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ABSTRACT

This thesis aims to design granule properties with narrower size distributions and
controlled bulk strength through the optimisation of formulation parameters and
processing parameters in twin screw granulation with a consideration of binder in solid
and lquid forms, respectively. In this thesis, lactose (soluble) androurystalline
cellulose(insoluble) were chosen as the objective powddydroxypropyl cellulose was
used as the main binding excipient.

From a perspective of formulation developmentyavel approach to predict the
optimal L/S ratio for twin screw granulation was develoffgedugh the study of single
drop behaviour, which reduces the waste from trial and error in formulation development
process, in order to producing the granule withhawvaer size distribution.

In addition, the solid binder particle size in formulation was studied. Through
evaluating the binding capability of different sized HPC and sieved lactose, it was found
that the solid binder with smaller particle size could achigstter binding capabilities
which is important on granule size distribution and strength. Moreover, a new solid
bindermicronized lactose was evaluated and examined for twin screw granulation. Due
to its instant dissolution rate, it was proved to be bxaein binding capability and also
leads to a produce of more uniformed granule for both materials.

On the other hand, investigations from processing parameter to design the granule
properties was also carried out. At first, granulation temperaturecieflg the liquid
temperature was studied. It was found to be effective to enhance the binding capability of
HPC in both forms. In addition, more uniformed granule for both material could be
obtained when a high temperature applied, especially when HR@Bavas used.

In addition, process parameters including screw speed and configurations was studied
with a constant materials mass in the barrel (Barrel loading, g). This study clarified the
effect of process parameter especially screw speed on graoplerties which is quite
contradictory in the literature. It was found that similar to the use of kneading elements,
the screw speed is quite important in narrowing granule size distribution and enhance
granule strength especially when kneading elemeats wsed.
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Chapter 1. Introduction

1.1. Twin screw granulation

1.1.1. Introduction

Granulation is a particle agglomeration process. Compared psitider, granular
materials have improved flowability, dissolutiand disintegratiomate, compressibility
etc (Barrasso et al., 20).3Currently, it has been applied widely in industries including
detergent, food, and fertilizer. However, one of the biggest applications is to produce

intermediate products in phmaceutical industry.

Twin screw granulatofFigurel-1) is one of the most commonly used wet tanous
granulators in indusgr(Dhenge et al., 2030It was initially used and firstly reported by
Gamlen and Eardley in 198&r paracetamol extrudatpsoduction(Gamlen and Eardley,
1986. It has two screws rotating to convey and mix powder and liquid. Due to the
variable configurations of screw elements available, twin screw granulator can produce
granudes with different properties from a wide range of materials. Apart from this, short
residence time, good mixing ability and good consistency in granule quality are also some

of its outstanding advantag€Ehompson and Sun, 20110
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Figurel-1. Twin screw granulatgiSeem et al., 2035

1.1.2. Screw configurations

1.1.2.1.Conveying element

As isshownin Figure 1-2, two set of conveying elementreapplied in twin screw
granulatorEach conveying element has a continuous helical flight, whidasgned to
allow more materialdo be conveyedWhenthe screws arerotating, the flights can
generate forcepushing powdeand liquidto the next zonéDjuric and Kleinebudde,
2008. Thedistancebetween flights influeces its conveying and mixing capability. The
long pitch conveying elemen(sPCE, Figure 1-2) allow morematerial to be contained
and transportednd thus thegre usually found ne#o the inletof a twin screw granulator
Whereasshort pitch conveying elemenSPCE Figure 1-2) have narrower gaps which
allow less material to be conveyed for each rotation but could make the materials more

compacted

Due to the fact thatoth sets of conveying elements cannot npowder and liquidas
aggressivelyaskneading elementat the first zonemmersion and wettingredominant

and large, wet and loose lumpae usuallyformed (Lee et al., 2018 It is stated that
2



conveying elements can also have a shgadpability apart frommaterialtransportation

(Van Melkebeke et al2008. Therefore other than the use in the nucleation zone, the
SPCE could also be used between kneading zones. It is pointed out that the SPCE could
help granulefragmentsresulted from kneading elementsagglomerate and promote

liquid binder dispersiofDhenge et al., 2012c

Figure 1-2. Conveying element (left: long pitch conveying element, LPCE; right:

short pitch conveying element, SPCE)

1.1.2.2.Kneading element

Kneading elements (shownfigurel-3) is oneof the most commonly used elements
for granulation and the critical element in liggpdwder mixing(Kohlgriber, 2013.
Space in kneading elements zauch narrower thathat inconveying elements zone
which provides less free space and could exert more intensive. Sthresshearing stress
could breakwet granules into small fragments and the compression could squeeze the
liquid from the core, Wwich encourages granule growiuring this process, the liquid
could be distributed more evenly among the granules and the strength eahaneed

(Thompson and Sun, 20110



The kneading zone could be consisting of different assembled kneading eleftients
different anglesThe effects of mixing and dispersing ability depend on the angle between
kneading elementnd the number of kneading elements in one screw. The angle between
discs affects the mixing capability significantly. The increiasthe anglecanimprove
the degee of binder dispersion and lead to a higher mixing and shearing ability when the
filling level of mixture inbarrel is high enougfhompson and Sun, 20LBlowever, the
kneading element is weak in conveying material and its mixing capability is very much
related to the fill level which is an indicator of the quantity of materials in the twin screw

barrel.

" ZN
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Figurel-3. Kneading elements with an angle of 60

1.1.3. Liquid distribution

Water, as a low viscosity and high surface tension liquid, has been widely used to form
liquid bridges between particles in twin screw wet granulation presdssould spread
and distribute easilpettwenthe particles. In some cases, the bonds may not be strong
enough, resulting in the production of large amount of fines or weak granules. Therefore,

extra binding excipient would be needed to enhance the bindpabiity of water.



Binding excipient (binder) addition can be divided into two methods. Firstly, the
binding excipient could be dissolved in water and usedligsid binderto enhance the
strength of liquid bridge between particles increasing thegitresf granule effectively.
Consequently, liquid with increased viscosity would be harder to penatr@idistribute
in the powder(Ai et al., 2016. In this case, the binder solution and powder may not be
mixed evenly, leading to a wider granule size distribution and increase in the proportions
of oversized granule and fin¢Saleh et al., 20)5To tackle this problem, the surface
tension of liquid was varied by adding surfactant, in order to improve the liquid dispersion
even if it contansa high concentration of binding exipiefiDbhenge et al., 2012c
However, the reduction of surface tension was proved to be less effectiveroniimgp

the dispersion of liquid binder solution.

In addition, the binding excipient could be premixed with powder in advance (solid
form), inorder to make sure the binding excipient particles distribute before water comes
in contact withthe powder materia(Saleh et al., 201%| Hagrasy et al., 2013hin this
case, the liquid (water) would be easier tstritbute in the powder during granulation.
However, the limited amount of water may be insufficient to dissolve the binder particles,
especially bigsized particles, and thus reduce the efficiency of the binding excipient.
Therefore, more binding excipiemiould be needed to compensate its relatively low
efficiency. Recently, the effect of the presence of hydroxypropyl cellulose (HPC)
particles in compacted powder bed was studidet al., 2019. They found that the
undissolved HPC delayed the liquid penetration in the powder bed and caused a reduction
in nuclei hardness in the powder bed. To tackle the problem that solid binder particles
could notdissolve properly in order to enhance the bonding during granulation effectively,

assessment for the effect of smaller binder particles was carried out in botbhby
5



mixer and fluidised be(AlvarezLorenzo et al., 20Q0/an der Watt, 198 Nystrén and
Glazer, 1985Nystrdn et al., 1982Scheaefer and Mathiesen, 19%Gato et al., 2004Li et
al., 201). It was found that the use of smaller sized binder particle could promote the
growth of granuls and have positive effects on the strength of granules due to its
outstanding specific surfa@rea. In terms of twin screw granulatidimited work has

been founded

The criteria of granule property assessnmaetnormally built based on thepecific
application(Kato et al., 2006Meier et al., 2017PickerFreyer and Diiig, 200). In
pharmaceutical industry, granalarenormally used as amtermediateproducts before
tabletting or capsulation(Djuric and Kleinebudde, 2008 Therefore, the following

properties are quite importagg8alman et al., 2007

1 Uniform size distribution

In pharmaceutical industry, the granule siligtribution is quite important, as only
granules within a certain size range would be selected for tablettingnoapsulation
(Hansson and LindnéDIsson, 2004John and Charles, 2002a nt | e tAiesal.,. , 2
2016. On one hand, a wider size distribution is normpbgitive in tabletting and could
enhance the tablet strength; on the other hanbatch of granutewith a wide size
distribution would contain large proportions of fines or lumps, which is less suitable in
dosage controln general, pharmaceutical ingtey would prefer to produce the granules

with narrower size distribution, as the loss in tablet strength could be compromised



through a higher compression load during tabletting prodessarrower granule size
distribution could guarantee a higher prdpor of granuls being used for tabletting,
which is related to process efficiency. Therefore, the size distribution of the granule
produced is an important variable which needs to be considetad fharmaceutical

industry.

Span of distribution is a pycal method to evaluate the granule size distribution curves.
A smaller span value indicates a narrower size distribution, which is always a target for
pharmaceutical industryfu et al. (2013) developed a regime map based on twin screw
granulation and #y stated that normally the allowed span of distributidn isetween
1.5 to 4.5. However, this is juahempirical range is mainly to limit the upper limit (4.5)
and 1.5 is the value that the most of the experiments could achieved (in the bestlituation
In addition, in their regime map, the minimum variation of span of distribution was about
10%, indicating that 10% difference in s
granular product propertie$o quantify the variation of span of distrian, the span
value would be firstly compare to this range, in order to check whether the obtained span
of distribution is in the allowed rang&hen, the span of distribution obtained would be
compared to that in a standard condition (powder feed ritghlscrew speed: 200 rpm),

in order to evaluate the improvements of the corresponding approaches.

1 Strength

Granule strength is a feedback of the bond strength between partiicles.
pharmaceutical industrypropertiesof tables including strength and dissolution rate are
directly influenced by the strength of granulddangwandj 2009 Kato et al., 2006

Meier et al., 201,/Vercruysse et al., 2012b
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Normally, weaker granuggend to produce strong taldetith slower dissolution rate.
As granule strength is related to the tablet disintegration speed, different talhets wi
various API(s) may be required different disintegration speed (immediate release and
controlled release) and consequently the strength of granules required are varied (even if
the same formulation and equipment are used) (Liu et al.,, 2016). As a resllt,
Il mpossi ble to generalize a fArange of val.
universally. However, idoesnot mean that there is no requirement on granule bulk

strength.

Granules from twin screwarerelatively weaker tharnbsefrom aroller compactor in
drying granulation procesi this case, the ovatrong granules are less possible to be
produced from a twin screw granulation process and the concern is mainly about how to
produce granules which are strong enough for transpmrtatid operation, in order to
reduce the amount of fines from granule breakage and maintain their size. For example,
before tabletting, granules may be transported into a silo for storage. Granules at the
bottom of the silo need to be strong enough to thleagravity from the granules above.
Therefore, the granules produced should be sufficiently strong to avoid being damaged
and produce dust3herefore, in literature the granule bulk strength required from twin
screw granulation is larger than 0.1 MPdenge et al., 2012d, Dhenge et al., 2013, Saleh
et al., 2015)As long as the granukrengthis larger thar0.1 MPa, its variation would
be mainly rely on the requirement of the specific medicine. In this thesis, one of the
objectives is mainly to devgboapproaches to enhance the granule strength, which in
another word is to develop approaches to control the granule stigidgectionaly

(increase or decrease)



To quantify granule bulk strength, whether obtained strength value was larger than 0.1
MPawould be compared at first. Then the granule strength would be compared to that in
a standard condition and the improvements (%) would be obtained. As was reported by
Horisawa et al. (1995) that ~5% difference in granule strength could make distinctive
difference in granular produptopertieq e.g. tablet tensile strength, disintegration rate,
etc.) the obtained improvement (%) was then checked to justify whether more than 10%
difference it could be achieved, in order to draw the conclusion whethappheach is

effective or not.

The twin screw granulator utilized for this research is a standard twin screw granulator
used in industry for research in the lab. Therefore, the approach developed could be
applied for further research in industry directhenge et al., 2011d). For the real
production process, the scalp and skill transfer are really depend on the specific
compony, medicine, etc., which are normalymmercially confidentialTherefore, the
approach could be used for industry researacty, but the detail about how to transfer

it to the real production line is out of the scope.

Due to the importance of granule properties, numerous research has been carried out
on the design of granule properties, which could be ifledsnto two main aspects:
formulation parameter development and processing parameter development. Formulation
development is mainly focussed on the composition and properties of material and how
variation of it would affect the granule properties inahgddissolution, compressibility,

etc., which is mainly about the material itself. Processing development mainly refers to



improvement of operation parameters t which is about the relationship and interaction

between material and equipment such as screedsgonfigurations, etc.

Currently, although a twin screw regime map has been develop@hbyge et al.,
20129 to reveal the effect of sontgpical parameters on granule size distribution, it is
still experimenbased. In other words, it is not capable to predict the relationship between
influencing parameters and granule properties in advance. In addition, in terms of the
effect of processip parameter including screw speed, etc. insufficient information was
given. Therefore, the investigation of how to improve granule properties including a
narrow size distribution and a controlled granule strength is still nesatedn approach

that couldpredict the granule properbefore granulation would be more appreciated.

Granule properties such as size and strength are of vital importance in pharmaceutical
industry, it always demands new understandings, new approaches to imprgrantiie
properties, to enhance the manufacturing efficiency and to reduce the waste in expensive
materials, especially when dealing with new formulations or materials. The objective is

mainly about:

1 From a perspective of formulation development, developawy approaches
to improve the granul@ropertiesby increasinggranulebulk strength and

narrowng the granule size distribution.

1 From a perspective of process parameter, developing new approaches to
improve the granule properties by increasing granullk lstrength and

narrowing the granule size distribution.
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To achieve the objectives mentioned, a series of single drop study will be carried out
at first to establish and accomplish the theory about how the Jmpudler interaction

occurs at different conmpssion stresses and binder delivery methods.

1 Chapter 1 was a general introduction on the importance of the research.

1 Chapter 2was the literature review chapter. Basically, this chapter introduces the
current research related to twin screw granulation and highlight the imp@dén

the work.

1 Chapter 3introduced the equipment and methods applied in this thesis.

1 Chapter 4 carried outhe single drop study to understand the effect of the form

of binder on liquid distribution based on the compact powder bed.

1 Chapter 5 developed arapproach to reduce the trial and error in formulation
development to optimise the L/S ratio (in twin screw granulation process) by using

compact powder bed.

1 Chapter 6 evaluated the effect of particle size on granule properties and

micronized lactose asrew binding excipient was introduced and examined.

1 Chapter 7 studied the effect of temperature (which is the only process parameter
which could affect the properties of formulation) on the granulation liquid and

granule properties.

11



1 Chapter 8investigagdthe effect of processing parameters including screw speed,

screw confgurations on granule properties with a controlled barrel log@hp.

1 Chapter 9is the conclusion and the future work. Reference list was listed after.

The experiment chapters distin@ly involve three main aspects: single drop study
(Chapter 4), formulation parameter improvemeniSh@apter 5 and Chapter 6) and

processing parameter improvemer@sgpter 7 andChapter 8).

12



Chapter 2. Literaturereview

2.1. Twin screw granulation mechanism

2.1.1. Classical wajranulation mechanism

Based on high shear granulation process, steps of granulation could be classified into
wetting andnucleation,consolidation andyrowth, breakage and attritigiitster and
Ennis, 2013 Figure 2-1 illustratesthe details of each steplearly and was initially
adapted to explain the mechanisms in twin screw granulation pro¢¢esé&<t al., 1997

Dhenge et al., 2012a

When liquid binder is initially addedhe minimal mixing betweerpowderandliquid
is notevenatthe primary stage, leading to the production of large and loose lameps
high proportion of fineglveson et al., 2001 Due to the uneven distribution bduid
binder, these lumpssuallyhave weak shells which ageiite easy to berokenandthe
broken fragmentsrereassembléto produce granuledue to compactioforcesin the
granulator.The result of the aforementioned process is thatliquid binder wl be
distributed more even]yollowed byconsolidation processhich will furtherdensify the
grandes. The granuls obtained from consolidaticare usuallysmaller han the lump
from the first step but stronger mechanical strengttAs is showedin Figure2-1, the
breakage and coales@enoccur simultaneouslyherefore, the size distribution tfe

final granuleis determined byoth coalescence and breakage.

13
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Figure2-1. Granulation process and mechan{&fnk et al., 199Y.

Although twin screw granulation which is similar high shear granulator is also a
type of wet granulation technology, differences in granule growth were gradually realized
(Lee et al.,

2013Dhenge et al., 2012b

2.1.2. Twin screw granulation mechanism

However, it is improper to simply adapt the granule growth mechanisms from a high
shear mixer and use it for twin screw granulation. It is because the high shear mixer
consists of one or two types of impellers, while twin screw granulator normally has thre
types of elements. Because of this, the movement of material in the twin screw barrel is
supposed to be more complex. In additibhenge et al. (2012Isjated that in twin screw

granulator, the granulation is a continuous process emmkgsesncluding nucleation,

14



growth and breakagsould occur in sucessionalong the length of the screws, whilst in
high shear mixer, different process could occur simultaneously. Thirdly, in a high shear
mixer or fluidized bed, due to the large free space, the kinetic energy is hardly to fully act
on granule deformatioiWhereas in twin screw granulator, the limited free space in the
barrel causes higher proportion of kinetic energy to exert on granules directly and thus
the granules in the barrel are more deformed an{Dhenge et al., 2012bBecause of

this, in twin screw granulation, the layering growth is rarely to see.

Combinedwith the work done byohenge et al. (2012pjt coud be summarized in
Figure 2-2. After the powder and liquid are added, due to the relatively milder barrel
environment, penetration mainly occurrstims zone. When the material arrives to the
first kneading zone, the pushing force from the conveying elements would squeeze the
mixture through much narrower space in the kneading zone and the nuclei formed from
the previous section would be shaped (ogitbreaking) by the elements. In addition, the
high stress from kneading elements would squeeze the liquid from the nuclei core to their
surface, which is easier for further coalescence growth of the nuclei fragments. After the
first kneading zone, the raaial was transported into the second SPCE (short pith
conveying elements) zone. In this zone, reassembling of nuclei fragments would occur.
Simultaneously, breakage would also happen as the SPCE could also provide certain
shearing forces. When the magdrarrives to the second kneading zone, similar process
could occur where the material would be chopped and the liquid would be distributed
further. Finally, material would reagglomerate to be the product and flows out from the

outlet.

15



BARAL AL AT ™ A AR AALACATAN. A W\« IS\

LA R AR A A
\o* \oF \ N\ \ |ﬂ.\r\

Figure2-2. Twin screw wegranulation mechanism

A\ \ .\.)\.)&)W,.\.(\»\\(ﬂ,ﬁ,\ﬁ)\. .\,.rwu .

16



Regime map functions as a guidegm@nulation process. Ideally, if the granulation
condition is known, by checking the map, some of the granule properties catained
Most granulation regime maps are designed for traditeagiranulator including high
shear mixer and fluidized beBigure 2-3 showsthe first regime map designaslith the
deformation number and maximum pore saturation asés(&eson and Litster, 1998).

This regime majdlustrates the different regimes gfranuk growth behaviour

oyt “Crumb"” :
Frea- i Slurry/
Flowing i S o . Over-Wet
Powder - . Steady : . Mass
i  Growth | Rapid:
- : Growth,
Inl:reaslng a +Increasing Growth Rate
Deformation | . Nucleation } :
Number, | Only
St = ng:L?VE Induction .
N"-I_De-:raaslmg Induction Time "
i | [
0 H 90% 100%
Maximum Pore Saturation,
5nm:ur = WPsﬁ'Emr.rp;"’P-'Emm

Figure2-3 Growth regime map proposed to use Stdef instead ¢gfMeéson and

Litster, 1998.

It is shown on the mapat steady growth and induction growth are thervain types
of growth behavioun batch granulation proce@lseson and Litster, 1998As is shown
in Figure2-3 above, steady growik the process when granule size increases steadily. In

this process granud@redeformable and wealeading to an increase contact areapon
17



collision between granules, and hence promoth coalescencprocess Induction
growth describes a process which granules grow slowly for a long time The next
process ighe rapid growthstep Granules in this stepare usuallystrong and hard to

deforny therefore, it is difficult tdor coalescedo happen

Iveson and Litster (1998) stated that the growghaviour in a system is only based
on the pore liquid saturation and tegreeof granule deformation duringranulation
process.Since he pore liquid saturation igariable during operationdue to binder
evaporation, granule consolidation and dissolutid soluble components intgquid
phasethereforethe maximum ganule pore saturation is usiedtead.

OAv _ tgu-

Vst Zakoii.

(21)

where. isthe massratiof| i qui d stisahedersity ofpoywderparticles(solid),

}1is the densityf liquid bindera n gin istthe minimum porosity that the formulation can

reach for particular sets of operating conditions.

Furthermore, thedegree of deformation duringprogress isquantified by a

dimensionless numbaess follow

Tm Cﬂl (2-2)

where U is the representative collision velocitygnanulate and} g and Yy aregranule

density and dynamic yield stress, respectively. Ivesbral. (2001) statedhat the
18



def ormati on number is the ratio of AiI mpa

per unit straino.

Tardos et al. (1998) found thgranule deformation and bresdearecontrolled by the

Stokes deformation number:

7 B 7T
{ = n W V—I\_f (2:3)

wherey p is the density opowderparticle,Uis the granule radius, is-the shear ratd)
is the characteristic flow stresstofh e par t i ¢ | and b(i gr)isthe grénsilé ur r vy

velocity.

The growth of nuclei mainly depends on #raountof initial kinetic energy before a
collision andthe amount oenergy dissipated during this collisi¢gnnis et al., 1991
Energy may be consumég viscous dissipation fronie surface or the inside gifanules
or plastic deformation ahematerialghat make these granul@g&yrak-Talay and Litster,
2011). In Figure2-3, two dimensionless parameters which a®s&nd maximum pore
saturation are taken into consideration. Stokes deformation numhgj (8dasureshe
amount ofenergyconsumediuring a collision pocess to plastically deforthegranules
involved When STer is low, theamount ofenergy dissipatedsihighandthere is no
granule growth happening and the nuclei do not deform sufficiently to allow the liquid
insideto connectwith other nuclei for coalescen¢iayrak-Talay and Litster, 2001If
the Stokes deformation number falls within the following rah@01<STe<0.2,asteady
growth condition occursA larger surface ifvailableon granules at this stagehich

promotes coalescence eventtie amount ofiquid binderis not sufficient. IfSTqef keeps
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i ncreasing, Al The acoubrence wfithiis regirnecisccaused by the breakage

of large granulegslue to a low strength in the inner structure of these grantes
maximum granule pore saturationgg 1 s At he r atvolunewfrangle an ul
voi d vol ums.7, theVinsafficiers liquid could only afford the growth of
nuclei. When Sax >100%, a rapid growthstepwould occur possibly leading to the

formation of a slurry or paste.

The regime mapnprovesour understading onwhat growth behaviowould happen
in a granulation procegsom given formulation and process conditioSeveralsets of
experimenal datawere attempted to @otted on this regime mapand he reslis were

found to be acceptab{éveson et al.200)).

Compaedwith batch granulatarsuch asigh shear mixer and fluidized bete study
of twin screw granulatois relative newerResearctconductedon regime map btwin

screw granulator iselatively scarce

Figure2-4 is a regime map for twin screw granulator using conveying eleraets
kneading element€ompaedwith the growthmechanismin batch granulation process,
twin screw granulation processdifferent in a number of par{®henge et al.20129.

In batch granulation procegganulation happens in a closed environment and the growth
stepsoccursimultaneously. Dhenge et al. (2012) stated that in twin screw grandiagor,

to the continuous flow of materials, it is easier to distingaisth physically sepat@each
growing step Secwmdly, the materialdeing granulated are subject bogher stres
compaedto batch granulator, as tlfreevolumein twin screw is much smaller thamat

in high shear mixer and fluidized bedd. order to quatitatively represent the stregsl )
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exerted during granulatiomprque (T) and volume of matafiin twin screw granulator

(V) were used.
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Figure2-4 Regime magdor granule growth behaviour tvin screw granulation
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The deformation val ue TgefinFiglre2# evhiochas the us ed

division of stressacting onto the materidleinggranulatedoy t he str engt h
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W (2-5)

As is known, the regime map developed by Iveson and Litster (1998) tsed
maximum pore saturation as an axis to represent the influence from formulation. In wet
granulation, thel/S ratio is one of the most important parameters to influence pore
saturation in granulation process. Furthermore, the viscosity of gtianulguid can also
affectpore saturation. Therefore, viscosity /6 ratiowas chosen to libe xaxis which

can beregardedas thebindingcapability

However, the regime map Figure2-4 also has its limitationgCurrent regime map
could only be valuable after the product has been obtained, which could not avoid the
process of trial and error especially in formulation development process. As a guidance
for granulation, if the properties of product could not be predicted before granulation, its

application would be limited.

Tu et al. (2013) developed a regime map to find out the optimal conditamhieve
a good granulation processing MCC Basically, they ran the experiment in different
liquid to solid ratio (L/S) and screw speed and granule size distributions were obtained.
By plotting the corresponding granule mean size and distribution spahRigue 2-5,
the regime map could be seen. Theoretically, basdédgune2-5, to achievea narrower
size distribution and large granulésgh screwspeed and./S ratio would be required.
However, only limited screw speed and L/S ratio were sampled and it is only suitable for
MCC. In addition, similar to the previous regime map fidhenge et al. (2012that the
establishment of the regime map was experimentally based, which could not avoid

numbers of trial and experiments of granulation.
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Figure2-5. GSD forthe experiment(a) Mean granule size (b) spdgdu et al.,

2013.

2.2.3. Regime map for nucleation using single drop study
Apart from the regime map for the whole process of granulation, nucleation regime

map was proposefHapgood et al., 2003In their work, the nucleation process was
postulated to be a combination of both single drop behaviour and the interaction of
multiple drops. InFigure 2-6, (} and (. are the single drop penetration time and
dimensionless spray zone for multiple drops, respectively. A sn@lepresents less

droplets are overlapping.

In the drop controlled regime, the nucleus size is mainly controlled by the size of
droplet, as less overlapping and fast penetration process happens in this regime. While a
high Ja ana b would lead the nucleation into mechanical dispersion regime, where

nucleation and binder dispersion can cathievedoy mechanical mixing and agitation

However, this regime map is onbased on the droplet behaviour, which is mainly

occurred on the surface of the powder, which consider few about the liquid behaviour in
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the powder bed. In reality, it is highly possible that bef@arrives at 1.0, the nucleation

regime has already be in the mechanical dispersion regime.
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*fn distribution regime
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Figure2-6. Nucleation regime majHapgoodet al., 2003).

Single drop study aims to reveal the liquid powder interaction which is difficult to be
directly observed from enclosed granulg@harlesWilliams et al., 201 1Emady et al.,
2011, Hapgood et al., 2002 et al., 2019. It is mainly carried out by studying droplet
behaviour on a powder bed and the nucleus (which is the wetted powder area) formation.
The single drop study is regarded as a useful method to understand the liquid powder
interaction and grane growth mechanisnBased on theingle drop studyHapgood et
al. (2003)developed a drop controlled nucleation regime map which is significant for
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high shear wet granulah. Their study based on the assumption that one droplet forms
one granule. To achieve the drop controlled nucleation regifast penetration and little

liquid overlapping are requirggiapgood et al., 2003

In general, a certain amount of research studied the droplet penetration and contact
angle on loose powder bed and tried to make a link with batch granulation including high
shear mixer and fluidized b¢Emady et al., 201 Reis et al., 2004dapgood et al., 2002
However, as was introduced, the twin screw granulation procesderediffrom high
shear granulation and the use of loose powder bed may be less applicable for the study of

liquid-powder interaction in twin screw granulation process.

In the droplet study, penetration time and contact angle have becomeogite m
important elements in single drop study, as it could reflect how easy for the droplet to
penetrate and dispersed in the powder bed and is an indicator of the wettabltiyn
and Banks, 1973harlesWilliams et al., 2011Hapgood et al., 2002Contact angle is
defined as the angle between the ligsadid interface and the liquidapour interface,
which reflects the wédbility when a solid interacts with a liquid. In a wet granulation
process, wettability may affect liquid spreading and distribution in the powder and thus
influence the product propertidsor example, a mixture of hydrophobic and hydrophilic
powderwasusedin a fluidised bed granulat¢Aulton and Banks, 197%nd it was found
thatanincreasen the content ohydrophobic powdecan increasehis contact ankg,
leading to a decrease the size ofiinal granule produced Therefore, contact angle is

quite important when studying the single drop behaviour on the powder bed.
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Ideally, the contact angle is defined by the mechanical equilibrium of the drop @ffecte

by three interfacial tensiorf§oung, 180%:

Fadre PL Ay, Aya (2-6)

whereay, sv@ n dreesent the liquidtapour, solidvapour, and solidiquid interfacial

tensions, respethev&byngéasdcdntact angl e

Although the contact angle on powder bed is based on the same mechanism, due to the
liquid penetration, it is hard for thiequid to reach a static status for contact angle
measurement. It was reported that the contact angle on a porous powder surface is larger
than on a smooth surface. In addition, the contact angle is also affected by surface
roughness, particle swelling @dmablet porositf{Langmuir and Schaefer, 1938uckton
and Newton, 1986Hansford et al., 198Buckton and Newton, 198%owkes, 196}
Therefore, the maximum apparent contact angle as one of the ways to evaluate the
wettability of powder bed will be used, which refers to the maximum dynamic contact

angle when the droplet becomeldgafrom bouncingMeiron et al., 2004

Penetration time is the time that a liquid dmhiptributes into a powder bedFor a
porous powder bed, the penetration is mainly driven by the capillary force which is
presented as Laplace Capillary Suction pressu(€ElrarlesWilliams et al., 2011Yuan

and Lee, 2013
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where ¢, dyore and d represents liquid surface tension, powder bed pore diameter and

thermos dynamic contact angle, respectively.

The penetration processafiquid bindelinto a powder beds quantitatively governed

by a model developed Washburn through Equatidrg-8) (Yuan and Lee, 2033

(2-8)

:I ﬁl'_uwlf‘:'ﬁ
H

where L,2,, dpore U, uméfersmita genetration distandiguid surface tensiarpore
diameter, penetration time, thermodynamic contact angle and liquid viscosity,
respectively.lt is firstly assumed thad powder bed consisb f bundl es of
nori nt er ¢ o n n eThet pendtration grozessdescribedas driven by capillary

force andresistage from the dispersion ofiscous binder

As is shown inFigure 2-7, there are twdimitations of liquid penetratiorbehaviour
exist, whichare constant drawing areaCDA) and decreasing drawingrea (DDC)
(Hapgood et al., 2002In CDA case, iis assumed that the contactais keptconstant
but the apparent contact angle decreasdbe penetration process proce@u®DA, the

contactareadecreases but the apparent contact amghains constant

27



Figure2-7 Liquid penetration models: A) constant drawing area, B) decreasing

drawing aregCharlesWilliams et al., 201}

Nucleus properties

In a powder bed, the wetted powder material resulted from the liquid penetration is
named as fAnucleuso. The study of nucl eus
reveal the granulation mechanism. Currently, most of the researches focussed on the
droplet behaviour such as spreading and penetration on a loose powadedkteed to
make a link to the batch granulation mechanism including high shear mixer and fluidized
bed (Hapgood et al., 200Hapgood et al., 20Q3veson et al., 2001 In addition, the
nucleus dimension was also studied to retrealiquid movement inside the powder bed.
Specifically, nucleus dimensions were measured using a microscope and a shape factor
was defined as the ratio of diameter of the nucleus projected area to the maximum vertical

height(Emady et al., 2011

However, the study of single droplet on loose powder bed was initiated to target the
granulation process in a high shear mixer or fluidised. In twin screw granulator, due
to the narrower space in the barrel and the use of kneading elements, the effect of stress
plays a more important role in granulation process and would b#idsgsatedTherefore,
the current liquid droplet study on loose powder bed should not be simply adapted to the

study of twin screw granulation process.
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The study of granule properties is mainly carried out in two directfonstulation
parameters and process parameters. Formulation development is mainly focussed on the
composition and properties of the materials and formulations and how the variation of it
would affect the granule properties including dissolution, compiiégsiletc., which is
mainly about the material itself. Processing development mainly refers to the
improvement of operation parameters which is about the relationship and interaction

between material and equipment such as screw speed, configurations, etc.

Liquid binder flow raterequired for granulation procebas been studidoy number
of authorsLiquid to solid ratio(L/S ratio)refers to the mass ratio of the liquid binder to
the powder materials. As a wet granulation procpssyders granulated in different
conditionsusing twin screwgranulator requiraifferent amount of liquid to build up
liquid bridges between particles.idt significantly related to the properties of materials,

including wettability the primary particle size, formulation, etc.

In wet granulationparticleagglomeratiosaremainly resulted fronthe formatiois of
liquid bridges. Therefore, the amount of liquid used in twin screw granulatiol
directly affect the granule strength. It couldsupportedoy Figure2-8 that an increase

in L/S ratio leads to an increase in granule bulk strength.
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Dhenge et al. (201@)Iso explored the effect of L/S ratio on granule size distribution.
In Figure2-9, the curve representing the granule size produced at a low L/S ratio is more
like multi-modal.As the L/S ratio increasetf)e curvebecomesnonamodal. When the
L/S ratio is low, the finesr&ction becomes high and the large granules fraction becomes
low. Such a tendency concludes that a higher L/S ratio leads to the production of large
sized granules and reduction of small sized granidggeneralwith an increase of L/S
ratio, the largegranules fraction decrease#l/ith the increase of liquid content, the
granules become fully wetted and form liquid bridges and the inner strength is enhanced,
which causes the granules to have a higher strength to resist the shearing forces and
friction in the barrel and thus increases the large granule fra@loenge et al., 2030
Similar effect was also found hyee et al. (2013)hat nore liquid in the barrel would
enhance the granulation efficiency and daseethe unwanted finésction using MCC

(Figure2-10).
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Insufficient amount ofwater may notbe capableto form enough liquid bridges.
Consequentlya high proportion of fines would be obtained. Oppositely, if too much
liquid was used, particles would be oweetted. In this case, owsized pastes and lumps
would be produced. At the same time, too muchidicaround particles would behave
like alubricant rather thaa sticker and cause a reduction in granule stre(ithet al.,

2013.

For this reason,fmosingtheoptimal liquid flow rateor L/Sis alwaysregardedne of
the most important issues fagranulation processn order to improve the yield and the
granule strengthilhe determination of an optimal& ratio is complicated. On one hand,
theoptimal L/S ratio is not a fixed valuéor different granulation systems and has to be
determined specificallfor different granulators, materials and requirementthis case,
trial and error method has to be used, which may lead to a waste of material and labour.
On the other handfor a certainmaterial, the optimal/S ratio does notchange
dramatically.As is shown inTable2-1, although different methods used different screw

speed, feed rate, etal] L/Sratios for h -lactoseareclose toeachother.
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Table2-1. OptimalL/S ratio for granulation.

Journal Material L/S

ratio

(Keleb et al., 2002 ULactose monohydéite 0.086
(Li et al., 2014b ULactose monohydrate  0.08

(Kumar et al., 20149 ULactose monohydrate  0.0672
PVP (premixed)

(Vercruysse et al., ULactose monohydrate  0.099
20123) PVP
(Keleb et al., 2004 ULactose monohydrate, 0.093
hydrochlorothiazide
(premixed)
(Lee et al., 2013 MCC 08-1.2
(Tu et al.,, 2013 MCC 0.91.2

In the pharmaceutical industry, a certain granule size rasgequired to achieve
applicable, stable and constant tabletting properties. To fulfil this requirement, various
granulation parameters need to be optimized and L/S ratio is one of the most
straightforwardvays to control grarie size distribution and singth. Therefore, there is
a need to develop a method which could predict the optimal L/S ratio to avoid the waste
of material and labour due to an improper L/S ratio, especially in formulation

development process.
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Liquid addition

Liquid is normally acting as binding materials in wet granulation process. Its
distribution can significantly influence thegield of final productswhich are often
expressed bthegranule size distributionin respect of this, the method by whizhquid
is added is important. thedroplet size o&liquid binderhas a wide range, wide granule
size distributions generallyobtainedlveson and Litster, 1998To realiseabetterliquid
distribution droplet atomisation or a good mixing between liquid and powder by
mechanical forcesare required Experiments havéeen conductetdy using different
liquid addition methodsat differert agitating speesl Results shoedthatboth atomised
liquid binderand high impeller speed produced thestuniform granulesize distribution

(Holmet al., 1983

There areypically three ways to adliquid including pouring, spraying and melting.
In twin screw granulator, liquid is mainly added by pouring. This addition meémut$
to cause a local higtiquid content giving rise toa wide nucki size distribution
compaed with atomisedliquid addition or the addition followed by dispersion by
intensive agitationTo compensate for the poor liquid addition way in terms of liquid
dispersion, a much narrower granulation space in the barretarsgquentlya more
intensiveagitationis requiredto break the nuclei ancan increase the flux of powder
through the binder addition zofi€okubo and Sunada, 19p&imilarstatement on hiy

shear mixer waalso maddoy some other autho(glolm et al., 198B
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Binder delivery method

Water, as a low viscosity and high surface tension liquid, has been widely used to form
liquid bridges between particles in twin screw wet granulation process. It could spread
and distribute easilpetweenparticles. In some cases, the bonds may not loagstr
enough, resulting in the production of large amount of fines or weak granules. Therefore,

extra binding excipient would be needed to enhance the binding capability of water.

Binding excipient (binder) addition can be divided into two methods. Firitéy,
binding excipient could be dissolved in water and usedligsid binderto enhance the
strength of liquid bridge between particles increasing the strength of ggaffeldively.

In addition, the binding excipient could be premixed with powdedvaace (solid form),

in order to make sure the binding excipient particles distribute befoer w@mes in
contact with powder materigbaleh et al., 201%| Hagrasy et al., 2013b El Hagrasy

et al. (2013aptilized three materials to investigate the effect of binder delivery method.
It was found in Figure-Z that the overall granule size distribution are quite simlilar for
three materials. However, it could still be seen that the use of liquid binder leads to a
lower production of fines and the granule size distribution is narrower. They finally stated
that the use of binder in the granulation liquid is a better option to enHanbintling
efficiency and the granule size distribution is narrowais statement was supported by
Vercruysse et al. (2012a)ho concluded that the binder was more effective when added
in the liquid phase. Although they hypothesize that it might be due to the insufficient

residence time in the barrel, no comprehensive study was given.
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Saleh et al. (2015)lso studied the different effect of binder delivery methods on
granulation Figure2-12 shows the granule size distribution in different binder delivery
methods. It could be seen that the use of solid binder leads to a more uniform granule size
distribution than the use of ligqlibinder. Through a seris of single drop stusigleh et
al. (2015)stated that it is becuase ligwighs easier to distribute in the powder when solid

binder was used, as it has the least infleucne on the liquid viscosity.
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Figure2-12. Size distribution of granules as the binder delivery varied ($8)s
using conveying elements on(8et 1: solid binderSet 2:mixed; Set 3: liquid binder)

(Saleh etl. (2015)

Liquid binder addition

Binder in liquid form normally has a higher viscosity than water. Its high vicosity is

helpful to enhance liquid bonds and make the granules stronger. It could befSgenan
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2-13that a higher HPC concentration and L/S ratio could all cause an increase in granule

strength.
14
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Figure2-13. Strength of granules produced at different amounts of (EP€nge et

al., 20123

However, high viscosity could cause a reduction in liqustritiution, making an
uneven liquidpowder mixing. Figure 2-14 shows the relationship between binder
concentration (viscosity) and granule size distribufibhenge et al., 2012cA higher
HPC concentration leads to a higheoportions of fines, which indicates that a poorer

liquid distribution and mixing.
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Figure2-14.Size distributions for different amounts of HPC at liquid to solid ratio of

0.3 (Dhenge et al., 2012).

Similar statement was also statedisleb et al. (2004that a higher concentration of
PVP binder in a solution could reduce the granulation yield by producing moreipedr

granules and fines as seerFigure2-15.
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To tackle this problem, ghsurface tension of liquid was varied by adding surfactant,
in order to improve the liquid dispersion even if it contains high concentration of binding

exipient(Dhenge et al., 2012clt could be seen in

Figure2-16 that in general, the addition of surfactant is not effective on varying the
granule size distribution. Therefore, the reduction of surface tension was proved to be less

effective on improvinghe dispersion of liquid binder solution.

It might be because the addition of surfactant could increase the contact angle making
the liquid easier to be squeezed out. Simultaneously, it would reduce the surface tension,
making the liquid more difficulta disperse due to the capillary forces. Therefore, the

effectof surfactant mape offset by increased contacigée and reduced surface tension

40



CPaw/vSDS 0% w'v HPC
4£001%wvSDS _0%ew'v HPC

00.03%wvSDS _(Pew/v HPC

Sppsnnno @ o
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Granulesize (Jun)

1
0.9 00wy SDS _3%w/v HPC
0.8 A0.01%w/vSDS _3%w/v HPC
0.7

[0.03%w/vSDS _3%w'v HPC

PN
neﬁéﬁn 6o o

Q 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Volune density function. q3 (1/mn)

Granulesize (jun)
1
g 0.9 20%w/v SDS _6%w/v HPC
o8 20.01%wvSDS _6%w/v HPC
07 )
= 00.03%w/vSDS _6%w'v HPC
£ o6
£0
£o0s
- S '.
E 0.4 GF Oooge
_C 03 og
>
g 0.2 g
£ 01 § Y
(=]
* 0 %8s 4]

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Granulesize (yun)

Figure2-16. Size distributions for varying amounts of SIS granulation liquid with

3, 6, 9% w/w HPGDhenge et al., 2012c

41



based on the Laplace capillary equatibnaddition,Nowak et al. (2016¥tudied the
effect of surfactant on the geometry of liquid bridge, none obvious improvement was
observed, which indicates that the surfactant is not quite effective in promote granule

properties

Solidbinder addition

In addition, the binding excipient ool be premixed with powder in advance (solid
form), inorder to make sure the binding excipient particles distribute before water comes
in contact with powder materiébaleh et al., 201%I Hagrasy et al., 2013Hn this case,
the liquid (water) would be easier to distribute in the powder during granulation. However,
the limited amount of water may be ufiicient to dissolve the binder particles, especially
big-sizad particles, and thus reduce the efficiency of the binding excipient. Therefore,

more binding excipient would be needed to comperisaits relatively low efficiency.

To tackle the problemhat solid binder particles could not dissolve properly in order
to enhance the bonding during granulation effectively, assessment for the effect of smaller
binder particles was carried out in both thighear mixer and fluidised bédlvarez
Lorenzo et al.,, 20Q0van der Watt, 1987Nystrém and Glazer, 1983Nystrdn et al.,
1982 Schaefer and Mathiesen, 199Gato et al., 2006Li et al., 201). It was found that
the use of smaller sized binder partsot®uld promote the growth of gransaland ha
positive effects on the strength of granules ubeir outstanding specific surface area.

In terms of twin screw granulation, none of the previous worlobkas found
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2.4.3. Processing parameter

Processing parameter interaction

Feed rate

Feed rate normally refers to the mass based powder flow rate and could directly affect

the granule productivity.

Due to the Aback mixingo, the variation
refers to the time granules consume in the b@idkeénge et al., 20)1It could be seen
in Figure 2-17 that an increase in powder feed rate delays the residence time. Similar

results were also obtained Byenge et al. (2011)ee et al. (2013xndUnlu and Faller

(2002)
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Figure2-17. E(t) curves for feed rates of 10, 1.5 and 20 kg/h. Screw speed 200

rpm, moisture content 43%, product temperatur®0 (Ainsworth et al., 1997
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Apart from the effect on residence tin#enge et al. (201Tpund thatas the powder
feed rate is increased, the volume of powder in the barrel increases which etlhances
liquid powder interactiorfFigure2-18). As a resultparrower size distribution could be

obtained.
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Figure2-18.Size distributions for changing powder feed rdf&senge et al., 201

Furthermore, as the feed rate increases, the higher rotation of screws consumes more
energy and generates a higher torque which is an indicator of compaction in the system
(Tu et al, 2013). As a result, a higkeed rate leads to production stfonger granules

(Dhenge et al., 2.

Variation of feed rate could affect the level of material in the barrel (fill level) and
influence the granulation procgfhenge et al., 20)1Due to the importance of fill level
in varying processing parameters such as screw configurations and screw speed, series of
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researches about the effect of fill level was carried out. Due to the complexity in volume
baed fil |l l evel controlling, a parameter
ratio of feed rate and screw spg&alter et al., 201 However, the study of fill level is
mainly focussed on its effect on granule properties. The effect of screw speedeand scr
configuration with a controlled fill level has not been covered. Actually, the current
definition of fill level is not applicable to the study of the effect of screw configurations,
as it assumes the powder properties including flowability and screveyiog capability

for different configurations as constafideier et al., 201y

Screw configuration

As was introduced in the previous section, two screw elements are normally applied
in twin screw wet granulation process, which are conveying element and kneading
element. Numbers of literature pointed out that using kneading elements could promote
the birder dispersion by breaking nuclei and help with collision and coales¢Ehce
Hagrasy and Litster, 2018i et al., 2014aDhenge et al., 20128hompson and Sun,
2010. In most cases, this statement wasroboratedby the span of grane size
distribution. Specifically, a bimodal size distribution is normally regarded as a symbol of
poor liquid binder mixing. However, an intensive agitation could enhance the breakage
of granules and may lead to production of a high proportion of graiule fragments,
which is also possible to produce a bimodal granule size distribution. Therefore, a more
scientific method should be utilized to further examine the binder dispersion capability

of kneading elements.

It is known that the kneading elemgmatedeficientin conveying materialfThompson

and Sun, 2010 In this case, two sets of screw configurations may have different
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conveying capability, leading to a difference in fill ley@&orringe et al., 2017 In this

case, a comparison of screw configurations (such as yields) by maintaining feed rate,
screw speed and L/S ratio could still be bothered by the variation of fill level. Therefore,
a method to achieve a mosystematicevaluation between differergonfigurations

should be developed.

Screw speed

Screw speed is related to the rotation speed of the screws. It is easy to see that an
increase in screw speed could intensify the agitation and improve the ifidxiegge et
al., 2010. Theoretically, an increase in screw speed would contribute to binder dispersion
and granule consolidation. However, in terms of its effects on granule properties, there is
no universal agreement in the fdéure as other parameters such as feed rate, L/S ratio
(Lee et al., 201,3Karunanithy and Muthukumarappan, 20Dhenge et al., 201Reitz

etal., 2013

For example, @&omparison of the twin screw extruder and the high shear nsixer
shown inFigure2-19wherewhen other parameters are fixed, fanigherspeed, the twin
screw extruder can produce granules witiarrower distributiorHowever, it is difficult
to show one tendency regardlesgsthe fines fraction or the large size granule fraction
(Leeet al. 2013 On the other hand)henge et al. (2010)eld opposite statement and as
shown inFigure 2-20 that a high screw speed would widen the size distribution, as the

intensive stress would enhance the granule breakage.
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A higher screw speed leads to a lower fill level in the b&Dbenge et al., 20)1As
a result, he friction of mixture between the screw and wall also decreases and thus
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increases the size (Dhenge et al., 200t).the other hand, an increase in screw speed
intensifies tle agitation, which increases the energy transferred to the material. Therefore,
the effect of screw speed is fairly difficult to conclude and reproducible for different
equipment and condition. Apart from this, the effect of screw speed on granule strength

is rarely to see.

Fill level

The fill level is defined as the amount of material in the barrel of the twin screw
granulator and directly affects the compaction of materials which determines the granule
attributes e.g. size and strength (Kolter et al.,22@henge et al., 2011%eem et al.
(2015)stated that the material fill level mainly depends on three asjpleetscrew and
barrel geometry, the screw speed and the material feed rate and the variation of screw
speed and feed rate could all affect the fill level and distort the result. This statement could
be supported bligure2-21. Unlu and Faller (20023tudied the parameters which could
affect the barrel fi and found that an increase in screw speed or a decrease in feed rate
could reduce the amount of materials in the barrel. It indicates that when varying feed rate
or screw speed, the fill level would be varied simultaneously and consequently the result

obtained would be masked.
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To overcome this problem, a parameter o
as the ratio of feed rate and screw speed (Kolter ét(dl2). It was applied to provide a
constant fill level environment. However, the research about the specific feed load was
|l imited in Aone applied systemd and i s
formulation, etc. (Meier et al., 2017). Particilay , based on the def i
fill l evel o0, as long as the feed rate an

configurations, material properties and granulator dimensions does not affect the fill level.

Although the fill level is quite important to determine for granule properties,

quantifiable determination of fill level is noticeably absent within paper which is mainly
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due to the complicated calculation to determine the volume and residence time
determnation (Seem et al.2015. In addition, due to the difference in conveying
capability, the variation of screw configuration could also affect the fill level. However,

it is quite rare to be mentioned in the current research on fill level.

Temperature is alscnamportant parameter that couddfect the granule properties.
Vercruysse et al. (2012a)ated that the rise of barrel temperature had effect on granules,
as it could enhance the production of large lactose granules., as a high temperature could
acclerge the dissolution of lactose, leading to production of stronger lactose granules.
However, their research focused on the effect of temperature on the granulation powder,
but did not investigate the effect of temperature on binder solution and liquibwdistn.
Thoretically, a higher temperature could reduce the liquid viscosity and enhance its
flowability. As a result, the granule size distribution should be quite uniform rather than
a production of high proportion of large granules. It might be dubemeglection of
liquid binder temperature condition. Specifically, the liquid binder should also be
conditioned before granulation, otherwise the relatively short residence time in twin

screw granulation may be insufficient to heat the liquid bindergohpp

Liu et al. (2016)studied the wetting behaviour of hydroxypropykthylcellulose
(HPMC) on twin screw granulation process with a temperature range from 30@o 80
However, from their study the effect of temperature on immediate release (IR) and
controlled release (CR) formulations was studied, which is mainly focrséuak tablet

dissolution.
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Currently, no literature has comprehensively study the effect of liquid temperature for
twin wet screw granulation process in both binder delivery methods. It is necessary to

explore the effect of temperature, especially theitl temperature on granule properties.

Twin screw granulation is based on the dynamic lipodvder interaction. There are
many parameters could control or affect the granulation process and granule properties.
Theycould either affect théormulationproperty, or affect the inner environment in the
barrel. Although numbers of work have done to study the twin screw granulation,

producing granulewith excellent properties is still quite challenging.

Binding excipient is commonly used to enhance the granule strength and help the
granule growth. The presence of binder would influence (delay) liquid distribution and
cause different effects on granule properties. Water is one of the most commonly used
liquid for wet granulationas it could be easily distributed and mixed with powder
material. An even liquid distribution could lead to granules with uniform size distribution.
Due to the requirement of granule strength, the binding excipient are added in different
forms (liquid aml solid). With the presence of binder, liquid distribution would be
influenced. It is quite necessary to investigate the approaches to optimize the liquid
distribution with the existence of binder in different forms, in order to produce granules

with requred size distribution and strength.

In addition, tial and error is still a mainstream in formulation development, even
though the twin screw regime map has been preliminary developed. For example, L/S
ratio is one of the easiest handling parametersntral the granule properties. However,

when facingon anew formulation or new material, the optimal L/S ratio has to be
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obtained by numbers of trials. It is quite necessary to develop a new approach to predict

the granule properties before granulation.

The thesis structure is shownRigure2-22.

Formulation Process
parameter parameter

L/S ratio Liquid
prediction temperature

Micronized Barrel
lactose as a loading
solid binder controlling

Single drop study

Figure2-22. Schematic of researdjective.
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Chapter 3. Materials and methods

3.1. Introduction

This chapter presents the materiaguipmentnd methodfor the experimerst

3.2. Materials

Ulactose monohydrate (Pharmatose 200M, DRbAterra Excipggnt GmbH and Co.,
Goch, Germanyand microcrystalline dellose (Avicel PH 101, FMC Biopolymer, Cork,
Ireland) were used as the experimeptalvder Hydroxypropyl cellulose (HPC, Klucel
EF Pharm, Aqualon,Wilmington, DE, USAgre used as the bindeome of the
informationand size distributioareshown inTable3-1 andFigure3-1 obtained from a

sizetester (Camsizer XTRetsch Technology, Germany

Table3-1. Materialin experiment

Particle size um,  True density

Powder Supplier dso) (kg/m?)
Ulactose GmbH and Co. 44.1 1540
monohydrate
microcrystalline SigmaAldrich 52.8 1561
cellulose
hydroxypropyl Klucel-EF Pharm 308.3 1214
cellulose
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Figure3-1. Primary particle size.

Ulactose monohydrate is a whiteadf-white crystalline material whichroduced by
crystallisation from a supersaturated solutieigure3-2 shows its particle morphology
It is commonly existn the milk of mammalandtherefore is quiteost effectivenessr
lactose monohydrate is free soluble in walleipharmaceutical industry, it is used as an
ideal tabletting filler or fillerbinder which has excellephysical and chemical stability

and iscompatibility with actie ingredient®r other materials.
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Figure3-2. Lactose particles

Microcrystalline cellulose is a whitpurified, partially depolymerized celluloséiich
could be obtained from woo&imilar to lactose, MCC is also a common used filler and
disintegrant for tabletting, due to its excellenmpressibility and compatibilitypue to
its chemical inactivity, absence of toxicity and hygroscopicity, MCC has been widely
used in the pharmacécdl industry Due to its special structure, water exsting in the MCC
particles are in various form such as hydrogen bonds linked with molecules and free water
held in sub microscopic pores, cracks and crevices betfilm#a (Luukkonen et al.,
200)). In wet granulation processMCC is considered to be a porous sponge due to its
high water absorption capacity. Specifically, when pressure applied, the free water could
be squeezed out; when the pressured is removed, MCC particles would absorb water and

exapand bacto its original shape and sig€ielden et al., 1998
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Figure3-3. MCC particles

Hydroxypropyl cellulose isonionic, watersoluble cellulose ether with a remarkable
binding capability, which is widely used in pharmaceutical industry as a binding excipient
to enhance the strength of products including granules, tablets|netain screw
granulation, it could be utilized either as a solution or premixing with the granulation

powder.

3.3. Prepare of binder

In twin screw granulation process, the use of binding éxaigould be classified into
two methods: solid binder delivery and liquid binder delyvén terms of solid binder
delivery experiment, HPC was premixed with lactose and with MCC by using a high
shear granulator (Romaco Roto Junior) for 5 min with aeitep speed of 300 rpm,
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respectively(Saleh et al.,, 2005 Powder was then conditioned in an environment
chamberCamlab, Memmert, UK) with a temperature of 25 € and relative humidity of
40% for 48 h before the experimeiitie liquid binder was prepared by dissolve HPC
particles into distilled water. The dissolution process was accelerated by using a moter
driven sirrer with a speed of 800 rpm and the temperature was kept°@t @hen, due

to the containing of bubble during HPC dissolution, the solution was then stand for 24
hours in the environment chamber with a relative humidity of 40% and temperature of 25

C. Parafilms were used to reduce the loss of water from evaporation.

Table3-2. Prepare of binder

Powder HPC in

HPC in Liquid

feed rate  powder water feed rate
(kg/h) (w/w, %)  (wiw, %) (kg/h)
MCC 1 kg/h 0 0 0.8
MCC 1 kg/h 2 0 0.8
MCC 1 kg/h 0 2.5 0.8
MCC 1 kg/h 4 0 0.8
MCC 1 kg/h 0 5 0.8
Lactose 1 kg/h 0 0 0.08
Lactose 1 kg/h 2 0 0.08
Lactose 1 kg/h 0 2.5 0.08
Lactose 1 kg/h 4 0 0.08
Lactose 1 kg/h 0 5 0.08

* Dueto the small L/S ratiof lactose (0.08)the equivalent concentratisrof HPC solution are
supposed to be 25% and 50% (whedpectivelywhichare beyond the dissolution rate of HR(Dd may
damage the twin screw granulator due to its stickinésgrefore, 2.5% and 5% (w/w)R€ solution will
beused to provide a qualitative compariseith the use of HPC in solid forf2 & 4%).
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In this thesis, coloured HPC was also preparée. solid binde(HPC)was dissolved
in distilled water and then mixed with red dye, erythmed8 whit was used as a tracer
(Osbane et al., 2011 The solution was then left in an oven at 120 € to evaporate all
the water content f&4 hours The coloured dried binder was milled using a ball amlti

sieved with a mesh diameter of 300 {<dso of HPC particlesize).

A rheometer (Kinexus, Malvern Instruments, UK) was used to determine the liquid
dynamic viscosity. To proceed the measurement, the cone and plate geonfisimn (i)
was used at a shear rate of 1000s™. To obtain the effect of temperature lkouid
viscosity, three different temperatures (25, 40,&0wvere used for all HPC liquid binder

It was found that all liquids were displayed Newtonian behaviours at the given shear rate.

A static compact powder bed was produced by using a Zwick Roell strength tester
(Zwick GmbH and Co., Ulm, Germany.5g of powder wasveighted angoured in a
die with an inner dimeter of 30mm and height of 2Bhm. Different compressiorofces
(100, 200, 300, 450 N) werappliedusing a punch te@roducethe powder bed. @
simulatethe differentstressesn a twin screw granulatpicorrespondingcompression

stresses (142 kPa, 2BBa, 425 kPa, 637 klPaom the punch were obtained using:

Foswr (31)

whereP is the compression stress (kFaj)s the force usedliic is the diameter of the die.
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The compression stresses used in the study imdiee range ofstresses exerted in
twin screw granulato(Li et al., 2014p. The compression speed was set as slow as 1
mm/min, aiming togive particles in the powder bedifficienttime to arrange themselves

so thatreproducibilityof thepowderbeds produced can be ensured

The powder bed porosity)(is calculated using the powder bed bulk dengityid and
material true densityj {ue). The equation is shown as follow:

L ZiomB

Zarom (2)

The bulk density was obtained by using the ratio of powder bed (nasspact powder

bed and volume&Veompact powder bdd

240 §D%DD A N - D%DD d o WL oW
-ITJIII:DD-J"FJFID‘-“.. JR— Z I#DD—#}:{-E.-

(33)

where ddgie represent the diameter of the die, whictB mm; ltompact powder bed
represent the height of the compact powder bed and could be obtained from the software.
The mass of the powder bed was weighted using a high accurate scale (0.06819).
average heights of the compact powder bed are shoWabie3-3 and the corresponding

porosity is shown iTable3-4.
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Table3-3. Powder bed height{snm)

Combression Lactose Lactose MCC+ MCC+
(ifpa) Lactose +2%  +4%  MCC 2% 4%
HPC HPC HPC HPC
142 4.7060.14 4.640.08 4.680.08 8.6310.02 8.3660.04 8.1140.07
7.
283 4.39%0.07 4.340.15 4.450.04 8.2240.01 8540.03 7.72490.03
425 424001 4.220.07 4.300.07 7.930.02 7.6240.00 7.4260.01
637 4.030.01 4.020.03 4.090.01 7.5660.01 6.956.06 7.090.03

Table3-4. Compact powder bed porosi@s)

Compression Lactose Lactose MCC+ MCC+
(lfpa) Lactose  + 2% + 4% MCC 2% 4%
HPC HPC HPC HPC

142 50.5:1.1 50.3:13 49.817 71.9:01 72.821 69.9:04
283 47.0:08 46.8:0.7 47.3:0.2 70501 71.0t0.6 68.4:0.2
425 45.0:03 45.3:0.1 45406 69.403 70.1+0.7 67.1+1.0
637 42.3:03 42.6:03 42701 68.0:05 67.201 65.6:1.3

3.5.3. Measurement of penetration time and maximum apparent contact angle

The powder bed was placed on a substrate with an electronic digpfiendorf,
multipette stream, Germang0 mm away fromthe surface of the powder bed, in order
to reduce the effect of kinetic energy on liquid penetration and spreatimgn inFigure
3-4). Theelectronic pipetteould control the speed of piston to generate the drdpiet.

volume of the droplet was set 85 L. The speed of droplet formation was set as 1
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ml/min to reduce the influence of pressure on droplet size. The penetration process was
captured using a high speed camera (Photron, Fastcam, 100 K, USA) using a frame rate
of 1000 fps.Due to the high frame rate, an extra light source was utilizeel.end point

of penetration was marked by the disappearance of the light reflectioreqBying a

high speed camera, the dynamic motion of droplet penetration and spreading was closely
observed and the penetration time was obtained. After the observatimpehetréion
process, powder bed nuclei, which is the wetting dogmed on a bed gfowder were

taken to the Zwick Roell strength tesfor the indentation experiment. For each powder

bed, maximum three penetration processes were captured.

Stand
Pipette /

Compact powder bed —
| | Light
Computer Support source
L /

Figure3-4. Experiment set uduring contact angle measurement.
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The maximum apparent contact angle is defined as the maximum dynamic contact
angle after the droplet has stabilized. It was analysed E3IA82 contact angle software
(First Ten Angstroms, Inc., USABY selecting poirg at the boundary between liquid, air
and solid surfacehe software couléigure out the outline of the droplet aptbvide the

corresponding contact angle.

Powder bed nuclehardness was measured using a series of indamitiperiments.
An indenter with a tip diameter of 2.,m connectedo the Zwick Roell strength tester
wasused to indenthe powder beehucleuswith a speed of iInm/mintill a certain depth
(0.5mm). Aminimumforce of 0.01 N wasequired beforéherecordingof the forcecould
betriggered(Ai et al., 2016. The mntact areaX) between the indenter and thewder
bednucleusbeing testeadtanbe calculated on the basis of Equati®2). By using the

force detected using Zwick Roell, the hardness of material would be obtained.

= Z% . ka8 7| (34)

whereA is the contact area between indenter poderbednucleuswhich is basically
the surface area of a spherical dayis the indentation depthgindenteris thediameterof

Brinell sphere.

Nucleus hardness test results are mainly shown in the ApparatixiB.
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Figure3-5 Indentation experimental set up

After the hardness test of wabwder bed nuclethe compact powder bedas placed
in an environment chambef(Camlab, Memmert, UK for controlled drying at a
temperature of 25 € and relative humidity 40 % for 48 h. Dry powder bed nuclevere
thenretrievedfor the dry powder bed nuclehardness teswhich employed the same

indentation procedure as described above

3.5.5. Scanning Electron Microscope nucleus surface

Thesamplewasfirstly stabilizedonto ametal stutwith carbon tap@nd coatedvith a
thin gold layer by using a sputter coatégar Scientific Ltd UK). Thesample was then
placed in the microscope chamber with a vacuum environmeBcahning Electron
Microscope(SEM, Jeol, USA)s based on the interaction between the scanning electron
and atoms in the sample. The position of the electron beam would be combined with the
signal to generate an imagé&o examine the surface morphology varied by the

formulation, the powder bed compressed by 450 N was used.
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An optical microscope (KeyenceDigital Microscope VHX6000 SeriesUK) was
used to observe the HPC dissolution in the compact powder bed. A lens with a maximum

magnification of 500X was used in this thesis.

The nuclei from the compact powder bed was picked out and placed-digiakigh
accurate balance (UMT 2, Metti&pbledo, UK) for weight measurement and minimum
10 nucleiwas measured for each condition and the average value will be Tused.
diameter ofthe nucleus was measured using a calibre. Its maximum diameter was

recorded (which may not be the surface diameter).

The granulation experiments were carried out using @oting twin screw
granulator (16nm Prism Euro Lab TSG, Thermo Fisher Scientific, Karlsruhe, Germany)

with a length to diameter ratio of 25dhown in

Figure 3-6). The barrel lengtls about 40 cm and the diameter is about 16 mm. As a
lab-scaled equipment, the twin screw granulator could achieve the maximum screw speed
at 1000 rpm and the maximum torque at 12 Rowder is fed bysing a gravimetric,
lossin-weight twin screw feedefK-PH-CL-24-KT20, K-Tron Soder, Niederlenz,
Switzerland) and a maximum powder feed rate is 25 kg/h. Liquid bindgyumaged into

the granulator using a peristaltic pump (101U, Watson Marlawnwall, UK). In most
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cases, lte granule wagproduced with a aarolled temperature of 25C. To study the

effect of temperature, three temperature8mf40, 6@ were varied.

Figure3-6. Twin screw granulator used in experiment.

-\

Liquid pumpl_& = Feeding Hoppet

Liquid inle

Feeding Funnel

Cooling syste crew Barrel

The screw configurations used in the experiment is showigure3-7. To produce
low shear stress, the screw configurations of Set 1 was applied with conveying elements
only. To exert intensive stress and provide sufficient mixing, Set 2 was used with two

kneading zongand the angle between kneading elements was 60
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Figure3-7. Screw configurations for experimgi@PCE: short pitch conveying

element; LPCE: long pitch conveying element; KE: kneading element)

3.6.2. Residence time measurement

Residence time indicates the time required for the material to be granulated in the
granulator. In this thesisthe high speed¢amerantroducedwas placed at the end of the
twin screw granulatoiA light source was used to provide ligh@ mg ofred dye Ebest
Rhodamine B, European OGD Ltd, YKvas added at the powder feeding port.
Simultaneously, the camera startecapturethe flow of granules coming out from the
outlet, until the colowed materiabppearedimageswereanalysed and the time from the
dye was addetill whencolour material was appeared was recorded as the residence time.
in this experiment, a framerate of 1BBS was used.

3.6.3. Granuledrying

To minimize the reagglomeration and caking during drying process, the wet granule

was spread out into a thin layer in a tray when collec@rgnules wer¢hendried in an
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environmental chamberCamlab, Memmert, UKwith a temperature of 25C and

relatively humidity of 40 % for 48 hours.

The granules size was measured using Camsizer (Retsch Technology, Gefimany).
Camsizer utilizes two cameras to capture images of granules in the measuzene.
The basic camera measure the large granule and the zoom camera captures the small
granulesimages fronthese two cameragere combined tprovidegranule size details.
The sample of dried granule was poured into the hopper aetfieningof avibratory
feeder. To evaluate the population of granule in each class ramganagranule siagas

used according to:

(3-5)

wheren; is thenumber/volume percentage of particles ofithesize classgl is the mean

granule size of thgh size class

In addition, based on the data of size distribution, software will automatically provide
the span of distribution, which will be used to evaluate the granule size distribution in this

thesis.
RN O JUR © N
3D All AEEOOOEA—G,Z?—E—H (36)

wheredio, dsp anddeorepresentagr anul e si ze at which 10 %,
size is smaller than this value, respectivélyeaverageaccumulative distribution curves

for each chapteare shown in Appendi® andE.
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Sieving was used to obtain the granule for strength measureGranule with a size
inrangeof1807 10 e m i n gr anul seved atTheehogersize rangen t
has beemenerally considered as the optimum size range for solid oral dosagefty
pharmaceutical solid oral dosage manufactufiignsson and Lindnédlsson, 2004
John and Charles, 200&a n t | e 1 Ai e hl., 2016.ZTBelsieve shakeRgtsch

Technology, Germanywas used for 5 min with a magnitude of 1.5.

The granule strength was determined by the confined compression experiments by
usingZwick Roell Z0.5 with a 500 N loading celA die with diameter and depth of 10
mm and a punch with a diameter of about 9.95 mm was used. Before the test, granules
was weighted. After the granule poured into the digaximum compression force of
450 N and a compression speed of 10 mm/min wseel. The measurement would stop
when thesensor on the loading cell detect the maximum force and the displacement was
recorded for further analysis. Afteach test, the die was cleaned to avoid the effect of
friction on the reproducibility. The force and displacentatawere recorded for strgth

calculation.For each condition, at least 10 times was repeated.

To obtain the granule strength, the natural strain was calculated using the following

equation(Adams et al., 1994

£, [ | -I-Lﬁ (3-7)

where () is the natural strain of materidi, is the initial bed heightii is the punch

displacement. Then the granule strength could be obtained using:
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i TE 11— 1T H T (3-8)

whereP is the applied pressurblis the average agglomerate strengllis a constant
related to the frictionJandUwere determined by nelimear regression fit of the equation
(3-8) toIn P versusiusing Sigmaplot 13.0 (Systat Software In€hegranule strength
could be obtained by fitting the forand displacementrom experimentsnto the

equation above.

The scanning wadoneby X-ray scannefCT 35, SCANCO MEDICAL, Switzerland)
for 240 slides withirD.84mmin thicknesqthe minimum intervatlistance betweesach
scanning slice is 0.35mmranule within a size range ®880- 7 1 0 wasmselected and

positioned between theray source and detector.
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Chapter 4. Singledrop studyon the

compact powder bed

4.1. Introduction

In this chapterthe smallscaledpowder and liquid interactions have been studied to
develop a miniaturized approach detimate the optimal amount of liquid required to

produce granules with desired particle size distribution.

Single drop studyis an simple method to reveal the liquid and powder interaction
behaviour and tbelpthe granulation mechanism for wet granulatwocess, in order to
improve the granule properties, including yields, granule strength and @harles
Williams et al., 2011Emady et al., 201,1Hapgoodet al., 2002 Reis et al., 2004
However most ofthe traditional single drop stigbare based on loose powder petlich
is applicable for high shear mixer and fluidized lokat to theidarge free spacm the
granulator. Although Charle#/illiams et al. studied the single drop behaviouarthe
compacpowder bed, their study was still based on the high shear mixer and consequently
the compression stress applied was incapable to mimic the liquid penetration in the twin

screw granulator.

In twin screw processhe limited free spacerelatively high loadand the use of
kneading elementmakeshigher proportion of stress exerted directly to thaterial

(Dhenge et al., 2012b Therefore,material in the twin screw granulator would be
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exposed on different mechanical stress and would have different effect on granule
properties comparing with high shear mixer. In this cémestress should be considered
as a key factor in the single drop stuatyd the compact powder bed would be the

preference in the single drop study.

In this chapterirstly a serie®f single drop studies weoarried outisingthe compact
powder bedAn attempt was made to relate the compression stress to produce the compact
powder bed to the stress exerting tortiagerial in the twin screw barr@li et al., 2014a
Ai et al., 2019. Therefore liquid behaviournn the powder bedvould berelatedto the
actual situatiorof thetwin screwbarrel In this study HPC was used as the binder and
added in liquid and solid forms, respectively. Tékbect of binder propertiesand
compression stress on nucleus (the wetted powder) formulation and properties were
studied, which provides a better understanding regarding the influencing factors on
granule properties in twin screw granulation process under different binder delivery

methods.
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Ulactose monohydrate and microcrystalline cellulose were used as the experimental
materials Hydroxypropy!l cellulose was used as the binding excipi€né experiment
was carried out by preparing the binding elampinsolid and liquid form (with different
liquid viscosities) in order to study the bindelisppersion mechanism separatefne

preparation of formulations hégenmentioned irSection3.2and3.3.

Single drop study wilbe carried out in this chapt@rhe formulation mentioned was
used to prepare the compact powder bed. To carry out the single drop study, the droplet
behaviour penetration time, maximum contact angle and spreadinstwaiesd using a
high speed camer®fiotron, Fastcam, 100 K, U$Avith a frame rate of 1000 fp$he
preparation of the compact powder bed and the method about liquid and nucleus
characterisation has begrtroduced in detail in Sectid®5. For each condition, at least

10 repeats were done.

Solid binder delivery refers that the HPC was added in solid form by premixing with
the granulation powder before granulation and water is used asatmaagion liquid

(bindey.
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In twin screw granulation, the material will be exposed to a range of stress and
consequently affect the granule properties e.g. porosity. To mimic the stress acting on the
material, powder bed was compresseagsi similar range of stress and the single drop
study based on this compact powder bed was carried ablie4-1 lists the single drop
penetration time on the compact powder bed in diffei@miulations and compression

stressesPenetration time can be regarded as an indicator of {gmicter interactions.

Firstly, & thecompressionncreases, petration time bcomes shortewhen lactose
was usedlt is becauséhat the surface of thgowderbed becomes smoother, resulting in
greaterspreadingof the fluid, allowing thdiquid to penetrate into a larger wet surface.
Penetration time indicates the wettabilitytioé powder bed, a more intensive stress leads
to more powder being wetted. It could be inferred that in twin screw granulation, a higher
mechanical stress (e.g. kneading elements) qoosdtively contribute to thevetting of

material In terms of MCC, unlear effect from compression stress could be observed.

Secondly, slower penetration time for lactose based compact powder bed could be
observed comparing with that of MCC. It is because although MCC is insoluble, its
porous structure allows more water s#iig in the sub microscopjgores, cracks and
crevices between fibrilsf MCC particlegLuukkonen et al., 20Q1In addition, its porous
structure could also provide more routines for liquid to go through. Therefore, a faster

penetration could be seen when MCC is used.
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Table4-1. Liquid penetration time for different formulations under a range of

compression stregsolid binder delivery)

Penetration time (s)

142 kPa

283 kPa 425 kPa 637 kPa

Lactose Water 0.1494.010 0.110#.010 0.0674.013 0.0404.027

0
'-acﬁgec”’“’ Water 0.16040.020 0.117:0.015 0.08840.015 0.0574.013

0
Lacﬁg‘é”’“’ Water 0.1674.005 0.122:0.004 0.09640.016 0.065#.019
MCC Water 0.023#.001 0.022:0.002 0.02140.001 0.0206.001

MCC+2% HPC Water 0.024#.001 0.02440.001 0.02310.000 0.02310.001

MCC+4% HPC Water 0.025#.001 0.025#0.001 0.02310.002 0.02210.001

Apart from that, it could be seen that the addition of HPC particles could delay the

penetation for both lactose and MC@ctose is more sensitive to the addition of HPC
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particles than that of MC@ne possible reason is the particle size of HPC is much larger

than | actose and MCC, which may #dAprol ongc¢

To figure out the reasdmehind, the digdution of HPC particles on aags layer was
carried outHPC particledissolutionwasobserved under microscope camerdmages
before andL min after the addition oliquid (watel) were captured and are presented
Figure 4-1. It is evident from microscopic images that the HPC partiglese not
dissolved properlyThis was most likely caused by the fact tiintse HPC particles weer
too large for dissolutiom a nonagitated environment. It reveals that the dissolution rate
of solid bindercan be highlyinfluenced byits size.It can then be expected théiet
agitationproduced by theotationof the screwsin atwin screw granulatr has a highr
chance of acceleratintpe dissolution of solid binder mixed with lactose and hence

enhancegs bindingcapability.

Further experiment was carried out by using the coloured HPC patrticles and mixing
with lactose and MCC, respectively. Frdrable4-2, the HPC particles was much larger
than that lactose and MCC, which is, to a certain extent, similar to the size comparison in
the real situation. It could be seen that after penetratiokgripe HPC particles could not
dissolve and disperse evenly. This undissolved, large particles would delay the

penetration of the liquid. Moreover, water could still be seen on the HPC particle surface.
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Figure4-1. Dissolution ofHPC particle beforgltop) and 1 min afte(bottom)the

addition of distilled water
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It might because the contact between water and HPC particle may dissolve the particle

surface and increase the liquid vistgsimaking it more difficult to flow.

Table4-2. HPC during liquid penetration on the compact powder bed.

Lactose MCC

3 min after penetration 3 min after penetration

Due to the poor dissolution rate of large HPC particles, the large HPC would not
participate in the liquid bridge enhancement properly. As a result, when water penetrates,
a longer routine would be required if HPC is added, leading to a delagnetratio
(Figure 42). Theoretically, water could only reach a relatively shallower level and the
nucleus is supposed to be smaller. While MCC was applied, due to its special structure,

water could go through the pates which were less affected by the existerof HPC
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particles. Therefore, MCC is less sensitive to the addition of solid HPC particles in terms

of penetration time.
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Figure4-2. Liquid penetration routines

4.3.1.2.Contactangle

Contact angleeflects the relative strength of the liquadr and solid phadgateraction
and it a physical properfgr a constant systerin the study of single drop on the compact
powder bed, He maximum apparent contact anglas used, whichs the maximum
dynamic contact angle after the liquid droplet gets stabilized from dropping. It indicates
the wettability of a liquigbowder system on a porous surface. Similarly, a smaller contact

angle means a better wettability

Figure 4-3 and Figure 4-4 show the effect of HPC proportions dime maximum
apparent contact angle for lactose and MCC, respectiveRigure 4-3 the addition of
HPC couldincrease the contact angle, causing a reduatitime wettability of materials
and an increase in compression stress leads to a reduction in the contact angle and thus

an increase in wettaltyi could be caused. These observation is agree with the result of
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penetration that an addition of HPC and an increase of compression stress could all leads

to a decrease in penetration time.

However,in Figure4-4 addition of HPGand the variation of compression stresxkes
little differenceswhen MCC was usedis was discussed in the last sectidmay be
because MCC iswaterconsuming@ materialand couldhold water into its structure,
making HPC particle have fewer chances to interaawith water. Although a slight
decrease in themean contact angle could be checked, the error bar produced was too large

to provide a clear correlation.
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Figure4-3. Maximum apparent contact angle lactose based compact powder bed

with different proportions of solid HPC binder.
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Figure4-4. Maximum apparent contaahgle on MCC based compact powder bed

with different proportions of solid HPC binder.

Maximum spreading diameter refers to the maximum diameter that a single drop could
achieve during the penetration process on a compact povedeitlrepresents the

maximum wetting area on the powder bed surface.

Figure4-6 shows the maximum spreadiag the compact powder bed made of lactose
and HPC (0, 2 & 4%)The addition of HP@creaseshe liquid spreading. A longer time
that liquid remained on the surface of the powder bed, a larger spreading it could be
achieved(CharlesWilliams et al., 201} Thereforedue to the undissolved HPC delay
the penetition (Table4-1), a larger liquid spreading could be sekris in agreement
with the result of penetration time shown in that a higher amount Gfé¢dRId delay the
liquid penetrationSimilar effect was also occurred on the MCC based compact powder

bed shown irFigure4-7.
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In addition, from bothFigure4-6 andFigure4-5 as the compression stress increases,
liquid spreads in large extentsis probablybecausa higher compression would reduce
the powder bed porosityrable3-4) and consequently smoothen the surfg@akai and
Nakamura, 2006 A large spreading means more wetting area and caesdy liquid
would have more routines for penetration, which sugptire result that a higher

compression stress leads to a faster penetratidalle4-1.
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Figure4-6. Maximum spreading diameter of lactose powder beds (0%, 2%, 4% HPC

in solid form) at varying compression stresses.
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in solid form) at varying compression stresses.

The dry nucleus was taken for the diameter measurement usatigpar. Its diameter
represent the maximum liquid migration in the pomed.Figure4-8 shows the photo
of the typical nuclei using MCC anldctose, respectively. It could be seen using a

constant amount of liquid, the dleus of lactose is much larger than that of MCC.

Figure4-9 shows themaximum diameter ahenuclaus the use of HPC reduced the
diameter otthenucld, which indicates that the HPC delays the liquid distribution in the
powder bedIt agres with thestatement mentioned in the liquid penetration section that

the use of solid HPC particles could delay the penetration.
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Figure4-8. Typical rucle from the compact powder bé¢léft: MCC; right: lactose)
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Figure4-9. Nucleus diameter of lactose powder beds (0%, 2%, 4% HPC in solid

form) at varying compression stresses.
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Figure4-10. Liquid postpenetration migation of lactose powder beds (0%, 2%, 4%

HPC in solid form) at varying compression stresses.

When comparing théry nucleus diameter shown kigure4-9 to the liquid maximum
spreading shown ifrigure 4-6, clear differences could be obtad. To quantify the
di fference, apostpeametati oamedgdai d migrat
represents the difference from the nucleus diameter to the liquid maximum spreading

diameter and shown fRigure4-10.

It shows that the pogtenetration liquid migration occurred mostly on the compact
powder bed without HPC. It might due to the similar reason that the undissolved HPC
particlescould prolong the routine for liquid horizontal distribution and delay the liquid

distribution.
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Figure4-11. Schematic of pogbenetration liquid migration.

The postpenetration liquid migration is highly possible todeatinuedafter the liquid
penetratior(Figure4-11). When liquid finish penetration, the liquid in the initial nucleus
would be continue in distribution due to the capillary pressungch makes the nucleus
producedlarger than its originasize. It indicates that the nucleus size should not be
simplydetermined by the droplet size and need to be considered fardleation regime

map fromHapgood et al. (2003)

Concerning about MCC, the effect of formulation on nucleus diameter could be
obtained and shown figure4-12. Comparing with that of lactose sk in Figure4-9,
no obvious difference could be obtained, indicating that the variation of HPC proportions
represent minor influences on the nucldigmeter, which dues to the special structure
that coul d fFgwetldslwowsithe diffieteeces.between liquid maximum
spreading diameter and nucleus diameter. Minor effect could be seen from the addition

of HPC.

It can be seen from the comparison between lactos&@@ithat thedistributionof
liquid in the lactose powder bad easier. This may be due to the fact thatNi@&C

particlecantrapthe liquid through its own structure, thus limiting the fluidity of the liquid.

85



€ 12
E
= 10
2
(O]

8 _ - -
5 ' . - g
©
5 6
3
S 4
-]
< 2

0

0 100 200 300 400 500 600 700

Compression stress (kPa)

®MCC @ MCC+ 2% HPC® MCC+ 4% HPC

Figure4-12. Nucleus diameter of MCC powder beds (@4, 4% HPC in solid

form) at varying compression stresses.

g 7

— 6

c

ie)

§ 5

2

c 4

c a
g 3 ' S 9 9
o

o 2

c

1)

21

7]

o)

)

0 100 200 300 400 500 600 700

Compression stress (kPa)

®MCC @ MCC+ 2% HPC® MCC+ 4% HPC

Figure4-13. Liquid postpenetration migration of MCC powder beds (0%, 2%, 4%

HPC in solid form) at varying compression stresses.
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Apart from the previous experiments which HPC was premixed in advanced, the HPC
was also prepared as binder solution to investigate the effect of HPC concentration in

granulation liquid on nucleus formation.

Table4-3 lists the penetration time ofater andhe liquid droplet containing different
concentrations of HPC (2 & 4%) on the compact powder bed. Comparing with the use of
solid HPC shown ifTable4-1, the penetration time was largely delayed if HPC solution
was used, indicating a worse liquid distribution and mixings ftirobably because the
HPC solution is more viscous and more difficult in flow and distelbuthe powder bed.

In order to further support the result Tdible4-3, the maximum apparent contact angle

was observed and recorded.

In addition, a similar tendency could be observed that as the compression stress
increases, the penetration process could bela@ted. From the previous study, it might
be caused by an increase in liquid spreading. Therefore, the liquid maximum spreading

experiment was also carried out and shown after.
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Table4-3. Liquid penetation time for different formulations under a range of

Powder

Water

Lactose

25%
HPC
solution

Lactose

5%
HPC
solution

Lactose

MCC Water

25%
HPC
solution

MCC

5%
HPC
solution

MCC

4.3.2.2.Contact angle

142 kPa

0.14940.010

1.94440.011

5.86010.040

0.02310.001

0.24810.009

1.02040.002

compression stresBduid binder delivery)

Penetration time (s)

283 kPa

0.11040.010

1.866#.010

5.76810.067

0.02240.002

0.24240.001

0.970+0.009

425 kPa

0.06740.013

1.7144.008

5.62440.009

0.02140.001

0.23940.010

0.968+0.009

637 kPa

0.04010.027

1.6074.010

5.58010.106

0.02010.001

0.2394.006

0.9564.005

Figure 4-14 and Figure 4-15 shows themaximumapparent contact anglender the
influence ofbinder solution concentratisand compression stressAnincrease irHPC

concentration results ian ircreasein the maximum apparent contaamgle, which
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indicatesa decrease in liquid flowability and distribution capability in the powder bed
Consequetly, a slower penetratioand wettingwould occur if a high viscous liquid is

used Table4-3).
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Figure4-14. Maximum apparent contact angle on lactose based compact powder bed

with liquid containing different concentrations of HPC.

89



(0]
5 80
c
©
i3] 70
8
c
g 60
29 _ T i
L 590 T L 1
T O T T
s + s 1
m 40 T T -
€ - 1 . 4
>
E 30
3
S 20
0 100 200 300 400 500 600 700

Compression stress (kPa)

MCC @ MCC+ 2.5% HPC® MCC+ 5% HPC

Figure4-15. Maximum apparent contact angle on @Gased compact powder bed

with liquid containing different concentrations of HPC.

Furthermore, an increase in compression stress leads to a decrease in contact angle for
both lactose and MCC based powder bed. As was mentioned previously, it may be due to
a decrease in the porosity of the powder bed resulted from a higher comp(eesabdn

al., 201).

Comparing with the use of solid binder delivery method showhiguare 4-3 and
Figure4-4, a clearer differere could be seen if HPC solution was used. It indicates that
the binder concentration in liquid delivery method could significantly affect the liquid
distribution in the powder bed; in contrast, the variation of solid binder content in solid
binder delivey method has less effect3herefore, in the premise that the liquid
dispersion degree wsimilar, there is more operational spaoevarying the amount of

binder if solid binder delivery method is used.

90



4.3.2.3.Maximum spreading diameter

Figure 4-16 and Figure 4-17 shows the variations of maximum spreadagmeter
affected by the compression stress and the concentration of HPC in the liquid solution.
Due to the increase of liquid viscosity, an increase in HPC concentration leads to
decreaseén liqguid maximum spreading diametén. addition, as the compssion stress
increases, th spreading of liquid increases. As was mentioned, it is because a higher
compression could reduce the porosity and smoothen the surface, making the liquid

spreading more easily.
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Figure4-16. Maximum spreading diameter of lactose powder beds (44, 5%

HPC in liquid form) at varying compression stresses.
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Figure4-17. Maximum spreading diameter of MCC powteds (0%, 5%, 5%

HPC in liquid form) at varying compression stresses.

Figure 4-18 shows the variation of nucleus diameter affected by varying the
compression stress and HPC concentration in a solution. It could be seen that the use of
HPC solution significantly reduces tmeicleus diameter, indicating a weaker binder

distribution capability comparing with if water is used.

Comparing with the use of solid binder showrFigure4-9, the use of HPC solution
causes the nucleus diameter to decrease greatly, which indicates that the liquid binder
delivery method has a negative effect on liquid distribution due to the increase of liquid

viscosity.

When comparing the nucleuameter with the liquid maximum spreading, similar

statement could also be obtainedrigure 4-19. It could be seen the pesénetration
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migration isless obvious if HPC solution is used, which shows that the high viscosity in

the liquid binder solution could significantly delay the liquid distribution.
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Figure4-18. Nucleus diameter of lactose powdbeds 0%, 25%, 5% HPC inliquid

form) at varying compression stresses.
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The experiment based on MCC compact powder bed was also carried out then. It could
be seen irFigure4-20 thatthe nuclei produced using water as liquid are the largest in
diameter. It indicates that even though MCC is watersuming and could swallow
liquid inside, the use of HPC solution could still slow down the flowability and dispersion

capability of liquid.

Figure 4-21 shows the liquid migration capability after penetration on MCC based
compact powder bed. Comparing with the use of HPC binder particlenshdvigure
4-13, the use of HPC binder solution significantly delay the liquid migration in the powder
bed, indicating that the use of binder solntis not capable in dispersion within a
compact powder bed. It might because the MCC would trap the liquid into its structure
and the viscous |liquid comparing with w:

achieve a further distribution.
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Figure4-20. Nucleus diameter of MCC powder be@84, 25%, 5% HPC inliquid

form) at varying compression stresses.
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Till now, the single drop study on compact powder bed using HPC in different forms
were studied systematically. As was mentioned, tleeaiscompact powder bed is to
mimic the liquidpowder interaction under stresses in twin screw granulation processes.
From the experiments, it could be seen that the reproducibility was quite good and clear
tendencies and differences could be obtaineddmtveach group of experiment. In terms
of the study about penetration time, contact angle, liquid spreading, etc., the experiment
was based on a high speed camera which allowed to capture the droplet motion and
behaviour clearly and accurately. Owing te thigh frame rate the camera could reach,
the reproducibility of the study could lggaranteed. In terms of the nucleus dimension
study, the maintaining of high reproducibility was mainly resulted from the property of
compact powder bed. Specifically, tbempressed powder bed has a more homogeneous
structure comparing with loose powder bed which is significantly related to how the
powder bed prepared. The homogeneous structure made sure that the nucleus produced
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are similar in dimensions, which consequgméduce the operating error and guarantee

the reproducibility.

In this chapter, the single drop study was carried out based on the compact powder bed
in order to reveal the liquid movement fdPC in both forms (liquid and solid) and

materialg(lactose and MCC).

A higher compression stress could produce the powder bed with smother surface,
which is easier for liquid spreading. Therefore, a higher compression stress leads to a
larger spreading and smaller contact angle. As a result, a shorégrapien time could
be obtained when high compression stress was applied. In addition, the use of HPC was
found to delay the liquid penetration and distribution when lactose was used. For MCC,

unclear effect could be obtained.

By comparing with liquid maxnum spreading diameter and the actual dry nucleus
diameter, clear difference could be seen for all cases, which infers that the liquid would
keep migration even after its penetratitinndicates that the size of the nucleus should
not be simply determirtkby the droplet size and its surface spreadimgddition, the
use of HPC was found to delay this migration when lactose was used, while the effect of

HPC on liquid horizontal migration on MCC based powder bed was unclear.
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Chapter 5. A novel approach to predict
the optimal liquid/solid ratio for twin

screw granulation.

5.1. Introduction

Water amount is of vital importance for wet granulation pracBlse water amount
used in a twin screw granulation processasmally evaluated byhe L/S ratio which
refers to themass ratio of liquid and powdéEl Hagrasy et al., 2013a, Lee et al., 2013,
Dhenge et al., 2012cA high L/S ratio tends to produce more liquid bridges, which
enhances the granule strength and narrows the granule size distribution. However, if the
liquid is too much, it may cause the production of lumps. In addition, the liquid would

behave like lubricant and reduce the strength of bonds between wet particles.

In pharmaceutical industryhetrial and error is still one of the most commonly used
method to seek out the optimal L/Stio for twin screw granulation and during this
process, high amount of expensive powders and efforts would be (Bateakso et al.,
2013) If an approach could be developed to predict the optimal condition rather than try
out it through trial and error methasignificantwastage of expensive powders from trial

and error based product and process optimisation techraqukkbe saved.

In this chapter, the single drop studied will be usetktelop a miniaturized approach

to estimate the optimal amount of liquid requitedproduce granules’he mass ratio
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between liquid and the powder it wets, was found to be quite close to the optimal L/S
ratio used in the literaturé series granulation experiments were then carriechartler

to examine the accuracy of this approalththe granulation experiment, conveying
elements were used onlfset 1 screw configuration, Section 3.6.1.), pi@vide a

relatively milder granulation environmeahdmaintain the properties of nucleus

The dry nucleus from the previous experiment was weighted using a high accurate
scale andurtherdetaik can be obtaineoh Section3.5.7. A powder bed based L/S ratio

was defined as the mass ratio between the droplet and dry nucleus.

The electronic pipett@etails shown in Sectidh5.3 was used to produce the droplet
with a constant volume of 0.18.. To measure the weight tifedroplet,onelight (about
0.05¢g) and plasticontainerwas placed on a high agete scaled10 dropets with
constant volumevas droppedto this container and th@assshown on the scale was
recorded. Then the single drop mass could be obtained by dividing the total mass to the
numbers of drops (10k times repeats were dofg0 dr@s in total)and the result is

shown inTable5-1.
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Table5-1. Droplet mass for a constant volume of 15 L

Liquid Water 2.5%HPC solution 5%HPC solution
Density 41000.0 81006.4 81010.7
(kg/m®)
Mass (mg) 16.844.03 16.9G:0.01 17.0%0.07
Diameter (mm) 1.59 1.59 1.59

5.2.3. L/S ratio on nucleus formation in the comppaotvder bed
The L/S ratio based on the compact powder bed refers to the mass ratio of single drop
and dry nucleus. It has different meaning to the typical L/S ratio in twin screw granulation

process.

5.2.4. Preparation of granules

Granules were produced usingnart screw granulator mentioned in Sectf.1 To
obtain the optimal liquid to solid (L/S) ratio, a series of L/S ratios were Usdde’-2).
Powder feed rate and screw speed were maintained constant at 1 kg/h and 200 rpm,
respectively. Temperature was controlled at 25 and Set 1 screw configuration was

applied where conveying elements were usdgl.

Table5-2. L/S ratio used for granulation experiments.

Formulation L/S ratio

Lactose (O,

2, 4% HPC) 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18

MCC (0, 2,
4% HPC) 05 06 07 08 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6

99



The granules size was measured using Camsizer (Retsch Technology, Gefimany).
find out the optimal L/S ratio for granulatiotmhe amount of granule with a sizerange
of180710 em i n gr anul auntedbbaserktor theeresidlha &/8 matiow a s
that leads to the production of the most granules (in the chosen range) was regarded as
the optimal L/S ratio.The chosen size randeas beerngenerally considereas the
optimum size range for solid oral dosagenie for pharmaceutical solid oral dosage
manufacturingHansson and Lindnédlsson, 2004John and Charles, 200@a n t | et

2012 Ai et al., 2016 Mangwandj 2009.

Solid binder delivery refers that the HPC particle was premixed with panakerials

before granulation and water is used as the granulation liquid.

Figure5-1 illustratesthe massof dry nudeusfrom various compact beds of lactose
containing different proporti@of HPC.As can be seen in thégure5-1, the chang@n
compressivatress ér makingcompact powder beds had little influence on nuclei weight.
In other words, this figure suggested tfat the same amountf water, the mass of

powder (compressed to different levels) that can be wetted was almost the same

Concerning about theffect of HPC additionpowder bed made of pure lactose
producel the heaviest nucleirhe increasen HPC ledto a reductionn the weight of

nuclei. This result agrees with the variation of dry nucleus diameter which has been
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discussed in the previous ger that the use of HPC make the liquid less distribute and
produces the nucleus with smaller diameter. It might because the HPC particles are

relatively larger than lactose and MCC, which may delay the liquid distribution.
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Figure5-1 Lactose nucleus weight (0%, 2%, 4% HPC solid binder) from compact

bed

Figure5-2 shavsthe mass of MCC nuclei obtained from powder beds compressed by
different stress and mixed with different concentrations of HPC. It can be sednethat
relationship between the weightrmucleus and the proportion of HPC was unclear. This
was probablybecauseMCC could keepwater into its structure and consequently less
affected by the HPC particle in the powder bEdr this reason, the difference among

three samples is quite limited.
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Figure5-2. MCC nucleus weight (0%, 2%, 4% HRGlid binde)J from compact bed.

As the use of powder bed is to mimic the ligpigwvder interaction during granulation.
Thereforethe mass ratio of droplet and the dry nucleus was obtamgdhown ifrigure
5-3 and Figure 5-4. It could be found irrable 2-1 (literature review sectiorthat this
value is quite close to the value that is used in granulation of lactose presented in literature
(Vercruysse et al., 2012&umar et al., 2014Keleb et al., 2002Keleb et al., 2004
Vercruysse et al., 201bute et al., 2015 If it is feasible to estimate the optimal L/S ratio
by measuring some parameters of powder bed nuclei in the compact powder bed, it could
significantly save the cost of establishing granulation conditions for industrial
manufacturing by reducing the tinef trials and errorsin terms of MCC, limited

literatures were obtained.
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To examine the feasibility of using the mass ratio of liquid droplet to the mass of dry

nucleus, twin screw granulation were carried out.
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5.3.1.3.Twinscrew granulatioroptimal L/S ratiaising HPC in solid forms

Table5-3. OptimalL/S ratio for granulationn literature

Journal Material L/S

ratio

(Keleb et al., 2002 ULactose monohydéite 0.08L
(Li etal., 2014bH U-Lactose monohydrate  0.08

(Kumar et al., 2019 ULactose monohydrate  0.0962
PVP (premixed)

(Vercruysse @ al., ULactose monohydrate  0.099
20123 PVP
(Keleb et al., 2004 ULactose monohydrate, 0.093
hydrochlorothiazide
(premixed)
(Lee et al., 2013 MCC ~0.9
(Tu et al.,, 2013 MCC ~0.95

Choosingthe optimal liquid flow rateor L/S is alwaysregardedone of the most
important issues faa granulation processn order to improve the yield and the granule
strength.The determination of an optimal%. ratio is complicated. On one hand, the
optimal L/S ratio is not a fixed valuéor different granulation systems and has to be
determined specificallfor different granulators, materials and requirememtshis case,
trial and error method has to be used, which may lead to a waste of material and labour.
On the other handfor a certain material, the optim&l/S ratio does notchange
dramatically.As is shavn in Table5-3, dthough different methods used different screw

speed, feed rate, etall L/S ratios for " -lactoseand MCCare closebetween different
papers
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Generally, the optimal L/S ratio for lactose is about 0.08; when binder was used, the
value increased to about 0.1. Although different equipment may applied in different
literature, the value was found to be quite close to the optimal L/S rasimet from the
compact powder bad Figure5-3 andFigure5-4. Whilst, the optimal L/S ratio for MCC

is around 1.0 and no result could be obtained when binder was used in the literature.

In the literature, there is no sufficient works covering the optimal L/S ratio in twin
screw granulation procesTherefore, @eries of granulation experiments were carried
out usingatwin screw granulator turtherexamine the feasibilitgf using small scaled
compact powder bed to predict the optimal L/S ratiotfion screwgranulation. A size
range between 1807 10 e m was set as t h ¢elanssarr apck t
LindnerOlsson, 2004John and Charles, 2002a nt | e, i etal., 2016. 2s6rigs2
of L/S ratios were applied to find out théS ratio whichcould be used to produtiee

most of the granules in the target range.

Figure5-5 shows thgjield of granule of lactose with-@% HPC as solid binder in the
chosen targetange avarious L/S ratios. The powder feed rate and screw speed were kept
constant at 1 kg/h and 200 rpm, respectively. Siteeyield of granules in the required
size range reached the highest value when L/S ratidd@fwas usedit was deemed as
the optimdL/S ratio for the current granulation procestich was also close to the value
in the literature Keleb et al., 2002Li et al., 2014hk. At this L/S ratio,the twin screw
granulator produces the highest proportion of granule within the size rabg@ @1 m
If more liquid was added, the yield will drop, as an increasing amount of lumps would be
produced Furthermore, when 2% and 4% HPC was added, themabt/S ratioboth

changed t®.09 and.1Q respectively, which was higher than the case with lactose only.
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The value is quite close to the L/S ratio on the powder(Beplire 5-3) and literature
(Kumar et al., 2014Vercruysse et al., 201pavhich further proveghat it was possib
to use L/Satio from powder bed nucleatigmocess to estimate the optimal L/S ratio for

granulation.
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Figure5-5. The yield of lactose granule at each L/S ratio when solid HPC was used.
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Figure5-6. The yield of MCC granule at each L/S ratio when solid HPC was used.

Figure5-6is the yield of MCC granule within target size range for different L/S ratios.
It could be seen that when MCC was used only, an optimal L/S ratio of aBaauld
be obtained. With the addition of HPC (2% and 4%),dptemal L/S ratiowere kept at
0.8. which is also close to the L/S ratio value on the powder bed shdvigume5-4. It
indicakes that the optimal L/S ratio for MCC (0, 2, 4% HPC) granulation is also

predictable by using the L/S ratio for comppotvder bed nucleatigorocess.

In general, when HPC was added in solid form, using the L/S fatimucleus
formation from the compact powder bed is capable to predict the optimal L/S ratio in twin

screw granulation process.

In this section, HPC was dissolved in water as solution. HPC solutions with different

liquid viscositywere used for the following experiments.
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Figure5-7 shows the lactosery nucleus weight when HPC solution was used. With
the use of HE solution, obvous decreases in nucleus weigbtild beseen It indicates
that comparing with water, HPC solution due to its higher viscosity is more difficult to
be distributed in the powder bed and consequently wet less powder. Similar variations are

also exist when MCC was applied and showirigure5-8.

Comparing with the use of HPC in solid formAigure5-1 andFigure5-2, the use of
HPC solution produces lighter nucleus, indicating thatuse of HPC solution is less

capable in liquid distribution and mixing with powder.
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Figure5-7. Lactose nucleus weighwéter,2.5%, 5% HPC solution) from compact

bed.
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5.3.2.2.Compact powder bedl/S raticfor nucleus formation

Figure5-9 andFigure5-10 are the mass ratio on the compact powder bed when HPC
solution was usd as the liquid bindelt could be seen that the use of HPC could increase
the L/S ratio value clearly. It is because the use of kPlabth formscould delay the
liquid from spreading and penetration, leading to a reduction in nucleus weight and
conseqgently have a smaller L/S ratio valde.order to examine if the mass ratio could
be sued to predict the optimal L/S ratio for twin screw granulation, a series granulation

was carried out with a use of HPC solution for different L/S ratios.
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5.3.2.3.Twin screw granulatiomptimal L/S ratiaising HPC in liquid forms

It could be seen ifrigure5-11, when water was used, an optimal L/S ratio of about
0.07 could be obtainedVith the use of HPC solution &6 and5%), the optimal L/S
ratio becomes about @And 0.2, respectivelylf the L/S ratio smaller than the optimal
L/S ratio, more proportions of fines could be produced; it the L/S ratio is larger, more
proportions of lumps could be produced. In general, either condition would cause a drop
of yield. Comparing with the valieeshown inFigure5-9, it could be seen the vakiare
quite close. Similarly, irfFigure5-12, when water was used, the optimal L/S ratio was
about 08. With the addition of HPC solutiarf2.5% and 5% the optimal L/S ratiogl.1
and 1.3 could be obtaineédndwere also quitecloseto the (powder bed)mass ratie

shown inFigure5-10.
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To examine a new approach, it is impossibletrio out every material existed.
Therefore,10 formulation wereepresented anglsed in twin screw granulation process
to examine the accuracy and feasibility of a new approach by using a small scaled powder
bed to predict the optimal L/S ratidmong thesdormulations, soluble (lactose) and
insoluble (MCC) materials were used and HPC was added in different forms (HPC solid
particles and HPC solutions), which covers all possibiepositiorformsin the industry
The approach was found to bdequatdor all these formulationand the feasibility of
this approach was examindcheoretically, the approach (by using a small scaled powder
bed in predicting the optimal L/S ratio in twin screw granulation process) should be

applicableto other materials

A novel approach to predict the optimal L/S ratio for twin screw granulation based on

the compact powder bed was develogaatrently, trial and error experimentation is still
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the main approach for the existing formulation and process developmentwisisgrew
granulation, resulting in waste of resources. The present research is focused on
developingnew approaches or methods which will only use small amount of powders
(miniaturise) to estimate the process performance in order to minimize the hastee

materials and time.
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Chapter 6. Evaluation of micronized
lactose as a solid binder for twin screw

granulation process

6.1. Introduction

From the single drop study, it is known that comparing with the liquid binder delivery
method, the use of HPC in sofm leads to a much faster penetration time, which infers
thata better liquidpowder mixingcould be realized if solid binder delivery method is
used. Howeveiit has been noticed that the use of solid HPC in the powder bed weakens
the liquid distribution cagbilities and produced smaller nucleus in the compact powder
bed. It might because that the HPC particles are much larger than that of lactose and MCC,

which may stop or delay the liquid penetration.

In granulation process, the oversized binder partictadd also affect the liquid
powder mixing. Moreover, these oversized binder particles are less possible to be
propely dissolvedo enhance the strength of liquid bridges. As a result, more solid binder
may need to compensate the loss of binding capabiliterefore,assessments for the
effect of smaller binder particles was carried out in both high shear mixer or fluidised bed
(AlvarezLorenzo et al., 20Q0/an der Watt, 198MNystran and Glazer, 1989\ystrém
et al., 198, Schaefer and Mathiesen, 1996 et al., 2011 Kato et al., 2006 It was found

that the use of smaller sized binder particle could promote the growth of granule and have
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positive effects on the strength of the granules due to its outstanding specific surface area.

In terms of twin screw granulation, none of the previous adbeencovered.

In this paper, micronized lactose would be introduced as a new type of highly effective
binding excipient. In the meantime, HPC in solid form was applied as comparators.
Binding capability of micronized lactose was first examined andpeoed on compact
powder bed. Then, twin screw granulator was used to examine its binding capability in
the wet granulation process. It was found that micronized lactose has an excellent binding

and dispersion capability comparing with HPC in liquid andigaihases.

In the & p e r i niatose mdhohydratemicrocrystalline cellulose HPC and
micronfine lactose (Lactochem, DMNonterra Excipient GmbH and Co., Goch,
Ger many, 8 eamd thevioemulationuis shalvn ihable 6-1. Powder with
specific class range was sieved bsieve shaker (Retsch Technology, Germamh a
magnitude of 1.5 for 5 min and the powder formulation mixing and liquid binder

preparation Ave been mentioned Bection3.2and3.3.
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Table6-1. Experiment materials.

Type Powder (mixture) Liquid binder
1 Lactose Water
o i .
> Lactose +4% micronized Water
lactose
o i .
3 Lactose + 10% micronized Water
lactose
o i .
4 Lactose +15% micronized Water
lactose
5 Lactose + 4% HPC Water
6 MCC Water
- .
7 MCC +4% micronized Water
lactose
I .
8 MCC + 10% micronized Water
lactose
A .
9 MCC +15% micronized Water
lactose
10 MCC + 4% HPC Water

6.2.2. Twin screw granulatioireparation of granules
The twin screw granulator used has been introduced in S&6aoh Liquid/solid

ratios of 0.08and 0.8wvere kepfor lactose and MC{respectively.

Two sets of screw configurations mentioned in Se@iérilwere applied. Conveying
elements were applied for all materiats provide to reduce the stress actmy the
materialand to outline the effect of these materials on granule growth. To further examine
the feasibility of micronized lactose, Set 2 configurations, which consists of conveying

and kneading elements were used.
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Granule properties measurements has been introdu@stion3.6.4and3.6.5 For

granule bulk strength measuremengpacific granule sizef 180-710um was selected.

Penetration time was examined when micronized lactose was stidigeriments
were carried out on theompact powder bed which has been mention&eestion3.5.3
To record the liquid penetration process, the framerate of high speed vesneset as

1000 fps.

The compacted powder bedmpressed using 450 \Wasused andhen placed on a
metal stub and coated with a gold laf@r16 secondsThe area where the liqumbwder
occurred (nucleus area) was scanned and imageddograing electron microscope
(SEM, Jeol, USA) with magnificatiaof 200 Xand 600 X As a comparison, the SEM

image of the power bed itself was also captured as comparators.

Appendix B discussed the nucleus hardness by using HPC in different size on the
compact powder bed. It was found that the use of smaller size HPC could achieve a better
binding capability than that of normal HPC. It indiesxthat redung the particle size

could be one of the approadthat enhances the usage efficiency of solid binder.

The micronized lactose hasmallparticle sizewhere90% of particles ardess than

10 micron. It is mainly used to premix with APl in order to prevent segregddion et
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al., 2009. In order to comprehensively investigate the effect of the micronized lactose as

a solid bind, a seried single drop study was carried out at first.

Table6-2 illustrated the variation gbenetration timevhile changing formulation of
powder in different compression stressesolld be seen ifiable6-2, an increase in the
proportions of fine lactose could increase pleeetration time for all compression stress
It is probably because the fines woutlissolve into liquid instantly and increase its
viscosity. More importantly, the micronized lactose could fill the gap between large
particles and thus smoothen the surface which makes the liquid spread to a larger extent

andaccelerate the penetration.

As a comparison, although the addition of micronized lactose or HPC particles in the
powder formulation would increase tpenetration timesuch increasis much lower
than when HPC solution wased. As alower penetratiomdicated poorer wettability
of powder bed, the addition of HPC in water would delay the liquid penetration and binder
dispersion in the powder bed, whilst the formulation variation in powder material affects
the contact angle quitelittle. Consequentlythe addition of micronized lactose or HPC
particles would not delathe liquid penetration and binder dispersion as much as that
when HPC solution was applig@urthermoreTable6-2 also illustrates that the increase
of the compression stress caused a decregsmnefration timgwhichis probably due to
an increase in liquid spreading on the compact powder bed which has been discussed in

Chapter 4
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Table6-2. Liquid penetration time under different formulations and compression stress

on the compact powder béolue: repeat results from the previous chapter)

Formulation

142 kPa

Penetration time (s)

283 kPa

425 kPa

637 kPa

Lactose Water 0.14940.010 0.11040.010 0.0674.013 0.04040.027
L;Z?ff* Water  0.1664.005 0.115:0.013 0.0794.001 0.0444.014
Lactose+ \yoier  0.18240.004 0.13640.004 0.10240.006 0.05940.016
10%ML
Lactose+ \\orer  0.22640.092 0.19049.007 0.16849.019 0.09640.015
15%ML
Lactose+
Aot bme  Water  0.167#€.005 0.122:0.004 0.096%.016 0.065%.019
MCC  Water 0.023#©.001 0.0224©.002 0.0214©.001 0.02040.001
MCC+

Water  0.02440.001 0.02240.002 0.02240.002 0.02140.007
5% ML
MCC+

Water  0.02540.002 0.02340.002 0.02340.002 0.02140.001
10% ML
MCC+

Water  0.02640.001 0.0254#.003 0.023#.001 0.02240.000
15% ML
'(\,ﬂocl_f;é Water  0.025#.001 0.025#.001 0.023#.002 0.02240.001

6.3.2. Powder bed surfaceorphology
As mentioned, the use of binding excipient could enhance the strength of granulation

process. Similarly, it could also vary the bonds and structure of the area where had been
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wetted (nuclas area). Therefore, SEM images of the compact powder bed and nuclei
with different formulations were listlin Figure6-1. In terms of the compact moler bed

itself, as the percentage of micronized lactose increased, the fine particles would fill the
gap between large particles and thus reduced the surface porosity. When the water
penetrated into the bed, due to the significant specific surfaceladmds around large
particles would dissolve instantly into water and the wisdmuid could form strong

bridge between particles. Upon addition of monee$, the liquid bridges between
particles would be more and more viscous, leading to an incgeasirancement in solid

bonds strength.

Meanwhile, the addition of HPC in solid form, compared with pure lactose, made little
difference in its surface structure. It was because the HPC patrticles could not dissolve
properly and thus did not contribute as much as micronized latitbdaring granulation
process. When HPC solution was used, some of the particles were bonded, indicating a
relatively effective enhancement in terms of nuclei hardness comparing to the addition of
HPC particles. However, the addition of HPC solution could only proilmaed bonds

between particles when comparing with #uklition of micronized lactose.

In general, micronized lactose was found to be more capable imfpstrong bonding
between particlethan the use of HPC in both fornTeoretically strongesgglanerates
could be produced when micronized lactose was used. To examine the behaviour of
micronized lactose in twin screw granulation, different propostodmmicronized lactose
(5, 10 & 15%) was premixed with lactose and MCC, respectively. To quantify the
improvement, lactose and MCC were also used individually without the addition of solid

binder.
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Figure6-1. Lactose compact powder bed surface morphology under different

formulations.
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Similarly, the SEM images were also captured on the MCC based powdanted
shown inFigure6-2. The effect of micronized lactose on MCC compact powder bed is
less obvious than that of lactose. It is probably because the dissolved micronized lactose
were swallowed into th®ICC particles due ttheirspecial structurdNeverthelessas the
proportion of micronized lactose incredsthe gaps between MCC particles were filled
by the small lactose particles amckduction in porosity could be observé€hnsequently,

the stregth of the agglomerates would be increased.

In terms of the powder bed mixed with HP@rticles some oversized particles could
be observed. Based on its size amatphology it was more like to be the HPC particle.
After water penetration, the surfacesddaid nuclei were observelh terms of the use of
HPC solution, no clear difference could be seen comparing with the use of micronized

lactose.

From the SEM images, the use of micronized lactose could fill the gap between
particles, leading to a reduction in voids on the surface. To further examine the binding
capability, there is a need to further evaluate the strength of the structure. Thehefore

nucleus hardness was then carried out through the indentation experiment.
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Figure6-2. MCC compact powder bed surface morphology under different

formulations.
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To evaluate the feasibility of a solid binder, HPC wWestly used as an example to
examine whether the use of micronizadtose had similar effect or n@@oncerning the
consistency of the result, HPC here used was with a concentration of 4% and the
comparison between micronized lactose and HPC were qualitively. To quantify the effect
of micronized lactose on granule sizistdbution, span of distribution was used and
comparisons between the experiments running with and without micronized lactose were

made.

At first conveying elements were used only and this screw configuration was mainly
used to study the effect of bind®r granule growth but not the typical configuration used
in the real industryWhen conveying elements are used, granules are freely growing and
the curves of size distribution could reveal how much the use of binder could promote the

growth of granules.

Figure 6-3 displayed the lactose granule size distribution when conveying elements
applied.It could be seen that all curves represeraiexbimodal. It is well-known that
conveying elements are more capable in conveying materials but are weak in liquid
powder mixing and agglomerate breakages (Djuric and Kleinebudde, 2008, Lee et al.,
2013; Van Melkebeke et al., 200&onsequentlybimodal curves would é obtained,
indicating that large fractions of fines and large granules (lumps) were proahudéede
produce of bimodal curves were mainly resulted from poor liquid distribution while

conveying elements were used (Dhenge et al., 2012a).

In this experimentHPC was used as a comiganto qualitatively clarify the effect of

a solid binder in granulation process. It could be seen that the use of HPC could promote
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the growth of granukeby producing a higher proportion of large granweth a larger

mean sie compaed with if blue line (no binder). Similarly, the addition of micronized
lactose shows similar effect that the addition could promote the granule growth and higher
proportions of large granulesith larger granule mean sizsuld be produced. This
indicates that micronized lactose had a similar effect on lactose powder as HPC (a typical
binder) anctould effectively promote the growth of granules. Although ffeigure6-3

an increase in micronized lactose was believed to increase the proportion of large granules,
the difference on granule size distribution curwess less clear. It mighbe because

lactose (powder material) could also dissolve emtance the bonding between particles

which may potentially mask the effect from the solid binders.
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Figure6-3. Granule size distribution of lactose with different proportions of

micronized lactose and lactose wathlid HPC (conveying elements)

The effects of micronized lactose on MCC granule size distribution and granule mean
size were shown ifigure6-4. Compaedwith Figure6-3, more fractions of fines were
produced using all formulations. It is because that MCC is insoluble and consequently the

liquid would be less viscous and the bonds between particles are wasleeresult, the
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weak bonds may be insufficient to let the particles agglomerate and high fraction of fines

could be produced.

Concerning the binding capability of solid binder particles, similar to that of lactose
the addition of solid binder (microniddactose or HPC) could promote the growth of
granule and more large granules were produbtmieover, an increase in micronized
lactose could clearly increase the proportion of large grarGtessequently, an increase
in granule mean size could be ob&rt indicates that micronized lactose had a similar
effect as HPC and could be used as a solid binder for MCC granulation pfioas.
tendency could also be obtained from the variation of granule mean size. It could be seen
that the use of HPC calipbromote the growth of granules and similar effects could also

be obtained from the addition of micronized lactose.

Therefore, while conveying elements were used only, although the addition of
micronized lactose could promote the growth of granule,thsitstill less effective than
that of using HPC. However, the evaluation of a solid binder (in terms of granule size
destibution) is not based on whether it could produce more-sizd granules but more
about whether it could narrow the distributiondrder to enhance the production of

granule in a certain size range.
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In reality, it is quite rare to use conveying elements only for granulation. The results
from conveying elements were mainly used to preliminarily examine whether the use of
micronized lactose could promote the granule growthobr To make the research more

applicable to the industry, an industry standard screw configuration (Set 2 configuration,
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shown in Chapter 3) with kneading elements was then applied to further examine the

feasibility of micronized lactose as a solid birglexcipient.

Figure 6-5 presentsthe granule size distributioand mean sizevhen an industry
standard screw configuration was applied by addingading elements to the screw
elements. In general, compdmwith the use of conveying elements orfiygure6-3), the
distribution curves are narrowand the mean sizes are smallemarrower granule size
distribution curves indicates a more even lign@vder mixing and thus a better liquid
distribution. It is becaus&neading elementsould provide higher compaction and
shearing (Dhenge et al., 2012b A higher compaction would breakore lumps
promoting the reagglomeration and liquid dispersi@dhenge et al., 2012bDue tothe
breakage of lumps and a more even ligoadvder mixing, the corresponding mean size

reduced.

When lactose was useBigure6-3), no clear differences could be obserimn the
size distribution As was mentioned, apart from the dissolution of solid binder particles,
the dissolution of lactose could further increttse liquid viscosity and thus reduce the
liquid flowability and distribution abilitycausing the effect of binder on size distribution
become uncleafAi et al., 2016) Nevertheless, a sliglitecrease in granule mean size
could be seerilo quantify the dference, the span of distribution was showrrigure
6-6. The span of distribution quangsthe width of distribution curves; a higher value of
span means a wider distribution and poorer liquid distribuflanet al. (2013) stated that
in most cases the span of distribution is in a range of 1.5 to 4.abaud 10%(11.1%)
difference in span of distribution was deem as an effective variation wbidt affect

the granular product propertiégomFigure6-6, all distribution curves had spans within
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the range above. In additicadding 5% to 10%f micronized lactose was found to reduce
the span of distribution, indicating that the use of micronized lactose could narrower the
granule size distribution and promote the ligpmivder mixing. However, 15% of
micronized lactose was found to negativelifect the granule size distribution by
increasing the spant is probably because too much of micronized lactose would
significantly increase the liquid viscosity and thus delay the liquid distribution, causing

uneven mixing and wide size distribution.
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Figure6-5. Granule size distribution of lactose with different proportions of

micronized lactose and lactose wsihlid HPC (kneading elements)
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Figure6-7. Average mprovement (%) of span distribution

To quantify the variation fospan of distribution, the span of distribution using
micronized lactose and HPC were compared with that when no solid binder was used. It

was found that the addition of micronized lactose (5% and 10%) could ribedusean of
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distribution(about9.0% & 9.4%), while too much of micronized lactogE5%)or the use

of HPC would increase the span of distributiori0.8% and 2.6%, respectiveiymight

be due to that 15% of micronized lactose or HPC could signifigantrease the liquid
viscosity and thus delay the liquid penetration based on Washburn equation (Equation 2
7). As only if the variation is about or larger than 10% would effectively affect the
granular product properties, it could be concluded that the use of 5% to 10% of

micronized lactose could be deem as effective improvement (Tu et al., 2013).

When the micronied lactose was added to MCEigure 6-8 shows that MCC

produced a high proportion of finasad smaller mean size comedwith that of lactose

As was mentioned, it was because MCC is insoluble and the weak bonds between
particles were incapable to resist the intensive agitation when kneading elements were
applied. The effect of binder on MCC granule size distributions were more obvious than
that of lacose, which was because MCC is insoluble and the difference in binders would
not be masked by the dissolution of MCC particles. It could be seeth¢hase of HPC

or micronized lactose could all reduce the production of fines and promote the growth of

granule.

As was mentioned, the span of distribution is an important indicator to evaluate the
size distribution when kneading elements were used (Tompson & Sun, 2O tiantify
the difference, the spanf distribution wereextractedin general, the spaof distribution
from Figure 69 is in a range between 1:54.5, which indicates that the spans of
distribution are in the allowed range (Tu et al., 20¥8)en HPC was added, a reduction
in the span of distribution could be seen indicating that the uselidf binder could

narrow the size distribution and enhance the liquid distribution. Similar effects could also
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be seen when micronized lactose was used, showing that micronized lactose had similar
effect on granule size distribution as the sample bi(dleC) and the micronized lactose

could be used as a solid binder for MCC granulation process. To further evaluate the
improvement of using micronized lactoségure6-10 quantifiedof span of distribution.

It could be seen that the use of micronized lactose and HPC could all reduce the spans of
distribution. In general, an increase in micronized lactose leads to a decrease in span of
distribution (fromabout 26.6% to about 54.5%), indicating that the use of micronized

lactose could promote the liquid distributifru et al., 2013)
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In this section, two types of screw configurations were used. At first, conveying
elements were used only (Set 1ptalitativdy study the effect of micronized lactose on
granule growth. It was found that micronized lactose could promote the grogvdmole
for both lactose and MCC. MCC shows a clearer difference as it is insolliddwould

not mask theole of binder (micronized lactose and HPC) on granule growth.

Then, an industrial standard screw configuration was used with 32 kneading elements
(Set 2) The use of kneading elements could generate much more aggressive agitation in
the granulator and would break the large granules, leading to a much more even liquid
distribution. Therefore, span of distribution was extracted to quantify theeatttferof
distribution. It was noted thamaller amount of micronized lactose (5% & 10%) could
effectively reduce the spans of distribution, leading to narrower size distrib\@iomnkar

effect could also be seen when MCC was used as the granulatioramater

Therefore, it could be generalized that the use of micronized lactose was bble to

used as a solid binder to promote the growth of granaiel enhance the liquid
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distribution.However, the effect of a binding excipiesttould also affect the strgth of
granules Therefore, granule morphology and bulk strengtite investigated irthe

following chapter.

Figure6-11. CT morphology of lactose with different proportionsyatronized
lactose and lactose with different phases of HPC (kneading elements)

To reveal the effect of micronized lactose on the granule structure. The granule inner

structue was observed by using arr&y scanneif-igure6-11andFigure 614 illustrated

the xray scanning images of lactose and MCC granules, respectivauld beseen on
both materialghat the increase ahicronized lactose could reduce theesof voids in
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the granulesCompare with the use of HPC, the grasyleoduced using micronized

lactose are less porous, indicating a more stable structlieerefore, it could be

NICCES% ML~ MGE#:10% ML

s ¥
N3 ’

Figure6-12. CT morphology of MCC with different proportions of micronizet
lactose and MCC with differephases of HPC (kneading elements)

concluded that the use of micronized lactose could effectively redugeothsity of

granules, makingthe granudr structure more even and stable.

Granule porosity is an important indicator which could indirectly reflect the strength
of granule which is an important parameter to evaluate the quality of gsaNolenally,
a less porous granule tends to be stronger. However, the strength of gcanidealso
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be affected by the amount of bonds between particles. Although-thg xnages
illustrates the effect of micronized lactose on granule porosity, there is no strdeigce
to prove that the addition of micronized lactose could promote the bonds formation.
Therefore, it is still worthy to investigate the effect of micronized lactose on granule

strength.

As was mentioned in the introduction, gué strength is related to the tablet
properties including strength and dissolution ré@tee et al., 2013, Litster and Ennis,
2013) Normally, weaker granules tend to producstrongertablets with aslower
dissolution rate. In realityabletdisintegraton speeds relatively more important when
varying the granule strengthiu et al.,2016) It is becaus@ormally the compressions
for tabletting are no less than 15 kNd the high compression is sufficient to make sure
the tablets are strong enough while storing and transpgRiagumaret al., 2016)the
tablet dissolution rate is related to the releasing spedtiecfctive pharmaceutical
ingrediens (API)in the &blets which is of vital importance for human heéBhlman et

al., 2007)

As ganule strength is related to the tablet disintegration spiféztent tablets with
various API(s) maybe required different disintegration spe¢enmediate release and
contolled release) and consequeritig strength of granulesquiredare variedeven if
the same formulation and equipment are used) (Liu et al., 2016). Thetrefargoossible
to extract or generalise a standgrdnule strengtbr typicalfi v a | u endg eo ro fii rvaa |
which is applicable for all cases. In addition, current methods to obtain the bulk granule
strength are based on Adam Equation, which is significantly depead the sample

properties including granule size, compressibility, packing(Atam et al., 1994)0n
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the other words, it is difficult to make comparison between literature due to the variation

of equipment, granule properties, gi@2henge 2012d,iu et al., 2016).

However, it does not mean that there is no requirement on grarungthtrit is known
that the granules from twin screw granulation are quite weak and thus normally granule
bulk strength of at least 0.1 MPa should be maintained to avoid the granule breakages
during transportation and storage (Dhenge et al., 2012d, Deéage2013, Saleh et al.,

2015).

Therefore,as long as the granule strength is larger than ~0.1 MRBaljtive
comparisos arethe main methodology when investigating the granule strength (Dhenge
et al., 2012c, Saleh et al., 2015, El Hagrasy et al.,[%0I8 quantify the improvement
of micronized lactosdactose/MCC granulated using water (no binder) with a powder
feed rate of 1 kg/h and a screw speed of 200 rmrewsed as a standard condition
respectively(Dhenge 201@). Granule bulk strength fromther formulations will be

compared with the value obtained from the standard condition to quantify the difference.

Figure 6-13 shows thelactosegranule bulk strength affected by the variation of
formulations.It could be seen that the granule strength are always larger than 0.1 MPa,
which is strong enough during trgportation and storagAs a typical solid binder, the
use of HPC produced stronger granules than if no binder was used. Sirthiadgdition
of micronized lactoseould alsancrease the granule bulk strelmgivhich indicates that
micronized lactosesicapable to be used as a solid binskeaddition,more proportion of

micronized lactose usddads to the production of stronger granules.
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Figure6-13. Lactose ganule bulk strength for differefdrmulations

To quantify the effect of micronized lactose, the bulk strength of the granules produced
with micronized lactose ascompared with the standard case (lactose/MCC with water).
It could be seen ikigure6-14 thateitherHPC or micronized lactose could enhance the
granule strength to different extents, indicating that micronized lactose had played a
similar role as HPC in granulation. Comedwith the use of water, adding micronized
lactose could improve the granule strength clearly from about 12.7% to almost 40%. It
was reported that the granule strength and tablet tensile strength are quite related that even
less than5% difference could @use obvious difference in tablet tensile strength and
disintegration rate (Horisawa et al., 1995). Therefore, an improvement of at least 12.7%

was quite able to have clear effect on tablet properties.
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Figure6-14. Improvement (%) of granule bulk strength using micronized lactose

Similarly, Figure 6-15 shows theMCC granule stregth affected by theddition of
different solid binders. When water was used, the granule bulk strength was around 0.14
MPa which is quite close to the value of 0.1 MPa. While the use of either HPC or
micronized lactose could effectively enhance the geaanld make the granule strong
enough to resist breakages. The similar effects on strength enhancements between HPC
and micronized lactose indicates that micronized lactose could be used as a binder as HPC
for MCC granulation. In addition, the increase ircranized lactose could enhance the
strength of granules and the enhancement is believed to be comparable to that when HPC
was added. When comparifggure 6-15 with Figure6-13, stronger granules could be

produced when lactose was used which dwasto the fact that lactose is soluble.

141



0.5

—~ 0.45

0.4

0.35
0.3 T

0.25 1
MCC with micronized lactose
0.2 T

0.15 ® MCC+ 4% HPC (solid)

01 l

0.05

Granule strength (MPa

0 5 10 15 20
Proportion of micronized lactose (%)

Figure6-15. MCC ganule bulk strength for different formulations

Figure 6-16 represents the improvements of MCC granule bulk strength by using
micronized lactose. When micronized lactose was used, the improvements on granule
strength was about 14.5% to 100%, whiratlicates that the use of micronized lactose is
quite effective for insoluble materialBased on the experiment from Horisawa et al.

(1995), such improvements would have obvious effects on the granule product (tablet)

properties.
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Figure6-16. Improvement (%) of granule bulk strength using micronized lactose.

6.4. Conclusion

In this chapter, a new type of binding excipient was evaluated from the perspectives

of granule size distribution, granule strength.

As a bindhg excipient, its dissolution would affect the liquid viscosity and
consequently delay the liquid distribution and increase the span of distribution. Therefore,
the expectation for a Agoodo binding exc
granuks and promote the liquid distribution (narrower granule size distributilon).
general, the spans of distribution (which quantifies the granule size distribution) are all in
the allowed range of 1-8.5, which indicates that the granule size distributscallowed
for utilisation for the following steps (e.g. tabletting) (Tu et al., 20B8)evaluating the
granule size distribution using micronized lactose, it was foundsthatl amounts of
micronized lactos€5% & 10%)have positive effects (about 9.0%& 9.4%) on lactose
granule size distributiamHowever, if 15% micronized lactose was addeider granule
size distribution would be obtained and the span of distribution would be increased (for
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about 10.4%)For MCC, it was found that the use of micraed lactose could always
narrow the size distribution. A increase in micronized lactose from 5% to 15% would
cause an reduction in span of distribution from about 26.6% to 54.5%. Overall, a proper
use of micronized lactose could guarantee the productignaoiule with uniform size

distribution.

Then the granule bulk strength was studied. It was found that the addition of
micronized lactose could effectively enhance the granule strength comparing to the
addition of HPC. For lactose, the additiomatronized lactosérom 5% to 10%}ould
enhance the granule strength froabout 12.7% to almost 40%; for MCC the
improvements are from 14.5% to 100%uch improvements in granule strengthare
supported by the granule morphology obtained frar€T scanne that the use of
micronized lactose would effectively reduce the porosity of graniresddition, such
improvements are capable to cause obvious difference in tablet properties (tensile

strength, disintegration speed, etc.).

In general, it was found thanicronized lactose has an excellent binding capabilities
and could also guarantaaarrow size distributionwhich provides a new option for the

industry when selecting a suitable binding excipient.
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Chapter 7. Effect of liquid binder

temperature on granule pperties

7.1. Introduction

The viscosity of liquid could affect the ligugbwder mixing and consequently affects
the granule size distribution and the granule strength. Especially, when HPC solution was
used,owing to its high viscosity, it is more difficult tachieve an even liquidowder

mixing than water.

One of the potential approaches to vary the liquid viscosity could be realized by
controlling the liquid temperature. Although temperature, as a processing parameter, is
controlled by the system, but itnsgarded as the only parameter of the system that could
affect the formulation properties. The increase in temperature could directly reduce the
viscosity of the binder solution, making the liquid eafiedistribution As a result,he
liquid solution tends to be more capable in distribution and dispersion and most
importantly the effect of temperature on liquid viscosity, to a certain extent, is reversible.
On the other hand, when solid binder is used, a higher temperature tends to accelerate
binder paticle dissolution, which makes more proportion of binder particles dissolve and
form liquid bridges. Moreover, if soluble powder is utilized, it could dissolve quickly in

a high temperature, which may also enhance the strength of bonds.

Using a higher tengrature in twin screw granulation to achieve a better ligoidder

mixing has been discussed and some of the related tech(hgieselt granulationhave
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been applied in the industrigarbaraet al. (2006) used 50 to BC to meltpolyethylene

glycol 4000 and used as a liquid binder for twin screw granulation. Thagludedhat
using a high temperature could help PEG 4@B8persion and the granules produced are
stronger and more uniforrBharleeret al. (2013) also used the hoklt granulation (100

3C) to guarantee that the PEG 8000 could stalietiquid phase while granulating.

Using a high temperature for twin screw granulation has been commonly studied.
Although the use of a higher temperature would raise the cost for granulation, it
effectively reducesthe waste of unwanted granules which significantly increase the usage
efficiency of the expensive API materiad®d reduce the cosif drying operations
(Sharleen et al., 2013)loreover, die to the fact that some of the API énermolabile

thetemperature used for twin screw granulationrayemally below1003C, which in a

certain extenteduce the concern about safety issue frasing a high temperature (Liu

et al., 2016)

Although using a high temperature for twin screw granulation hastidety applied,
current attentions mainly focused on to megiranulation processhen a binder needs
to liquefy. Less attention has been placed onto the improvement of liquid binder

distribution using a high temperature.

In this chapter, the effect ofr@nulation temperature, especially the temperature of
liquid was studied. 25, 40 and 60 € were applied for twin screw granulation to study the
effect of temperature on both binder delivery methods. Hydroxypropyl cellulose (HPC)

was used as the examiningding excipient and prepared in both forms (liquid and solid).
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To study the effect of liquid temperature, the binder was sealed using parafilm and
heated on a hot plate with a temperature probe to maihi@itemperature. In addition,
to make sure the temperature could be evenly distributed, a magnetic stirrer was used with
a rotation speed of 200 rpm. The temperature used in the experiment was chosen at 25,

40 and 60 €, respectively

The compact powder bed was conditioned in an environment chamber with
temperatures of 25, 40 and &) respectively. The relative humidity was set at 40%. The
compact powder bed was prepared by using the method in Sé&tdh During
penetration experiment, the droplet with the same temperature was dropped on to the
powder bed. To guarantee a relatively lower losBeatduring experiment, a hot plate
was placed underneath the compact powder bed with a corresponding temperature.

Equipment and set up utilized has been mentioned in S&60h

The barrel temperature was automatically controlled by thetirdhe barrel and can
be adjusted by using the parmi the twin screw granulatom this experiment, the
temperatur@and the barrel and liquid bindeerecontrolled at 25, 40, 6%, respectively.
To reduce the loss of temperature while the liquid is being pumped through the pipe, a
relatively shorter pipe was used and a temporary cover was used to enclose the pipe.
During granulating, at least 5 miase waited for the system temperatoeeng stabilised

In this experiment, kneading elementsreused.
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7.3. Result and discussion

7.3.1. Viscosity

Among the liquid properties, viscosity is one of the key parameters to evaluate the
liquid flowability and digribution capability. Table 7-1 lists the viscosity for HPC
solution with different concentrations in different temperature. Firstly, a higher HPC
concentratioc makes the viscosity higher and the liquid would be more difficult to
distribute As the temperature increases, the viscosity decreases fonggr samples,
which indicats that a higher tempature could help the liquid distributipwhich has a
potential to wet more powder. Therefore, the liquid binder solution could achieve a better
dispersion capability if a higher temperature is usHte study of binder viscosity
enlightens a new direction in optimizing the liquid binder delivery metBabe the
variation of temperature could affect the liquid viscosity, it is worthy to investigate if
using a higher temperature could enhance the liquid wetting ability through the study of

liquid penetration.

Table7-1. Liquid binder viscosityPas) with different temperatures.

Temperature (€)

60

40

25

0 0.00094.0008 0.00064#.0018 0.00344.0006
2.5 0.00720.0101 0.04146.0065 0.00154#6.0119
5 0.02456€.0042 0.018(0.0037 0.00174.0042
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Penetration timeeflect the distribution speed of liquid in a powder baadis an
indicator of wettability A faster penetration time indicates a faster liquid distribution.
The study of liquid penetration could reveal the effect of temperature od ldpnaer

distribution, which would further guide the twin screw granulation experiments.

Table7-2 lists the penetration time affected by the variation of temperafuea water
or HPC solutions (2.5% and 5%, w/w) were useda liquid binderin general, lactose
spent longer time for petration. As was mentioned previously, it is because MCC is
quite porous and the micro pores, gaps could enhance the liquid capillary motions, leading

to a much shorter penetration time (Luukkonen et al., 2001, Fielden et al., 1988).

As the compressiorstress increases, penetration time becomes shdsemwas
discussedh detailsin Chapter 4, A higher compression stress would smoothen the surface

of the powder bed, making the liquid spread more freely.

In addition an increas in liquid binder visco$y (higher HPC concentratiotgd to an
increase in penetration time especially when @5was kept. Upon the increase of
temperature, the penetration time reduces. It could be explained by the Washburn
Equation( 2-8) that a reduction in liquid viscosifghown inTable7-1) could shorten the
time consumed fofliquid penetrationNevertheless, when watés usedonly, slight
increase penetration timeould beseen on lactose powder beltiss probably because
an increase in temperature could increase dfssolution rate of lactosewhich

consequently inceese the liquid viscosity and delay the penetration.
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When HPC is used in solid form, penetration tisigiven inTable7-3. At first, like
theeffect of anincrease in compression stress, similar decrease in penetration time could
be obtained, which is bauasea higher compresion stess would smoothen the powder bed
surface and thus increase the wetting area. In addition, the addition of HRGLIn@&$0
delay the liquid penetration. As was discussed in Chapter 3, it is because the undissovled

HPC particles would delay the liquid from distribution.

Due to the use of water as the granulation liquid, the effect of temperature on liquid
viscosity isquite limited. Nevertheless, increases in penetration time could be observed
in some cases when lactose was used. It is because warmer liquid could acclerate the
dissolution of soluble materials (here are lactose and HP@pre viscous liquid would
cau® a delay in penetratiomVhen MCC was used, much shoter penetration time could
be observed, which is due to its porous struture. As the temperature increases, a reduction
in penetration time could be obatained. The reason why MCC shows different carrectio
to temperature comparing to that of lactose is because MCC is insoluble and would not
dissoleve into water and increase the liquid penetratiore; although a higher
temperature could acclerate the dissolution speed of HPC, the limitetlgten time

did not provide sufficienct time for dissolution.

In general, when HPC solution was used, using a higher temperature could effectively
reduce the liquid penetration, while the variation of temperature showed quite limited
effect when HPC solid particles veeused. If there was no HPC being added, enrease
in temperature would delay the liquid penetration due to the dissolution of lalctose.
general,the liquid binder was more sensitive to temperature than that of solid binder,

which mightbedue to thdack of agitation when using a static compact powder bed.
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Table7-2. Penetration time (s) affected by the temperature and HPC satoticentration.

142kPa 283kPa
40€ 60C 25¢€ 40€ 60C€ 25¢€
0.1490 0.1 0.110# 0.111# 0.11240 0.067%
.037 .011 .010 .031 .023 .013
1.618# 0.891# 1.866# 1.633# 0.570#8 1.7144
.021 .041 .010 .017 .024 .008
5.135#0 19374 5.7684) 5.135#) 1.533#) 5.624%
119 .021 .067 119 .021 .009
0.023#6 0.022# 0.022# 0.022# 0.022#0 0.02110
.001 .003 .002 .000 .005 .001
0.24610 0.189# 0.24249 0.207#0© 0.147# 0.23980
.002 .004 .001 .008 .006 .010
0.991#6 0.570#0 0.970#) 0.950#0 0.521# 0.96810
.027 .021 .009 .011 .017 .009
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425kPa
40€

0.07110
.028

1.527%
.090

5.13540
119

0.0204
.002

0.23610
.001

0.784%
.015

637kPa
60C 25¢€ 40€ 60C
0.071#0 0.040#0 0.0424# 0.479
.033 .027 .007 .033
0.481#6 1.607# 1.498# 0.780#%
.008 .010 .022 .084
0.81046) 5.580# 5.135# 0.837H
.021 .106 119 .021
0.01946 0.020#6 0.021#6 0.019#
.001 .001 .002 .005
0.108# 0.239# 0.216% 0.085#
011 .006 .001 .007
0.360#6 0.956#6 0.784# 0.279#%
.047 .005 .001 .013
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Table7-3. Penetration time (s) affected by the temperature on powder bed premixétP@tbolid particles

25¢€

0.14940
.010

0.16040
.020

0.1674
.005

0.023%
.001

0.02440
.001

0.02510
.001

142 kPa
40€

0.14910
.037

0.1604
.003

0.167%
.039

0.0234%
.001

0.0249
.002

0.02540
.020

60€

0.14910
011

0.1614€
.041

0.1694€
.047

0.0224
.003

0.0249
.004

0.0224
.021

25€

0.1100
.010

0.1174%0
.015

0.1224%0
.004

0.0224
.002

0.02440
.001

0.02510
.001

283 kPa
40€

0.111140
.031

0.11640
.018

0.12310
.009

0.0224
.000
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0.01740
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0.029
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Therefore, it is quite necessary apply different temperature on the twin screw
granulation process to further investigate the effect of temperature and the effect of binder

deliveryon granule properties.

Figure7-1 shows the granule size distribution in different HPC concentrati®®, 40

& 60 °C andFigure7-2 is the span of distribution for the previous figure.

Concerning the effect of temperatutke use of higher temperaturgespecially 60
°C, reduced the production of fines and large granules (lumps), leadiragrtmer size
distributionandsmallerspan clearlylt indicates that the use ahigh temperature could
effectively enhance the liquid distribution capability, leading to a more even -liquid
powder mixing, as the use of high temperature could reduce the viscosity of ligsiid.
reported by Tu et al. (2013) that normally the range of the span of distribution is between
1.5 to 4.5.In Figure7-2, when 60°C was used, the span distribution could achieve a
value about 1.0, which is below this typical range. As is known, a smaller span of
distribution indicates a better ligumbwder mixing and a more uniform granule size
distribution. Therefore, the use of a high temperaturddcauprove the span of

distribution to a new level, which could not be easily achieve by other approaches.

When comparing the effect of HPC binder concentration, it could be seen that a higher
HPC concentration leads to a wider granule size distributimhadarger span if the
temperature is low. Specifically, a bimodal distribution could be obtained if a more HPC
was used. It is because the addition of HPC could increase the liquid viscosity and thus

decreasés distribution ability. As a result, thertder solution could not disperse properly
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in the powder and causdiguid uneven distribution. It indicates that if a high temperature
is applied, the poor flowability and dispersicapability which widely exisin the liquid
binder delivery method coulte solved. When 60C was used, the effect of HPC
concentration bexne minor, as a high temperature could reduce the difference in

viscosity of HPC solution with different concentrations.

The span of distribution provides a way to quantify the granudedsstribution Figure
7-3 compard the span of distribution obtained at 4D and 60 C to that at 25C,
respectively. It is believed that, in masdses, the use of a higher temperature could
effectively improve the span of distribution and narrow the size distribution. Especially,
37.2%, 39.5% and 42.5% reductions in span of distribution could be obidieedvater,
2% HPC and 4% HPC were used @t €, respectively. Besides, it is noted that such

improvement is more obvious when a more viscous liquid ( 4% HPC) was used.
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Figure7-1. Lactose granule size distributions affected by the variation of temperature
(25, 40 & 60 €) when water antiPC (2.5%, 5% HPQ solutionwereused
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MCC was also used to study the effettemperature on granule size distributaoil

shown in Figure 7-4. When water was used, a higher temperature leads to fewer
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proportion of fines beingroduced. As there is no binder being utilized, the formation of
granules is mainly based on the interlocking of particles. The variation in granule size
distribution may because a high temperature would make the MCC soften and more
deformable, which codlenhance the interlocking growth of particle and produces more
larger granulesWhen HPC was appliedhe effect of temperatur@as less obvious
compaed with that of lactoselt is probably due to the fact th&®tCC could swallow

water and make the liqulniecome less availabter distribution among in the powder.

The span of distributiois shown inFigure7-5. At first, all spans of distribution are in
the allowed range of 1.5 to 4.Bue to the fact that MCC is insoluble, the span of

distribution at 25C is larger than that of lactose. In addition, the addition of binder could

effectively reduce the span ofstlibution. It is because the use of binder could help the
agglomeration between particles and narrow the size distribution. Besides]d be
seen that the use afhigher temperature produces smaller span, which indicates that a

narrower size distridion could be obtainedt a higher temperature.

Span of distribution is a way to extract the information of granule size distribution. To
quantify the improvement by using a higher temperature on twin screw granulation, the

span of distribution obtained 40 3C and 60 C were compared with that at 3& and

shown inFigure 7-6. It could be seen that the use of a higher temperature could reduce
the spa of distribution to different extents. Different from that of lactose, granulating
with water at higher temperature achieved a better reduction in span of distribution. It is
because water is more free flowing in the MCC particle and the would be eastekt

and soften the MCC particles, making them easier to deform and interlocking (Fielden et
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Figure7-4. MCC granule size distributions affected by the variation of temperature
(25, 40 & 60 €) when water antiPC (2.5%, 5% HPQ solutionwereused
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al., 1988). When HPC solution was used, a higher temperature3@f é8uld achieve a

more significant reduction in span of distribution by 22.0% and 30.5%, respectively
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Apart from the addition of HPC in liquid form (solution), HPC was also premixed into
lactose and MCC to study the effect of temperature if solid binder delivery was applied.
Figure 7-7 and Figure 7-8 shows the lactose granule size distribution and the span of

distribution when solid HPC was premixas a solid binding excipient.

In Figure 7-7, the increase in HPC concentratishifts the curves rightwards. It is
because that the use of HPC could promote the growth of gra@oleserning the effect
of temperature on granule sizistdbution, it was found that an increase in temperature
could narrow the granule size distribution, indicating that a more even-jgwder
mixing could be realized whemhigh temperature was usetherefore, inFigure 7-8
smaller span of distribution could be obtained when a higher temperature wal issed.
because the use ahigh temperature could intensify the movement of water and enhance
its distribution ability. In addition, more HPC solid binder and lactose could be dissolved
in a warmer liquidand enhance the strength of liquid bridge, causing more patrticles could
be successfully agglomerated. As a result, when a higher temperaturedidsssfines

would be left and narrower granule size distribution could be achieved.

To quantify the effect of temperature on granule size distribution, the span of

distribution at 48C and 603C were compared to that when 26 was used. It could be

seen that, in most cases, the use of higher temperaturaq4énd 603C) could
significantly improve the size distribution by reducing the span of distribution.

Specifically, when 68C was used, the span of distribution reduced by 37.2% (for water),
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Figure7-7. Lactose granule size distributions affected by the variation of temperature
(25, 40 & 60 €) and solid HPC premixing (0, 2 & 4%).
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42.4% (for 2% HPC) and 37.4% (for 4% HPC), respectively.

Figure7-10 andFigure 7-11 are the granule size distribution and the span for MCC

with the addition of solid HP@\s the increase in HPC concentration, more large granules
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(lumps) were produced and less fines were peed. It is because the addition of HPC
enhances the binding capability of liquid bridge and thus promote the growth of granules.
Overall, the effect of temperature on the granule size distribution is less obvious than
lactose It is because that MCC coutdld water in its inner structure, leaving less portion

of liquid for HPC dissaltion and bondingWhen a higher temperature was used, less
fines large granules were produced. By checking the span of distribution, spansdor 60
are always smaller than5Z, indicating a narrower size distribution when high
temperature was used. Comgxawith the Figure 7-5 where HPC solution was used,
using HPC particle suggests a relatively smaller span, which indicates that the use of solid

binder is moreapable to have an even liquid distribution.

Figure 7-12 quantify the effect of temperature on MCC based on the span of
distribution. In most casethe use of a higher temperature redube proportion of fines
and 60 C shows more obvious effect on the reductiogpain of distribution (water: 34.3%
2% HPC: 15.7%, 4% HPC: 24.1%). The reason why when 2% HPC & dbows a
opposite effect may due to the operating error and the large error bar exigted{-10:

middle).

The variation in granule size distribution is mainly resulted from the distribution of
liquid and/or binder. In terms of the effect of temperature on binding capability, the

granule bulk strerth was measured.
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Figure7-10. MCC granule size distributions affected by the variation of temperature
(25, 40 & 60 €) and solid HPC premixing (0, 2 & 4%).
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7.3.4. Granule bulk strength

Figure 7-13 shows the lactose granule bulk strength affected by the variations of
temperature using HPC siilons. At first, it could be seen that all gransiare stronger
than 0.1 MPa, which indicates that the granule strength are all in the allowed range

(Dhenge et al., 2012d, Dhenge et al., 2013, Saleh et al., Zl&)addition of HPC
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increased the stretig of granule, as it could enhance the strength of liquid bridges
between particles. Secondlgs the temperature increasethe strength of granule
increasd slightly. Although the increase in temperature could promote the distribution
of liquid by achieing narrower granule size distributions, its effect on lactose granule
strength was less obvious. It midgilgbecause theotal amount of binder is constant (by
keeping the L/S ratio as a constadtiring experiments26, 40 & 60 €). Therefore,
although he variation of temperature could change the distribution of binder, the total
amount of bonds between particles for different temperature are similar. The variation of
granule strength are believéd more rely on the variation of lactose dissolution at

different temperature.

Figure7-14 quantifiesthe effect of temperature on lactose granule bulk strength when
HPC was used as liquid binder. It cobld seen thdtquid binder with higher viscosity
shows higher improvement than lower one #mal use of higher temperature could all
enhance the granule strength to different extents. Especially, the use€ofcedld
achieve better enhancements on gramuilk strength (water: 12.1%, 2.5% HPC: 28.9%,
5% HPC: 45.9%)which could effectively vary the granular product properties (e.g. tablet

tensile strength, dissolution rate, e{¢iprisawa et al., 1995).
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Figure7-15is the bulk strength when HPC binder particles were premixed and used
as solid binderAt first, the addition of HPC coul@ffectively enhance the granule

strength for all case®Vith the increase of temperature, congzhwiththe use of HPC
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solution, the granule strength increases more clearly. It inedig#cause the use of higher
temperature could accelerate the dissolutiiddPC particles. When solid HPC were used

at different temperature, although the total amount of binder was constant, the proportions
of HPC which dissolved and participated in bond formations were varied. When a higher
temperature was used, more HPCldalissolve and enhance the liquid bridges and bonds
between patrticles, leading to a clearer increase in granule bulk strlaydover, an
increase in lactose dissolution rate would further enhance the granule bulk strength when

higher temperature wereed.

To quantify the effect of temperature on granule bulk stremggjure7-16 compared
the granule bulk strength at 40 and 6C°C to that at 25%C, respectively. In general, the
use of high temperatunwas found to be effective on granule strength enhancement.
Comparing with that when HPC solution was useBigure7-14, higher improvements
could be obtained when HPC solid binder was used. As was mentioned, it is because the
use of high temperature could dissolve more solid HPC, making higher fraction of binder
participate in granule strengthreamcementA higher temperature was found to be more
effective to enhance the granule strength (no binder: 10.7%, 2% HPC: 41.0%, 4% HPC.:

57.0%).

168



en

o

()]
HO- HOH—0

0 10 20 30 40 50 60 70
Temperature €)

elactose elactose+2% HPC e Lactose+ 4% HPC

Figure7-15. Lactose granule bulk strength affected by the variations of temperature

(25, 40 & 60 €) andusingHPC (0,2 & 4%) in particles.

60

50
E\O, 40
(]
[@)]
I
€ 30
(]
o
& 20

i .

, 1IN
lactose lactose+2% HPC lactose+4% HPC
m40 m60

Figure7-16. Improvement of granule bulk strength.

To reveal the effect afemperature on insoluble material, MCC wa®d for twin
screw granulation and showmFigure7-17. Firstly, the addition of binder was found to

enhamre the granule strengtnd the granule strength are all in the allowed range (>0.1
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MPa) (Dhenge et al., 2012d, Dhenge et al., 2013, Saleh et al.,.20&&ever, MCC
granule strength was found to be much smaller than that of lactose shieigarei/-13.

It is because MCC is insoluble and could not dissolve to enhance the bonds between
particles.As the increase in temperatutiee granule strength ingases slightly and thus
tendency is quite uncledt.is probably because MCC could swallow water and thus the
effect of HPC concentration on granule strength woulddakiced In addition, the
enhancement in liquid distribution may not directly affect the granule strength as the total
amount of HPC for each temperature was constant. Therefore, it could be concluded that
the variation of temperature could not vary the MCC Isti&ngth effectively when HPC

solution was used.

Similar statement could also be concluded fiEigure7-18that effect of temperature
contributed Imited influences on the granule bulk strength when coedpaith that of
lactose shown ifrigure7-14. It was noted that when MCC was granulated wititex,
no difference could be obtained at different temperature and the value shbignra
7-14is close to 0. It is because MCC is insoluble andbthreds between particles are
resulted from the physical interlocking rather than liquid bridges. Therefore, unclear
effect of temperature on granule bulk strength could be obtainedddition, the
difference between 48C and 60°C are unclear. It is betise thaa part of liquid was
absorbed andeidin the MCC particles, leaving limited insufficient amount of liquid for
bonding and the limited bonds between particles begsufficient to vary the granule
strength clearly under different temperaturegeneral, it could be concluded that the use
of HPC solution was incapable to affect the granule bulk strength cl&abed on

literature, such variation in granule strendtdrder thans5%) would affect the granular
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product properties effectivefjHorisawa et al., 1995 herefore, varying temperatuise

applicable to enhance the granule properties if HPC solution and MCC were used.
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Figure7-17. MCC granule bulk strength affected by the variations of temperature

(25, 40 & 60 €) usingwhen water antHPC (2.5%, 5% HPQ solutionwereused
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Figure7-18. Improvement of granule bulk strength.
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Compaed with the useof HPC, the increase in granule strengths more obvious
when HPC particlesvereusedand shown irFigure 7-19. Firstly, the addition oHPC
solid binder shows clearly enhancements on granule bulk strength. It is because the
addition of HPC could enhance the bond strength between particles. Secondly, it was
found that clear increases in granule strength (2% and 4% HPC) could be obtaned wh
higher temperature were usétdis because the use of high temperature could enhance
the dissolution of solid HPC particlesnaking higher proportion of HPC patrticles
dissolve and participate to enhance the liquid bridgbih producd stronger bondand
strengthen the granul@lthough liquid would be absorbed into the MCC particles, the
wetted and sticky HPC particles would act like bonds between particles and thus enhance

the granule bulk strength (Ai et al., 2016).

Figure 7-20 quartifies the effect of temperature on granule strength enhancement.
When HPC was added, clearly enhancements in granule strength could be observed.
Concerningthe effect of temperature, using 6C was found to be more capable to
enhance the granule strength by 72.2% and 52.9% when 2.5% HPC solution and 5% HPC
solution were used, respectivelyhich would significantly affect the granular product

properties (e.gtablet tensile strength, dissolution rate, g€tdgrisawa et al., 1995)
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7.3.5. Granule morphology
Figure7-21 shows the lactose granuleray imagesausing HPC solution at different

temperatureAt 25°C, the increase in HPC concentration made the granule become more
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inhomogeneous in structure. Es@dlgi, when 5% HPC solution was used, parts of
granules were much denser than the rests. As was indicated by Dhenge (2010d), an
increase in binder concentration would reduce the granule porosity. Therefore, it is
believed that the inhomogeneous in structues resulted from the uneven distributed
liquid binder. As the temperature increases, the granule structure lsecoone
homogeneous, indicating that the use of high temperature could promote the liquid
distribution.Granules with homogeneous structureulddoe stronger in strength, which
agreed with the granule bulk strength experiment that a higher temperature produced

stronger granules.

Figure 7-22 lists the MCC granule -xay images using HPC solution at different
temperature. Comped with that of lactose shown iRigure 7-21, MCC granules are
denser and more homogeneous. It is because the agglomeration of MCC particles are
mainly based on particle deformation. Owing to the compression from kneading elements,
MCC granules would defar significantly and the granule would be much less porous.
With the increasing of HPC solution, a slightly denser in granule structure could be
observedt 25°C. As was mentioned, it is because the use of binder could provide more
bonds ad densify the ganules. Such tendency become unclear when higher temperature
was used. Ifrigure7-22, an increase in temperature was found to produce the granules
with higher porosity. Normally, the pores in the granules are regarded as the signature of
liquid. The more porous granules at higher temperature may be resulted from more

intensive evaporation at higher temperature.
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Figure7-21. X-ray images for lactose granules produag@mperaturesf 25, 40 & 60

€ when water antHPC (2.5%, 5% HPQ solutionwereused
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Figure7-22. X-ray images for MCC granules producademperaturesf 25, 40 & 60

€ when water antiPC (2.5%, 5% HPQ solutionwereused
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Figure7-23 showsthe xray images of lactose granules at different temperature using
solid HPC binderCompaedwith the use of HPC solutiogranules produced using HPC
solid binder are more homogeneous for all cases. It hejhecause the liquid used was
water. Although part of HPC could be dissolved and affect the liquid viscosity, the effect
was less obvious than that if HPC solution wsed. Because of this, it could be seen that
the effect of temperature on granule porosity was less obvious than if HPC solution was

used.

In terms of MCC Figure 7-24 shows that the MCC granules were much denser than
lactose. As was mentioned, it was because the agglomeration of MCC particles are mainly
based on patrticle interlocking. Due to the intensmapression from kneading elements,
the particles were deformed and denser granule would be produced. Similar to that of
lactose shown ifrigure7-23, there is no clear tendency between granulation temperature
and granule porosity. It is because the liquid used was water which was less affected by
the temperature. Although HPC particles may participate and dissolve into the liquid, the
limited amount bdissolved HPC may naufficient to vary the liquid property (viscosity)

significantly.

In general, it was found that temperature could affect the granule porosity when liquid
binder was used that a higher temperature could make the granule structere mor
homogeneous. When HPC patrticles were used, no clear effect from temperature could be

obtained.
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Figure7-23. X-ray images for lactose granules produag@mperaturesf 25, 40 & 60

€ whenHPC (2%, 4% HPCparticle particleswereused
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Figure7-24. X-ray images for MCC granules producddemperaturesf 25, 40 & 60

€ whenHPC (2%, 4% HPCpatrticle particleswereused
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In this chapter, temperature as an independent vanabiesestigated. HPC was
prepared in two forms: dissolved in water as a solution agehiged with granulation

powders.

The use of high temperatuveas considered to be usefal narowing granule size
distribution and enhancing the granule strength. It is because the use of a high temperature
could reduce the liquid viscosity and help the liquid distributibrwas found that
Granulating at 6@C could significantly enhance the liquid dibution by produmg
narrower size distribution and smaller spans and such enhancements are more obvious
when more viscous HPC solution or HPC particles were added. For liquid binder delivery,
using HPC solution at 68C could reduce the span of distribution by about 42.53% for
lactose and 30.50% for MCC, respectively. When solid HPC was premixed, using a
formulationof HPC particlespremixed at 60C could reduce the span of distribution by
about 37.43% for lactose an8l.84% for MCC, respectivelyn general, it was found that
using a high temperature is capable to effectively affect the granular product properties

(Tu et al., 2013).

Concerning the effect of temperature on granule bulk strehgiher temperatures
more capable to enhance the granule strength when HPC wais assadid form. It was
found that for when solid HPC was used afG0the maximum improvement in granule
strength could be as much as 45.88% for lactose and 72.22% for MCC, whilst only 45.88%
for lactose and 16.83% for MCC could be achieved when HPC solution was used.
Thereforetemperature was found to be effectively affect tablet properties and following

granular productéHorisawa et al., 1995)
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In this chapter, the effect of temperature wintscrew granulatiomnvas studied. By
comparedwith the approach from literature, it was found thatmost casesdjusting
the temperature to improve the granule size distribution and granule bulk strength is a
useful and effective way, especially falgble material (e.g. lactose). Although the raise
in granulation temperature may potentially increase the costs for granulation, it could
significantly save the energy for the following operation steps (e.g. drying) and a batch
of granule with more unifon size could save a considerable amount of expensive API in
a long term. Therefore, raising temperature to enhance the liquid distribution and binding

efficiency should badvisedo the industry for further study and application.
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Chapter 8. Effects of screw speecdha
configuration on granulpropertiesfor a

constant fill level

8.1. Introduction

In batch granulation process, the granulawocessparameteris less possible to
change the fill level of materidHowever, as a continuousagulation process, the liquid
and powderaréd f | o wi ntgio screwbarrel larel consequently the level of material
in the barretanbe varied througprocess parameters easilyie level of the material in
the barrel is defined as fill levahd i is stated that the change of fdvel directly affects
the compaction of materials which determines the granule attributes e.g. size and strength
(Kolter et al., 2012Dhenge et al., 20)1In twin screw granulation procegbge variation
of fill level is often comes with the change of other parameters such assgpaesy which
makes conflict and contradictory in literature when parameters such as screw speed was

studied.

To overcome t hi s pspecific feedfoad aw apsa rraamesteedr aon
as the ratio of feed rate and screw spadlter et al., 2012 It was applied to provide a
constant fill level environment. However, reseashbout thespecific feed loadare
' i mited i n fAone aeepnpalid fer diffeent sSdreev manfiguatian,

formulation,etc.(Meier et al., 201y Particularly based on tvblenetdce f i ni
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fill l evel o, as long as the feed rate

an

configurations, material properties and granulator dimensions do not affect the fill level.

In this chapter, a new definition dfarrel loading(BL, g) will be raised, which
represents thmassof powder and liquid igranulation barrefor the specific condition
(screw speed, configuration, etcBy maintaining theBL, study onthe processing
parametere.g. screw configuration, screw speieddynamic wet granulatio can be

carried out and their effects gnanule properties could be obtained.

8.2. Materials and method

8.2.1. Determine ofpecificpowder feed rate

8.2.1.1.Residence time

The method used for residence time measurement was mentioned in S&cAdfor
each formulation, screw speefl50, 100, 200 rpm fsabeerused. For each screw speed,
the feed rate shown ifiable8-1 was usednd the residence time is showrFigure8-2
andFigure8-3. In Figure8-2, the red colour represent the condition whiohld not be

applied, as the amount of material is more than the maximum capégttiy barrel.

Table8-1. Feed rate applied for residence time record@gen: used; Red:

unused)

Feed rate (kg/h) 50 rpm 100rpm 200 rpm

0.5

183



In order to investigate the effect of processing parameters including screw speed and
screw configuration, a controlled barrel loading (B),,was requiretty maintaining the

mass of powder and liquid as constant.

To achieveit, the mass of the material (powder and liquid) in different screw speeds

and configurationsould be obtainedsing the following equation:

U < <+E ] o P — 0 W . -” >+ < " (&1)

”:I 4 U <Fn (82)

wherempowderrefers to the powder gravimetrical feed rate (kgthyiia refers to the liquid
gravimetrical feed rate (kg/hBL refers to theotalmass of material in the bar(gowder
and liquid,g); t: (s) refers to the average residence time for the corresponding material,

screw speed and configuration.

The relationship betwedBL and total feed rateota could be plotted and shown in
the AppendixC. A typical relationship figure is shown Figure8-1. As the powder was
overflowed when the BL goes above ~20Tderefore, a medium BL 10 grams were
chosen as the constant BL value and the corresponding tedatdte for a constant BL

of 10 grams could be obtained.
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S 16 y #19.617x +0.04810,036x + 0.1782

y =6.3412x + 0.1615

Barrel loadin
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Powder feed rate (kg/h)

@50 100 ®200

Figure8-1. Typical barrel loading for feed rafBlue: 50 rpm; orange: 100 rpm; grey:

200 rpm)

8.2.2. Preparation of granak

A constant L/S ratio 00.08 was utilizedor lactose granulation ar@8was utilized
for MCC granulation Two setsof screw configurations were appli®hich hasbeen
mentioned in SectioB.6.1 To investigate the effect of screw speed, the screw spaed
varied (50, 100 & 200 rpm). Powder feed rate and liquid feed rate was determined by the

relationship between the BL attiefeedrate and shown ifiable8-2 andTable8-3.
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Table8-2. Powder feed rate (kg/h).

Kneading Conveying
50rpm  100rpm  200rpm | 50rpm 100rpm  200rpm
water 050 09M 1551 0.760 1.616 3.302
2.5% HPC solutior 0.486  0.8% 1457 0.745 1330 2.818
5% HPC solution 0.4%  0.89 1.393 0.7 1.142 2413
2% HPC particle 0.49  0.929 1475 0.661 1.601 3.168
4% HPC particle 0.498  0.866 1453 0.637 1.540 2.99
MCC
Kneading Conveying
50rpm 100rpm | 200rpm  50rpm | 100rpm  200rpm
water 0.313 0.641 1224 0.376 0.785  1.537
2.5% HPC solutior 0.292  0.563 1.169 @ 0.322 0.683 1.420
5% HPC solution 0.279 0.500 1.141 0.300 0.634  1.305
2% HPC particle 0.308 0.631 1.224 ' 0.367 0.749 1.521

4% HPC particle  0.298  0.612 1.207 0.359 0.723 1.502
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Table8-3. Liquid feed ratekg/h).

Kneading Conveying
50rpm  100rpm  200rpm | 50rpm 100rpm  200rpm
water 0.0407 0.0783 0.1241 0.0608 0.1293 0.2642
2.5% HPC solutior 0.0389 0.0717 0.1166 0.0596 0.1064 0.2254
5% HPC solution 0.0364 0.0663 0.1114 0.0586 0.0913 0.1930
2% HPC particle 0.0399 0.0743 0.1180 0.0528 0.1280 0.2534
4% HPC particle 0.0398 0.0693 0.1166 0.0509 0.1232 0.2399

MCC

Kneading Conveying
50rpm 100rpm | 200rpm  50rpm | 100rpm  200rpm
water 0.2506 0.5127 0.9790 0.3004 0.6282 1.2294
2.5% HPC solutior 0.2338 0.4504 0.9355 0.2577 0.5465 1.1359
5% HPC solution 0.2233 0.3999 0.9131 0.2402 0.5069 1.0443
2% HPC particle 0.2468 0.5050 0.9790 0.2932 0.5992 1.2168

4% HP@article  0.2383 0.4899 0.9659 0.2871 0.5785 1.2017
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Residence time refers to the tirtteat the materiabpend in the barrel to produce
granules Figure 8-2 and Figure 8-3 showsthe residence time at different screw speed,
screw configuratioand feed rate for lactose and MCC powders respectitehas found
that material spends longer time if kneading elements were insaitl cases which
reflects the weadr conveying apability of kneading elements. It indicates that the use of
kneadingelements would makine material spentbnger time in the barrel and the BL

would be higher if kneading elements were used (Equatibar®d 82).

Furthermoreit is noticed that the increase in HPC amoimbth forms) increases
the residence timdt may be because thpowder becomes sticky when HPC is added,
which then increase the friction with the barrel and therefore increases the residence time.
This is in agreement with the finding Bhenge et al. (2012e)ho stated that the use of
the binder would causan increase in the cohesiveness and frictional resistance of the

material to flow

For the effect of the feed ratiye to the size andae of the figure, no clear difference
could be obtainedviore detail figures could be seenAppendixF, it can be seen that
there is a slight difference betwettte residencéime at different feed rate. Increasing
the feed rate results in a slight decrease in residence time, which istdaddot that
higher feel rate would reduce the distance/ spheéveen particles and the network
between particles wouldlansfer the force more easily. As a result, for a high feed rate,

the material would spend less time in the barrel.
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Figure8-2. Residence time for lactose based material in different powder feed rate,
configurations and binder forms (top: HPC solutiorange: 2.5 % HPC; grey: 5 %

HPC, bottom: HPC particledblue: water; orange: 2% HPC; grey: 4% HPC
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Figure8-3. Residence time for MCC based material in different powder feed rate,
configurations and binder fornf®p: HPC solution, orange: 2.5 % HPC; grey: 5 %

HPC; bottom: HPC particles; blue: water; orange: 2% HPC; grey: 4% HPC).
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Figure 8-4 and Figure 8-5 shows therelationship betweetactose granule ze
distribution and screw speed using conveying elem&etd (configurationusing water
and HPQn different forms (HPC solution and patés), respectivelyGenerallythe use

of HPC leads to growths in large granudesl reduces theroductionof fines.

Furthermorejt is obvious that the use of higher screw speed produces more large
granulesand the curve for 200 rpm is more bimoddiis result iscontradictoryto if the
BL was not controlled. For exampleute et al. (2016presented that the increase of
screw speed redusthe prodution of large granules/ithout maintaining the amount of
material in the barrel as a constahie increase of screw speed redlitee amount of
material in the barrel, which would reduce the occurrences of coalescence and reduce the

granule siz€Dhenge et al., 20)1

In terms of the distribution spaRigure8-6 shows thagienerallya higher screw speed
leads to a wider span, indicating a poor liquid distribution. It beadue to the insufficient
residence time when conveying elements were used. dmlyaddition, no clear
relationship between HPC amount and span of distribution could be obtained.
Neverthelessat 200 rpm, the use of water shows the largest span, which is notdagree
with the observation frorthe distribution curves. It is becauséthe high proportion of

fines when water was used and consequently reducedfar dpan calculation.

In general, when conveying elements were used, the speed is mainly related to the
conveying capability. A higher speed would accelerate the conveying apd#ecreases
the residence time. Consequently, material would have less ticoenean even liquid

distribution.
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wereused
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Figure8-6. Span of distribution foFigure8-4 andFigure8-5.

Lactose based formulation with kneading elements using HPC in batis Yoere
granulated and the size distribution is showfigure8-7 andFigure8-8, respectively
The use of HPC leads to increases in large granulésrms of the effect of screw speed,
different from the use of conveying elements showrigure8-4 andFigure8-5, the use
of higher screw speed (200 rpm) produfsserlumps.lIt indicates that although a high
screw speed reduces the residence time which makes the mixture has less time for mixing
and ganulation, the intensive mixingnd cuttingcapability from higher screw speed
using kneading elements could compensate the loss in residence time and leads to a better

mixing.
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solution
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The span of distribution idlustrated in Figure 8-9. Comparing with the use of
conveying elements, the span is smaller, which indicates the use of kneading elements
could enhance the liquipowder mixing and produce the granule with a narrower size
distribution. In additionFigure8-9 suggests that at high screw speed (200 rpm), the span

is relatively smaller comparing with low speed (50 rpm), generélig.use of HP@vas
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found to incrase the span of distributiqiigure 8-9) when comparing to that without
HPC, indicating a poorer liquigpowder mixingwhen HPC was used.o quantify the

effect of screw speed on the span of distribution, it was fouR@jure8-10 that for most
cases, increases in screw speed could retthecgpan of distribution in different extents
indicating that using a higher screw speed could effectively promote the liquid
distribution and produce narrower granule size distributitmwever, using 4% HPC
solid binder at 100 rpm showed opposite efetitmight due to the clear relationship in
span of distribution at corresponding condition, which may be resulted from the operating
error.In general, using 200 rpm gave more stable reductions of span for alandsbe

reduction is between 0 to addP.1%.
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2.5
15 < s I I L
A
0

lactose;water lactose;2.5% lactose;5% HPC lactose+2%  lactose+4%
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Figure8-9. Span of distributioor Figure8-7 andFigure8-8.
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Figure 8-11 and Figure 8-12 illustrate the MCC granule size distribution using
conveying elementwith the addition ofwater and HPC in liquid form and solid form,
respectively When HPC was used, larger granuasuld be obtained In terms of the
effect of screw speed, a higher speed makes the granule size distribution more bimodal,
which indicates poorer liqguigowder mixingsThe span of distribution shown Kigure
8-13also shows that a higher screw speed leads to a higheAspaas mentioned, it is
because of insufficient residence time when conveying elememneused, especially if
the screw speed is higgomparing vith that of lactosgit could beobservedhat higher
proportions of fines could be produced. It is because MCC could swallow water, leaving

less amount of liquid to bond particles.
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Figure8-11. MCC granule size distributions in different screw speeds with a controlled
BL (g) and set 1 screw configuration using water and HPC (2.5%, 5% HPC) solution.
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When kneading elementare used, Figure 8-14 and Figure 8-15 are thesize
distribution and MCC granule size distributidfirstly when HPC solution was used, a
higher concentration produced larger granules. In addition, use of HRfDiigthforms
produces more fines than that when HPC partislr®used. Whilst, an increase in solid
HPC particles shows unclear effect on the granule size distribérigure 8-16 shows
the span of distribution fdfigure8-14 andFigure8-15. It shows that the use of HPC in
solid form shows smaller spathan the use of HPC in solution, which is agreed with the
observation fronfFigure8-14 andFigure 8-15. Comparing withFigure 811 andFigure
8-12, the use of high screw speed shawdifferent effect on granule size distribution.
Specifically, a high screw speed genesatevider span of distributioma poorer liquid
powder mixing when conveying elements were used, whilst a higher screw speed tends
to produce the granule with narrower size distribigitinndicates that the effect of screw
speed is different based on the specific configuration apgfer conveying elements
only, the screw speed is mainly related to the conveying speed, as conveying elements

are weaker in mixing but good as transporting materials. When kneading elements are
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Figure8-14. MCC granule size distributions in different screw speeds with a
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solution.
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Figure8-15. MCC granule size distributions in different screw speeds with a

controlled BL (g) and s& screw configuratiomsing HPC solid binder (2 & 4%).

used, although higher screw speed would reduce the residence time, the more intensive

mixing from a higher scree speed could compensate the loss in residence time.

Figure8-17 quantifies the effect of screw speed on the span of distribution. Apart from
the first column, it was found that using higher speeds could reduce the span of
distribution in different extentslhe reason why the first column showed opposite result

was becausEigure8-17 was calculated based on the average span value and could not
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make theerror bar into consideratiom general, using 200 rpm shows more stable effects

on reducing the span of distributions more than 20 %.
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Figure8-16. Span of distribution foFigure8-14 andFigure8-15 (different scale in

y-axis).
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Figure8-17. Improvement of span of distribution.
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When comparing the span of distribution from the previous chapter at 200 rpm, it could
be seen fronFigure 8-18 that by controlling FL, the span of distribution could be
improved in most cases, which indicates a more even liquid distribution when FL was
controlled.Figure 8-18 quantify these variation and was found that for most cases, the
use of FL could effectively narrow the granule size distribution by reducing the span of
distribution. The reas why lactose with 4% HPC solid binder showed opposite result
may due to the large error bar produced from the corresponding coluRigune8-18.
Comparing the difference between different binder delivery methods, it was found that
the use of liquid binder shows more obvious improvement when controlling FL. Using
HPC solution could achieve an improvement of about 19.7%, whilst the use of solid
binde could only achieve the maximum improvement of about 2.386wing that a
controlled FL could significantly enhance the liquid distribution even the liquid was quite

viscous.

no BL
I
2 . L I I . 1 I BL

Span of distribution
N
(&3]

lactose; watetactose; 2.5% lactose; 5% lactose+2% lactose+4%
HPC HPC HPC; water HPC; water

Figure8-18. Comparison of thepan of distributiomsing lactose based materials

with a screw speed of 200 rpm
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Figure8-20compared the span of distributions between weather the BL was controlled
or not. In general, the span of distributions are much larger comparing with that of lactose
shown inFigure8-18. It is mainly because MCC is insoluble and thus a higher proportion
of fines were produced, making the span of distribution larger. When comparing the
different between controlling FL or not, it was found that the using Fl could effectively
narrow the graule size distribution by reducing the span of distributidormally, the
span of distribution that twin screw granulation could achieved is in a range of 1.5 to 4.5.
It could be seen that with the use of FL, using HPC solid binder could even reach a span
close to 1.0, which represents quite excellent liquid distribution and granule size
distribution.Figure8-21 quantifies the improvements from usifg and was found that
much more obvious improvements could be achieved comparing that with lactose. It
might because using a FL could increase the corresponding fill level in the barrel, which
would increase the stress faced by the liepogvder mixture. A MCCis considered as
porous sponge material. Specifically, when pressure applied, the free water could be
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squeezed out; when the pressure is removed, MCC would absorb water and expand back
to its original shape and size (Fielden et al., 1988). Therefmreased pressures with a
control of FL could squeeze more liquid out and the liquid could be used to form more
liquid bridges to agglomerate particles. Consequently, controlling FL would make the
water distribution more evenly and the granule sizeibdigion would be narrower. This
reaction of MCC could be used to further explain why using HPC particles shows better
improvement than that of HPC solution. As more liquid was squeezed out, liquid between
particle would have more time to interact with soéid HPC particles. As a result, more

HPC would be dissolved in thiguid comparing that if BL was not controlled and thus a

much obvious improvement could be achieved.

no BL

Span of distribution
; N (
[4)] w
—
—

MCC; water MCC; 2.5%MCC; 5% HPCMCC+2% MCC+4%
HPC HPC; water HPC; water

Figure8-20. Comparison of thepan of distributiomsing MCC based materials with

a screw speed of 200 rpm.
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Figure8-21. Improvement of span of distribution.

8.3.3. Effect of screw speed and configurations on granule strength

Figure8-22 andFigure8-23 shows the relationship between granule bulk strength and
screw speedunder different binder delivery methodsing conveying elements and
kneading elements, respectively general, use of kneading elements could produce

strongergranules.

When HPC was added, an increase in granule strength could be obisebogl
Figure 8-22 and Figure 8-23. When conveying elementwere used, HPC solution
produced stronger granslian the use of HPC particles. It is probably due to insufficient
stress and agitation applied could not dissolve the HPC particle efficiently, which is
agree with the observation on the compact powlded that the use of solid HPC could
not enhance the nucleus hardndasaddition,the insufficient residence time may not
allow the liquidpowder being mixed properlyWhen kneading elements were applied,
the use of HPniboth addition method ldd moreobvious increases in granule strength,

which due to intensivestressrealised by kneading elements. addition, the longer
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residence time offers sufficient time for the material to achieve an even liquid distribution
and also dissolve more portions ofliidle materials to enhance the strendgihile
comparing different HPC delivery methods, it could be sedahe use of solid binder
producethe strongest granule. It mighe because thavhen HPC particle is used, the

intensive agitation and stress coalttelerate thdissolution ofthebinder particle.

In Figure 8-22, the increase in screw speed produces stronger granules when HPC
solution was used. However, when HPC particles were used, no obvious effects could be
seen.lt is probablybecause that wherogveying elements were used only the screw

rotation is incapable to provide enougixing.

As is known, a industrial standard screw configuration is normally consist of two zone
of kneading elements. Therefore, kneading elements were used and the Qudkule
strength were evaluated, followed by a quantative comparison of bulk strength

improvements between different experiments.

If kneading elements were applifelgure8-23), cleaerincreasing could be observed
in all cases, indicating a positive correlation between screw speed and granule strength.
In general, all granule bulk strength is in the allowed range ( larger than 0.1Dieape
et al., 202d, Dhenge et al., 2013, Saleh et al., 208pgecially, the use of solid binder
produces sbnger granules, which indicatbat the use of kneading elements could
accelerate of the dissolution of HPC particl€emparing with the use of conveying
elementshown inFigure8-22, the granule bulk strength from kneading elements were
much stronger. It is because the use of kneading elements could prowkestnaunger
stress to the material, which could significantly promote the consolidation process and

strengthen the granuldsigure 8-24 quantifies tle variation of granule bulk strength. It
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could be seen that the use of higher screw speed could enhance the granule strength in all
cases. It was reported that at Iéétdifference in granule strength could be clear effects

on granular properties (tablensile strength, etc.)(Horisawa et al., 199%)erefore, the
variation of screw speed could effectively affect the tablet properties. Comparing the
improvements using different binder delivery methods, it was found that using solid
binder could achieva better improvement (more than 20%), indicating that solid binder
delivery is preferred when a stronger granule was required. It might because the use of
kneading elements could provide intensive mixing environment and thus accelerate the
dissolution of slid binder, making higher proportions of HPC participate in binding and

granule strength enhancement.
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Figure8-22. Lactose granule bulk strendtir conveying elements
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Figure8-24. Improvement of granule bulk strength.
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Figure8-25 andFigure8-26illustratethe relationship between MCC granule strength
and screw speed using two screw configurations under different binder delivery methods.
Generally,all granule strength are in theadled range (larger than 0.1 MPa) arse of
kneading elementsroduces stronger granul@henge et al., 2012d, Dhenge et al., 2013,

Saleh et al., 2015)

When conveying elements were used only, the use of HPC solution piathece
strongest granules. It ght be due to insufficient mixing capability from conveying
elements and also agreed with the single drop study that the use of HPC solution is easier
to form strong nuclei. Whereas, when kneading elements were used, the intensive
agitation could accelemtthe solid HPC dissolution and produce stesngranules.
Nevertheless, the use of HPC solution could still produce stronger granules, which may

due to the fact that MCC could swallow liquid into its structure.

Concerning about the effect of screw speedould be seen that as the screw speed
increases, an increase in granule bulk strength coulshdye clearlyobtainedwhen
kneading elements were used. As a comparison, the effect of screwwsgsaattclear

when conveying elements were applied.

Figure 8-27 quantifies the improvement of granule bulk strength between different
speeds and binder delivery methods. Comparing with that of lactose, thevémerats
are much milder, as MCC is insoluble and the increase in stress resulted form the use of
kneading elements could not vary the dissolution of MCC patrticles. As a result, variation
of screw speed shows less obvious effect on granule strength. Aspsded, more than
5% difference in granule bulk strength could obviously affect the tablet properties.

Therefore, the improvement using 100 rpm was incapabéféatively influence the
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following product properties. When 200 rpm was used, clearer iraprent could be

achieved by about 15%.

In general, for both lactose and MCC, the granule strength was measured. Lactose, as
a soluble material, could dissolve in the water and increase the strength of bonds between
particles. Whereas, the added liquid KCC granulation would be partially stored into
the MCC inner structure, which only leaves less proportions of liquid to form liquid
bridges. Therefore, comparing to the insoluble material (MCC), lactose produces stronger
granules. In addition, it was fouridat for both material, using HPC in solid form could

produce stronger granule than that of HPC solution.
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Figure8-25. MCC granule bulk strengtfor convey
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In this chapter, processing parameters including sepaedand configuratiorwere
studied with a controlled material loads in the barrel (Barrel loading, g), in order to
improve the granule yields and strengtith different binder delivery metho®ifferent
from the typical fill level (powder feed rate/serspeed), the BL considered the effect of
liquid binder and different conveying capability between conveying and kneading
elements. The study of screw speed and configuration with a constant BL could reveal

their effecs on granule properties without thestbrting from the variation in fill level.

When conveying elements were used, the increase in screw speed would increase the
conveying capability of the screw, making the liquid and powder have less time in mixing
and produce the granule with a wide spéadistribution.While kneading elements were
used, the increase of sarspeed would help to intensify the mixing and stress aoting
the material, which enhare¢he breakages and coalesceigoang a more even liquid
powder mixing.In addition, with acontrolling of BL, using kneading elements could
reduce the span of distribution up to 19.7% for lactose and 83.3% for MCC, which
significantly improve the liquid distribution and narrow the granule size distribution.
addition, the use of kneading elents could also accelerate the dissolution of solid HPC
particles, and enhance its binding capabilkgr lactose, the enhancement on granule
bulk strength could achieve as much as 21.6%, whilst only 14.7% enhancement could be

achieved if MCC was used.
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Chapter 9. Qonclusionand future work

9.1. Conclusion

In twin screw granulation procesgrrower granule size distributis(control dosage)
and stronger granule strendgtvoid breakageare normally required in granule property
designs. Therefore, the research focusedfarmulation development and process
optimisation were carried out, in order to improve the granule properties and process in

the pharmaceutical industry.

In Chapter 4, single drop study on theosmpact powder bed waarried outo mimic
the twin screw granulation process, in ordeuhderstand the liquidowder interaction
in twin screw granulatiorwith the presence athe binder (HPC) in different forms
(solution and particle)rhrough hestudy ofdroplet kehaviour and nucleus proped, t
was found that liquid would keep distributing even after the penetration finjieid
postpenetration migratiorgnd clear differencdsetween the liquid maximum spreading
and nucleus surface diametesuld be obtainedl his phenomenon becomiess obvious
when HPC solution is used. This finding suggests that the nucleus size could not be
simply determined by the liquid spreading and the horizontal liquid migration should be
considered when studying the ligegpdwder interaction on the powdered and the
previous nucleation study (e.g. nucleation regime map) should fully consider the liquid
migration in the powder bed rather than only the droplet beha\Basidesthe single
drop studyagrees with the fathatthe use of HPC solution is madéficult in spreading
and distribution in the powder bed and the nucleus produced is much shiai@ver,
it is alsonoticed that some of the largd>C particlescould not dissolve properly and the

actual usage efficiency would be quite low.
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In this chater,the theory and knowledge of liqumbwder interaction under different
compression stresses and binder delivery metiveds established and learttinspired
the following chapters about how to proceed theearchto improve the granule

properties from the perspectives of formulation and process parameters, respectively.

As the liquidpowder interaction on the compact powder bed could mimic the twin
screw granulation procesa miniaturized approach to predict thgtimal L/S ratio in
twin screw granulatiorfconveying elements only)sing the compact powder badhs
developedn Chapter 5. By calculating the mass ratio ofaglet anddry nucleus a
powder bed based L / S 0waa dbiainedThis valuewas consistenwith the optimal
amount of liquid required to produce granules with desired particle size distribution using
atwin screw granulatoiThis approach could locate the suitable L/S ratio before the twin

screw granulation proceasd reducéhe trial and ernoduring formulation development.

As the optimal L/S ratio could produce the highest proportion of granules within the
required size rangand the granules produced at the optimal L/S ratio are normally
strongey this new approachkactually give predictions about at which L/S ratio the
granulation process could provide a batch of granule with narrowest size distribution and
stronger granule strength. Therefotleis new approach was found to be effective to
predict the optimal L/S te and consequentlguide the granulation process to produce
the granules witha narrower size distribution and stronger strength, which met the

objective of the research.
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Apart from the prediction of L/S ratio using a snealedpowder bedin Chapter 6,
a new binding excipient was firstly examined and used in twin screw granulation process,
to enhance the liquid distribution and granule bulk streri§yhevaluating the granule
size distribution using micronized lactose, it was found that small amoiumisronized
lactose (5% & 10%) have positive effecabout 9.0% & 9.4%)\vith lactose granule size
distributions. However, if 15% micronized lactose was added, wider granule size
distribution would be obtained and the span of distribution would be increased (about
10.4%). For MCC, an increase in micronized lactose from 5% to 15&tdveause a
reduction inthespan of distributiof about 26.6% to 54.5%. Through a comparison with
literature, it was found that such improvements were capable to distinctively affect the

granular product properties.

By comparing the granule bulk strehdgetween micronized lactose was added or not,
it was found that using micronized lactose could significantly influence the granule bulk
strength. For lactose, the addition of micronized lactose (from 5% to 10%) could enhance
the granule strength froabou 12.7% to almost 40.0%; for MCC the improvements are
from about 14.5% up to about 100.0%. Such improvements on granule bulk strength
throughusing micronized lactose indicate that micronized lactose was able to enhance
the granule bulk strength and wapahle to be used as a solid binder for both soluble

and insoluble materials.

Micronized lactose was proved to be an effective solid binder for twin screw
granulation and provides an alternative when selecting solid binder for granulahen in
pharmaceutal industry. By using it, granules with narrower size distributions and

stronger strength could be produced, which met the objective of research.
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The previous chapter (Chapter 5 and Chapter 6) developed new approaches to improve
the granule propertiesdm a perspective of formulation development (Chapter 5:
optimizing the moisture/liquid content in the formulation; Chapter 6: evaluatnoyel
binding excipient premixed with powder). In the following two chapterferent

approaches from a perspeetiof process optimization were carried out.

In Chapter 7, temperature as an independent variable is investigated. HPC was
prepared in two forms: dissolved in water as a solution and premixed with granulation
powderslt was found that usinghigher tempeature (especially at 6T in this chapter)
could effectively reduce the span of distribution for both lactose and MGCliquid
binder delivery, using HPC solution at 8D could decrease¢he span of distribution by
about 42.5% for lactose and 30.5% MCC, respectively. When solid HPC was
premixed, using a formulatiosf HPC particles premixed at 8G could reduce the span
of distribution by about 37.4% for lactose and 28.6% for MCC, respectively. In general,
it was found that using a high temperatis capable to effectively affect the granular

product properties

Using a higher temperature could also enhance the granule strength in a certain extent
and such enhancements were more effective when HPC solid binder wa# wsed.
found that for whesolid HPC was used at 6GQ, the maximum improvement in granule
strength could be as much as 45.88% for lactose and 72.2% for MCC, whilst @8y 45.
for lactose and 16.8% for MCC could be achieved when HPC solution was used.
Thereforepy reference to the literature, such improvemeraie identified asffectively

affect the tablet properties and following granular products
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In this chapter, using a higher temperaines considered toe a useful way to narrow
the granule size distrition and enhance the granule strength. In the application, it is
recommended to granulate material in a higher temperature, as the improvements in
granule properties could significantly save the expensive API materials and the benefits
obtained are mord&an what it would be costs in rising temperature. \ihaécessario
be mentioned is that such increase in granulation temperature is limited byxiheima

tolerance temperatund the active materials (API).

In Chapter 8, processing parameters inclugliscrew speed and configuration were
adjusted tanaintaina controlled material loads in the barrel (Barrel loading, g), in order
to improve the granule yields and strength with different binder delivery meyod.
controlling BL as a constant, the twinrew granulation process could performedin
more steady environmer@wingto a relatively higher level of material in the barrel, less
free space would be left and consequently higher compression stress would be maintained.
Higher compression redusthe distance between particles and thus enhance the capillary

action and thus enhance the liquid distribution.

While kneading elements were used, the increase of screw speed would help to
intensify the mixing and stress acting on the material, which enhtdrecbseakages and
coalescence, giving a more even ligpmwvder mixing. In addition, with a controlling of
BL, using kneading elements could reduce the span of distribution up to 19.7% for lactose
and 83.3% for MCC, which significantly improve the liquidtribution and narrow the
granule size distribution. In addition, use of kneading elements could also accelerate the

dissolution of solid HPC particles, and enhance its binding capability. For lactose,
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enhancement on granule bulk strength could achieveuzh as 21.6%, whilst only 14.7%

enhancement could be achieved if MCC was used.

In this chapter, a constant barrel loading was maintained to provide a more steady
granulation environmentt was found that when BL was maintained, using kneading
elementsat 200 rpm coulg@roduce granules withnarrower size distribution and stronger
strength, which met the research objective. This chapter suggested that with a controlled
BL, using kneading elements at a higher screw speed could improve the granule

propertes and enhance the usage efficiency in pharmaceutical industries.

Compact powder bed could be used to predict the optimal L/S ratio beforéagjamu
However, current approach could be only applicable when conveying elements are used.
It is necessary to extdrhis study and link theniniaturizeddroplet study on the compact
powder bed to the real granulation process. In twin screw granulation process, the use of
kneading elements could enhance thengia breakages and coalescenghich isnot
easy to béinked withthe current compact powder bed. Therefore, further improvements
are still needed to reform the study on the compact powder bed, in order to realize a more

accurate prediction for the real granulation process.

To improve this approach, stresses acting along the twin screw barrel should be
examined and studied at first.dbuld be eithepbtainedthrough theDiscrete Element
Modeling (DEM), or from the experiment about the material property variation under

stres in the twin screw barrel
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In a wet granulation process, particle dissolutiontaegrimary particldardness are
the most important parametaviich could affect the granule properties. The dissolution
of particles would affect the liquid viscosity @nthe quality of liquid bridges, which
directly affect the liquid distribution and granule strength. The primary particle hardness
is related to the deformation and interlocking of the material and also the main parameter
to reflect the effect of stresslicroscopic method would be needed to record the particle
dissolution.In terms of the particle hardness, nandentation would be needet@ihe
study of particle dissolution and hardness could enhance the understanding about the
physical reaction occurs the twin screw barrel. Most importantly, it could provide the
essential knowledge to improve the study on the compact powder bed and the approach

to prediction the optimum parameter including L/S ratio, stress, etc.
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A. Appendix: nucleus hardness témst
Chapter 4

a. Solid binder delivery

i. Wet nucleus hardness
In this section, a series of indentation experiments were carried ortderto study

the effect of compression stress on nuclei hardfi@gsre A-1 andFigureA-2 show the
hardness of wgiowder bed nucledn lactose and MCC based powder Bedan be seen

that an increase ithe compression stressd¢o an increase ithe hardness of botivet
powder bed nuclei. In case wkt powder bed nuclei it may be attributed to an increase

in the fomation of liquid bridges requiring less amount of liquid as the powder particles
come closer during the compression compared to that with relatively loose powder bed
(at low compression stress). Therefatecan bededucedhat if a granulator can exert

more stress on powder, stronger granules are more likely to be produced.

Besides an increase of HPC can also affect plosvder bed nuclehardness. For a
constant compressi@tress, the variation of powder bed nubl@idness could indirectly
reflect thestrength of bridges between the particles among different matefals.
increase in the amount of HR@Gs expected to increase the hardnesseaifppowder bed
nucleiformed as more binding capabiliyasintroduced. Howeveithe resuls obtained
seemed not to agree with this assumption. AccordifggareA-1, the addition oHPC
did not enhance the hardnessaadt powder bed nuclei but iratt weaken itBased on
the previous study of the liquid behaviour and nucleus weggme HPC particles,
especially large sized patrticles, could not dissolve properly to enhance the strength

between particles. Therefone, comparison with powder bedsntaining solid binder,
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liquid on powder beslof pure lactose could wet more material and stay on the powder

bed for a longer time to dissolve more lactose and form stronger liquid bridges.
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FigureA-1. Wetlactosenucleus hardness under different proportions of HPC.
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As a comparison, the addition of HRBowed further less effect on the hardness of
wet MCC nuclei compared to that in case of lactose, indicating that HPC could not
enhance the strength of bonds among MCC particles. This matyribeited to the fact
that MCC consumes more watduring powder bed ucleation by its own swelling
behaviour and consequently less water wastdeftiteract withHPC particlesFor this
reason, the addition of HPC had limited influence on liqpod/der interaction in a

powder bed of MCC

Figure A-3 and Figure A-4 show the dry nucleus hardness e lactose and MCC
based powder bed with premixing of HPC partickes both materialshe hardness of
dry nuclei was found to increase with an increase in compression stress to produce powder
beds. It was probably because of the formation of solid dpeil betwen particles (i.e.
after dryingthe liquid bridges beteen particles in wet powder bed nudigined into

solid bridges).

When mixed with HPC solid binder in powdezds, the hardness of dry powder bed
nuclei showed similatendencies as when #& powder bed nuclevere wet, i.e. the
addition of HPC as a solid binder did not increase the hardngssvoler bed nucleas
expectedAs mentioneckarlierthe powder bed made ohfly lactosemight haveled to
the formation of more viscous liquampared to that with lactose with HPE wetting
more material and staying longer for dissolution in the powder Ti®gs more viscous
liquid might haveresulted instronger liquid bridges and thus form stronger solid bridges
between particleDhenge et al., 2033In terms of MCC, due to it could swallow liquid,
less liquid was left to interaction with HPC. Asesult, it is less sensitive to the addition

of HPC.
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It was noedthat the hardness of dry powder bed nuaféCC wasmuchlowerthan
that oflactose shown ifrigureA-3. It was probably because, the bridges between lactose
particles were made of dried out dissolved lactose, whilst the bridges between MCC
particles may have mainly resulted from the physical dlateking betweenswelled

particles.
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Figure A-5 and Figure A-6 show the wet nucleus hardness the lactose and MCC
based powder bedith the addition of HPC solutio&imilar to what was shown Figure
A-1 and Figure A-2, an increase in compression stress reduces the distant between
particles and consequently makes it easier for liquid to form liquid bonds. Therefore, the

nucleus hardness increases with the increase of compressiss for both material.

Furthermore, the use of HPC solution shows little effects on the strength of liquid
bonds. As is known, the HPC solution has a higher viscosity and theoretically could
enhance the strength of liquid bonds. The reason why thef i#eC solution could not
enhance the nucleus hardness is probably due to its poor flowability that makes the binder

solution overconcentrated in the nucleus arBay(re5-7 andFigure5-8). Consequently,
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the gap between particles would be full of liquid, which could reduce the friction and
behaveas a lubrican{Tu et al., 201B As a result, an increase in liquid bonding capability

was compensated by the loss of friction.
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FigureA-7 shows the nucleus hardness affected by the compressions stress and HPC
concentration in a liquid solution. It could be seen that an ineieasompression stress
leads to an increase in nucleus hardness. In addition, the nucleus produced using HPC
solution is much stronger in nucleus hardness than the one produced using water.
Comparing with the use of HPC particles showfrigureA-3, the use of HPC solution
could successfully enhance the bonds strength between particles on the static powder bed.
It could be inferred that the use of HPlution has wider applicability in bond

enhancement if there is insufficient agitation during twin screw granulation process.

Similar effects are also available if MCC are ugéigre A-6). In addition, because

MCC is insoluble, the nucleus hardness was much lower.
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B. Appendix: nucleus hardness for
Chapter 6

From the single drop study, it is known that the large HPC particles may not dissolve
properly to enhance the nucleus hardness. Therefore, HPC was sieved into two different
size classes (<58m, dio and > 15Gm, dg) and the normal HPC particle was used as a
comparison. It could be seenkigureB-1 that the use of large HPC patrticlesluces the
nucleus hardness and the small HPC enhance it. As the wet nuclei hardness indirectly
reflect the strength of liquid bridgEigureB-1 indicated that a reduction in HPC particle
size could enhance the strength of liquid bridges and this enhancement is applicable for
all of the compression stress provided. Similar effect was also shown in MCC based

powder bedKigureB-2).
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When the nucleus is dried out, the addition of small sized HPC patrticle consistently
produced stronger nuclei than large HPC for both lactose and MCC based compact
powderbeds FigureB-3 andFigureB-4). It indicates that smaller HPC leads to stronger

bonds between particles and causes an increase in nucleus hardness.

However, such enhancement in nucleus hardness is still quite limited. Therefore, a new
binding excipient micronized lactose was used and evalua@tbipter Gnd its hardness

test was also carried out.
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To evaluate the binding capability of micronized lactose, indentation expetinagnt
wasregarded aamethod for material hardness testimgre carried out. In the experiment,
the Anucl eusodo was formed at which the mat
In FigureB-5, the formuétion with a higher proportion of micronized lactose tended to
produce a harder nucleus. It indicated that a higher proportion of micronized lactose led
to an increase in the strength of liquid bridge. However, the addition of solid binder does
not show arobvious different on MCC nuclei hardness, showRigureB-6. Basically,
it is because the instant dissolved micronized lactose would be carribd twater and
swallowed into the MCC particles. Therefore, the remained liquid between particles are

insufficient to affect the strength of liquid bonds.

Figure B-7 and Figure B-8 illustrated the relationship between the hardness of dried

nucleus and the variation of powder formulations in a sefiesrapression stresses. It
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could be seen that the addition of micronized lactose would enhance the hardness of
nuclei for both of lactose and MCC. An increase in the proportion of micronized lactose
leads to an increase in the hardness of nuclei, indicttat the addition of micronized
lactose was capable to strengthen the bonds between particles. In additiofiginoen

B-7 andFigureB-8, with the increase in compression stress, increases in nucleus hardness
could be observed. It was probably because the increase of compression stress made the
powder bed more compacted. Hence, it would become easier for water to farch lig

bridges and bond particles.

Upon comparindrigureB-7 with FigureB-3 andFigureB-8 with FigureB-4, it could
be seen that the addition of micronized lactose showed a much better capability in
enhancing nuclei hardness. Even add¥gof micronized lactose could produce stronger
nuclei compared to HPC. The comparison indicates that micronized lactose was capable

to enhance the bond strength between particles and the efficiency is higher than HPC
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C. Appendix: BL vs powder feed rate for

lactoseand MCC
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