and the powder in granulator. Drops were introduced manually
by hand, with a 10 mL syringe and a 21 G needkerty drops with 0.3:20 wt/wt L/S were
selected to increase the precision of the resalligghernumber ofdropswas not peormed

in order to decrease the probability of the coalescence of the liquid marbles or immersion nuclei
inside the mixer. Shaking of the petri disasmade tcensure spreading of powder around the
droplet to prevent sticking of liquid marblesthe wallof the drum during granulation. Once

all the liquid marble®r immersionnuclei were formed, they werextractedusing a spatula

and placeanto the powder beslirfacansidethe low shear mixeihedrumwasthen operated

at25 rpm forfive minutes

After granulation, similar as mentioned3action 3.6.2he whole powder mass frothe drum
wasplaced in tray to dry overnight at a room temperafié C). A Ro-tap sieveshakemnwas

used for 1 minute with following mesh sizes; 1000, 500, 300, 180, Ib0GGum, to extract

the formedgranules.The granules and/or powder were removed from each sieve and put in
small plastic containers for each sieve cut at room temperiiurerther analysis. The
experimeng were repeatedsinga differentbinder viscogy, mixing time/ spee@nd powder
wettability.

For the high shear granulatid2Q0g of the powder mixture was pleaded in 1L bowl of the

Diosna highshear mixer first. The binder dropletgh 0.3:200 wt/wt L/S ratiovere deposited

on the surface othe blend approximately at mradius position, distributed around the
circumference and covered with some small amount of the powder. The run was initiated after
approximately 30 secs after depositioma@ulation was performed for 2@cs impeller speé

370 rpm, no chopper.
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Theshape and sizef all resultant granules were analysed using light microscopy and image
analysis. A select representative number of granules of 10@esh size were analysed with
XRCT for internal structure and porosity usiXiRCT software package. Representative
granules wereselected focompositional analysis through SEM and E»ér more details of

the methods and characterisati see Chapter 6, Section 6.2.
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CHAPTER 4. Granulation of model
particles in a low sheamixer

Granulation of norwetting powders is a growing problem in the pharmaceutical industry. This
creates considerable difficulty in understanding and controlling industrial granulation
processes. Very limited studies have been reported in thatlite on how different
formulation and process parameters effect granule size and internal microstructure produced
using heterogeneousetting powder blends and this forms the motivation of this work.

Three different mixtures of wetting and neetting powders were granulated with four
different viscositie®f PEG solutions in a tumbling druniumbling speedyrimary particle

size andmixing timewereinvestigated. The size and microstructure of the resultant granules
werestudied using sieve analysiscii-ray microcomputed tomography respectively.

The results shothatgranule size increaskwith increasing binder viscosityHollow granules
were observed witlarying average walkhicknesss using different binder viscosities and
powder wettabilities.

Tumbling speetdad aminimal effect omgranule sizausing different powder wettabilitiek is
suggested that this ecause thenpact force applied othe granules remasdweak despite
the difference in the tumbling speétbllow granules were pragcedwith differentaverage
wall thicknesausingdifferentpowderwettabilitiesandtumbling speeds.

An increase in granule sizeas observed with increasing primargrticle size. As the primary
particle sze increased, the granules became more coretelitl There waalso a difference
in the size of granles produced atlifferent mixing time using powder of low wettability
Granule size incrased with increasing mixing timédollow granules were produced at
different mixing timgwith averagewall thicknesgs increasing with increasingixing time.

This work shows that further research is required to identify the effect of impact and shearing
forces on granule size and internal microstructure.
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4.1 Introduction

It is clear from the literature restiv in Chapter 2, that there are gaps in knowledge of the
mechanisms involve in the formation of hollow granules; what happens after initial liquid
marble formation? One of these such gaps is the understanding of the change in granule size
and the internalmicrostructure of the resulting granules using wetting andweiting

powders.

Theformation of hollow granules fra liquid marbles is a developing field in the research of
nontwetting granulation. A liquid marblés formed bythe selfassemblyof nonwetting
powder around a liquid droplé\l. Eshtiaghi et al2009 Hapgood et aR009 N. Eshtiaghi et

al. 2010; N. EBhtiaghi et al2009 investigatedthe different conditons required for hollow

granule formation from liquid marbjerecursos.

In this chaptethe work by Eshtiaghi and Hapgobds been extendeddtudygranulesizeand

internal structurdor a range of wetting and nemetting systems using varying parameters:

1 Binder viscosity
1 Powderwettability
1 Powder particle size
1 Mixing time
with a view to measuring propertieslevant togranule size antollow granuleformation. In

particular:

Particle size distribution using sieve analysis
Granule internal microstructuresing Xray tomography
Calculation otheporosity and walthickness of hollow granules which gsfrther

insight oftheinternal structure of hollow granules

Studies have been conducted investigating the penetration time of liquid droplets into static
powder bed of different wettabilities. Howeverhere ae very limited studies othe effect of
different powder wettabilities on granule size and properties. These studies have focused on
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wet granulation using high shear or twin screw granulation, but not wet tumbling drum
granulation.In this chapter, a tumiolg drum (lowshear) is employed to investigate these

parameters and the properties of the resultant granules.

4.2 Materials and Methods

A short overview of materials and methods used is explained in this section. A more detailed
description of the matmls and methods can be found in ChaptelE8periments were
performedwith alow shear mixertumbling drun), with an internbdiameter of 70 mm and

100 mm heightto granulate 109 of powders. Praucleation of liquid marbles or immersion
nuclei was caied out externally prior to granulation; for more details see Section 3.6.1. Liquid
marbles aréormed when ging low powder wettability of eontact anglevith liquid of 90° or
more.Immersion nuclei on the other hand ocowtenusing awetting powdemwith a contact
anglewith liquid of less than 90°The work performed in this chapter can be divided into four

parts:

Firstly, the effect of varying powder wettabilities and binder viscosities were investigated. In
this part, three different mixtures ab0% 0%, 65%35%, and 25%5% of non wetting
wetting powders were used, which will simply be denoted asroedium and higlpowder
wettability respectively, oby the contact angle of the liquid with powder. Fagueoudbinder
solutionswere used: 50w/w. % polyethylene glycolPEGQ with molecular weight of 1500,
6000,12000, and 200Q0vhich will be simply referred to by their viscositid$he tumbling
speed was set at 25 rpirhe granulation timgvasfive minutes

Secondly, the effect of tumbling speeds investigated; 25 and 60 rpm using the three different
powder mixtures 0100% 0%, 65%35%, and 25%/5% of non wettingvetting powders were
used One PEG solution was used; 50 w/w. % PEG 12000, with a viscosity of 1300 mPa s.,

which will be simply refered to by its viscosityThe granulation timgvasfive minutes

93



Chapter 4 Granulation of model particles in a low shear mixer

Thirdly, the effect of varying the powder wettabilities and primary particle size were
investigated.In this part, three different mixtuis@f 100%0%, 65%35% and Go6-100% of

non wettingwetting powdes wereused, which willalso simply be denoted as lpmedium

and highpowder wettability respectiye or by their contact angle with the liquidhree
different primary particles size were used; AQ, AH and AF (the glass beads AQ are tlestsmall
beads used withsg~ 35um, while the glass beads AF are the largest beadsspitid4um).
They will be referred to by theisglvalue throughout this workhe granulation timevasfive
minutes.One PEG solutiomasused; 50 w/w PEG 12000with aviscosity of 1300 mPa s.
The tumbling speediasset at 25 rpm

Finally, varying the mixing times, 10, 300, 900 and 1800 s, was investigatdus part,one
powderof 100%nonwetting powdemwasused, which will alsde simplydenotedas a low
powder wétability or by its contact angle with the liquiddne PEG solutionvas used; 50
w/w% PEG 12000with a viscosity of 1300 mPa $he tumbling speedasset at 25 rpmi-or

more details of the methods see Section 3.6.2.

A mixing time chosen of 5 minutes wakoserfor most ofthe experimerg performed in this
chapterbecause itvasexpected that the granules at 5 minutes mixing taflestart to grow

andpowderwill layer around the liquid dropkgtandtheywill start to consolidate

All these parameterge@ used for the comparison of granule size and internal microstructure
characterisatioftotal porosity and wall thicknesg)able 41showsthe binder viscosity, blends

of the powders and the liqubwder contact angl@able 42 summarisesll the experiments
performed in this chapter.

Table 41: PEG binder viscosities and powdetbinder systems used and their contact
angles.

. . Powder

Binder 5'”d?f Non wetting i wetting

(molecular viscosty C le° of binder/ d
weight) (mPa s) ontact angle® of binder/powder
100%-0% 65%-35% 25%-75% 0%-100%

1500 60 115 90 57 30
6000 300 115 92 59 34
12000 1300 116 93 68 39
20000 3000 117 94 68 40

Granule size distributiaweremeasured by si@vg with the following mesh sizes: 4000, 3350,
2800, 1700, 1000, 500, 250, 180, and 106 pum. The sieve fraottensreserved for
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microstructural analysis by-Kay tomography (XRCT)Each experiment was repeated twice

and the mean of patrticle size disttilom was determined.

Images of granulesvere produced using digital microscope images (Lumenera Infinity 3

Camera, Navitar 12X zoom lenses)

Three represdative granules were chosen frosach experiment for XRCT imaging to
examine and analyse the intersélucture. Imagesvere processed with Skyscan software
DataViewer and CTAN. Threeepresentative granulegeremeasured for wall thickness and
% total porosityand the average of three measurements was taken and presented throughout

this chapterMore dedils of the procedure can be found in Chapter 3, Section 3.2.10.

Table 42: Experimental design

Powd Powder
owder Non Binder viscosity (mPa s)
particle size wetting-
dso (Wm) wetting | PEG 1500 | PEG 6000 | PEG 12000 | PEG 20000
35 100%-0% 60 300 1300 3000
65%-35% 60 300 1300 3000
25%-75% 60 300 1300 3000
Powder PONV(\;?]er Binder
particle size wetting- viscosity Tumbling speed (rpm)
dso (tm) wetting (mPa s)
100%-0% 1300 25 60
35 65%-35% 1300 25 60
25%-75% 1300 25 60
Binder PoNv(\;?]er
viscosity wetting- Powder particle size do (um)
{iil=e18) wetting
100%-0% 35 70 115
1300 65%-35% 35 70 115
25%-75% 35 70 115
Binder Pcl)\lv(\;?]er
viscosity : Mixing time (sec)
(mPa s) wetting-
wetting
1300 100%-0% 10 | 300 900 1300
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4.3 Results anddiscussion

Over the last few decades, many studies have been performed on granulation of wetting
powder. In contrast, there are very limited studies on granulation efvatiimg powder.
Therefore, granule properties produced using heterogemeziting powder mixtures are
studied in this chapter using different process and formulation parameters.

Different powder wettabilitiesvere produced by mixing non wetting and wetting povedar
different percentage(100%0%, 65%35%, 25%75%) respectivelyFrom prenucleation,
some of the mixture formed immersion nuclei, whilethes formed liquid marblesas can be

seenn Table 43.

Table 43: Summary of pre-nucleation experiments.

Conditions
: Binder o .
Non wetting- . . Contact angle Pre-nucleation product
wetting mixture gy (iil>E)
s)(PEG)

100%-0% 60 115 Liquid marble
100%-0% 300 115 Liquid marble
100%-0% 1300 116 Liquid marble
100%-0% 3000 117 Liguid marble
65%-35% 60 90 Liquid marbe
65%-35% 300 92 Liquid marble
65%-35% 1300 93 Liguid marble
65%-35% 3000 94 Liquid marble
25%-75% 60 57 Immersion nuclei
25%-75% 300 59 Immersion nuclei
25%-75% 1300 68 Immersion nuclei
25%-75% 3000 68 Immersion nuclei

The measured diameter df bquid droplets before nucleation and granulation used in this
chapter can be seenTiable 44; for more details see Section 3.Z8oplets withhigher biner
viscosity had larger droplet ragiompared to thdroples formed from lower binder viscosity
This is probably becausieatthe higler binder viscosityendsto have higher mass and density,
which in turn leadso the higher droplet diameter.
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Table 44: PEG liquid droplet properties.

Ellietss Droplet Droplet

: : . )
viscosity Droplet mass (g) | Density (g/cn® Volume (cn?) | Diameter (um)
(mPa s)

60 0.006645 + 0.0013 1.0501 +0.023 0.006327 2345.42
300 0.00699 + 0.0013| 1.0904 + 0.028 0.006410 2355.48
1300 0.00804 + 0.0003| 1.0908 +0.04 0.007345 2466.53
3000 0.008266 + 0.000§ 1.0944+ 0.0001 0.007552 2486.45

The shear forces impaag) on liquid marbles or imnreion nuclei inside the drum were
considered by calculating the Froude number Equation 4.1 The Froude number

is adimensionless numbeefined as the ratio of the flow inertia to the external field (the latter

in many applications simply due gravity). It has been described for powder blending and
was suggested as a criterion for dynamic similarity and a-spgh@rameter in wet granulation.
Themechanics of the phenomenon has laestribed aaninterplay of the entrifugal force
(pushing the particles against the mixer wall) and the centripetal force produced by the wall,

creating a n¢Levmpral®Hh, 2003 zoneo

Q_

Ol 0

Equation (41)

In Equation 4.1Fr is the Froude numbedl,is the internal diameter of the drumnis the angular
velocity (rad/s) and g is gravitational acceleratibable 45, shows the Froude number data
for two different drum speeds of 25 and 60 rpm. It can be seen the Froude numbérighéa is

with the higher drum speed.

Table 45: Froude numbers of the low shear mixer

Drum internal | Gravitational Angular
Speed rate di lerati loci Froude
(rom) iameter acceleration velocity number
(m) (m/s) (radian/s)
25 0.035 9.81 2.62 0.024
60 0.035 9.81 6.28 0.14

The results and discussion sectismlivided into four parts: the firgectionwill explain the
effect of binder viscosity and powder waditlity. The secondectionwill give an investigation
of the effect of varying tumbling speedn granulesizefor a rangeof powder wettabilities.
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The third part will give details of the effect @irimary partide size and powder wettability
Finally, the last section will show the effect of increasing mixing time on theuje sizeand

internal microstructure of a nemetting powder.

4.3.1 The effect of bindewiscosityand powder wettability

In this section, differenbinder viscositiesand powderwettabilities were investigated. The
primary powder particle siz&gas35 um, and thetumbling speedvasset at 25 rpnwith a5

minutesmixing time

4.3.1.1 Granule sizalistribution

The size distribution of the resultant granules produced from diffeoavdqr wettabilities and
binder viscosities for five minutes mixing time in low shear mixer granulation are discussed in

this section.

4.3.1.1.1 Low powder wettability

Figure 41 shows the size distribution of the granules inltivesheamixer, usinglow powder
wettability and different binder viscositief\fter granulation and drying, small granules sizes
were producedising60 mPa s binder viscosity4d 726 um). An increase in the size of the
granules was produced using 3@800 and 3000 mPa s binder viscosifthsa 1 gr0).A
unimodal size distribution was obtainesing ® and 300 mPa s binder viscosities. A bimodal
size distribution was obtained usid®00 and 3000 mPa s binder viscosities, with high
frequency peak at 500 um using 300@a s binder viscosityra more details of;z anddas,

see Appendix A.1.1.

At 60 mPa s binder viscosity, a fine powder was produergife 42 a). At 300 mPa s binder
viscosity, buckled, semspherical and elongated granulesre producel (Figure 42 b). At
1300 mPa s and 3000 mPa s binder viscosities, mixtures of spherical, buckled, elongated

granules and fine powder were producedre 42 c and d)
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Figure 4.1: Particle size distribution of granules producedusinglow powder wettability
and different binder viscosities, obtained via sieve analysikrror bars are the standard
deviation of three measrements.

The formation of fine powder using low viscosity bindergjht be due to wear as well as
breakage of liquid marbles during granulatiorthe low shear mixeit can be concluded that

the percentage ofingranulatedfine powder decreasegradualy with increasing binder
viscosity to 3000 mPalsinder viscosity This is most likely due to the effect of viscous force;

it is expected that the strength of liquid bridges increases with increasing binder viscosity. This

results in the decrease of thedkage of liquid marbles during granulation.

The production of spherical granules with increasing binder viscosity is in agreement with
Eshtiadni et al. 2010They studied the effect of binder viscosiiy the shape of the resultant
hollow granules usigpnucleation only experiments, in which a liquid droplet was released onto
the static powder bed without subsequent granulation-vting glass beads powder and
different aqueous concentrations of HPMC soluti@reused. They found thausing higher

binder viscosity ledo the formation of a spherichbllow granulesBuckled hollow granules
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were obtained using low HPMC concertation. They suggested that this might be due to the
viscous forces effect, and the ability of high viscous binder to maitaishiapef the droplet

during drying.

(2)60 mPa's [} R | K8 (b) 300 mPa s
R D

&

Figure 4.2: Comparison of granules produced using low powder wettability and
different binder viscosities.

4.3.1.1.2 Mediumpowder wettability

Figure 43 shows the granule size distribution as a functiobionfler viscosityand medium
powder wettabilityUnlike the observationis Figure 4.1, this systeproduced smaller granule
sizes with an increase in the binder viscositjie use of 60 mPa s binder viscosity produced
a larger granule size {g= 2225 pum) whereashe use of 3000 mPa s binder viscosity produced
a smallergranule sizgdsz= 500um). A unimodal size distribution was observed using 60,
1300 and 300nPa shinderviscosities. A bimodal size distribution with two different modes
can be seen wharsinga 300 mPa dinder viscosity Figure 43). For more details ofz and

ds3, see Appendix A.1.1.
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Figure 4.3: Particle size distribution of granulesproduced using medium powder
wettability and different binder viscosities obtained via sieve analysi€rror bars are
the standard deviation ofthree measurements.

An additionalinteresting observation from the granukethe change in their shape with binder
viscosity Figure 44). At 60 and 300 mPalsinder viscosity the granulesvere veryflat and
elongatedFigure 44 a and b)At 1300mPa s binder viscosity mixture of flat, buckled and
semispherical granules was obtaindelgure 44 c). Only semispherical buckled granules
were obtainedta3000 mPa $inder viscosityFigure 44 d). This is most likely the result of
the bindewiscous forcelt is suggested that traility of viscous action to keep the shape of
the droplet intact during impact increased witbreasing in the binder viscosity.

Most of the observations frofigure 43 andFigure 44 can be explained considering binder
viscosity and powder wettability. In s a @se, the combination ahedum powder
wettability and highbinder viscosity leads tthe production of spherical granulestead of
flat and elongated granules
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(b) 300 mPa s

(c) 1300 mPa's (d) 3000 mPa s

Figure 4.4: Comparison of granules produced using méium powder wettability and
different binder viscosities

4.3.1.1.3 Highpowder wettability

Figure 45 shows graule size distributions using high powder wettabitityd different binder
viscosities Approximatelysimilar granule sizes were produced using 60, 300 and 1300 mPa s
binder viscositieg¢dsza 2800um). A larger granule siz@as produced usirg000 mPa binder

viscosity(dsz= 4117um). For more details afs anddas, see Appendix A.1.1.

At 60 mPa s binder viscositselatively flat shapedranulesvereproduced(Figure 46 a). At
300, 1300 and 3000 mPa s binder viscosities, a mixtwspharical and buckled granuleas
producedFigure 46 b, c and g.
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Figure 45: Particle size distribution of granules produced using high powder
wettability and different binder viscosities, obtained via sieve analysi&rror bars are
the standard deviation three measurements.

The small difference in the size of theagules produced using high powder wettability and

60, 300 and 1300 mPa s binder viscosities is consistentMatte, Martin and Long, 2014
Aqueous polyvinyl pyrrolidone solution in different concentrations as a liquid binder and
pharmaceutical grade hydroxyapatite as powder were granulated in a high shear mixer. Reverse
phase wet granulation processes wesgluall liquid binder was first added to the mixer bowl
followed by the addition of all powders. They fouthét thee wasno differencein granule
sizeusingdifferent binder viscositieandhigh powderwettability. They explained their results
accordinglveson, Litster and Ennis, 199&ho supposed the viscosity range used had a
minimal difference in the contribution dghe binder viscosity on interparticulate friction,
viscous dissipation and capillary forces, resulting in similarities in granule size. It should be
noted thatveson, Litster and Ennis, 199€uggested that the intparticle friction and viscous
dissipation contributed to the resistance to granule deformation. Increasing liquid content can
either increase intgrarticulde friction due to lubrication or increase viscous force effects since

more liquid is available within and on the granule surfaces. Eitherpatéculate friction or
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viscous forces can be dominant depending on binder viscosity. The effect gfariwilate
friction will be dominant with an increase in the liquid content of low viscous binder, while

viscous forces dominate with an increase in the liquid content of high viscous binder.

Granule coalescence was observed using a high binder visdo3@i@@®@mPa sKigure 46 d).
Theseresultsare in accordance with Iveson et al. 1998, where it was repbiéethe binder
viscosity was an essential parameter in agglomeration by coalescdrie.coalescence
occured with increased binder viscosity and high powder wettability. Growth by coalescence
occurs when the collisional kinetic energy is too small to overcome the resistance of viscous

lubrication of the binder in the liquid layer.

(a)60 mPa s

o

(

w1

Figure 4.6: Comparison of granules produced usindnigh powder wettability and
different binder viscosities
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4.3.1.2 Internal structural analysis

Figure 4.7presents3D images of representative granules as a functigpowderwettability
and binder viscosity using XRCThe observed white outer shell is the primary powder, the

darkgrey area is the dried liquid and the dark space in the middle of the granules is air.

For low powder wettability, fine powder was produced using low bindeosgity, which was
difficult to scan using XRCT. Hollow granules were produced using different binder viscosities
(Figure 4.7. The wall thickness of hollow granules increased fronu8dusing 300 mPa s
binder viscosity to 36 um and 38 pum using 1300 ar@D38Pa s binder viscosities respectively
(Figure 4.8.

For medium powder wettability, flakes were produced using low binder viscosity, which were
difficult to scan using XRCT. Hollow granules were produced using different binder viscosities
(Figure 4.7. The wall thickness of hollow granules decreased in size from 1303 pum using 300

mPa s binder viscosity to 171 pum using 3000 mPa s binder viscBgjtyé¢ 4.3.

For high powder wettability, single solid granules wareducedising 60 mPa s and 300 mPa

s binder viscosities. Hollow granules were observed using 1300 and 3000 mPa s binder
viscosities. Hollow granules wall thicknedscreased from 1000m to 742 um using 1300

and 3000 mPa s binder viscogiggpectively Figure 4.8. More cross sectiondRCT images

of granulesan be found in Appendix 2.1.

Single solid granules can be seen with powder of highabty and low binder viscositgf

60 and 300 mPa $his is prolably because with increasing powesttability anddecreasing
binder viscogdy, the immersion of th@owder particles inside the liquid droplébcreased
leading to formation o$did granules For powders of medium and high wettabilitiaghin

layer of powderwas formed usindhigher binder viscosity compared with multayers o
powder around theduid droplet usindow binder viscosity. It is hypothesized that the viscous
force mostly dominates the binding force between the particles, which impairs the migration
of liquid binder to the granule surface to allbmding of frestpowder patrticles, leadirtg the
production ofa thin layer of powder that covers the liquid droplet.
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Figure 4.7: Images ofgranules producedusing different powder wettabilities and
binder viscosities The outer rings are part ofthe sample container.(Reconstructed
XRCT images; representativecentral crosssection).

The production of hollow granules usirfgigh binder viscosity and different powder
wettabilitiesin this study isn accord withEshtiaghi, Liu and Hapgood, 201RBonwetting

glass beads as powder was used. Different concensaiddPC and PVP ere used as a
liquid binder. They found that higher binder viscosity produced hollow granules. They
suggested that the high binder viscosity impaired the process of deformation and drop recoil,
which drove fluid flow upon impact andherefore, enhancedgliid marble stabilityThey
reported that theigher binder viscosity produced strong inparticle bridgeshatdecreased

granule deformation.

Similarly, Eshtiaghi et al. 20Q%tudied the effect binder viscosdgthe % of powder coverage
around the liquid droplet. A newetting politetrafloro ethylene (PTFE) as a powder and water
and different concentrations of glycerol as liquid binder were used. They found that increasing
binder viscosity impaired drop deformation and drop recoil, which decreased powder coverage
of the liquid droget surface.
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Figure 48: Wall thickness as a function obinder viscosity and powder wettability.
Error bars are the standard deviation of three measurementdd is liquid powder
contact angle.

4.3.1.2.1 Porosity

Figure 49 presentghe percentage (%ptal porosity as a function dfinder viscosityand
powder wettability using XRCT software. For more details of XRCTwsok, see Section
3.2.10. For powders of low wettability, liquid marbles undergo breakage into fine powder at
low binder viscosity of 60 mPa s and no porosity values were obtained. However, the porosity
decreased slightly from 84 % 75 % and 70 % usin800, 1300 and 3000 mPalsnder
viscositiegespectivelyWith powder of medium wettability, flakes produced using low binder
viscosity which was difficult to scan using XRCT and no porosity values were obtained.
Granule porosity increased from 31 % to%%nd 57 % usin@00, 1300andmPa sbinder
viscositiesrespectively.For powders of high wettability, the porosity increased frord2(o

36 % using 6and 3000 mPa s binder viscosigspectively. Howevetheerror bardor these

valuesall overlap,ard this is not conclusive.
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Figure 4.9: Total porosity as a functionof binder viscosity and powder wettability.
Error bars are the standard deviation of three measurementsd i s | i qui d p o wc
contact angle.

These results are in agreement wbhaefer et al1996 who studied the effect of binder
viscosity ongranule porosity using melt granulation experimengshigh shear mixet.actose

was used as a powder and different molecular weight PEGs (2000, 3000, 6000, 8000, 10000
and 2000) were used as a liquid binder. At a high liquid viscosity, the granule porosity was
noticeably higher than with low binder viscosity. This was because the higher binder viscosity

gives rise to a lower droplet deformation, consolidation and then loaeulgrporosity.

4.3.2 The #ect of tumbling speedand powderwettability

The influence of two tumbling speeds, 25 and @, on granule sizeand inernal
microstructure usingowderof different wettabilities were investigated. Bindescosity of

1300 mPa s, primary powder partideeof 35 umand a mixing time 05 minuteswere used.
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A binder viscosity of 1300 mPa s was chosen as it is not too highly viscous and, therefore, it is
easy to handle. Additionally, it is not too low which could makefiicdlt to maintain stable

liquid marbles.

4.3.2.1 Granule size distribution

For ppwder of low wettabilitytherewas no significanceifference ingranulesize produced
using low tumbling speedrom those produced usirggh tumbling speed<igure 410). For
powderof medium wettability, aninimal difference in granule siagasobservedusing the
two tumbling speedd~(gure 411). For powder of high wettability, an ireaise in granule size
with increasing in tumbling speed was observed, in addition to broader size distribigime (
4.12).

9 F T T T T T T T T T
% —&—25rpm
“ —o—60rpm
(SN Low powder |
‘ wettability
® 1 N - L
2000 3000 4000

Particle size (mm)

Figure 4.10: Particle size distibutions ofgranulesproduced using low powder
wettability and different tumbling speeds, obtained via sieve analysigrror bars are
the standard deviation ofthree measurements.
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The similarity in granule size using powder of low and medium powder wWitsheven with

an increase in drum speed, may be because that the shearing forces apihieedranules
remainweak despite the difference in tumbling spe€ld®e increase in granule size with
increasing tumbling speed using high powder wettabgigonsistent with the results obtained

by BowdenGreen et al. 2016n spite of the different powder wettability usddhey studied

the effect of drum granulation on Biochax fertilizer powder which igery fine and dficult

to control when applied aspil. Biochar behaves asyanwettingpowder, which forms liquid
marbleswith water.As the rotation speed of the tumbling increadieel agitation of the powder
increased with better liquid binder distribution. This gives more opportunities for the granules

to collide consolidate and, hence, increase in granule size.

T T T T T T T T
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Figure 4.11: Particle size distributions ofgranulesproduced using medium powder
wettability and different tumbling speeds, obtained via sieve analysigrror bars are
the standard deviation ofthree measurements.

Overall, the graulation behaviour of granules pramhd using two different tumbling speeds,
showed growth by layering. These results are in accordvétimann etal. 2001 who found
thatthe growth of granules insidet@mbling drum mainly occurred by layering. The contact

between the powder and the liquid binder inside the tumbling drum, and the homogenous liquid
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distribution, is essential to guarani@gpropria¢ particle movement inside the tumbling drum.
The particle collisions increased and the probability of povgdanule contact increased with

higher drum speed giving more charfiaethe granules to consolidaaed grow by layering.

I ' I ' I ' I i
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Figure 4.12: Particle size distributions of granulesproduced using high powder
wettability and different tumbling speeds, obtained via sieve analysigrror bars are
the standard deviation of threemeasurements.

4.3.2.2 Irternal structural analysis

Figure 413, showscross sectional XRCTmages asa function of powder wettability and
tumbling speed~or powder of low wettabilityhollow granules were producedth a thin wall
thicknessof 35.4 um and 37.5 um at 25 and 60 rpm tumbling speeds respeckigiyg 414).

For powder of medium wettabilityhollow granules were producedith wall thicknesses
increasing from 234.5 um to 326.5 um &t@&nd 60 rpm tumbling speeds respectiveigire

4.14). With powder of high wettabilityhollow granules were produced with wall thickness
increasing from 1000.Am at 25 rpmto 1123.4um at 60 rpm tumbling speedrigure 414).

More cross sectional images of granules produced using 60 rpm tumbling speed can be found
in Appendix A.2.2.
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Figure 4.13: Images ofgranules producedusing different powder wettabilities and
tumbling speeds. The outer rings are part ofthe sample container.(Reconstructed
XRCT images;representative central crosssection).

The increase in wall thickness at high tumbling speed can be explained by ttretféot
granules are experiencimgore forceat a highetumblingspeed, which givemore clance for
granules to collideesulting inmore consolidated wall thickness, particularly for high wetting

powder.
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Figure 4.14: Wall thickness as a function otumbling speed andpowder wettability.
Error bars are the standard deviation of three measurementsd i s | i qui d p o wc
contact angle.

4.3.2.2.1 Porosity

Figure 415 shows granule porosity in terms of tumbling speed and powder wettability. For
powder of low wettability, only a slight difference in porosity of tiranules was observed at

the two different tumbling speeds, especially when considering the error bars. The porosity
decreased slightly from 75.5 % to 73.2 % at 25 and 60 rpm tumbling speeds respectively. With
powder of medium wettability, a decreasdhe porosity of the granules was observed at two
different tumbling speeds. The porosity of granules decreased from 55.9 % to &729 %nd

60 rpm tumbling speeds respectivalyith powder of high wettabilitya small decreasm the
porosity of the gmules was observed at two different tumbling speeds. The powmisi

granules decreased from 31.2 % to Z&.&t 25 and 60 rpm tumbling speeds respectively.
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Figure 4.15: Total porosity as a functionof tumbling speedand powder wettability
Error bars are the standard deviation of three measurementsd i s | i qui d p o wc
contact angle.

These results of decreasipgrosity wih increasing tumbling speedjree withRodrigues et

al. 2017 In this study, phosphafowder was ganulated with watein tumbling drum. They
hypothesised that particle collisions increase with increasing drum speed, which increases the
granule compactioriThese collisions caused consolidation of the granuleshndtecreased

their porosity, squeezed out entrapped air and liquid binder to granule surface. Internal voids
becane smaller because of thenapaction, and the granules be@amore consolidated due to

an increase in the collisionghich results in decread granule porosity

4.3.3 The effect of powder particle size and wettability

The objectiveof this sectionis to contribute to the understanding thfe effect ofprimary
particle size and powder wettabilion the granulesizeand internal microstruate produced
in a low shear mixer. Here, binder viscosity of 1300 mPa s, tumbling speed of 25 rpm and

mixing time of 5 minutes were used.
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Many studies have been conducted investigating the effect of primary partioté gieting
powderon different graule propertiesuch agScheefer and Mathiesen, 1996a; Knight et al.
1998; MacKaplow, Rosen and Michaels, 2000; Hassangt al. 2009; Cavinato et al. 2011)
However, there is no study currently published on the effect of primary particlefsipe:

wetting powdeion granule size and internal microstructure.

4.3.31 Granule size distribution
4.3.31.1Low powder wettability

Figure 416 shows granule size distributions using low powder wettability and three different
primary particle sizesSmall granules were obtaineding a smalprimary particlesize(dsz=
1806um). An increase in granule simeas observed using a medium primary particle siad,

the granule size continued to increaséng a large primary particle sigess= 2225um). A
bimodal granule size distribution was obsshwusing a small primary particle size due to the
breakage of liquid marbles during granulation. A unimodal granule size distribution was
obtained using medium primary particle size with a peak at approximatelyh@ODikewise,

a unimodal granule sizeigtribution was obtained usirtye large primary particlesize. For

more details of;s anddss, see Appendix A.1.2

Flakes andemisphericabuckled granules were obtained using a small primary particle size
(Figure 4.17a). Buckled and sermspherical ganules were obtained using a medium primary
particle size FFigure 4.17b). However, buckled and elongated granules were obtained using
powder of a large primary particle sizg@qure 4.1t). This is most likely the result d@lifficulty

of the liquid dropét to keep the larggrarticles on the surface dfieliquid dropletdue to their

weightduring granulation inhetumbling drum.
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Figure 4.16: Particle size distributions ofgranulesproduced using bw powder
wettability and different powder particles size obtained via sieve analysigrror bars
are the standard deviation of three measurements.

The results in this work of increased granule size with increasing primary particle size are in
accord wih Realpe and Veladzquez, 200Bhey studied the effect of primary particle size on
granule size. Three different primary particles sizes of lactose monohydrate as a powder and 1
mPa s binder viscosity of agous povidone solution were used. They found that the large
primary particle size produced larger granules, while the small primary particle size produced
the smaller granules. They hypothesized that the small primary particle size had high cohesive

forceproduced by the large surface area of contact. This produced a stronger, less deformable
granules which results in a lower rate of granule growth.
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(a) dso 35 um ? (b) tbo 70 um (c) dso 115um ;

Figure 4.17: Image comparison of granulegproduced usinglow powder wettability and
different powder particle sizes.

4.3.31.2Medium powder wettability

Figure 418 showsgranule size distributions using powder of medium wettalabtga function

of powder particle sizeConsstent withthe observations using powder of low wettability
(Figure 416), a smaller granule size was obtained using powder of small primary particle size
(daz& 2000 um).The granule size tends to increase with powder of medium primary particle
size. Note, that the largest granules were obtained with powder of large primary particle size
(ds3& 3000um). For more details ofis anddas, see Appendix A.1.2

Figure 4.19shows images of granules using different primary particle sizes of medium powder
wettability. Granules formed from small primary particle size were irregular in shape with
elongated, buckled and elliptical granulégg(re 4.19 a)However, granuleproduced from
medium and large primary particles were more uniform and-spherical in shapd~{gure
4.19b and c).
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Figure 4.18: Particle size distributions ofgranulesproduced using mediumpowder
wettability and different powder particle sizes, obtained via sieve analysisrror bars
are the standard deviation of three measurements.

The increase in the size of granules with increasing primary particle size is in accord with
Johansen and Schafer, 208ix different mean particle sizesaaflcium carbonatas a powder

and PEG 1000 with a 2000 mPa s binder viscosity were granulated in a high shear mixer. The
actualbinder distributions in size fractions were measured by estimating the PEG concentration
of a single size fraction using helium pycnometry. They found that an uneven liquid distribution
in the granule produced using small primary particle size. They hggiaed that the higher
cohesive forces between small primary particles impaired the uniform liquid distribution. This
resulted in less deformable granules due to insufficient granule liquid saturation that limited
the increase in the granule size. Howeweuniform liquid distribution was obtained using
powder of large primary particle size which led to more deformable granules and a larger
granule size was obtained.
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(a) dso 35 um (b) dso 70 pm ' (c) cbo 1154m

Figure 4.19: Comparison of granulesproduced using mediumpowder wettability and
different powder particle size.

4.3.31.3High powder wettability

Figure 420, shows the effect of primary particle size of high powder wettabifiyall
granules were produceding a small primary particle size. Larger granule sizes were produced
using medium and large primary particles si@hsa 3000 um) Bowl-shapegranuleswere
obtained using a small primary particle s(dez = 2800 pum) (Figure 4.21a). Relatively flat
granules with a slightly higher rim were obtained using medium and large primary particle
sizes Figure 4.21 land c) A rough granule surface was observed with granules produced from
powder of a large primary particle sizéigure 4.2t). For more details ofz and ds3, see
Appendix A.1.2.

The shape of the granules produced using medium and large primary particle sizes can be
explained by difference in the flowability properties of the powder used. In this study, glass
beads powdewasused which have freediving propertiesEmady et al. 2011found that a
spreading/crater formation mechanigrasmainly observed for free flowing powdsuchas

the glass beadshat produced flat shape granules with a high far more details of this
mechanism, see Section 2.5.1.
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Figure 4.20: Particle size distributions ofgranulesproduced using high powder
wettability and different powder particle size, obtained via geve analysisError bars
are the standard deviation ofthree measurements.

An increase in granule size with increasing in the primary particle size can be explained by
differences particle packing with different sized particles. In a revieBchgefer, 2001it was
explained that a small primary particle size had a lower particle packing ability. This lower
packing ability causes higher irtparticular porosity and decreases granule liquid saturation.

Then, less deformable granules willdigtained and, therefore, a smaller granule size.

Similarly, Tan et al.2009 studied the effect gbrimary paricle size on the nuclei siaesing
hydroxyl propyl cellulose as a binder and lactasa powdeof two different sizes100 mesh
(coarse primary particjeand200 mesh (fine powder particlefor a given amount of binder,
coarse lactose powder (100 mephgduced larger nuclei. In other words, increagngary
particle size increases the size of the nusteduced pecause the fine lactoparticle (200

mesh) did not pack as well as the coarse lagbastcles The poor packing of fine lactose
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powder esults in bang more likely to contain mofmacro voids which resist the liquid

penetration through the powder bed and hence the extent of the nucleation.

() dso 35 um TEN ) ¢ 70um :

1cm

Figure 4.21: Image comparison of granules produced usingigh powder wettability and
different powder particlessize.

An interestingobservation of all the granules produced udglifterent powder wettabilities
(Figure 417, Figure 4.1%ndFigure 4.2} is the surfae texture. Granule®fmed from small
primary particle havesmooth surfacecompared to rough surfagi®r granules produced from
large primary particlesSchaefer, 199Geported that a smoother granule surface was obtained

when usinga small primary particle size, which agrees with the results in this work.

4.3.32 Internal structural analysis

Figure 422 presents XRCT images of representagivgranules as a function @owder
wettability andprimary particle size For powder of low wettability, hollow granules were
obtained using different primary particle sizZdsllow granulescan be seewith very thin wall
thicknessusing powder ofsmall primary particle size. This wall thickness increlasgth
granulesproduced usinggowder ofmedium and large primary partislsize. For powder of
medium wettability, hollow granules were obtained using powder of small and medium
primary particles sizeSingle solid granulesvere obtained using powder dargje primary
particle size. A thin granule wall thickness was observed using powder of small primary
particle size, and the wall thickness increased in size using powder of medium primary particle
size. For pwderof high wettability,hollow granules wergroduced usingpowder of small
primary particle size.i8gle solid granulesvere produced using powder of medium and large
primary particle sizeMore cross sectional images of the graaulan be found in Appendix
A.2.3.
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Figure 4.22: Images of granules produced usinglifferent powder wettabilities and
primary particles size. The outer rings are part ofthe sample container.(Reconstructed
XRCT images; representative central crosssection).

Thinner granule wall ikkness wasbservedising small and medium primary particle sizes,
than those produced using a large primary particle Biggie 422). This is probably due to

the lower packing ability of small primary particlesding to less deformable granules and a
decrease the migration of the liquid to granule surface and therefore the ability to attach new
powder particles.

4.3.32.1Porosity

Figure 423 expresseshe percerdge bdtal porosity as a function of differentipary particle

size and powder wettability¥or powder of low wettability, there is a large decrease in granule
porosity produced using powder of small primary particle size compared with granules
produced usg medium and large primary particle sizes. The porosity decreased from 75.5 %
using the small primary particle size to 40.9 % using large primary particle size. For powder
of medium wettability, the granule porosity decreased from 55.9 % to 36.8 %suosatigand
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large primary particle sizes respectively. For powder of high wettability, minimal changes in
granules porosity was observed especially when considering the error bars. The porosity
decreased from 31.2 % to 28.2 % and 25.2 % using powder of smedilum and large primary

particle sizes respectively.
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Figure 4.23: Total porosity as a function ofpowder particle sizeand powder wettability.
Error bars are the standard deviation of three measurerants.d i s | i qui d p o wc
contact angle.

The decrease in the porosity of the granules with increasing primary particle size is in accord
with Schaefer and Mathiesen, 1996 their study, lactose monohydrate as a powder was melt
pelletized with PEG of 3000, 6000 and 8000 as flakes, coarse powder and fider pow
respectively. Granule density was measured using helium pycnometryhyipathesized that

the packingof small primary particle size watifficult, causing less deformable and highly

porous granules.
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4.3.4The effect of mixing time

The objectiveof this part of thework is to studythe effect ofthe increasing mixing timen
granule size and internal microstructure ugogvderof low wettabilityin a low shear mixer.

A low powder wettability was chosen because the effect of other parameteler (astosity

and primary particle size) were more pronounced than the other types of powder wettabilities.
In addition, very limited studies are currently published on the effect of mixing time on granule
size and internal microstructure produced usingwetting powder. Here, binder viscosity of
1300 mPa s, tumbling speed of 25 rpm and primary particle size phB%ere chosen
throughout this work.

4.3.4.1Granule sizedistribution

Figure 424 shows granule se distributios usingfour different mixing timesFor the system

using a 10 s mixing time, a smaller granule size was obté&ihgd 259um). The granule size

tends to increase with increasing mixing time to 300, 900 and 180031500um). Semi
spherical buckled granulegere obtainedat 10 s mixing timgFigure 425 a). A mixture of

flakes and buckledemispherical granules webtainedat 300 s mixing timeKigure 425

b). Relatively flat, buckled and elongated granules were obtained at 900 s and 1800 s mixing

times Figure 425 c and d)For more details ofzandd43 see Appendix A.1.3

124



Chapter 4 Granulation of model particles in a low shear mixer

T T T T T T T T
o —=&— Mixing time 10  sec
‘\ —e— Mixing time 300 sec|]
60 | —A— Mixing time 900 secH
I —v Mixing time 1800 sec

- 4000

Particle size (mm)

Figure 4.24: Particle size distributions ofgranulesproduced usinglow powder
wettability and different mixing times, obtained via sieve analysis.

The production of spherical granules using 10 s mixing time is plpdae to the low impact
forces applied to the liquid marbles during this short granulation ttneehypothesised that
as the mixing time increasdabge impact forces applied dhe liquid marblesnside the mixer
is increased. Therefore, liquid marbleindergo deformation which producing elongated

granules

The results in this work are in agreement withpgood, Farber and Michaels, 200@¢ho

studied the granulation of a pharmaceutical formulation having 70% by weight-@fetbng

powder. The effect of mixing time on granule shape was irgagstl. As the mixing time
increased, the granules underwent more deformation leading to elongated granules. It was
suggested that the prolonged mixing time imparted high impact forces leading to formation of

elongatedyranules, see Figure 2.16.
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(a) 10 sec < > (b) 300 Sec

lcm

(c) 900 Sec < > (d) 1800 Sec
lcm

Figure 4.25: Image comparison of granules produced usingpw powder wettability and
different mixing times.

However, the results in this thesis disagree #ta et al. 201%who studied the effect of
mixing time ongranule shape.énifine acetaminopheand microcrystalline cellulose were
granulated with watdan high shear granulatio®EM was used to characterise granule shape.
They found that there was no significant effect of mixing time on granule shape and surface
roughness. They hypothesized that might be an indicator oimiedld system with the high
shear forces applied. The thesis results are different from the results in this work probably
because of using different powder properties such as wettability and flowability and the use of

a different shear mixer.

4.3.4.2Internal structural analysis

Figure 426 presers XRCT images of representative granules as a function of mixing time.
The images demonstrate that the granules formed across all mixirghtawe an internal void
with a thin or a thick wall thiakess(Figure 427).
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Hollow granuleswere observed with a thin wall thickness of |B# at 10 s mixing time. A
small increase in the average wall thickness to félwas observed at 300 s mixing time.
The hollow ganule wall thickness increased to 4 and 44.5.um at 900 and 1800 s mixing
time. Although theerror bars are large, there appears to be a clear trend ofsingaeall

thickness with time.

It is hypothesized that an increased mixing time led to apaserin the granule collisions with
the drumds wal l and with the powder bed.

As

the binder migrates to the surface of the granules, which increases the chance for particles

sticking to granule surfacesdhallows more layering of powder particles around the granules
and this expected to started at 300 sec mixing. thage cross sectional images of the granules
can be found in Appendix A.2.4.

300 Sec

900 Sec

Figure 4.26: Images of granulesproduced using lowpowder wettability and different
mixing times. The outer rings are part ofthe sample container.(Reconstructed XRCT
images;representative central crosssection).
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Asada et al2018producedhollow granules by granulated different active constituautt as
bromhexine hydrochloridgghenytoin and eugragwith HPC in high shear mixedt was
concluded that the granule size increbse a time dependent manner as the granulation
proceeéd In addition, the wall thickness incredsand the hollowness inside the granules
decreased with granulation timéhey suggested that this was besmof an increase in the

impact forces to the granules during the prolongedng time, see Figure 2.17.
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Figure 4.27: Wall thickness as a function ofmixing time. Error bars are the standard
deviation of three measurements.

4.3.4.2.1Porosity

Figure 428 expresses the percentamgal porosity as a funan of different mixing times.
Although the error bars are large, there appears to be a trend of porusiyaging with
increasing mixing time. The average porosity of granules at 10 s mixing time was 87.2 % and
this porosity decreases to 75.5 %, 68.2 % and 59.7 % with 300, 900 and 1800 s mixing times

respectively.
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These results are in agreememth many reearchers such &chaefer et al. 200and

Rahmanian, Naji and Ghadiri, 2011

A review Scheeferet al. 2001 was based on the results of many researchers that studied the
effect of granulation mixing time on granulation densification and consolidation.féteg

that the granule hardness and particle densification increased with incigrasiaation time.

They suggested thagranule densificatiorresults from increasing shearing forces with
increasing mixing time. Granufgorosity reduced with this densification process and induced

liquid migration to the granule surfawdiich promoted frther granule growth
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Figure 4.28: Total porosity as a function of mixing time Error bars are the standard
deviation of three measurements.

Rahmanian, Naji and Ghadiri, 20%tudied the effect of granulation time on granule strength
and properties. Calcium carbonate as a powder was granulated with polyethylene glycol as
liquid binder in a high shear mixer. Granule strength was measured using -gtgtiaside
crushing test method. Granule porosity measurements was performed using Geopyc 1360.

They found that increasing the mixing time has a significant effect onlgrsinength because
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densified granules were produced with increasing granulation time. Granule porosity decreased

with increasing granulation timeud to granule consolidation.

4.5 Summary and further discussion

In this chapter, the following main p&rimental effects were measured and observed:

1 Increasing the binder viscosity resulted in an increase in granule size for all powder
wettability
Increasing primary particle size resulted in increased granule size for all systems
Increasing mixing time icreased granule size for powder of low wettability
Highly porous granules were produced using high binder viscosity and small primary
particle size

The key results will be discussed in the following section.

4.5.1 Effect of binder viscosity on granule s&

In this work, increasinginder viscosity resulting in increasiof granule size fomost of the
systems investigated in this chapiEneincreasinggranule size is probably doe a reduction

in granule breakage with increasing binder viscsoity. déstruction of liquid marbles using

low powder wettability is probably due to the weak particles binding forces according to Rump
1962, who developed a widely used model for calculating static tensile strength. This model
was developed assuming solid grisuwith uniform porosity, but may be applicable to
granulesthat have a hollow internal structure. This model states that the granule static strength

is linearly proportional to liquid powder contact angle:

cp"\};r ga '~ Equation (42)

whereSis the pore saturation of the liquidis the granule porosit{d; is the particles diameter,

dis the surface tension of the liquid atids the liquid powder contact angle. As the powder
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wettability decreases, the cddecreases, thagranule static strengik assumed to decrease
according td&quation (42). The low granule strength obtained by using low powder wettability
was unable to withstand the impdatces applied leading to liquid marble destruction, most
importantly when using low binder viscosity, which contributes to further a decrease in granule
strength according tdan Den Dies et al.2003who developed a maied model of Rumph

1962. This model predicts granule breakage behaviour after impact in a dynamic condition.

According to this model, granules strengilis related the liquid bridge viscous force:

" - Equation (43)

whereUis intragranular porositys is liquid binder viscosityy, is moving particle relative
velocity andds2 is primary particle surface mean diamet€éan Den Dres et al., 203
investigated experimentally¢ effect of binder viscosity on granule breakage. Lactose as a
powder and different aqueous solution of hydroxypropylcellulose with viscosities range from

1 to 4000 mPa s as a binder were granulated in 10 L scale mixer granulator. They found that at
a lowbinder viscosity considerable granule breakage was observed.

4.5.2 Effect of primary particle size on granule size

In this work,increasingprimary powder particle size resulting in an increasgranule size
for all systens investigated in this chagt They are three theories that explain the effect of

primary powder particle size on granule size:

1 The penetration time developed bypgood et al., 200and Hapgood, Litster and
Smith, 2003 For more details of the penetration time &ection 2.5.1. In order to
describe drop penetration kinetics, Hapgood et al. 2002 developed dimensionless drop

penetration timép:

T P b———— Equation (44)
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whereVy is the volume of the dropy is the binder viscosity} is the porosity of the
powder bed,o is the liquid surface tensiord is the dynamic contact angle of

powder/liquid.R is thepowder pore radius:

S Equation (45)

where- is a function otthe porosity ofthe powder bed, the surfas@lume average
sizedsz> and the particle shape According to Hapgood et al., 2002 and Hapgood et al.
2003, poor ligid distribution occurred withlong liquid droplet penetration time inside
the powder bed. Binder distribution is an important step for granule liquid saturation,

deformation and granule growth.

According toEquation (44) andEquation (45), decreasing the powder primary particle
size result in the decrease dhe porosityof the powder bed and then increaties
penetration timelt can be concluded that the penetratiore of small primary particle
sizes are higher than the medium and large primary particles.sidge norwetting
effect of the powder used in thrk leads to afurther increase in the penetration time
for powder of small primary partickize. The liqid distribution wasmpaired which
limited the increase in the granule size.

1 The lubrication analysis was developedEnnis et al1991 and they reported that the
capillary force was proportional to primary particle sideJn addition, the viscous
bridge force was also &. Since the number of bridg per unit crossectional area
differ as1/d? the total cohesive force in a granule differsls This scaling can be
applied irrespective of which fluid force predominates. Therefore, the number of the
bridges between particles was increased withradesing primary particle size. This
results in stronger, less deformable granules which then limits the granule growth.

9 According toEquation (43), there is an inverse relationship between grasiuéngth
Ov andprimary powder particle size. This equation, therefore, predicts that the strength
of the granules will increase with decreasing primary particle size, leading to less
deformable granules obtained using a small primary particle size, which inhibits

granulegrowth.
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4.5.3 Effect of mixing time on granule size

The increase in the granule size with increasing mixing time can be explained by a
mathematical model which expresses the amount of material transferred from powder to the
agglomerated particles withmie when the agglomerated particles are rolling on the powder
bed in the rotating bowl a®&j Kumar and Malayalamurthi, 2017

Q —— Equation (46)

wheremy is the particle mass. From this mathematical equation, an increase in the mixing time
results in an increasing the amount of powder builds up with the granulekndsj Kumar

and Malayalamurthi, 201verified this mathematical model by experimental works. Sago
powder (a staple food in Africa) was granulated with water from 20 to 600 s. The experimental
results matched the mathematicakults up to 360 s of the mixing time and then the
experimental results showed a constant granule mass after this time. They suggested that with
increasing mixing time, the granule growth became equal to the granule breakage (i.e.
achieving an equilibriumresulting in a constant granule size. Moreover, they suggested that
the experimental results were more real considering atmospheric moisture conditions, air

resistance and surface roughness of the bowl mixer.

4.5.4 Effect of binder viscosity and primay particle size on granule porosity

Ivesonet al.1998described the relationship between binder viscogityfd primary particle

size @p) on consolidation raté) :

0
Q_

: Equation (47)
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Increasing binder viscosity and decreasing primary particle size decrease the consolidation rate
constant. This is in agreement with results in this thesis in which high granule porosity was

obtained using highinder viscosity and smabrimary particle size.

Iveson and Liter, 1998leveloped an exponential decay equationdkatribed the change of

porosity with time:
AgPpQ) — Equation (48)

whereUis the average granule porosity, is the average porosity of primary partgle is
the minimum granule porosityy is the rotational drum speed akds the consolidation rate
constah According to this equatigrthe porosity of the granules decreases as the rate of

granule consolidation increase

Granule consolidation also increased with increasing tumbling speed and mixing time,
probably because ahincrease in the collisi@beween the granule and powder bed and with
wall of the drum with increasing tumbling speed or prolonged mixing time.

4.6 Conclusions

The effect ofbinderviscosity, powder wettabilityshearing forcespowder particle size and
mixing time in a low sheamixer were investigateth terms of granule size and internal

microstructure
The key conclusions of this chapteare:

& Granules size increases with:
1 Increasing binder viscosity
1 Increasing tumbling speed
1 Increasingorimary particle size
1

Increasing mixingime
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b- Hollow granules are obtained using:
1 High binder viscosity
1 Low and medium powder wettabilities

1 Small primary particle size

c- Granule porosity increases with:
1 Increasing binder viscosity
1 Decreasing tumbling speed

1 Increasing primary particle size

Overdl, this chapter provides an understanding of the effects of different formulation and
process parameters of wetting and ueiting powders on granule size and internal
microstructure. Different combinations of binder viscosity, powder wettability, pyimar
particle size and mixing time result in large changes in characteristics of the resultant granules
indicating the importance of these parameters which all need to be considered carefully to
obtain the desired granule properties.

A full investigation @ the effect of shearing forces on granule properties is not possible due to
the limited tumbling speed of the low shear mixer. The following chapter will investigate
granule size and internal microstructure under range of shear forces in high shearsmixer
different impeller speeds and designs. This will allow for a more comprehensive study into the
effect of shear on the granule size occurring and the granule internal microstructure during

granulation using powds of different wettabilities.
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CHAPTER 5. Granulation of model
particles in a high shear mixer

Studies have been made in the last few decades to understand the fundarhgraaulation
mechanismmusing different operation conditions such as impeller speed and design. However,
most of these studies have focused on granulation of wetting mowdestudyis published

on the impat of shearing forces ogranule size and internal microstructure farrange of
powder wettabilities, anchts forms the motivation of this work.

Three different mixtures of wetting and naevetting powders were granulated with
polyethylene glycol solution in a high shear mixer. The effect of three different impeller speeds
using a flat plate impeller, three different impeller designs and different pometeabilities

were investigated.

The results show that as the speed of flat plate impeller increased, the granule size decreased
due to breakage of liquid marbles immersion nucleiLower impeller speeds gave rise to
more porous granels A large granude size was produced using a flat plate impeller than
granulesproduced using-bladed and dbladed impeller for powders of different wettabilities.
Hollow granule wall thicknesses increasebem changing the impeller froftat plate to2-
bladedand 3-bladed impeller. High porosities weseenusingtheflat plate impeller for low
and medium powder wettabilitie§he increas in the compaction force @fbladed and 3
bladed impellers results in more cafidated granules compared witheflat plate impelle.

In addition, granue size increased with increasimpwder wettability for all the impeller
designs usedA transition from thin wall thicknesses to thick wall and finally to single solid
granules with increasing powder wettability was observed.

The research demonstratethat the level of agitation applied is an important factor in
controlling granule size andollow granule formation. lts expected to facilitate progress in
granulation of norawetting powder in pharmaceutical cosmetics and other adveed
materials.
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5.1 Introduction

In the previous chapter, the effect of binder viscosity, powder wettability, tumbling speed,
powder particle size and mixing time on granule size and internal microstrweauree
investigated in a low shear mixer.dhange of tumbling speeds with this device was limited.
The main aim of this chapter is to examine the granule size and internal microstructure of
granules using a wider range of impact and shearing forces with different powder wettabilities.
This is accaplished using a high shear mixer, which is capable of employing a large range of

impeller speeds and accommodating different impeller designs.

Impeller design is one of most important process parameters in controlling the granule size,
shape and sizdistribution. Controlling these parameters psoblematic inthe granulation
process. Many studies on the effect of impeller design and how it affects the powder motion in
the bowl to improve the granulation behaviour have been condiateght et al. 2001Smith

et al. 2010;Scheefer et al. 1993Idjirza et al. 2015Campbell et al. 203 1Voinovich et al.

1999) All these previous studiesere performed using a wetting powder. Despites these
significant advances in understanding the behaviour of powder using different shear forces,
more studies are needed to understand and improve the granulation performance and control

granule size and ®zdistribution particular for newetting powder.

The previous works of the effect afitation forces omranulation of a nofmvetting powder
mainly focus on the formation and the stability of liquid marlffesny et al. 2007Saleh et

al. 2011 Forny et al. 2009)CharlesWilliams et al.2013focused on studying the effect of
increasing content of newetting powder on granule size in a high shear granulator using

different parameters (spray droplet size and impeller speed).

This chapter is designed to study the granular behaviour in a high shear mixer using a range of
powderwettabilities. The aims of theseperiments are to investigate the granule size and
internal microstructure under different conditions:

1 Impeller speed

1 Impeller design

1 Powder wettability
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Several parameters relevant to granule size and hollow granule formation will be analysed in
particular

1 Particle size distribution using sieve analysis

1 Granule internal structungsing Xray tomography

1 Calculation of porosity and wall thickness of hollow granules which gives further

insight of the internal microstructure of hollow granules

5.2 Materials and Methods

A more detailed description of materials and methods can be found in Chapter 3. An overview
of materials and methods used in this chapter is given in this s&dilarized and wsalinized

glass beads powder (AQ) witlotf 35 pmare usedThree different mixtures of 80%20%,
65%-35% and 0%100% of non wettingwetting powders were used, which will simply be
denoted as low, medium and high powder wettability respectively or by their contact angle of
liquid on powder. One PEG solution was usesl binder; 50 w/w% PEG 12000. The
granulation time for all experiments was set at 20 seconds (shuPleation of nuclei in a

petri dish outside the granulator was performed before granulation in a high sheaBmdear.
viscosity and the blends tife powders used in this chapter and the liquid powder contact angle
can be found iffable 51.

Table 51: Binder viscosity, powder binder systems and contact angle of liquid on

powder.
Binder Powder
(PEG) Viscosity (Non wetting 1 wetting)
Mol ecular (mPa s) Contact angle ° of binder/ powder
weight 80%-20% 65%-35% 0%-100%
12000 1300 102 93 39

Experiments were divided into three parts. For the first part, a specially designed bowl with an
internaldiameter of 204nm and a height of 130 manda flat plate impeller was used to
granulate 500 g of powder mixture with s df 35 pum. In this study different impeller speeds

were investigatedl50, 350 and 550 rpm which will be simply denoted as low,iune@dnd

high impeller speed respectively. It should be noted that 150 rpm was the lowest speed that can
be used with this equipment, while 700 rpm was the highest speed.
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For the second part, different impact and shearing forces were investigated. latéat2p
bladed (11° bevelled) impeller andbBaded (45° bevelled) impeller were used to vary the
impact and shear forces on precleated liquid marbles or immersion nuclene impeller

speed was used (350 rpm).

For the third part of this studhe efiect of different powder wettability ogranule size and
internal microstructureverepresentedThree different impeller designaflat plate, 2bladed
(11° bevelled) impeller and-Bladed (45° bevelled) impellevere used. One impeller speed;
350 rpm wasused.The experimental design is shownTiable 52. For more details of the
method see Section 3.6.3.

A mixing time of 20 seconds was chodenthe all expements performed in this chapter
prevent breakage diquid marbles or immersion nuclei with prolonged mixing time during

granulation.

Table 52: Experimental design of different impeller speeds and designs.

Impeller speed Powde.r Flat plate 2-bladed 3-bladed
(Non wetting- (number of (number of (number of

e wetting) repeats) repeats) repeats)
80%-0% 2 - -
150 65%-35% 2 - -
0%-100% 2 - -
80%-0% 3 3 3
350 65%-35% 3 3 3
0%-100% 3 3 3
80%-0% 2 - -
550 65%-35% 2 - -
0%-100% 2 - -

The granule size was characterisedsigving with mesh sizes of 4000, 3350, 2800, 1700,
1000, 500, 250, 180 and 106 um. The volume frequendyith a unit of um') was plotted

as a function of particle size to give a size distribution. The sieve fractions were reserved for
internal microgructural analysis by Xay tomography (XRCT). Several formulations had one

or more repeat experiments and the average of the experiments for each formulation are shown
as a single point on size distribution figures. Error bars shown on all plots atantard

deviation of two or three measurements.

The images of all granules in this chapter were produced agliggtal microscopé_umenera

Infinity 3 Camera, Navitar 12X zoom lenses).
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Three representative granules were chosen from each experimenR@TF Knaging to
examine and analyse the internal structure. Images were processed with Skyscan software
DataViewer and CTAN. The representative granules were measured for wall thickness and %

total porosity. More details of the procedure can be found ipt€h8, Section 3.2.10.

Preliminary studies were carried out for 700 rpm udimgflat plate impeller and these
experimentswvere excluded due tdhe high impact force applied to the liquid marbles or
immersion nucleiwhich led to significant breakage the preformed liquid marbles using
low powder wettability. In addition, flake&igure 51a) and irregular shaped granulég(re
5.1 b and c)were produced at 700 rpm impeller speading medium and gh powder

wettability respectively

(@) d~102°

Figure 5.1: Images of granules produced from different powder wettabilities and 700
rpm impeller speed.

Preliminary studies were also carried out using 100% non wetting wetting powders and

1300 mPa s binder viscosity with all different impeller designs, and at 150 rpm impeller speed.

Here, flakes and fine powderereproduced and it suggestttht this was because thie weak

binding forces between particles produced utmgpowder wettability which could nagven

withstand this low impact force apptl. As a result, this mixture wagcluded from the study
(Figure 52).

(a) Flat plate . > (b) 2-bladed ' ’ » (c) 3-bladed

lcm < 1cm

Figure 5.2: Images of flakes produced from 100%0% non wetting i wetting powders
and at 150 rpm impeller speed.
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5.3 Results and Discussion

The aim of performing these experimergtgo investigate the effect of different impact and
shearing forces on the formation, size and intemmalostructure of theesultant granules

Impeller speeds, impeller designs and powder wettabilities were investigated.

Different powder wettabilitiesvereproduced by mixing newetting and wetting powders in
different percentagg80%- 20% 65%- 35%, 0%- 100%). One mixture formed immersion

nuclei, whileothess formed liquid marbles as can be seeiiable 53.

Table 53: Summary of pre-nucleation experiments

Conditions
Non wetting- Binder (PEG) | Contact angle® | Pre-nucleation product
wetting mixture | viscosity (mPa s)
80%-20% 1300 102 Liquid marble
65%-35% 1300 93 Liquid marble
0%-100% 1300 39 Immersion nuclei

The measured diameteof liquid droples before nucleation and granutat used in this

chapter can be seenTiable 54.

Table 54: Liquid droplet properties.

Binder Droplet Droplet
: : : )
viscosity (mPa| Droplet mass (g) | Density (g/cn?® Volume (cn®) | Diameter (um)
s)(PEG)
1300 0.00804 + 0.0003 1.0908 +0.014 0.007345 2466.53

The Froude number data ftire high shear mixer usinthe flat plate impeller are showin
Table 55. Froude numbeincreases witlimpeller speed. & more details of Froude nio@r
definition see Section 4.3.
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Table 55: Froude number data of high shear mixer using flat plate impeller.

Drum internal | Gravitational Angular
Speed rate : . . Froude
(rpm) diameter acceleration velocity number
P (m) (m/s) (radian/s)
150 0.7 9.81 15.7 17.6
350 0.7 9.81 36.65 95.85
550 0.7 9.81 52.36 236.7

The results andiscussion section idivided into three parts. The first part will explain the
effect of shearing forces (using different impepeeds) and pader wettability. The second
will give an investigation of the effect of varying impact and shedorces, using different

impeller designs on granule size and internal microstructure for a range of powder wettabilities.

Finally, the tlird part will give details of the effect of powder wettability on the granule size

and internal microstructure.

5.3.1 The effect of impeller speed and powder wettability

The granule size and internal microstructure using different impeller speedsgrangirnl50

to 550 rpm using a flat plate impeller and different powder wettabilities were investigated.

5.3.1.1 Granule size distribution

The size distribution of the resultant granules produced from different impeller speeds and

powder wettabilitiesdr 20 s mixing time in high shear mixer are discussed in this section.

5.3.1.1.1 Low powder wettability

There was a difference in the size of granules produced using different impeller speeds and low
powderwettability (Figure 53). The prenucleation experiments produced liquid marbles
After granultion and drying, large granw&es wereproduced using 150 rpm impeller speed

(daz = 1250um). A decrease in the size of the granules was observed ugingn85550pm
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impeller speed@&lss = 726and 40jum respectively. A unimodal size distribution was obtained
usingthe550 rpm impeller speed withe peak at 250 um. Ailnodal size distribution were
obtained usind 50 and 350 rpm impeller spegd&gure 53). For more details afz anddas,
see Appendix B.1.

A mixture of both flakes and buckled sesamherical granules were produced using low and
medium impeller spesdFigure 54 a and b), whileonly flakeswere produced using high
impeller speedRigure 54 c). It is suggested that the liquid marbles experienced a high shearing

leading to this granulshape.

It is observedhat the percentage of flakes increases gradually with incoiaspeller speed.
This is most likely due to the effect of the shearingderapplied by thieigher impeller speed
which increaseshe probability ofdestruction of liquid marbteduring granulation

T T T T T T
—=— 150 rpm
—e— 350 rpm||
—A— 550 rpmH

Low powder
wettability

2000 4000

Particle size (mm)

Figure 5.3: Particle size distribution of granules produced using low powder wettability
and different impeller speeds, obtained via sieve analysis. Error bars atke standard
deviation of two orthree measurements.

This result is in agreement witNlade et al. 201®%ho investigated the effect of impeller speed

on granule physical properties ugia reverse phase granulation; here, powgeradded to
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liquid in a high shear mixer. Pharmaceutical grades of hydroxyapatite powder with polyvinyl
pyrrolidone bindemwere used A bimodal granule size distributiowas observed at lower
impeller speed whitwasindicative of slight granule growth. With an increase in the impeller
speed, therevasa decrease in the percentage of large granules-@@@M um) and an increase

in the percentage of small granules-@Z um) signifying that breakage had occurnathen

the impeller speed increased further, the collision energy increased until it reached a critical
impeller speed in which breakage and attrition of granules took place, and/#sardecrease

in granule size.

(@) 150 rpm pamamm gl (b) 350 rppm pammmmmdl  (C) 550 rpm

1'mm “1mm

Figure 54: Comparison of granules using low powder wettability and different impeller
speeds.

5.3.1.1.2 Medium powder wettability

Figure 55 shows size distributions of the granule produced usiogdpr of medium
wettability at different impeller speedd he prenucleation expéments produced liquid

marbles.

Smaller granules were produced using high impeller speed comfihted 863 um) to
granules produced using low and medium impeller sp@eagi& 1600um). A unimodal granule
size distribution was observed using high impeller speed, vehdenodal size distribution is
observedvith low impeller speed ana tri-modal size distributiosan be seen using medium

impeller speedrFor more details ofz anddss, seeAppendix B1.1.

A combination of semspherical and flat granules were observed using low and medium
impeller speedsHigure 56 a and b). @ly semispherical granules were produced using high

impeller speedKigure 56 c).

The production of flat shaped granules using low and medium impeller speeds might be due to
theeffectof shearing forces on the wet liquid marbles. Ene®gularities of the granushape

using the flaplate impeller might be because of the gap between the underside of the impeller
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and the base of the bowl and the gap between the tip of tiedlemand the wall of the bowl,
leading to tapping of particles between the plate and the pandl subsequeineformation

will be expected.

T T T T T y T T
60 L —a— 150 rpm
—o— 350 rpm
—a— 550 rpm |
Medium powder
45 wettability
Fa |
~ 30
[s2]
o .
15
0 . A

2000 4000
Particle size (mm)

Figure 55: Particle size distribution of granules produced using medium powder
wettability and different impeller speeds, obtained via sieve analysis. Error bars are ¢h
standard deviation of two or three measurements.

The production of spherical shaped granules using high impeller speed is consistent with
Schaefer, 200lvho wrote a revievieaturing theesults of many other reseaers on the effect

of impellerspeed on the resultant granule shape. They foundnthapherical agglomeration
wasmore pronounced atdtier impeller speed becausespheronisation, whictwvaspromoted

at a high impeller speed. Similarighitu et al. 2011lnvestigated the effect of impeller speed

on granule size and shape using high shear granulation. Microcrystalline cellatssed as
powder and water as binder. Different impeller spesdee studied. They found that the

granuleroundness increased with increasing impeller speed due to spheronisation.

However, other researchers suchEsiasen, Kristensen and Scheefer, 1898 Knight et al.

2000found that the higher impeller speed resdih less spherical granules. This was partly
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because of breakage of wet granules during granulatohigh impeller speed due to
insufficient bonding forces between the particl€éke contradiction might because of the

different powder wettability used in this study and their studies.

(a) 150 rpm S g8 (b) 350 rppm hEmmmme (c) 550 rpm

1 mm 1 mm

Figure 5.6: Comparison of granules using medium powder wettability and different
impeller speeds.

5.3.1.1.2 High powder wettability

Figure 57 shows size distributions of the granule produced using powder of high wettability
and different impelle speedsThe prenucleation experiments produced immersion nuclei
Larger granules can be found using 150 rpm impeller sfhked 3075um) compared to
granules produced using 350 and 500 rpm impeller speegs 2213um) (Figure 57). A
unimodalgranule sizelistribution was observed at all impeller spe&tsnisphericalgranules

with higher rins were producedising different impeller speedBigure 58). For more details

of gz anddass, see Appendix B.1.

The shape of the granules produced can be explayé&mnady et al2011 They found that the
spreading/crater formation mechanigrasmainly observed for free flowing powder suchtae

glass beadsesulting in flatgranules with high rims. For more details of this mechanissee

Section 2.5.1.

The wetting properties of powders with a contact angl@dBHows forstrong binding forces
between particles that resist the impelleeaing force resulting in sempherical granules
with approximatly the same size at different impeller speeds. This is prolwhldyto the
decrease in granuleeakage and attrition.
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Figure 5.7: Particle size distribution of granules produced using higlpowder
wettability and different impeller speeds, obtained via sieve analysis. Error bars are the
standard deviation of two or three measurements.
These results are in accord wilshaefer et all993a who investigated melt pelletisation in a
high sheagranulationof lactase powder and PEG 3000. Different impeller speesieused;
800, 1000 and 1200 rpm. A larger granule siasproduced using 800 rpm compared to 1000

and 1200 rpm due to breakage and attrition of grammtlbgyher speeds.

(a) 150 rpm S e gl (b) 350 rpm

1 mm

Figure 5.8: Comparison of granules using high powder wettability and different
impeller speeds.
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5.3.1.2 Internal structural analysis

Figure 5.9shows XRCT images of granules produced from powders of different wettabilities

and different impeller speed

For thepowder of low wettability, hollow granules were obtained using low and medium
impeller speeds. Only flakes were produced using high impeller speed, which were difficult to
scan using XRCT. The wall thickness of hollow granules changed sligbitty 33.7 um to

35.9 um using low and medium impelgreed respectively Figure 510).

For the pwder of medium wettabilityhollow granules were obtained using all impeller
speeds. The wall thickness of hollovagules increased from 387.4 um to 724.8 um using low

and high impeller speeds respectivétiglre 510).

For the pwder of high wettability, hollow granules were obtained using low and medium
impeller speeds. Sitg solid granule wereobtained usinghe high impeller speed. The wall
thickness of hollow granules incredfeom 815.6 um using low impeller speed to 941.6 um
using medium impeller speeBigure 510). More crosssectional images of the granules can
be found in AppendiB.2.1.

Powderof low wettability produced hollow granules Wiapproximately the same sizeall
thickness using low and medium impeller speeds. This could be bedahsdormation of
monaclayer of powder around théquid droplet and the low impact forces applied which
limited the penetratiorof the powder inside the liquid droplahd hollow granules with thin

wall thickness are produced.

However,thicker granulewall thickneseswere observe using medium powder wettability
than those produced using low powder wettability. Tikiprobably because of improved
wetting powder properties. This, in turn, improves the binding force between powder particle

and liquid droplet and increasgmwderparticleimmersion inside the liquid droplet.

Hollow granules with a thick wall thickness were observed using high powder wettability and

at low and medium impeller speeds. Thipi®bably because of decreased shearing and impact

forces with the use othe flat plate impeller and this ressiih less consolidated granules than

those obtained at higher impeller speed. Single solid granules were observed at higher impeller

speeds using high powder wettability. It is suggested that the wall thickness edcvéts

increasing impeller speed due to an increase in the collisions between the granules and the
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powder bedleading to a greater extent ajranuk consolidation that squeezé#uk entrapped

air and liquid to the granule surface.
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Flakes
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Figure 5.9: Images of granules producedsing different powder wettabilities and
impeller speed. The outer rings are part ofthe sample container (Reconstructed
XRCT images; representative central crossection)

The results of btaining hollow granules using low impeller speed are inconsistent with the
results obtained b$aleh et al2011, probably because they useldrge amount ofranulating

liquid to produce a formulationontaining98 % of water compared to pneicleated liquid
marbles or immersion nuclethat were used in this work. They developed a regime map that
qualitatively outlinel the formation of hollow granules in terms of mixing conditions and
powder wettability. Hydrophilic fumed silica (Aerosil 200) and hydrophobic fumed silica of
different wettabilities (Aerosil R812S and Aerosil R972) as a powder and water as a liquid
binder were usedAn overhead stirrer witldifferent impeller speds and designs were used.

They found that under seveamaxing conditiors only highly norwetting fumed silicgpowder
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producel hollow granules, whilenediumfumed silicapowder wettabilityproducel a mousse

andhydrophilicfumed silica produce a suspensioar more detailssee Section 2.9.1.

Similarly, Forny et al2007investigated the formation of hollow granules by varying impeller
speed and powder wettability. Differenettabilitiesof fumed silica powder and water were
mixed in high shear blender. The final product oute@®pended aimeenergetic contribution
by the impeller speed and binding affinity between the solid and the liquid, wash
evaluated by the cdact angle. Similar findings were observeyl Saleh et al2011 where
hollow granuleswere produced using higher impeller speed highlynonwetting powder.

A suspension was produced ushighpowder wettability, whilamousse was produced using

medium powder wettability

1500
g~ 39°
e (g-~93°
g 192°
€ 1000 |
~ |
3
f |
< °
L
e
X 500 |-
< °
= °
0
| L | L |
150 rpm 350 rpm 550 rpm

Impeller speed

Figure 5.10: Wall thickness as a function of impeller speedrad powder wettability.
Error bars are the standard deviation of three measurementsd i s | i qui d
contact angle.
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5.3.1.2.1 Porosity

Figure 511shows the % total porosity of granules as a function of impsfieed and different

powder wettabilities.

For low powder wettabilitygranules produed using low impeller speed show&d5 % total
porosity,andthe granules porosity decreased to68% using medium impeller speeHor
medium powder wettability, therwas a decrease in total porosity of granules from &2.9
using low impeller speed to 50% using high impeller speelor hgh powder wettability, the
porosity decreased from 3% using low impeller speed to 526 and 267 % using medium

and high impller speedrespectively.

Thedecreasén granule porosity with increasing impeller speed might be dtigetincrease
in shearing forces applied to granules with increasing impeller spdedh contributes to

granule consolidation and an increase emngte porosity
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Figure 5.11: Total porosity as a function of impeller speed and powder wettability.
Error bars are the standard deviation of three measurementsd i s | i qui d
contact angle.
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The results of the decreasegranule porosity with increasing impeller speed are in agreement
with results found byaleh et al. 20Q%lespite the different powder waltility they used from

that used in this worlSaleh et al. 2008tudied the effect of impeller speed on granule porosity

of alumina powder with aqueous PEG solutions. They reported that the granule porosity
decreased and pore saturation increased with increasing impeller speedduectease of

the frequency and energy of impacts. This contributed to more consolidated granules with low

granuleporosity.

5.3.2The dfect of impeller design and powder wettability

Granulesizeand internal microstructusgasalso studied usingiffierent impeller designand
powder wettabilitiesAn intermediate impeller speed 350 rpm was chosen for these studies
because the high shearing forces imposed at high impeller speeds of 500 rped riesult
destruction of prawucleated liquid marbles. Tredore, 500 rpm impeller speed was not
investigated for this part of the study. In additidre powder motion was observed visually
for all three impekr speeds and designs, and it ieashd to have primary rotational motion

in the circumferential diremn. A secondarytoroidal, motion was alseeen. A roping regime

was observed with-Bladed and ®laded impeller at 350 rpm and above. However, it was
observed with the flat plate at all impeller speeds used in this chiptethis reason, the use

of 150 rpm impeller speed was excluded from this study.

A binder viscosity of 1300 mPa s, primary particle size of 35 um, impeller speed of 350 rpm
and mixing time of 20 s were us#doughout this part of the worl flat plate impeller was

used to minimizémpact and maximize shear in the granulator. Thé#ed impeller was used

to create both impact and shear in the granulator. Tiad®d impeller was used to maximise

the impact and shen the high shear granulator.

5.3.2.1 Granule size distribution

The size distribution of the resultant granules producsedgdifferent impeller designs and

powder wettabilities for 20 s mixing time in high shear mixer are discussed in this section.
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5.3.2.1.1 Low powder wettability

Figure 512 showsthe patrticle size distributiomfor low powder wettability using different
impeller designs. The preucleation experiments produced liquid marblEse granule size
was largewsing theflat plate impeller(dsz = 726um) compare to the 2bladed and bladed
impellers(dss = 623 and 407um respectively). A bnodal distribution was observed withe
flat plate impeller, while unimaa granule size distributions wevbserved using-Bladed and
3-bladed impellers. For more detailSgz anddss, see AppendiB.1.2

T T T T T T T T
—=— Flat plate | |
—e— 2-Bladed
—A— 3-Bladed | 1

Low powder
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Figure 5.12: Particle size distribution of granules produced using low powder
wettability and different impeller designs, obtained via sieve analysis. Error bars &
the standard deviation ofthree measurements.
A mixture of semispherical granules and flakes was produced using the flat plate impeller
(Figure 5.13). However, a mixture of flakes and fine powder was produced usingtadéd
impeller Figure 5.130). Only fine powder was produced using thiel@ded impellerigure
5.13c).
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The production of fine powder and flakegprobably due to the breakage of the liquid marbles
with the high shearing forces applied by the different impeller dedigissobsrvedthat the
percentage of flakes increases graduaging flat plate to-bladed and bladed impellerThis

is most likely due to the effect of tiapact andshearing érces applied.

(a)Flat

Figure 5.13: Comparison of granules using low powder wettability and different
impeller designs.

5.3.2.1.2 Medium powder wettability

Figure 514 showsthe granule size distributiausing powder of medium wettability and
different impeller dagns. The prenucleation experiments produced liquid marbkesarger
granule size was producedingtheflat plate impeller (gt = 1600 um), and the granule size
decreased using theliaded impeller (¢ = 1072 pum) while asmaller granule size was
produced usinghe3-bladed impeller (¢s= 623 um).A bimodal size distribution was observed
usingtheflat plate impeller while unimodal size distributianwereobserved using-Bladed

and 3bladed impellers-or more details ofzs anddss, see Appendix B.2.

A mixture of semispherical and flat granulesere produced usinthe flat plate impeller
(Figure 5.15a). Semispherical granules were produced uding2-bladed impeller Figure
5.15b). Only fine powder and small flakes were produced usie@-bladed impeller Figure
5.15c¢)

The production of fine powder usingbBaded impeller might beecaus¢he destruction of the

pre-nucleated liquid marbles during granulation.
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Figure 5.14: Particle size distribution of granules produced using medium powder
wettability and different impeller designs, obtained via sieve analysi&rror bars are
the standard deviation ofthree measurements.

The results in this work are also in accord vBithaeferet al. 1993bThey studied the effect

of two different impeller designen granule size using meltlf@isation of lactose as a powder

and PEG as a liquid thder in a 50 L high shear mixer. Botatfplate and -bladed with 40
inclinationimpellerswereused. They found that a larger and irregular shgpadule size was
obtained using flat plate impeller, while small ashericalgranuleswvere produced witlthe
2-bladed impeller. They found thdter 17~minute mixing timehe energy input was 5kJ/kg
usingthe 2-bladed impeller, whilel98 kl/kg usingthe flat plate impeller.The high energy

input of the 2-bladed impeller explained the decreased in granule size due to destruction of

granules by the high impact foscapplied.
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Figure 5.15: Comparison of granules using medium powder wettability and different
impeller designs.

5.3.2.1.3 High powder wettability

Figure 516 showsthe granule size distributiausing powder ohigh wettability and different
impeller designs. The preucleation experiments produced immersion nuéléarger granule
size was produced usirige flat plate impeller(dsz = 2213 um), andhe granule size decrease
usingthe 2-bladed impellefdss = 1397 um), while asmaller granule size was produced using
the 3-bladed impellefdsz = 1236um). A bimodal size distribution was observed using3-
bladed impeller, while unimodal size distributiowereobserved usinghe flat plate andhe

2-bladedimpelers.For more details ofz anddas, see Appendix B.2.

Semisphericalgranules witha high rim were produced usinthe flat plate and zbladed
impelles (Figure 5.17a and b). A mixture of sersipherical and irregular shaped granuas
produced usinghe 3-bladed impellerKigure 5.17c).

The decrease the size of granules produced usthg 2-bladed and ®laded impelles is
probably due to attrition and breakage of the granwiéis an increase in the sheariagd
impactforces using these two imajper designs during granulation. It is hypothesized titvat
impact and shearing forcegreasewith these two impeller designs.
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Figure 5.16: Particle size distribution of granules produced usindhigh powder
wettability and different impeller designs, obtained via sieve analysis. Error bars are
the standard deviation ofthree measurements.
The difference in granule shapes obtained with different impeller designs in this work can be
explained by Vmovich et al. 1999 who suggested that the difference in the appearance of

granules can be due tioe differences in thmovemenbf powder irsidethe bowlof different

impeller designs.

(a) Flat pommmmal (h) 2bladed e (C) 3bladed
. 1 mm 3 N

1 mm

Figure 5.17: Comparison of granules using high powder wettability and different
impeller designs.
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5.3.2.2 Internal structural analysis

Figure 518 shows XRCT images of representative granules produced using different powder

wettabilities ad impeller designs.

For powder of low wettability, hollow granules were produced using the flat plate impeller. No
granules were obtained usingbaded and ®laded impellers; only fine powder and flakes
were produced which were difficult to scan uskiRICT. The wall thickness of hollow granules

produced using the flat plate impeller was 35.9 figure 519).

For powder of medium wettability, hollow granules were produced using the flat plate and the
2-bladed inpeller. Only fine powder was produced using thel&led impeller, which was
difficult to scan using XRCT. The hollow granule wall thicknesgeased from 413.7 um to

583.7 um usingheflat plate andhe2-bladed impeller respectivel¥igure 519).

For powder of high wettability, hollow granudewereproduced usinghe flat plate impeller,
while single solid granules were produced usimg2-bladed and ®laded impeller designs.
The wall thickness of hollow grafes produced usinthe flat plate impeller was 941.6m
(Figure 519). More XRCT cross sectional images of the glaswan be found in Appendix
B.2.2.

The liquid marbleproduced usingowder of low and medium wtebilities are destroyed using
2-bladed and ®dladed impelles due to the high shearing force applied; it presumed thed the
is a specific shearing forabat havemust haveo be exceedetbr liquid marbles to survive

the impact during granulation
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Figure 5.18: | magesof granules produced using different powder wettabilities and
impeller designs. The outer rings are part othe sample container.(Reconstructed
XRCT images; representative central crossecton).

This study showed thdtollow granules weregproduced mostly usinthe flat plate impeller,
which is assumed that it has the lower energy input during granuéattbdecreased granule
deformationHowever,Saleh et alk011landForny et al2007, mentioned previously in Section
5.3.1.2.that high energy input during granulation is essential for hollow grdonuteation.

They found that if insufficient energy was applied during mixing, the hydrophobic powder and
the binder remains as two phasé$ie applied energy per unit massist exceed a minimum
limit for liquid marbles to be producedrhe difference in theesults obtained irhts work is
probably due to the use pfe-nucleated liquid marbles or immersion nuaempared to a
large amount of liquidised by Saleh et al. 2011 and Forny et al. 2007
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Figure 5.19: Wall thickness as a function of impeller design and powder wettability.
Error bars are the standard deviation of three measurementsd i s | i qui d p o wc
contact angle.

5.3.2.2.1 Porosity

Figure 5.20illustrates the dtal porosity by XRCT as a fation of powder wettability and
impeller designFor powder of low wettability, the total porosity of granules produced using
the flat plate impellerwas 81.6 %. For ppwder of medium wettability, the total porosity
decreased from 56.% to 37.5% usingthe flat plate and bladed impellers respectively.
Powders of high wettabilityverenot as largely affected by the changes in the impeller design;
here, the total porosity decreasemm 32.5 % to 24.% using flat plate and-Bladed impellers

respectively.

It is assumed that the granules undergo higher collision and compactiothedrgaded and
3-bladed impellers. This results in an increase in the collision forces between patidies
particlewalls. If the particlesurvivesthe impact applied, thatwill start to consolidate, and
squeezany entrapped air and liquid from inside to ¢jnenulesurface.
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Figure 5.20: Total porosity as a function of impeller design and powder wettability.
Error bar s are the standard deviation of three measurementd. i s | i qui d p o wc
contact angle.

The resuls obtained in this work when the porosity of the granules is higher tisfigt plate

impeller is consistent witlscheaefer et al. 1993previously nentioned in Section 3.5.2.1.2.

They found thatigher intragranular porosity was obtained usiadlat plate impeller. The

high energy input othe 2-bladedimpeller explained the decreasegranule porosity. This

high energy input increased granaellisions which contributed to granule consolidatithat

squeezediquid to the granule surface and thagcreased granule porosity.

5.3.3The dfect of powder wettability

This sectionfocuseson the effect of powder wettability ogranule sizeand interml
microstructure using three differepowder wettability mixtures and three different impeller
designs. An impeller speed of 350 rpm was uskte high impeller speed is not usbecause
most of the prdormed liquid marbles, particularly thosgroducedwith low powder

wettability, weredestroyed. This makes it difficult to measure the porosity and wall thickness.
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In addition, 150 rpm impeller spe@ghsnot usel because roping regimewasnot produced
with the 2-bladed and bladed impelles.

5.3.31 Granule size distribution

The size distribution of the resultant granules produced from different powder wettabilities and

impeller designs for 20 s mixing time in high shear mixer are discussed in this section.

5.3.31.1 Flat plate impeller

Figure 521 show granule size distributions using the flat plate impeller and different powder
wettabilities. A larger granule size was obtained using high powder wettgdiity 2213

pum), the granule size decreased watttreasing powder wettabilitgds = 1600 and 726 pum)
using medium and low powder wettabilities respectivaiygre 521). Bimodal size
distributiors were observed using low and medium powder wettabiliti®sunimodal size
distribution with high frequency peak & mm was observed using theowder of high

wettability. For moe details ofjz anddss, see Appendix B.2.

A mixture of spherical granules and flakess observed usiigw powder wettability [Figure
5.22a). A mixture of spherical, flat and elongated granwiasobservedising mediunpowder
wettability (Figure 522 b), while usinghigh powderwettability, semispherical grauleswere

observedFigure 522 c).

It is concluded that the percentage of flakes decreases gradually with incrpasider
wettability. High powder wettability gie larger granule sizes compared he tgranules

produced using medium and low powder wettabilities.
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Figure 5.21: Particle size distribution of granulesproduced using theflat plate impeller
and different powder wettabilities, obtained via sieve malysis.Error bars are the
standard deviation ofthree measurements.

The same findings wasebserved byYu et al. 2014 Lactose microcrystalline cellulose,
crosscarmellose sodium as a wejtpowder and dicalciumphosphate dihydrate as a non
wetting powder were granulated without binder in a twin screw granulgtes studied the
granulation behaviour of increasing powder hydrophobicity. They reported thatawith
increase in theontent ofwetting powderthe granule size increased.d&creasen powder
wettability led to a decrease in the liquid binder distribution leading to a large proportion of

un-wetted particles and a decrease in granule size.
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Figure 5.22: Comparison of granules usinghe flat plate impeller and different powder
wettabilities

5.3.31.2 2-Bladed impeller

Figure 523 show granule size distributions using thbladed impeller and differé powder
wettabilities. A larger granule sizes were obtained using high and medium powder wettability
(ds3 = 1397 and 1072 pum respectively). The granule size decreases using low powder
wettability (diz =623 pm). Unimodl granule size distributions werbserved for alpowder
wettabilities, with high granule frequency peak at 3 mm using powder of high wettabiity.

more details ofjz anddas, see Appendix B.2.

A mixture of fine powder and flakes was obtained using low powder wettalbilgure 524
a). However, semspherical granules were @inted using medium and highowder
wettabilities(Figure 524 b andc).
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Figure 5.23: Patrticle size distribution of granulesproduced using the2-bladed impeller

and different powder wettabilities, obtained via sieve analysi€rror bars are the

standard deviation ofthree measurementsd i s | i qui d powder cont

The observed increasa thegranule size by increasing powder wettability is consistent with
Chitu et al. 2011,avhostudied the liquid distribution in theagmules produced using different
powder wettabilities. Microcrystalline bglose as a nomvetting powder anthctose as wetting
powder were granulated with waterarhigh shear mixer. Two formulatisrwere used; the
first hada high amount of nonvetting powder and the second had high amount of wetting
powder. They found that the granulation liquid was easily distributed acrossttimg\wewder

bed, resulting imarger granules with a high powder wettability

(a) d (b) © (c) d

Figure 5.24: Comparison of granules usinghe 2-bladed impeller and different powder
wettabilities
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