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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 liquid forms, respectively. In this thesis, lactose (soluble) and microcrystalline
cellulose (insoluble) were chosen as the objective powders. Hydroxypropyl cellulose was
used as the main binding excipient.

From a perspective of formulation development, a novel approach to predict the
optimal L/S ratio for twin screw granulation was developed through the study of single
drop behaviour, which reduces the waste from trial and error in formulation development
process, in order to producing the granule with narrower 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 achieve better binding capabilities
which is important on granule size distribution and strength. Moreover, a new solid
binder-micronized lactose was evaluated and examined for twin screw granulation. Due
to its instant dissolution rate, it was proved to be excellent in 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 temperature, especially 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 HPC solution was 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 granule properties 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 elements were used.
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Chapter 1. Introduction

1.1. Twin screw granulation

1.1.1. Introduction

Granulation is a particle agglomeration process. Compared with powder, granular
materials have improved flowability, dissolution and disintegration rate, compressibility
etc. (Barrasso et al., 2013). Currently, it has been applied widely in industries including
detergent, food, and fertilizer. However, one of the biggest applications is to produce

intermediate products in pharmaceutical industry.

Twin screw granulator (Figure 1-1) is one of the most commonly used wet continuous
granulators in industry (Dhenge et al., 2010). It was initially used and firstly reported by
Gamlen and Eardley in 1986 for paracetamol extrudates production (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
granules 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 advantages (Thompson and Sun, 2010).
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Figure 1-1. Twin screw granulator (Seem et al., 2015).

1.1.2. Screw configurations

1.1.2.1. Conveying element

As is shown in Figure 1-2, two sets of conveying elements are applied in twin screw
granulator. Each conveying element has a continuous helical flight, which is designed to
allow more materials to be conveyed. When the screws are rotating, the flights can
generate forces, pushing powder and liquid to the next zone (Djuric and Kleinebudde,
2008). The distance between flights influences its conveying and mixing capability. The
long pitch conveying elements (LPCE, Figure 1-2) allow more material to be contained
and transported and thus they are usually found near to the inlet of a twin screw granulator.
Whereas, short pitch conveying elements (SPCE, 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 that both sets of conveying elements cannot mix powder and liquid as
aggressively as kneading elements, at the first zone, immersion and wetting are dominant

and large, wet and loose lumps are usually formed (Lee et al., 2013). It is stated that
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conveying elements can also have a shearing capability apart from material transportation
(Van Melkebeke et al., 2008). 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 granule fragments resulted from kneading elements re-agglomerate and promote

liquid binder dispersion (Dhenge 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 (shown in Figure 1-3) is one of the most commonly used elements
for granulation and the critical element in liquid-powder mixing (Kohlgriber, 2012).
Space in kneading elements zone is much narrower than that in conveying elements zone,
which provides less free space and could exert more intensive stress. The shearing stress
could break wet granules into small fragments and the compression could squeeze the
liquid from the core, which encourages granule growth. During this process, the liquid
could be distributed more evenly among the granules and the strength can be enhanced

(Thompson and Sun, 2010).



The kneading zone could be consisting of different assembled kneading elements with
different angles. The effects of mixing and dispersing ability depend on the angle between
kneading elements and the number of kneading elements in one screw. The angle between
discs affects the mixing capability significantly. The increase in the angle can improve
the degree of binder dispersion and lead to a higher mixing and shearing ability when the
filling level of mixture in barrel is high enough (Thompson and Sun, 2010). However, 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.

Figure 1-3. Kneading elements with an angle of 60°

1.1.3. Ligquid 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 processes. It could spread
and distribute easily bettwen the 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 binding capability of water.



Binding excipient (binder) addition can be divided into two methods. Firstly, the
binding excipient could be dissolved in water and used as a liquid binder to enhance the
strength of liquid bridge between particles increasing the strength of granule effectively.
Consequently, liquid with increased viscosity would be harder to penetrate and distribute
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 fines (Saleh et al., 2015). To tackle this problem, the surface
tension of liquid was varied by adding surfactant, in order to improve the liquid dispersion
even if it contans a high concentration of binding exipient (Dhenge et al., 2012c).
However, the reduction of surface tension was proved to be less effective on improving

the dispersion of liquid binder solution.

In addition, the binding excipient could be premixed with powder in advance (solid
form), in order to make sure the binding excipient particles distribute before water comes
in contact with the powder material (Saleh et al., 2015, EIl Hagrasy et al., 2013b). In this
case, the liquid (water) would be easier to distribute in the powder during granulation.
However, the limited amount of water may be insufficient to dissolve the binder particles,
especially big-sized particles, and thus reduce the efficiency of the binding excipient.
Therefore, more binding excipient would be needed to compensate its relatively low
efficiency. Recently, the effect of the presence of hydroxypropyl cellulose (HPC)
particles in compacted powder bed was studied (Ai et al., 2016). 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 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 high shear
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mixer and fluidised bed (Alvarez-Lorenzo et al., 2000, Van der Watt, 1987, Nystr&n and
Glazer, 1985, Nystrdm et al., 1982, Schaefer and Mathiesen, 1996, Kato et al., 2006, Li et
al., 2011). It was found that the use of smaller sized binder particle could promote the
growth of granules and have positive effects on the strength of granules due to its
outstanding specific surface area. In terms of twin screw granulation, limited work has

been founded.

The criteria of granule property assessment are normally built based on the specific
application (Kato et al., 2006, Meier et al., 2017, Picker-Freyer and Dtrig, 2007). In
pharmaceutical industry, granules are normally used as an intermediate products before
tabletting or capsulation (Djuric and Kleinebudde, 2008). Therefore, the following

properties are quite important (Salman et al., 2007):

e Uniform size distribution

In pharmaceutical industry, the granule size distribution is quite important, as only
granules within a certain size range would be selected for tabletting or encapsulation
(Hansson and Lindner-Olsson, 2004, John and Charles, 2002, Santl et al., 2012, Ai et al.,
2016). On one hand, a wider size distribution is normally positive in tabletting and could
enhance the tablet strength; on the other hand, a batch of granules with a wide size
distribution would contain large proportions of fines or lumps, which is less suitable in
dosage control. In general, pharmaceutical industry 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 process. A narrower granule size
distribution could guarantee a higher proportion of granules being used for tabletting,
which is related to process efficiency. Therefore, the size distribution of the granules
produced is an important variable which needs to be considered in the pharmaceutical

industry.

Span of distribution is a typical method to evaluate the granule size distribution curves.
A smaller span value indicates a narrower size distribution, which is always a target for
pharmaceutical industry. Tu et al. (2013) developed a regime map based on twin screw
granulation and they stated that normally the allowed span of distribution is in between
1.5 to 4.5. However, this is just an empirical 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 best situation).
In addition, in their regime map, the minimum variation of span of distribution was about
10%, indicating that 10% difference in span value could be deem as “effective” to affect
granular product properties. To quantify the variation of span of distribution, the span
value would be firstly compare to this range, in order to check whether the obtained span
of distribution is in the allowed range. Then, the span of distribution obtained would be
compared to that in a standard condition (powder feed rate: 1 kg/h, screw speed: 200 rpm),

in order to evaluate the improvements of the corresponding approaches.

e Strength

Granule strength is a feedback of the bond strength between particles. In
pharmaceutical industry, properties of tablets including strength and dissolution rate are
directly influenced by the strength of granules (Mangwandi, 2009, Kato et al., 2006,

Meier et al., 2017, Vercruysse et al., 2012b).
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Normally, weaker granules tend to produce strong tablets with slower dissolution rate.
As granule strength is related to the tablet disintegration speed, different tablets with
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 result, it is
impossible to generalize a “range of value” to represent the optimal granule bulk strength
universally. However, it does not mean that there is no requirement on granule bulk

strength.

Granules from twin screw are relatively weaker than those from a roller compactor in
drying granulation process. In this case, the over-strong 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 transportation and 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 bear the gravity from the granules above.
Therefore, the granules produced should be sufficiently strong to avoid being damaged
and produce dusts. Therefore, in literature the granule bulk strength required from twin
screw granulation is larger than 0.1 MPa (Dhenge et al., 2012d, Dhenge et al., 2013, Saleh
et al., 2015). As long as the granule strength is larger than 0.1 MPa, its variation would
be mainly rely on the requirement of the specific medicine. In this thesis, one of the
objectives is mainly to develop approaches to enhance the granule strength, which in
another word is to develop approaches to control the granule strength bidirectionally

(increase or decrease).



To quantify granule bulk strength, whether obtained strength value was larger than 0.1
MPa would 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 product properties ( 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 whether the approach 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 directly (Dhenge et al., 2011d). For the real
production process, the scale-up and skill transfer are really depend on the specific
compony, medicine, etc., which are normally commercially confidential. Therefore, the
approach could be used for industry research directly, 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 classified into 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 including dissolution, 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 screw speed, configurations, etc.

Currently, although a twin screw regime map has been developed by (Dhenge et al.,
2012c) to reveal the effect of some typical parameters on granule size distribution, it is
still experiment based. 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 processing 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 needed and an approach

that could predict the granule property before 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 improve the granule
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:

e From a perspective of formulation development, developing new approaches
to improve the granule properties by increasing granule bulk strength and

narrowing the granule size distribution.

e From a perspective of process parameter, developing new approaches to
improve the granule properties by increasing granule bulk strength and

narrowing the granule size distribution.

10



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 liquid-powder interaction

occurs at different compression stresses and binder delivery methods.

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

e Chapter 2 was the literature review chapter. Basically, this chapter introduces the
current research related to twin screw granulation and highlight the importance of

the work.

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

e Chapter 4 carried out the single drop study to understand the effect of the form

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

e Chapter 5 developed an approach 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.

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

micronized lactose as a new binding excipient was introduced and examined.

e 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



e Chapter 8 investigated the effect of processing parameters including screw speed,

screw configurations on granule properties with a controlled barrel loading (BL).

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

The experiment chapters distinctively involve three main aspects: single drop study
(Chapter 4), formulation parameter improvements (Chapter 5 and Chapter 6) and

processing parameter improvements (Chapter 7 and Chapter 8).

12



Chapter 2. Literature review

2.1. Twin screw granulation mechanism

2.1.1. Classical wet granulation mechanism

Based on high shear granulation process, steps of granulation could be classified into
wetting and nucleation, consolidation and growth, breakage and attrition (Litster and
Ennis, 2013). Figure 2-1 illustrates the details of each step clearly and was initially
adapted to explain the mechanisms in twin screw granulation processes (Vonk et al., 1997,

Dhenge et al., 2012a).

When liquid binder is initially added, the minimal mixing between powder and liquid
Is not even at the primary stage, leading to the production of large and loose lumps and a
high proportion of fines (Iveson et al., 2001). Due to the uneven distribution of liquid
binder, these lumps usually have weak shells which are quite easy to be broken and the
broken fragments are reassembled to produce granules due to compaction forces in the
granulator. The result of the aforementioned process is that the liquid binder will be
distributed more evenly, followed by consolidation process which will further densify the
granules. The granules obtained from consolidation are usually smaller than the lumps
from the first step but stronger in mechanical strength. As is showed in Figure 2-1, the
breakage and coalescence occur simultaneously; therefore, the size distribution of the

final granules is determined by both coalescence and breakage.
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Figure 2-1. Granulation process and mechanism (Vonk et al., 1997).

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

(Lee etal., 2013, Dhenge 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 three
types of elements. Because of this, the movement of material in the twin screw barrel is
supposed to be more complex. In addition, Dhenge et al. (2012b) stated that in twin screw

granulator, the granulation is a continuous process and processes including nucleation,

14



growth and breakage could occur in succession along 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 deformation. Whereas 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 and cut (Dhenge et al., 2012b). Because of

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

Combined with the work done by Dhenge et al. (2012b), it could be summarized in
Figure 2-2. After the powder and liquid are added, due to the relatively milder barrel
environment, penetration mainly occurrs in this 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 (cutting, breaking) 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 material 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 material arrives 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
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Figure 2-2. Twin screw wet granulation mechanism.



Regime map functions as a guide to granulation process. Ideally, if the granulation
condition is known, by checking the map, some of the granule properties can be obtained.
Most granulation regime maps are designed for traditional wet granulator including high
shear mixer and fluidized bed. Figure 2-3 shows the first regime map designed with the
deformation number and maximum pore saturation as its axes (lveson and Litster, 1998).

This regime map illustrates the different regimes of granule growth behaviour.
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Figure 2-3 Growth regime map proposed to use Stdef instead of De (Iveson and

Litster, 1998).

It is shown on the map that steady growth and induction growth are the two main types
of growth behaviour in batch granulation process (lveson and Litster, 1998). As is shown
in Figure 2-3 above, steady growth is the process when granule size increases steadily. In

this process granules are deformable and weak, leading to an increase in contact area upon
17



collision between granules, and hence promoting the coalescence process. Induction
growth describes a process in which granules grow slowly for a long time. The next
process is the rapid growth step. Granules in this step are usually strong and hard to

deform; therefore, it is difficult to for coalesce to happen.

Iveson and Litster (1998) stated that the growth behaviour in a system is only based
on the pore liquid saturation and the degree of granule deformation during granulation
process. Since the pore liquid saturation is variable during operation due to binder
evaporation, granule consolidation and dissolution of soluble components into liquid

phase, therefore the maximum granule pore saturation is used instead.

s — Wps(l - emin) 5
max Pi€min (1)

where w is the mass ratio of liquid to solid, ps is the density of powder particles (solid),

p1 is the density of liquid binder and emin is the minimum porosity that the formulation can

reach for particular sets of operating conditions.

Furthermore, the degree of deformation during progress is quantified by a
dimensionless number as follow:

_pgU”

De = (2-2)
2Y,

where Uc is the representative collision velocity in granulator and pg and Yq are granule

density and dynamic yield stress, respectively. lveson et al. (2001) stated that the
18



deformation number is the ratio of “impact kinetic energy to the plastic energy absorbed

per unit strain”.

Tardos et al. (1998) found that granule deformation and breakage are controlled by the

Stokes deformation number:

P’V _ ppU°
2t YA

Stdef =

(2-3)
y
where pp is the density of powder particle, o is the granule radius, v is the shear rate, 1y
is the characteristic flow stress of the particle binder “slurry” and U (= ay) is the granule

velocity.

The growth of nuclei mainly depends on the amount of initial kinetic energy before a
collision and the amount of energy dissipated during this collision (Ennis et al., 1991).
Energy may be consumed by viscous dissipation from the surface or the inside of granules
or plastic deformation of the materials that make these granules (Kayrak-Talay and Litster,
2011). In Figure 2-3, two dimensionless parameters which are Stger and maximum pore
saturation are taken into consideration. Stokes deformation number (STqef) measures the
amount of energy consumed during a collision process to plastically deform the granules
involved. When STgef is low, the amount of energy dissipated is high and there is no
granule growth happening and the nuclei do not deform sufficiently to allow the liquid
inside to connect with other nuclei for coalescence (Kayrak-Talay and Litster, 2011). If
the Stokes deformation number falls within the following range 0.001<STef<0.2, a steady
growth condition occurs. A larger surface is available on granules at this stage, which

promotes coalescence even if the amount of liquid binder is not sufficient. If STqer keeps
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increasing, “crumb” will occur. The occurrence of this regime is caused by the breakage
of large granules due to a low strength in the inner structure of these granules. The
maximum granule pore saturation (Smax) is “the ratio of granule liquid volume to granule
void volume”. When Smax<0.7, the insufficient liquid could only afford the growth of
nuclei. When Smax >100%, a rapid growth step would occur, possibly leading to the

formation of a slurry or paste.

The regime map improves our understanding on what growth behaviour could happen
in a granulation process from given formulation and process conditions. Several sets of
experimental data were attempted to be plotted on this regime map and the results were

found to be acceptable (Iveson et al., 2001).

Compared with batch granulators such as high shear mixer and fluidized bed, the study
of twin screw granulator is relative newer. Research conducted on regime map of twin

screw granulator is relatively scarce.

Figure 2-4 is a regime map for twin screw granulator using conveying elements and
kneading elements. Compared with the growth mechanism in batch granulation process,
twin screw granulation process is different in a number of parts (Dhenge et al., 2012c).
In batch granulation process, granulation happens in a closed environment and the growth
steps occur simultaneously. Dhenge et al. (2012) stated that in twin screw granulator, due
to the continuous flow of materials, it is easier to distinguish and physically separate each
growing step. Secondly, the materials being granulated are subject to higher stress
compared to batch granulator, as the free volume in twin screw is much smaller than that

in high shear mixer and fluidized bed. In order to quantitatively represent the stress (o)
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exerted during granulation, torque (T) and volume of material in twin screw granulator

(V) were used.
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Figure 2-4 Regime map for granule growth behaviour in twin screw granulation

(Dhenge et al., 2012c)

The deformation value (B) here was used instead of STqer in Figure 2-4, which is the

division of stress acting onto the material being granulated by the strength (t) of dry

granules produced.
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o
Deformation value (B) = = (2-5)

As is known, the regime map developed by Iveson and Litster (1998) used the
maximum pore saturation as an axis to represent the influence from formulation. In wet
granulation, the L/S ratio is one of the most important parameters to influence pore
saturation in granulation process. Furthermore, the viscosity of granulation liquid can also
affect pore saturation. Therefore, viscosity > L/S ratio was chosen to be the x-axis, which

can be regarded as the binding capability.

However, the regime map in Figure 2-4 also has its limitations. Current 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 condition to achieve
a good granulation process using 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 span into Figure 2-5,
the regime map could be seen. Theoretically, based on Figure 2-5, to achieve a narrower
size distribution and large granules, high screw speed and L/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 from Dhenge et al. (2012c) that the
establishment of the regime map was experimentally based, which could not avoid

numbers of trial and experiments of granulation.

22



200 : : t
130 l;’N 100 200 ..,l : :
180 '-.."" wariniane Mean granule size (pm) ] = l' ;
“‘6‘0 H T 180 N A1 e l§'
= [T 4 L & V2 .
3 ! ' 3 = -
60 § 1 f = +2.5
g ! ] ] N
= | B E-a\V 7}
8 0] W i A NV 7a
(% 1 “':m ll._Iz'O 1300 IQE)O H 2 140 l \l ‘ .,'4 5
L1 AU B A N7
0wl 1 i { | 1LA
120 "30 !QO - ":"m 120 T!\'v i — Sprcad
1o 1690 10po B0 1o “,l/”‘ \
100 ol % T T, e 100 (111 4
0.6 0.8 1.0 1.2 1.4 0.6 08 1.0 1.2 1.4
LS(-) LS ()

Figure 2-5. GSD for the experiment. (a) Mean granule size (b) spread (Tu 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 proposed (Hapgood et al., 2003). In their work, the nucleation process was
postulated to be a combination of both single drop behaviour and the interaction of
multiple drops. In Figure 2-6, 1, and Wa are the single drop penetration time and
dimensionless spray zone for multiple drops, respectively. A smaller W, represents 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 Wa and Tp Would lead the nucleation into mechanical dispersion regime, where

nucleation and binder dispersion can only achieved by mechanical mixing and agitation.

However, this regime map is only based 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 before W, arrives at 1.0, the nucleation

regime has already be in the mechanical dispersion regime.
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Figure 2-6. Nucleation regime map (Hapgood et al., 2003).

Single drop study aims to reveal the liquid powder interaction which is difficult to be
directly observed from enclosed granulator (Charles-Williams et al., 2011, Emady et al.,
2011, Hapgood et al., 2002, Ai et al., 2016). 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 granule growth mechanism. Based on the single drop study, Hapgood et
al. (2003) developed a drop controlled nucleation regime map which is significant for
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high shear wet granulation. Their study based on the assumption that one droplet forms
one granule. To achieve the drop controlled nucleation regime, a fast penetration and little

liquid overlapping are required (Hapgood 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 bed (Emady et al., 2011, Reis et al., 2004, Hapgood et al., 2002).
However, as was introduced, the twin screw granulation process is different from 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 become the most
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 wettability (Aulton
and Banks, 1979, Charles-Williams et al., 2011, Hapgood et al., 2002). Contact angle is
defined as the angle between the liquid-solid interface and the liquid-vapour interface,
which reflects the wettability 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 properties. For example, a mixture of hydrophobic and hydrophilic
powder was used in a fluidised bed granulator (Aulton and Banks, 1979) and it was found
that an increase in the content of hydrophobic powder can increase this contact angle,
leading to a decrease in the size of final granules 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 affected

by three interfacial tensions (Young, 1805):

Y €0S Oy = Vg, — Vs (2-6)

where yi, vsv and ys1 represent the liquid-vapour, solid-vapour, and solid-liquid interfacial

tensions, respectively, and Oy is the Young’s contact angle.

Although the contact angle on powder bed is based on the same mechanism, due to the
liquid penetration, it is hard for the liquid 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 and tablet porosity (Langmuir and Schaefer, 1937, Buckton
and Newton, 1986, Hansford et al., 1980, Buckton and Newton, 1985, Fowkes, 1964).
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 become stable from bouncing (Meiron et al., 2004).

Penetration time is the time that a liquid drop distributes into a powder bed. For a
porous powder bed, the penetration is mainly driven by the capillary force which is
presented as Laplace Capillary Suction pressure P¢ (Charles-Williams et al., 2011, Yuan

and Lee, 2013).
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dpore

where yir, dpore and 0 represents liquid surface tension, powder bed pore diameter and

thermos dynamic contact angle, respectively.

The penetration process of a liquid binder into a powder bed is quantitatively governed

by a model developed by Washburn through Equation ( 2-8) (Yuan and Lee, 2013).

B YirdporeT €OS O

LZ
4p

(2-8)

where L, yir,, dpore, T, 0 and purefers to penetration distance, liquid surface tension, pore
diameter, penetration time, thermodynamic contact angle and liquid viscosity,
respectively. It is firstly assumed that a powder bed consists of bundles of “concentric
non-interconnected tubes”. The penetration process is described as driven by capillary

force and resistance from the dispersion of viscous binder.

As is shown in Figure 2-7, there are two limitations of liquid penetration behaviour
exist, which are constant drawing area (CDA) and decreasing drawing area (DDC)
(Hapgood et al., 2002). In CDA case, it is assumed that the contact area is kept constant
but the apparent contact angle decreases as the penetration process proceeds. In DDA, the

contact area decreases but the apparent contact angle remains constant.

27



Figure 2-7 Liquid penetration models: A) constant drawing area, B) decreasing

drawing area (Charles-Williams et al., 2011).

Nucleus properties

In a powder bed, the wetted powder material resulted from the liquid penetration is
named as “nucleus”. The study of nucleus properties and its formation mechanism could
reveal the granulation mechanism. Currently, most of the researches focussed on the
droplet behaviour such as spreading and penetration on a loose powder bed and tried to
make a link to the batch granulation mechanism including high shear mixer and fluidized
bed (Hapgood et al., 2002, Hapgood et al., 2003, Iveson et al., 2001). In addition, the
nucleus dimension was also studied to reveal the liquid 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 bed. 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 be less dissipated. Therefore,
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 directions: formulation
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, compressibility, etc., 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 rate required for granulation process has been studied by number
of authors. Liquid to solid ratio (L/S ratio) refers to the mass ratio of the liquid binder to
the powder materials. As a wet granulation process, powders granulated in different
conditions using twin screw granulator require different amount of liquid to build up
liquid bridges between particles. It is significantly related to the properties of materials,

including wettability, the primary particle size, formulation, etc.

In wet granulation, particle agglomerations are mainly resulted from the formations of
liquid bridges. Therefore, the amount of liquid used in twin screw granulation could
directly affect the granule strength. It could be supported by Figure 2-8 that an increase

in L/S ratio leads to an increase in granule bulk strength.
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Dhenge et al. (2010) also explored the effect of L/S ratio on granule size distribution.
In Figure 2-9, the curve representing the granule size produced at a low L/S ratio is more
like multi-modal. As the L/S ratio increases, the curve becomes mono-modal. When the
L/S ratio is low, the fines fraction 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 granules. In general, with an increase of L/S
ratio, the large granules fraction decreases. With 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 fraction (Dhenge et al., 2010).
Similar effect was also found by Lee et al. (2013) that more liquid in the barrel would
enhance the granulation efficiency and decrease the unwanted fines fraction using MCC

(Figure 2-10).
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(Leeetal., 2013).
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Insufficient amount of water may not be capable to form enough liquid bridges.
Consequently, a high proportion of fines would be obtained. Oppositely, if too much
liquid was used, particles would be over-wetted. In this case, over-sized pastes and lumps
would be produced. At the same time, too much liquid around particles would behave
like a lubricant rather than a sticker and cause a reduction in granule strength (Tu et al.,

2013).

For this reason, choosing the optimal liquid flow rate or L/S is always regarded one of
the most important issues for a granulation process, in order to improve the yield and the
granule strength. The determination of an optimal L/S ratio is complicated. On one hand,
the optimal L/S ratio is not a fixed value for different granulation systems and has to be
determined specifically for different granulators, materials and requirements. In this case,
trial and error method has to be used, which may lead to a waste of material and labour.
On the other hand, for a certain material, the optimal L/S ratio does not change
dramatically. As is shown in Table 2-1, although different methods used different screw

speed, feed rate, etc., all L/S ratios for a-lactose are close to each other.
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Table 2-1. Optimal L/S ratio for granulation.

Journal Material

(Keleb et al., 2002) a-Lactose monohydrate
(Li et al., 2014b) a-Lactose monohydrate 0.08

(Kumar et al., 2014) a-Lactose monohydrate, 0.0672
PVP (premixed)

(Vercruysse et al., a-Lactose monohydrate, 0.099
2012a) PVP

(Keleb et al., 2004) a-Lactose monohydrate, 0.093

hydrochlorothiazide
(premixed)

(Lee et al., 2013) MCC 0.8-1.2
(Tuetal., 2013) MCC 0.9-1.2

In the pharmaceutical industry, a certain granule size range is required 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
straightforward ways to control granule size distribution and strength. 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 the yield of final products which are often
expressed by the granule size distribution. In respect of this, the method by which a liquid
is added is important. If the droplet size of a liquid binder has a wide range, a wide granule
size distribution is generally obtained (Iveson and Litster, 1998). To realise a better liquid
distribution, droplet atomisation or a good mixing between liquid and powder by
mechanical forces are required. Experiments have been conducted by using different
liquid addition methods at different agitating speeds. Results showed that both atomised
liquid binder and high impeller speed produced the most uniform granule size distribution

(Holm et al., 1983).

There are typically three ways to add liquid including pouring, spraying and melting.
In twin screw granulator, liquid is mainly added by pouring. This addition method tends
to cause a local high liquid content, giving rise to a wide nuclei size distribution,
compared with atomised liquid addition or the addition followed by dispersion by
intensive agitation. To compensate for the poor liquid addition way in terms of liquid
dispersion, a much narrower granulation space in the barrel and consequently a more
intensive agitation is required to break the nuclei and can increase the flux of powder
through the binder addition zone (Kokubo and Sunada, 1996). Similar statement on high

shear mixer was also made by some other authors (Holm et al., 1983).
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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 easily between 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 binding capability of water.

Binding excipient (binder) addition can be divided into two methods. Firstly, the
binding excipient could be dissolved in water and used as a liquid binder to enhance the
strength of liquid bridge between particles increasing the strength of granules effectively.
In addition, the binding excipient could be premixed with powder in advance (solid form),
in order to make sure the binding excipient particles distribute before water comes in
contact with powder material (Saleh et al., 2015, EI Hagrasy et al., 2013b). El Hagrasy
et al. (2013a) utilized three materials to investigate the effect of binder delivery method.
It was found in Figure 2-7 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 enhance the binding
efficiency and the granule size distribution is narrower. This statement was supported by
Vercruysse et al. (2012a) who 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) also studied the different effect of binder delivery methods on
granulation. Figure 2-12 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 liquid binder. Through a seris of single drop study, Saleh et
al. (2015) stated that it is becuase liquid was 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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Figure 2-12. Size distribution of granules as the binder delivery varied (Sets 1-3)
using conveying elements only (Set 1: solid binder; Set 2: mixed; Set 3: liquid binder)

(Saleh et al. (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 be seen in Figure
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2-13 that a higher HPC concentration and L/S ratio could all cause an increase in granule

strength.
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Figure 2-13. Strength of granules produced at different amounts of HPC (Dhenge et

al., 2012c).

However, high viscosity could cause a reduction in liquid distribution, making an
uneven liquid-powder mixing. Figure 2-14 shows the relationship between binder
concentration (viscosity) and granule size distribution (Dhenge et al., 2012c). A higher
HPC concentration leads to a higher proportions of fines, which indicates that a poorer

liquid distribution and mixing.
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Figure 2-14.Size distributions for different amounts of HPC at liquid to solid ratio of

0.3 (Dhenge et al., 2012).

Similar statement was also stated by Keleb et al. (2004) that a higher concentration of
PVP binder in a solution could reduce the granulation yield by producing more over-sized

granules and fines as seen in Figure 2-15.
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Figure 2-15. Influence of PVP concentration on the properties of a-lactose
monohydrate granules containing 0 (white), 1.25 (grey and 2.5% PVP (black) (Keleb et

al., 2004).

To tackle this problem, the surface 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., 2012c). It could be seen in

Figure 2-16 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 improving the 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 difficult to disperse due to the capillary forces. Therefore, the

effect of surfactant may be offset by increased contact angle and reduced surface tension
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based on the Laplace capillary equation. In addition, Nowak et al. (2016) studied 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.

Solid binder addition

In addition, the binding excipient could be premixed with powder in advance (solid
form), in order to make sure the binding excipient particles distribute before water comes
in contact with powder material (Saleh et al., 2015, El Hagrasy et al., 2013b). In this case,
the liquid (water) would be easier to distribute in the powder during granulation. However,
the limited amount of water may be insufficient to dissolve the binder particles, especially
big-sized particles, and thus reduce the efficiency of the binding excipient. Therefore,

more binding excipient would be needed to compensate for its relatively low efficiency.

To tackle the problem that 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 high shear mixer and fluidised bed (Alvarez-
Lorenzo et al., 2000, Van der Watt, 1987, Nystrédn and Glazer, 1985, Nystrdm et al.,
1982, Schaefer and Mathiesen, 1996, Kato et al., 2006, Li et al., 2011). It was found that
the use of smaller sized binder particles could promote the growth of granules and has
positive effects on the strength of granules due to their outstanding specific surface area.

In terms of twin screw granulation, none of the previous work has been 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 “back mixing”, the variation of feed rate affects the residence time which
refers to the time granules consume in the barrel (Dhenge et al., 2011). It could be seen
in Figure 2-17 that an increase in powder feed rate delays the residence time. Similar

results were also obtained by Dhenge et al. (2011), Lee et al. (2013) and Unlu and Faller

(2002).
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Apart from the effect on residence time, Dhenge et al. (2011) found that as the powder
feed rate is increased, the volume of powder in the barrel increases which enhances the
liquid powder interaction (Figure 2-18). As a result, narrower size distribution could be

obtained.
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Figure 2-18.Size distributions for changing powder feed rates (Dhenge et al., 2011).

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 high feed rate leads to production of stronger granules

(Dhenge et al., 2011).

Variation of feed rate could affect the level of material in the barrel (fill level) and
influence the granulation process (Dhenge et al., 2011). Due 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
based fill level controlling, a parameter called “specific feed load” was defined as the
ratio of feed rate and screw speed (Kolter et al., 2012). However, the study of fill level is
mainly focussed on its effect on granule properties. The effect of screw speed and screw
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 screw conveying capability

for different configurations as constants (Meier et al., 2017).

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 binder dispersion by breaking nuclei and help with collision and coalescence (EI
Hagrasy and Litster, 2013, Li et al., 2014a, Dhenge et al., 2012a, Thompson and Sun,
2010). In most cases, this statement was corroborated by the span of granule 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 small granule 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 elements are deficient in conveying materials (Thompson

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 level (Gorringe 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 more systematic evaluation between different configurations

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 mixing (Dhenge 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 literature as other parameters such as feed rate, L/S ratio
(Lee et al., 2013, Karunanithy and Muthukumarappan, 2011, Dhenge et al., 2010, Reitz

etal., 2013).

For example, a comparison of the twin screw extruder and the high shear mixer is
shown in Figure 2-19 where when other parameters are fixed, for a higher speed, the twin
screw extruder can produce granules with a narrower distribution. However, it is difficult
to show one tendency regardless of the fines fraction or the large size granule fraction
(Lee et al. 2013). On the other hand, Dhenge et al. (2010) held opposite statement and as
shown in Figure 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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Figure 2-19. Granule size distribution for changing screw speeds using MCC (Lee et
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Figure 2-20. Granule particle size distribution (Dhenge et al., 2010).

A higher screw speed leads to a lower fill level in the barrel (Dhenge et al., 2011). As
a result, the friction of mixture between the screw and wall also decreases and thus
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increases the size (Dhenge et al., 2011). On the other hand, an increase in screw speed
intensifies the 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., 2012, Dhenge et al., 2011). Seem et al.
(2015) stated that the material fill level mainly depends on three aspects: the screw 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 by Figure 2-21. Unlu and Faller (2002) studied the parameters which could
affect the barrel fill 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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Figure 2-21. Barrel fill vs. feed rate at different screw speeds (bf: barrel fill, gmrt:

geometric mean residence time, rpm: revolutions per minute)(Unlu and Faller, 2002).

To overcome this problem, a parameter of “specific feed load” was raised and defined
as the ratio of feed rate and screw speed (Kolter et al., 2012). It was applied to provide a
constant fill level environment. However, the research about the specific feed load was
limited in “one applied system” and is invalid for different screw configuration,
formulation, etc. (Meier et al., 2017). Particularly, based on the definition of “volumetric
fill level”, as long as the feed rate and screw speed are constants, the variation of screw

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
determination (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 also an important parameter that could affect the granule properties.
Vercruysse et al. (2012a) stated 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
acclerate 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 liquid distribution.
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 due to the neglection 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 binder properly.

Liu et al. (2016) studied the wetting behaviour of hydroxypropyl methylcellulose
(HPMC) on twin screw granulation process with a temperature range from 30 to 80 <.
However, from their study the effect of temperature on immediate release (IR) and
controlled release (CR) formulations was studied, which is mainly focused on the 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 the liquid temperature on granule properties.

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

producing granules with 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 granulation, as 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 and 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 required size distribution and strength.

In addition, trial 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 parameters to control the granule properties. However,

when facing on a new 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 shown in Figure 2-22.

Formulation Process
parameter parameter

L/S ratio Liquid
prediction temperature

Micronized Barrel
lactose as a loading
solid binder controlling

Single drop study

Figure 2-22. Schematic of research objective.
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Chapter 3. Materials and methods

3.1. Introduction

This chapter presents the materials, equipment and methods for the experiments.

3.2. Materials

a-lactose monohydrate (Pharmatose 200M, DMV-Fonterra Excipient GmbH and Co.,
Goch, Germany) and microcrystalline cellulose (Avicel PH 101, FMC Biopolymer, Cork,
Ireland) were used as the experimental powder. Hydroxypropyl cellulose (HPC, Klucel-
EF Pharm, Aqualon,Wilmington, DE, USA) are used as the binder. Some of the
information and size distribution are shown in Table 3-1 and Figure 3-1 obtained from a

size tester (Camsizer XT, Retsch Technology, Germany).

Table 3-1. Material in experiment.

Particle size (um,  True density

Powder Supplier dso) (kg/m3)
a-lactose GmbH and Co. 44.1 1540
monohydrate
microcrystalline Sigma-Aldrich 52.8 1561
cellulose
hydroxyprapyl Klucel-EF Pharm 308.3 1214
cellulose
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Figure 3-1. Primary particle size.

a-lactose monohydrate is a white or off-white crystalline material which produced by
crystallisation from a supersaturated solution. Figure 3-2 shows its particle morphology.
It is commonly exist in the milk of mammals and therefore is quite cost effectiveness. a-
lactose monohydrate is free soluble in water. In pharmaceutical industry, it is used as an
ideal tabletting filler or filler-binder which has excellent physical and chemical stability

and is compatibility with active ingredients or other materials.
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Figure 3-2. Lactose particles.

Microcrystalline cellulose is a white, purified, partially depolymerized cellulose which
could be obtained from wood. Similar to lactose, MCC is also a common used filler and
disintegrant for tabletting, due to its excellent compressibility and compatibility. Due to
its chemical inactivity, absence of toxicity and hygroscopicity, MCC has been widely
used in the pharmaceutical 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 between fibrils (Luukkonen et al.,
2001). In wet granulation process, MCC 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 back to its original shape and size (Fielden et al., 1988).
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Figure 3-3. MCC particles.

Hydroxypropyl cellulose is non-ionic, water-soluble 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, etc. In twin 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 excipient could be classified into
two methods: solid binder delivery and liquid binder delivery. In 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 a impeller speed of 300 rpm,
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respectively (Saleh et al., 2015). Powder was then conditioned in an environment
chamber (Camlab, Memmert, UK) with a temperature of 25 <C and relative humidity of
40% for 48 h before the experiment. The liquid binder was prepared by dissolve HPC
particles into distilled water. The dissolution process was accelerated by using a moter-
driven stirrer with a speed of 800 rpm and the temperature was kept at 60 €. Then, 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.

Table 3-2. Prepare of binder

Powder HPC in HPC in Liquid

feed rate  powder water feed rate
(kg/h) (w/w, %)  (w/w, %) (kg/h)
MCC 1 kg/h 0 0 0.8
MCC 1 kg/h 2 0 0.8
MCC 1 kg/h 0 25 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

* Due to the small L/S ratio of lactose (0.08), the equivalent concentrations of HPC solution are
supposed to be 25% and 50% (w/w) respectively, which are beyond the dissolution rate of HPC and may
damage the twin screw granulator due to its stickiness. Therefore, 2.5% and 5% (w/w) HPC solution will
be used to provide a qualitative comparison with the use of HPC in solid form (2 & 4%).
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In this thesis, coloured HPC was also prepared. The solid binder (HPC) was dissolved
in distilled water and then mixed with red dye, erythrosine B which was used as a tracer
(Osborne et al., 2011). The solution was then left in an oven at 120 <C to evaporate all
the water content for 24 hours. The coloured dried binder was milled using a ball mill and

sieved with a mesh diameter of 300 um (<dso of HPC particle size).

A rheometer (Kinexus, Malvern Instruments, UK) was used to determine the liquid
dynamic viscosity. To proceed the measurement, the cone and plate geometry (1°/50 mm)
was used at a shear rate of 1 - 1000 s™. To obtain the effect of temperature on liquid
viscosity, three different temperatures (25, 40, 60 °C) were used for all HPC liquid binders.

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). 2.5 g of powder was weighted and poured in a
die with an inner diameter of 30 mm and height of 25 mm. Different compression forces
(100, 200, 300, 450 N) were applied using a punch to produce the powder bed. To
simulate the different stresses in a twin screw granulator, corresponding compression
stresses (142 kPa, 283 kPa, 425 kPa, 637 kPa) from the punch were obtained using:

_4F

P=ra (31)

where P is the compression stress (kPa), F is the force used, dgie is the diameter of the die.
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The compression stresses used in the study were in the range of stresses exerted in
twin screw granulator (Li et al., 2014b). The compression speed was set as slow as 1
mm/min, aiming to give particles in the powder bed sufficient time to arrange themselves

so that reproducibility of the powder beds produced can be ensured.

The powder bed porosity () is calculated using the powder bed bulk density (pbuik) and

material true density (ptrue). The equation is shown as follow:

_ Pbuik

e=1 }
ptrue (32)

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

bed) and volume (Vcompact powder bed)-

_ mcompact powder bed mcompact powder bed
Pbulk = v

compact powder bed (3-3)

X X1 X hcompact powder bed

where dgie represent the diameter of the die, which is 30 mm; hcompact 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 (0.0001g). The
average heights of the compact powder bed are shown in Table 3-3 and the corresponding

porosity is shown in Table 3-4.
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Table 3-3. Powder bed heights (mm)

Combression Lactose Lactose MCC+ MCC+

(EPa) Lactose +2%  +4%  MCC 2% 4%
HPC HPC HPC HPC

142 4,7040.14 4.6440.08 4.6840.08 8.631#0.02 8.3640.04 8.1140.07

7.

283 4.3940.07 4.3440.15 4.45140.04 8.22140.01 8540 03 7.7240.03

425 4244001 4.224.07 4.30140.07 7.93140.02 7.624.00 7.4240.01

637 4.0340.01 4.0240.03  4.0940.01  7.5640.01 6.954.06 7.0940.03

Table 3-4. Compact powder bed porosity (%)

Lactose Lactose

Compression

(kPa) Lactose Jlr-l IZDOé) Jlr-l éé‘?
142 50.5#+.1 50.3#1.3 49.8#1.7 71941 72881 69.9140.4
283 47.040.8 46.840.7 47.340.2 705401 71.040.6 68.440.2
425 45.040.3 453401 454406 694403 70.1#0.7 67.1+.0
637 42.34#.3 42643 42.7#.1 68.0#5 67.2#.1 65.6+.3

3.5.3. Measurement of penetration time and maximum apparent contact angle
The powder bed was placed on a substrate with an electronic pipette (Eppendorf,
multipette stream, Germany) 10 mm away from the surface of the powder bed, in order
to reduce the effect of kinetic energy on liquid penetration and spreading (shown in Figure
3-4). The electronic pipette could control the speed of piston to generate the droplet. The

volume of the droplet was set at 15 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 utilized. The end point
of penetration was marked by the disappearance of the light reflection. By requiring a
high speed camera, the dynamic motion of droplet penetration and spreading was closely
observed and the penetration time was obtained. After the observation of the penetration
process, powder bed nuclei, which is the wetting area, formed on a bed of powder were
taken to the Zwick Roell strength tester for the indentation experiment. For each powder

bed, maximum three penetration processes were captured.

Stand
Pipette /

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

Figure 3-4. Experiment set up during 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 using FTA32 contact angle software
(First Ten Angstroms, Inc., USA). By selecting points at the boundary between liquid, air
and solid surface, the software could figure out the outline of the droplet and provide the

corresponding contact angle.

Powder bed nuclei hardness was measured using a series of indentation experiments.
An indenter with a tip diameter of 2.5 mm connected to the Zwick Roell strength tester
was used to indent the powder bed-nucleus with a speed of 1 mm/min till a certain depth
(0.5mm). A minimum force of 0.01 N was required before the recording of the force could
be triggered (Ai et al., 2016). The contact area (A) between the indenter and the powder
bed-nucleus being tested can be calculated on the basis of Equation (3-2). By using the

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

A = tdgenterh = 2.5mh (3-4)

where A is the contact area between indenter and powder bed-nucleus which is basically
the surface area of a spherical cap, h is the indentation depth, dindenter is the diameter of

Brinell sphere.

Nucleus hardness test results are mainly shown in the Appendix A and B.
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Figure 3-5 Indentation experimental set up

After the hardness test of wet powder bed nuclei, the compact powder bed was placed
in an environment chamber (Camlab, Memmert, UK) for controlled drying at a
temperature of 25 <€ and relative humidity of 40 % for 48 h. Dry powder bed nuclei were
then retrieved for the dry powder bed nuclei hardness test which employed the same

indentation procedure as described above.

3.5.5. Scanning Electron Microscope on nucleus surface

The sample was firstly stabilized onto a metal stub with carbon tape and coated with a
thin gold layer by using a sputter coater (Agar Scientific Ltd, UK). The sample was then
placed in the microscope chamber with a vacuum environment. A Scanning Electron
Microscope (SEM, Jeol, USA) is 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 image. To examine the surface morphology varied by the

formulation, the powder bed compressed by 450 N was used.
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An optical microscope (Keyence, Digital Microscope VHX-6000 Series, UK) 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 on a 4-digit high
accurate balance (UMT 2, Mettler-Toledo, UK) for weight measurement and minimum
10 nuclei was measured for each condition and the average value will be used. The
diameter of the 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 a co-rotating twin screw
granulator (16 mm Prism Euro Lab TSG, Thermo Fisher Scientific, Karlsruhe, Germany)

with a length to diameter ratio of 25:1 (shown in

Figure 3-6). The barrel length is 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 Nm. Powder is fed by using a gravimetric,
loss-in-weight twin screw feeder (K-PH-CL-24-KT20, K-Tron Soder, Niederlenz,
Switzerland) and a maximum powder feed rate is 25 kg/h. Liquid binder was pumped into

the granulator using a peristaltic pump (101U, Watson Marlow, Cornwall, UK). In most
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cases, the granule was produced with a controlled temperature of 25 °C. To study the

effect of temperature, three temperatures of 25, 40, 60 <€ were varied.

Figure 3-6. Twin screw granulator used in experiment.

o

Liquid pump Feeding Hopper

Liquid inle
/
Feeding Funnel

‘\

Cooling systemg#* crew Barrel

The screw configurations used in the experiment is shown in Figure 3-7. 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 zones and the angle between kneading elements was 60 °.
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Figure 3-7. Screw configurations for experiment (SPCE: 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 thesis, the high speed camera introduced was placed at the end of the
twin screw granulator. A light source was used to provide light. 10 mg of red dye (Ebest
Rhodamine B, European OGD Ltd, UK) was added at the powder feeding port.
Simultaneously, the camera started to capture the flow of granules coming out from the
outlet, until the coloured material appeared. Images were analysed and the time from the
dye was added till when colour material was appeared was recorded as the residence time.
in this experiment, a framerate of 100 FPS was used.
3.6.3. Granule drying
To minimize the reagglomeration and caking during drying process, the wet granule

was spread out into a thin layer in a tray when collecting. Granules were then dried in an
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environmental chamber (Camlab, Memmert, UK) with a temperature of 25 °C and

relatively humidity of 40 % for 48 hours.

The granules size was measured using Camsizer (Retsch Technology, Germany). The
Camsizer utilizes two cameras to capture images of granules in the measurement zone.
The basic camera measure the large granule and the zoom camera captures the small
granules. Images from these two cameras were combined to provide granule size details.
The sample of dried granule was poured into the hopper at the beginning of a vibratory
feeder. To evaluate the population of granule in each class range, a mean granule size was
used according to:

i 4
1nd;

d43 = -
) i 3
xind;

(3-5)

where nj is the number/volume percentage of particles of the ith size class; di is the mean

granule size of the ith 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.

dgo — d1o

Span of distribution =
dso

(3-6)

where d1o, dso and dgo represents a granule size at which 10%, 50% and 90% of sample’s
size is smaller than this value, respectively. The average accumulative distribution curves

for each chapter are shown in Appendix D and E.
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Sieving was used to obtain the granule for strength measurement. Granule with a size
in range of 180- 710 um in granulation experiment was sieved out. The chosen size range
has been generally considered as the optimum size range for solid oral dosage forms for
pharmaceutical solid oral dosage manufacturing (Hansson and Lindner-Olsson, 2004,
John and Charles, 2002, Santl et al., 2012, Ai et al., 2016). The sieve shaker (Retsch

Technology, Germany) was used for 5 min with a magnitude of 1.5.

The granule strength was determined by the confined compression experiments by
using Zwick Roell Z0.5 with a 500 N loading cell. A 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 die, a maximum compression force of
450 N and a compression speed of 10 mm/min were used. The measurement would stop
when the sensor on the loading cell detect the maximum force and the displacement was
recorded for further analysis. After each test, the die was cleaned to avoid the effect of
friction on the reproducibility. The force and displacement data were recorded for strength

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):

h,
e":l"(h —5) (37)
0

where &, is the natural strain of material, ho is the initial bed height, ¢ is the punch

displacement. Then the granule strength could be obtained using:
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T
InP=1In (&) + ag, + In(1 — e *&n) (3-8)

where P is the applied pressure, 7 is the average agglomerate strength, o is a constant
related to the friction. z and o were determined by non-linear regression fit of the equation
(3-8) to In P versus ¢ using Sigmaplot 13.0 (Systat Software Inc.). The granule strength
could be obtained by fitting the force and displacement from experiments into the

equation above.

The scanning was done by X-ray scanner (UCT 35, SCANCO MEDICAL, Switzerland)
for 240 slides within 0.84 mm in thickness (the minimum interval distance between each
scanning slice is 0.35mm). Granule within a size range of 180- 710 um was selected and

positioned between the x-ray source and detector.
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Chapter 4. Single drop study on the

compact powder bed

4.1. Introduction

In this chapter, the small-scaled powder and liquid interactions have been studied to
develop a miniaturized approach to estimate the optimal amount of liquid required to

produce granules with desired particle size distribution.

Single drop study is an simple method to reveal the liquid and powder interaction
behaviour and to help the granulation mechanism for wet granulation process, in order to
improve the granule properties, including yields, granule strength and so on (Charles-
Williams et al., 2011, Emady et al., 2011, Hapgood et al., 2002, Reis et al., 2004).
However, most of the traditional single drop studies are based on loose powder bed, which
is applicable for high shear mixer and fluidized bed due to their large free space in the
granulator. Although Charles-Williams et al. studied the single drop behaviour on the
compact powder 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 process, the limited free space, relatively high load and the use of
kneading elements makes higher proportion of stress exerted directly to the material

(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 case, the stress should be considered
as a key factor in the single drop study and the compact powder bed would be the

preference in the single drop study.

In this chapter, firstly a series of single drop studies were carried out using the compact
powder bed. An attempt was made to relate the compression stress to produce the compact
powder bed to the stress exerting to the material in the twin screw barrel (Li et al., 2014a,
Ai et al., 2016). Therefore, liquid behaviour in the powder bed would be related to the
actual situation of the twin screw barrel. In this study, HPC was used as the binder and
added in liquid and solid forms, respectively. The effect of binder properties and
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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a-lactose monohydrate and microcrystalline cellulose were used as the experimental
materials. Hydroxypropyl cellulose was used as the binding excipient. The experiment
was carried out by preparing the binding excipient in solid and liquid form (with different
liquid viscosities), in order to study the binder dispersion mechanism separately. The

preparation of formulations has been mentioned in Section 3.2 and 3.3.

Single drop study will be carried out in this chapter. The 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 spreading was studied using a
high speed camera (Photron, Fastcam, 100 K, USA) with a frame rate of 1000 fps. The
preparation of the compact powder bed and the method about liquid and nucleus
characterisation has been introduced in detail in Section 3.5. 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 as the granulation liquid

(binder).
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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 compressed using a similar range of stress and the single drop
study based on this compact powder bed was carried out. Table 4-1 lists the single drop
penetration time on the compact powder bed in different formulations and compression

stresses. Penetration time can be regarded as an indicator of liquid-powder interactions.

Firstly, as the compression increases, penetration time becomes shorter when lactose
was used. It is because that the surface of the powder bed becomes smoother, resulting in
greater spreading of the fluid, allowing the liquid to penetrate into a larger wet surface.
Penetration time indicates the wettability of the 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) could positively contribute to the wetting of

material. In terms of MCC, unclear 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 existing in the sub microscopic pores, cracks and
crevices between fibrils of MCC particles (Luukkonen et al., 2001). In 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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Table 4-1. Liquid penetration time for different formulations under a range of

compression stress (solid binder delivery)

Penetration time (s)

142 kPa

283 kPa 425 kPa 637 kPa

Lactose Water 0.14940.010 0.110#40.010 0.06740.013 0.04040.027
Lacfj’;egZ% Water 0.16040.020 0.11740.015 0.08820.015 0.057+0.013
Lacﬁ;‘g“% Water  0.16740.005 0.12240.004 0.09640.016 0.06520.019

MCC Water  0.0230.001 0.02240.002 0.02120.001 0.02040.001

MCC+2% HPC Water 0.02440.001 0.024#40.001 0.023#0.000 0.023#0.001

MCC+4% HPC Water 0.025340.001 0.02540.001 0.02340.002 0.02240.001

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

penetration for both lactose and MCC; lactose is more sensitive to the addition of HPC
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particles than that of MCC. One possible reason is the particle size of HPC is much larger

than lactose and MCC, which may “prolong” the penetration distance and delay the time.

To figure out the reason behind, the dissolution of HPC particles on a glass layer was
carried out. HPC particle dissolution was observed under a microscope camera. Images
before and 1 min after the addition of liquid (water) were captured and are presented in
Figure 4-1. It is evident from microscopic images that the HPC particles were not
dissolved properly. This was most likely caused by the fact that these HPC particles were
too large for dissolution in a non-agitated environment. It reveals that the dissolution rate
of solid binder can be highly influenced by its size. It can then be expected that the
agitation produced by the rotation of the screws in a twin screw granulator has a higher
chance of accelerating the dissolution of solid binder mixed with lactose and hence

enhances its binding capability.

Further experiment was carried out by using the coloured HPC particles and mixing
with lactose and MCC, respectively. From Table 4-2, 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 penetration, the large 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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Figure 4-1. Dissolution of HPC particles before (top) and 1 min after (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 viscosity, making it more difficult to flow.

Table 4-2. 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 delay in penetration
(Figure 4-2). 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 particles, which were less affected by the existence of 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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Figure 4-2. Liquid penetration routines

4.3.1.2. Contact angle

Contact angle reflects the relative strength of the liquid, air and solid phase interaction
and it a physical property for a constant system. In the study of single drop on the compact
powder bed, the maximum apparent contact angle was used, which is the maximum
dynamic contact angle after the liquid droplet gets stabilized from dropping. It indicates
the wettability of a liquid-powder 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 on the maximum
apparent contact angle for lactose and MCC, respectively. In Figure 4-3 the addition of
HPC could increase the contact angle, causing a reduction in the wettability of materials
and an increase in compression stress leads to a reduction in the contact angle and thus

an increase in wettability 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 Figure 4-4 addition of HPC and the variation of compression stress makes
little differences when MCC was used. As was discussed in the last section, it may be
because MCC is “water-consuming” material and could hold water into its structure,
making HPC particles have fewer chances to interact with water. Although a slight
decrease in the mean contact angle could be checked, the error bar produced was too large

to provide a clear correlation.

Maximum apparent contact angle
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Figure 4-3. Maximum apparent contact angle on lactose based compact powder bed

with different proportions of solid HPC binder.
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Figure 4-4. Maximum apparent contact angle 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 powder bed. It represents the

maximum wetting area on the powder bed surface.

Figure 4-6 shows the maximum spreading on the compact powder bed made of lactose
and HPC (0, 2 & 4%). The addition of HPC increases the liquid spreading. A longer time
that liquid remained on the surface of the powder bed, a larger spreading it could be
achieved (Charles-Williams et al., 2011). Therefore, due to the undissolved HPC delay
the penetration (Table 4-1), a larger liquid spreading could be seen. It is in agreement
with the result of penetration time shown in that a higher amount of HPC could delay the
liquid penetration. Similar effect was also occurred on the MCC based compact powder

bed shown in Figure 4-7.
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In addition, from both Figure 4-6 and Figure 4-5 as the compression stress increases,
liquid spreads in large extents. It is probably because a higher compression would reduce
the powder bed porosity (Table 3-4) and consequently smoothen the surface (Sakai and
Nakamura, 2005). A large spreading means more wetting area and consequently liquid
would have more routines for penetration, which supports the result that a higher

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

in solid form) at varying compression stresses.
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Figure 4-7. Maximum spreading diameter of MCC powder beds (0%, 2%, 4% HPC

in solid form) at varying compression stresses.

The dry nucleus was taken for the diameter measurement using a calliper. Its diameter
represent the maximum liquid migration in the powder bed. Figure 4-8 shows the photo
of the typical nuclei using MCC and lactose, respectively. It could be seen using a

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

Figure 4-9 shows the maximum diameter of the nucleus; the use of HPC reduced the
diameter of the nuclei, which indicates that the HPC delays the liquid distribution in the
powder bed. It agrees with the statement mentioned in the liquid penetration section that

the use of solid HPC particles could delay the penetration.
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Figure 4-8. Typical nuclei from the compact powder bed (left: MCC; right: lactose).
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Figure 4-9. Nucleus diameter of lactose powder beds (0%, 2%, 4% HPC in solid

form) at varying compression stresses.
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Figure 4-10. Liquid post-penetration migration of lactose powder beds (0%, 2%, 4%

HPC in solid form) at varying compression stresses.

When comparing the dry nucleus diameter shown in Figure 4-9 to the liquid maximum
spreading shown in Figure 4-6, clear differences could be obtained. To quantify the
difference, a parameter named “post-penetration liquid migration” was initiated, which
represents the difference from the nucleus diameter to the liquid maximum spreading

diameter and shown in Figure 4-10.

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

distribution.
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Figure 4-11. Schematic of post-penetration liquid migration.

The post-penetration liquid migration is highly possible to be continued after the liquid
penetration (Figure 4-11). When liquid finish penetration, the liquid in the initial nucleus
would be continue in distribution due to the capillary pressure, which makes the nucleus
produced larger than its original size. It indicates that the nucleus size should not be
simply determined by the droplet size and need to be considered for the nucleation regime

map from Hapgood et al. (2003).

Concerning about MCC, the effect of formulation on nucleus diameter could be
obtained and shown in Figure 4-12. Comparing with that of lactose shown in Figure 4-9,
no obvious difference could be obtained, indicating that the variation of HPC proportions
represent minor influences on the nucleus diameter, which dues to the special structure
that could “swallow” water. Figure 4-13 shows the differences 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 lactose and MCC that the distribution of
liquid in the lactose powder bed is easier. This may be due to the fact that the MCC

particle can trap the liquid through its own structure, thus limiting the fluidity of the liquid.
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Figure 4-12. Nucleus diameter of MCC powder beds (0%, 2%, 4% HPC in solid

form) at varying compression stresses.
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Figure 4-13. Liquid post-penetration 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.

Table 4-3 lists the penetration time of water and the liquid droplet containing different
concentrations of HPC (2 & 4%) on the compact powder bed. Comparing with the use of
solid HPC shown in Table 4-1, the penetration time was largely delayed if HPC solution
was used, indicating a worse liquid distribution and mixing. It is probably because the
HPC solution is more viscous and more difficult in flow and distribute in the powder bed.
In order to further support the result of Table 4-3, 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 be accelerated. 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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Table 4-3. Liquid penetration time for different formulations under a range of

Powder

Water

Lactose

2.5 %
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

1.94449.011

5.86040.040

0.02340.001

0.24840.009

1.02040.002

compression stress (liquid binder delivery).

Penetration time (s)

283 kPa

0.11049.010

1.86640.010

5.76840.067

0.02240.002

0.24249.001

0.970+9.009

425 kPa

0.06740.013

1.71440.008

5.62440.009

0.02140.001

0.23940.010

0.968+0.009

637 kPa

0.04040.027

1.60749.010

5.58040.106

0.02049.001

0.23949.006

0.956+0.005

Figure 4-14 and Figure 4-15 shows the maximum apparent contact angle under the
influence of binder solution concentrations and compression stresses. An increase in HPC

concentration results in an increase in the maximum apparent contact angle, which
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indicates a decrease in liquid flowability and distribution capability in the powder bed.
Consequently, a slower penetration and wetting would occur if a high viscous liquid is

used (Table 4-3).
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Figure 4-14. Maximum apparent contact angle on lactose based compact powder bed

with liquid containing different concentrations of HPC.
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Figure 4-15. Maximum apparent contact angle on MCC based 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 compression (Le et

al., 2011).

Comparing with the use of solid binder delivery method shown in Figure 4-3 and
Figure 4-4, a clearer difference 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 delivery method has less effects. Therefore, in the premise that the liquid
dispersion degree is similar, there is more operational space in varying the amount of

binder if solid binder delivery method is used.
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4.3.2.3. Maximum spreading diameter

Figure 4-16 and Figure 4-17 shows the variations of maximum spreading diameter
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 a
decrease in liquid maximum spreading diameter. In addition, as the compression stress
increases, the 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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Figure 4-16. Maximum spreading diameter of lactose powder beds (0%, 2.5%, 5%

HPC in liquid form) at varying compression stresses.
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Figure 4-17. Maximum spreading diameter of MCC powder beds (0%, 2.5%, 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 the nucleus diameter, indicating a weaker binder

distribution capability comparing with if water is used.

Comparing with the use of solid binder shown in Figure 4-9, 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 nucleus diameter with the liquid maximum spreading, similar

statement could also be obtained in Figure 4-19. It could be seen the post-penetration
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migration is less 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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Figure 4-18. Nucleus diameter of lactose powder beds (0%, 2.5%, 5% HPC in liquid

form) at varying compression stresses.
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Figure 4-19. Liquid post-penetration migration of lactose powder beds (0%, 2.5%,

5% HPC in liquid 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 in Figure 4-20 that the nuclei produced using water as liquid are the largest in
diameter. It indicates that even though MCC is water-consuming 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 particle shown in Figure
4-13, the use of HPC binder solution significantly delay the liquid migration in the powder
bed, indicating that the use of binder solution is 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 water is much more difficult to “escape” and

achieve a further distribution.
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Figure 4-20. Nucleus diameter of MCC powder beds (0%, 2.5%, 5% HPC in liquid

form) at varying compression stresses.
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Figure 4-21. Liquid post-penetration migration of MCC powder beds (0%, 2.5%, 5%

HPC in liquid form) at varying compression stresses.

Till now, the single drop study on compact powder bed using HPC in different forms
were studied systematically. As was mentioned, the use of compact powder bed is to
mimic the liquid-powder 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 obtained between each 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 to the high frame rate the camera could reach,
the reproducibility of the study could be guaranteed. In terms of the nucleus dimension
study, the maintaining of high reproducibility was mainly resulted from the property of
compact powder bed. Specifically, the compressed 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 consequently reduce 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 liqguid movement for HPC in both forms (liquid and solid) and

materials (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 shorter penetration 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 maximum 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 penetration. It indicates that the size of the nucleus should
not be simply determined by the droplet size and its surface spreading. In addition, 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 process. The water amount
used in a twin screw granulation process is normally evaluated by the L/S ratio which
refers to the mass ratio of liquid and powder (El Hagrasy et al., 2013a, Lee et al., 2013,
Dhenge et al., 2012c). A 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 industry, the trial and error is still one of the most commonly used
methods to seek out the optimal L/S ratio for twin screw granulation and during this
process, high amount of expensive powders and efforts would be wasted (Barrasso et al.,
2013). If an approach could be developed to predict the optimal condition rather than try
out it through trial and error method, significant wastage of expensive powders from trial

and error based product and process optimisation techniques could be saved.

In this chapter, the single drop studied will be used to develop a miniaturized approach

to estimate the optimal amount of liquid required to produce granules. The 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 literature. A series granulation experiments were then carried out in order
to examine the accuracy of this approach. In the granulation experiment, conveying
elements were used only (Set 1 screw configuration, Section 3.6.1.), to provide a

relatively milder granulation environment and maintain the properties of nucleus.

The dry nucleus from the previous experiment was weighted using a high accurate
scale and further details can be obtained in Section 3.5.7. A powder bed based L/S ratio

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

The electronic pipette (details shown in Section 3.5.3) was used to produce the droplet
with a constant volume of 0.15 L. To measure the weight of the droplet, one light (about
0.050) and plastic container was placed on a high accurate scaled. 10 droplets with
constant volume was dropped to this container and the mass shown on the scale was
recorded. Then the single drop mass could be obtained by dividing the total mass to the
numbers of drops (10). 5 times repeats were done (50 drops in total) and the result is

shown in Table 5-1.
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Table 5-1. Droplet mass for a constant volume of 15 L.

Water 2.5% HPC solution 5% HPC solution
Density ~ - ~
(kg/m?) ~1000.0 ~1005.4 ~1010.7
Mass (mg) 16.8440.03 16.9040.01 17.0140.07
Diameter (mm) 1.59 1.59 1.59

5.2.3. L/S ratio on nucleus formation in the compact powder 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 using a twin screw granulator mentioned in Section 3.6.1. To
obtain the optimal liquid to solid (L/S) ratio, a series of L/S ratios were used (Table 5-2).
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 used only.

Table 5-2. L/S ratio used for granulation experiments.

Formulation L/S ratio

Lactose (0,

2, 4% HPC) 002 004 0.06 008 010 012 0.14 016 0.18

MCC (0, 2,
4% HPC) 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
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The granules size was measured using Camsizer (Retsch Technology, Germany). To
find out the optimal L/S ratio for granulation, the amount of granule with a size in range
of 180- 710 pm in granulation experiment was counted based on the result. The L/S ratio
that leads to the production of the most granules (in the chosen range) was regarded as
the optimal L/S ratio. The chosen size range has been generally considered as the
optimum size range for solid oral dosage forms for pharmaceutical solid oral dosage
manufacturing (Hansson and Lindner-Olsson, 2004, John and Charles, 2002, Santl et al.,

2012, Ai et al., 2016, Mangwandi, 2009).

Solid binder delivery refers that the HPC particle was premixed with powder materials

before granulation and water is used as the granulation liquid.

Figure 5-1 illustrates the mass of dry nucleus from various compact beds of lactose
containing different proportions of HPC. As can be seen in the Figure 5-1, the change in
compressive stress for making compact powder beds had little influence on nuclei weight.
In other words, this figure suggested that for the same amount of water, the mass of

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

Concerning about the effect of HPC addition, powder bed made of pure lactose
produced the heaviest nuclei. The increase in HPC led to a reduction in 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 chapter 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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Figure 5-1 Lactose nucleus weight (0%, 2%, 4% HPC solid binder) from compact

bed.

Figure 5-2 shows the mass of MCC nuclei obtained from powder beds compressed by
different stress and mixed with different concentrations of HPC. It can be seen that the
relationship between the weight of nucleus and the proportion of HPC was unclear. This
was probably because MCC could keep water into its structure and consequently less
affected by the HPC particle in the powder bed. For this reason, the difference among

three samples is quite limited.
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Figure 5-2. MCC nucleus weight (0%, 2%, 4% HPC solid binder) from compact bed.

As the use of powder bed is to mimic the liquid-powder interaction during granulation.
Therefore, the mass ratio of droplet and the dry nucleus was obtained and shown in Figure
5-3 and Figure 5-4. It could be found in Table 2-1 (literature review section) that this
value is quite close to the value that is used in granulation of lactose presented in literature
(Vercruysse et al., 2012a, Kumar et al., 2014, Keleb et al., 2002, Keleb et al., 2004,
Vercruysse et al., 2015, Lute et al., 2016). 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 time of trials and errors. In 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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Figure 5-3. Mass ratio of liquid droplet and lactose nucleus from compact bed when

solid HPC was used.
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5.3.1.3. Twin screw granulation: optimal L/S ratio using HPC in solid forms

Table 5-3. Optimal L/S ratio for granulation in literature.

Journal Material L/S

ratio

(Keleb et al., 2002) a-Lactose monohydrate 0.081
(Lietal., 2014b) a-Lactose monohydrate 0.08

(Kumar et al., 2014) a-Lactose monohydrate, 0.0962
PVP (premixed)

(Vercruysse et al., a-Lactose monohydrate, 0.099
2012a) PVP
(Keleb et al., 2004) a-Lactose monohydrate, 0.093
hydrochlorothiazide
(premixed)

(Leeetal., 2013) MCC ~0.9
(Tuetal., 2013) MCC ~0.95

Choosing the optimal liquid flow rate or L/S is always regarded one of the most
important issues for a granulation process, in order to improve the yield and the granule
strength. The determination of an optimal L/S ratio is complicated. On one hand, the
optimal L/S ratio is not a fixed value for different granulation systems and has to be
determined specifically for different granulators, materials and requirements. In this case,
trial and error method has to be used, which may lead to a waste of material and labour.
On the other hand, for a certain material, the optimal L/S ratio does not change
dramatically. As is shown in Table 5-3, although different methods used different screw
speed, feed rate, etc., all L/S ratios for a-lactose and MCC are close between 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 ratio obtained from the
compact powder bed in Figure 5-3 and Figure 5-4. 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 process. Therefore, a series of granulation experiments were carried
out using a twin screw granulator to further examine the feasibility of using small scaled
compact powder bed to predict the optimal L/S ratio for twin screw granulation. A size
range between 180- 710 um was set as the target granule size range (Hansson and
Lindner-Olsson, 2004, John and Charles, 2002, Santl et al., 2012, Ai et al., 2016). A series
of L/S ratios were applied to find out the L/S ratio which could be used to produce the

most of the granules in the target range.

Figure 5-5 shows the yield of granule of lactose with 0- 4% HPC as solid binder in the
chosen target range at various L/S ratios. The powder feed rate and screw speed were kept
constant at 1 kg/h and 200 rpm, respectively. Since, the yield of granules in the required
size range reached the highest value when L/S ratio of 0.07 was used; it was deemed as
the optimal L/S ratio for the current granulation process, which was also close to the value
in the literature (Keleb et al., 2002, Li et al., 2014b). At this L/S ratio, the twin screw
granulator produces the highest proportion of granule within the size range of 180- 710um.
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, the optimal L/S ratio both

changed to 0.09 and 0.10, 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 bed (Figure 5-3) and literature
(Kumar et al., 2014, Vercruysse et al., 2012a), which further proves that it was possible
to use L/S ratio from powder bed nucleation process to estimate the optimal L/S ratio for

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

Figure 5-6 is 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 about 0.8 could
be obtained. With the addition of HPC (2% and 4%), the optimal L/S ratio were kept at
0.8. which is also close to the L/S ratio value on the powder bed shown in Figure 5-4. It
indicates that the optimal L/S ratio for MCC (0, 2, 4% HPC) granulation is also

predictable by using the L/S ratio for compact powder bed nucleation process.

In general, when HPC was added in solid form, using the L/S ratio for nucleus
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 viscosity were used for the following experiments.
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5.3.2.1. Nucleus weight

Figure 5-7 shows the lactose dry nucleus weight when HPC solution was used. With
the use of HPC solution, obvious decreases in nucleus weight could be seen. 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 shown in Figure 5-8.

Comparing with the use of HPC in solid form in Figure 5-1 and Figure 5-2, the use of
HPC solution produces lighter nucleus, indicating that the use of HPC solution is less

capable in liquid distribution and mixing with powder.
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Figure 5-7. Lactose nucleus weight (water, 2.5%, 5% HPC solution) from compact

bed.
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5.3.2.2. Compact powder bed: L/S ratio for nucleus formation

Figure 5-9 and Figure 5-10 are the mass ratio on the compact powder bed when HPC
solution was used as the liquid binder. It could be seen that the use of HPC could increase
the L/S ratio value clearly. It is because the use of HPC in both forms could delay the
liquid from spreading and penetration, leading to a reduction in nucleus weight and
consequently have a smaller L/S ratio value. In 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 granulation: optimal L/S ratio using HPC in liquid forms

It could be seen in Figure 5-11, when water was used, an optimal L/S ratio of about
0.07 could be obtained. With the use of HPC solution (2.5% and 5%), the optimal L/S
ratio becomes about 0.11 and 0.12, respectively. If 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 values shown in Figure 5-9, it could be seen the values are
quite close. Similarly, in Figure 5-12, when water was used, the optimal L/S ratio was
about 0.8. With the addition of HPC solutions (2.5% and 5%), the optimal L/S ratios (1.1
and 1.3) could be obtained and were also quite close to the (powder bed) mass ratios

shown in Figure 5-10.
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Figure 5-11. The yield of lactose granule at each L/S ratio water and HPC (2.5%, 5%

HPC) solution were used
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Figure 5-12. The yield of MCC granule at each L/S ratio when water and HPC

(2.5%, 5% HPC) solution were used

To examine a new approach, it is impossible to try out every material existed.
Therefore, 10 formulation were represented and used 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 ratio. Among these formulations, soluble (lactose) and
insoluble (MCC) materials were used and HPC was added in different forms (HPC solid
particles and HPC solutions), which covers all possible composition forms in the industry.
The approach was found to be adequate for all these formulations and the feasibility of
this approach was examined. Theoretically, the approach (by using a small scaled powder
bed in predicting the optimal L/S ratio in twin screw granulation process) should be

applicable to other materials.

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

the compact powder bed was developed. Currently, trial and error experimentation is still
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the main approach for the existing formulation and process development using twin screw
granulation, resulting in waste of resources. The present research is focused on
developing new approaches or methods which will only use small amount of powders
(miniaturise) to estimate the process performance in order to minimize the waste of active

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 solid form leads to a much faster penetration time, which infers
that a better liquid-powder mixing could be realized if solid binder delivery method is
used. However, it has been noticed that the use of solid HPC in the powder bed weakens
the liquid distribution capabilities 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 particles could also affect the liquid-
powder mixing. Moreover, these oversized binder particles are less possible to be
properly dissolved to enhance the strength of liquid bridges. As a result, more solid binder
may need to compensate the loss of binding capability. Therefore, assessments for the
effect of smaller binder particles was carried out in both high shear mixer or fluidised bed
(Alvarez-Lorenzo et al., 2000, Van der Watt, 1987, Nystr&m and Glazer, 1985, Nystrém
etal., 1982, Schaefer and Mathiesen, 1996, Li 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 work has been covered.

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 and compared 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 and solid phases.

In the experiment a-lactose monohydrate, microcrystalline cellulose, HPC and
micronfine lactose (Lactochem, DMV-Fonterra Excipient GmbH and Co., Goch,
Germany, 8 um) were used and the formulation is shown in Table 6-1. Powder with
specific class range was sieved by a sieve shaker (Retsch Technology, Germany) with a
magnitude of 1.5 for 5 min and the powder formulation mixing and liquid binder

preparation have been mentioned in Section 3.2 and 3.3.
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Table 6-1. Experiment materials.

Type Powder (mixture) Liquid binder
1 Lactose Water
o i .
5 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
o .
7 MCC + 4% micronized Water
lactose
o i .
8 MCC + 10% micronized Water
lactose
U .
9 MCC +15% micronized Water
lactose
10 MCC + 4% HPC Water

6.2.2. Twin screw granulation: Preparation of granules
The twin screw granulator used has been introduced in Section 3.6.1. Liquid/solid

ratios of 0.08 and 0.8 were kept for lactose and MCC, respectively.

Two sets of screw configurations mentioned in Section 3.6.1 were applied. Conveying
elements were applied for all materials to provide to reduce the stress acting on the
material and 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 introduced in Section 3.6.4 and 3.6.5. For

granule bulk strength measurement, a specific granule size of 180-710 pm was selected.

Penetration time was examined when micronized lactose was studied. Experiments
were carried out on the compact powder bed which has been mentioned in Section 3.5.3.
To record the liquid penetration process, the framerate of high speed camera was set as

1000 fps.

The compacted powder bed compressed using 450 N was used and then placed on a
metal stub and coated with a gold layer for 16 seconds. The area where the liquid-powder
occurred (nucleus area) was scanned and imaged by a scanning electron microscope
(SEM, Jeol, USA) with magnifications of 200 X and 600 X. As a comparison, the SEM

image of the powder 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 indicates that reducing the particle size

could be one of the approaches that enhances the usage efficiency of solid binder.

The micronized lactose has a small particle size where 90% of particles are less than

10 micron. It is mainly used to premix with API in order to prevent segregation (Giry et
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al., 2006). In order to comprehensively investigate the effect of the micronized lactose as

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

Table 6-2 illustrated the variation of penetration time while changing formulation of
powder in different compression stresses. It could be seen in Table 6-2, an increase in the
proportions of fine lactose could increase the penetration time for all compression stress.
It is probably because the fines would dissolve 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

and accelerate the penetration.

As a comparison, although the addition of micronized lactose or HPC particles in the
powder formulation would increase the penetration time, such increase is much lower
than when HPC solution was used. As a slower penetration indicated 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 quite a little. Consequently, the addition of micronized lactose or HPC
particles would not delay the liquid penetration and binder dispersion as much as that
when HPC solution was applied. Furthermore, Table 6-2 also illustrates that the increase
of the compression stress caused a decrease of penetration time, which is probably due to
an increase in liquid spreading on the compact powder bed which has been discussed in

Chapter 4.
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Table 6-2. Liquid penetration time under different formulations and compression stress

on the compact powder bed (blue: repeat results from the previous chapter).

Penetration time (s)

Formulation

142 kPa

283 kPa

425 kPa

637 kPa

Lactose ~ Water 014940010 0.11040.010 0.06740.013 0.04040.027
%%ZtiiT Water  0.166240.005 0.11520.013 0.07940.001 0.0440.014
Lactoset \voier 018240004  0.13620.004 0.10240.006 0.05940.016
10% ML
Lactose+ \\oier  0.22640.092  0.19040.007 0.16840.019  0.0960.015
15% ML
Lactose+
i e Water  0.167#0.005 0.12240.004 0.09640.016  0.06540.019
MCC  Water  0.02340.001 0.02240.002 0.02140.001 0.0200.001
MCC+
Water  0.02440.001 0.02240.002 0.02240.002 0.021+40.007
50 ML
MCC+
Water  0.02540.002 0.02340.002 0.02340.002 0.021+40.001
10% ML
MCC+ ' \vater  0.02640.001  0.02540.003 0.02340.001  0.0220.000
159 ML . . . . . . . .
'C\,Q)CHCPJ’S‘ Water  0.02540.001 0.02520.001 0.02320.002 0.0220.001
6.3.2. Powder bed surface morphology

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 (nucleus area). Therefore, SEM images of the compact powder bed and nuclei
with different formulations were listed in Figure 6-1. In terms of the compact powder 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 surface area, the fines around large
particles would dissolve instantly into water and the viscous liquid could form strong
bridge between particles. Upon addition of more fines, the liquid bridges between
particles would be more and more viscous, leading to an increasing enhancement 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 particles could not dissolve
properly and thus did not contribute as much as micronized lactose did during 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 produce limited bonds

between particles when comparing with the addition of micronized lactose.

In general, micronized lactose was found to be more capable in forming strong bonding
between particles than the use of HPC in both forms. Theoretically stronger agglomerates
could be produced when micronized lactose was used. To examine the behaviour of
micronized lactose in twin screw granulation, different proportions of micronized 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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Figure 6-1. Lactose compact powder bed surface morphology under different

formulations.
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Similarly, the SEM images were also captured on the MCC based powder bed and
shown in Figure 6-2. 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 the MCC particles due to their special structure. Nevertheless, as the
proportion of micronized lactose increased, the gaps between MCC particles were filled
by the small lactose particles and a reduction in porosity could be observed. Consequently,

the strength of the agglomerates would be increased.

In terms of the powder bed mixed with HPC particles, some oversized particles could
be observed. Based on its size and morphology, it was more like to be the HPC particle.
After water penetration, the surfaces of dried nuclei were observed. In 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. Therefore, the

nucleus hardness was then carried out through the indentation experiment.
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To evaluate the feasibility of a solid binder, HPC was firstly used as an example to
examine whether the use of micronized lactose had similar effect or not. Concerning 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 size distribution, 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 binder on granule growth but not the typical configuration used
in the real industry. When 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 represented are bimodal. 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., 2008). Consequently, bimodal curves would be obtained,
indicating that large fractions of fines and large granules (lumps) were produced and the
produce of bimodal curves were mainly resulted from poor liquid distribution while

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

In this experiment, HPC was used as a comparison to 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 granules by producing a higher proportion of large granules with a larger
mean size compared 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 granules with larger granule mean size could be produced. This
indicates that micronized lactose had a similar effect on lactose powder as HPC (a typical
binder) and could effectively promote the growth of granules. Although from Figure 6-3
an increase in micronized lactose was believed to increase the proportion of large granules,
the difference on granule size distribution curves was less clear. It might be because
lactose (powder material) could also dissolve and enhance the bonding between particles

which may potentially mask the effect from the solid binders.
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Figure 6-3. Granule size distribution of lactose with different proportions of

micronized lactose and lactose with solid HPC (conveying elements).

The effects of micronized lactose on MCC granule size distribution and granule mean
size were shown in Figure 6-4. Compared with Figure 6-3, 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 weaker. As a result, 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 (micronized lactose or HPC) could promote the growth of
granule and more large granules were produced. Moreover, an increase in micronized
lactose could clearly increase the proportion of large granules. Consequently, an increase
in granule mean size could be obtained. It indicates that micronized lactose had a similar
effect as HPC and could be used as a solid binder for MCC granulation process. Similar
tendency could also be obtained from the variation of granule mean size. It could be seen
that the use of HPC could promote 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, but it is still less effective than
that of using HPC. However, the evaluation of a solid binder (in terms of granule size
destribution) is not based on whether it could produce more over-sized granules but more
about whether it could narrow the distribution in order to enhance the production of

granule in a certain size range.
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Figure 6-4. Granule size distribution of MCC with different proportions of

micronized lactose and MCC with solid HPC (conveying elements).

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 growth or not. 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 binding excipient.

Figure 6-5 presents the granule size distribution and mean size when an industry
standard screw configuration was applied by adding kneading elements to the screw
elements. In general, compared with the use of conveying elements only (Figure 6-3), the
distribution curves are narrower and the mean sizes are smaller. A narrower granule size
distribution curves indicates a more even liquid-powder mixing and thus a better liquid
distribution. It is because kneading elements could provide higher compaction and
shearing (Dhenge et al., 2012b). A higher compaction would break more lumps,
promoting the re-agglomeration and liquid dispersion (Dhenge et al., 2012b). Due to the
breakage of lumps and a more even liquid-powder mixing, the corresponding mean size

reduced.

When lactose was used (Figure 6-3), no clear differences could be observed from the
size distribution. As was mentioned, apart from the dissolution of solid binder particles,
the dissolution of lactose could further increase the liquid viscosity and thus reduce the
liquid flowability and distribution ability, causing the effect of binder on size distribution
become unclear (Ai et al., 2016). Nevertheless, a slight decrease in granule mean size
could be seen. To quantify the difference, the span of distribution was shown in Figure
6-6. The span of distribution quantifies the width of distribution curves; a higher value of
span means a wider distribution and poorer liquid distribution. Tu et al. (2013) stated that
in most cases the span of distribution is in a range of 1.5 to 4.5 and about 10% (11.1%)
difference in span of distribution was deem as an effective variation which could affect

the granular product properties. From Figure 6-6, all distribution curves had spans within
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the range above. In addition, adding 5% to 10% of 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 liquid-powder mixing. However, 15% of
micronized lactose was found to negatively affect the granule size distribution by
increasing the span. It 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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Figure 6-5. Granule size distribution of lactose with different proportions of

micronized lactose and lactose with solid HPC (kneading elements).
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Figure 6-7. Average improvement (%) of span of distribution.

To quantify the variation of span 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 reduce the span of
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distribution (about 9.0% & 9.4%), while too much of micronized lactose (15%) or the use
of HPC would increase the span of distribution to 10.8% and 2.6%, respectively. it might
be due to that 15% of micronized lactose or HPC could significantly increase 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 micronized lactose was added to MCC, Figure 6-8 shows that MCC
produced a high proportion of fines and smaller mean size compared with 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 lactose, which was because MCC is insoluble and the difference in binders would
not be masked by the dissolution of MCC particles. It could be seen that the use 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, 2010). To quantify
the difference, the spans of distribution were extracted. In general, the span of distribution
from Figure 6-9 is in a range between 1.5 - 4.5, which indicates that the spans of
distribution are in the allowed range (Tu et al., 2013). When HPC was added, a reduction
in the span of distribution could be seen indicating that the use of solid 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 binder (HPC) and the micronized lactose
could be used as a solid binder for MCC granulation process. To further evaluate the
improvement of using micronized lactose, Figure 6-10 quantified of 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 (from about 26.6% to about 54.5%), indicating that the use of micronized

lactose could promote the liquid distribution (Tu 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 1) to qualitatively study the effect of micronized lactose on
granule growth. It was found that micronized lactose could promote the growth of granule
for both lactose and MCC. MCC shows a clearer difference as it is insoluble, which would

not mask the role 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 the difference of
distribution. It was noted that smaller amount of micronized lactose (5% & 10%) could
effectively reduce the spans of distribution, leading to narrower size distributions. Similar

effect could also be seen when MCC was used as the granulation material.

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

used as a solid binder to promote the growth of granules and enhance the liquid
135



distribution. However, the effect of a binding excipient should also affect the strength of
granules. Therefore, granule morphology and bulk strength were investigated in the

following chapter.

Figure 6-11. CT morphology of lactose with different proportions of micronized
lactose and lactose with different phases of HPC (kneading elements)

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

structure was observed by using an X-ray scanner. Figure 6-11 and Figure 6-14 illustrated

the x-ray scanning images of lactose and MCC granules, respectively. It could be seen on
both materials that the increase of micronized lactose could reduce the size of voids in
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the granules. Compare with the use of HPC, the granules produced using micronized

lactose are less porous, indicating a more stable structure. Therefore, it could be

s ¥

NICCES% ML M@Se40% ML

Figure 6-12. CT morphology of MCC with different proportions of micronized
lactose and MCC with different phases of HPC (kneading elements)

concluded that the use of micronized lactose could effectively reduce the porosity of

granules, making the granular 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 granules. Normally,
a less porous granule tends to be stronger. However, the strength of granules could also
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be affected by the amount of bonds between particles. Although the x-ray images
illustrates the effect of micronized lactose on granule porosity, there is no strong evidence
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, granule strength is related to the tablet
properties including strength and dissolution rate (Lee et al., 2013, Litster and Ennis,
2013). Normally, weaker granules tend to produce stronger tablets with a slower
dissolution rate. In reality, tablet disintegration speed is relatively more important when
varying the granule strength (Liu et al., 2016). It is because normally the compressions
for tabletting are no less than 15 kN and the high compression is sufficient to make sure
the tablets are strong enough while storing and transporting (Rajkumar et al., 2016); the
tablet dissolution rate is related to the releasing speed of the active pharmaceutical
ingredients (API) in the tablets which is of vital importance for human health (Salman et

al., 2007).

As granule strength is related to the tablet disintegration speed, different tablets with
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). Therefore it is impossible
to extract or generalise a standard granule strength or typical “value” or “range of value”
which is applicable for all cases. In addition, current methods to obtain the bulk granule
strength are based on Adam Equation, which is significantly dependent on the sample

properties including granule size, compressibility, packing, etc (Adam et al., 1994); On
138



the other words, it is difficult to make comparison between literature due to the variation

of equipment, granule properties, etc. (Dhenge 2012d, Liu et al., 2016).

However, it does not mean that there is no requirement on granule strength. It 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, Dhenge et al., 2013, Saleh et al.,

2015).

Therefore, as long as the granule strength is larger than ~0.1 MPa, qualitive
comparisons are the main methodology when investigating the granule strength (Dhenge
et al., 2012c, Saleh et al., 2015, El Hagrasy et al., 2013b). To quantify the improvement
of micronized lactose, lactose/MCC granulated using water (no binder) with a powder
feed rate of 1 kg/h and a screw speed of 200 rpm were used as a standard condition,
respectively (Dhenge 2012d). Granule bulk strength from other formulations will be

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

Figure 6-13 shows the lactose granule 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 transportation and storage. As a typical solid binder, the
use of HPC produced stronger granules than if no binder was used. Similarly, the addition
of micronized lactose could also increase the granule bulk strength, which indicates that
micronized lactose is capable to be used as a solid binder. In addition, more proportion of

micronized lactose used leads to the production of stronger granules.
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Figure 6-13. Lactose granule bulk strength for different formulations.

To quantify the effect of micronized lactose, the bulk strength of the granules produced
with micronized lactose was compared with the standard case (lactose/MCC with water).
It could be seen in Figure 6-14 that either HPC or micronized lactose could enhance the
granule strength to different extents, indicating that micronized lactose had played a
similar role as HPC in granulation. Compared with 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 than 5% difference could cause 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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Figure 6-14. Improvement (%) of granule bulk strength using micronized lactose.

Similarly, Figure 6-15 shows the MCC granule strength affected by the addition 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 granule and 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 in micronized lactose could enhance the
strength of granules and the enhancement is believed to be comparable to that when HPC
was added. When comparing Figure 6-15 with Figure 6-13, stronger granules could be

produced when lactose was used which was due to the fact that lactose is soluble.
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Figure 6-15. MCC granule 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%, which indicates that the use of micronized lactose is
quite effective for insoluble materials. Based on the experiment from Horisawa et al.
(1995), such improvements would have obvious effects on the granule product (tablet)

properties.
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Figure 6-16. 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 binding 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 “good” binding excipient is always about it could produce stronger
granules and promote the liquid distribution (narrower granule size distribution). In
general, the spans of distribution (which quantifies the granule size distribution) are all in
the allowed range of 1.5-4.5, which indicates that the granule size distribution is allowed
for utilisation for the following steps (e.g. tabletting) (Tu et al., 2013). By evaluating the
granule size distribution using micronized lactose, it was found that small amounts of
micronized lactose (5% & 10%) have positive effects (about 9.0% & 9.4%) on 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 (for
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about 10.4%). For MCC, it was found that the use of micronized 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 production of granule 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 addition of micronized lactose (from 5% to 10%) could
enhance the granule strength from about 12.7% to almost 40%; for MCC the
improvements are from 14.5% to 100%. Such improvements in granule strength were
supported by the granule morphology obtained from a CT scanner that the use of
micronized lactose would effectively reduce the porosity of granules; in addition, such
improvements are capable to cause obvious difference in tablet properties (tensile

strength, disintegration speed, etc.).

In general, it was found that micronized lactose has an excellent binding capabilities
and could also guarantee a narrow size distribution, which 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 properties

7.1. Introduction

The viscosity of liquid could affect the liquid-powder 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 to achieve an even liquid-powder

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 it is regarded 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 easier for distribution. As a result, the
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 particle 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 temperature in twin screw granulation to achieve a better liquid-powder

mixing has been discussed and some of the related techniques (hot-melt granulation) have
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been applied in the industry. Barbara et al. (2006) used 50 to 60 ° C to melt polyethylene

glycol 4000 and used as a liquid binder for twin screw granulation. They concluded that
using a high temperature could help PEG 4000 dispersion and the granules produced are
stronger and more uniform. Sharleen et al. (2013) also used the hot-melt granulation (100

°C) to guarantee that the PEG 8000 could stay in the liquid 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 reduces the waste of unwanted granules which significantly increase the usage
efficiency of the expensive APl materials and reduce the cost of drying operations
(Sharleen et al., 2013). Moreover, due to the fact that some of the API are thermolabile,

the temperature used for twin screw granulation are normally below 100 ° C, which in a

certain extent reduces the concern about safety issue from using a high temperature (Liu

et al., 2016).

Although using a high temperature for twin screw granulation has been widely applied,
current attention is mainly focused on to melt-granulation process when 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 of granulation 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 examining binding excipient and prepared in both forms (liquid and solid).

146



To study the effect of liquid temperature, the binder was sealed using parafilm and
heated on a hot plate with a temperature probe to maintain the temperature. 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 60 <€, respectively. The relative humidity was set at 40%. The
compact powder bed was prepared by using the method in Section 3.5.1. During
penetration experiment, the droplet with the same temperature was dropped on to the
powder bed. To guarantee a relatively lower loss in heat during experiment, a hot plate
was placed underneath the compact powder bed with a corresponding temperature.

Equipment and set up utilized has been mentioned in Section 3.5.3.

The barrel temperature was automatically controlled by the heater in the barrel and can
be adjusted by using the panel on the twin screw granulator. In this experiment, the
temperature and the barrel and liquid binder were controlled at 25, 40, 60 <€, 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 mins are waited for the system temperature being stabilised.

In this experiment, kneading elements were used.
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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 distribution capability. Table 7-1 lists the viscosity for HPC
solution with different concentrations in different temperature. Firstly, a higher HPC
concentration makes the viscosity higher and the liquid would be more difficult to
distribute. As the temperature increases, the viscosity decreases for all binder samples,
which indicates that a higher temperature could help the liquid distribution, which has a
potential to wet more powder. Therefore, the liquid binder solution could achieve a better
dispersion capability if a higher temperature is used. The study of binder viscosity
enlightens a new direction in optimizing the liquid binder delivery method. Since 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.

Table 7-1. Liquid binder viscosity (Pa s) with different temperatures.

Temperature (<€)

25

40 60

0 0.000940.0008 0.0006+40.0018 0.000440.0006
2.5 0.007240.0101 0.04140.0065 0.001540.0119
5 0.024540.0042 0.018040.0037 0.001740.0042
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Penetration time reflects the distribution speed of liquid in a powder bed and is an
indicator of wettability. A faster penetration time indicates a faster liquid distribution.
The study of liquid penetration could reveal the effect of temperature on liquid binder

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

Table 7-2 lists the penetration time affected by the variation of temperature when water
or HPC solutions (2.5% and 5%, w/w) were used as a liquid binder. In general, lactose
spent longer time for penetration. 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 compression stress increases, penetration time becomes shorter. As was
discussed in details in Chapter 4, A higher compression stress would smoothen the surface

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

In addition, an increase in liquid binder viscosity (higher HPC concentration) led to an
increase in penetration time especially when 25 °C was 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 viscosity (shown in Table 7-1) could shorten the
time consumed for liquid penetration. Nevertheless, when water is used only, slight
increases in penetration time could be seen on lactose powder beds. It is probably because
an increase in temperature could increase the dissolution rate of lactose, which

consequently increase the liquid viscosity and delay the penetration.
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When HPC is used in solid form, penetration time is given in Table 7-3. At first, like
the effect of an increase in compression stress, similar decrease in penetration time could
be obtained, which is because a higher compresion stess would smoothen the powder bed
surface and thus increase the wetting area. In addition, the addition of HPC was found to
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 is quite 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 HPC). A more viscous liquid would
cause a delay in penetration. When 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 correction
to temperature comparing to that of lactose is because MCC is insoluble and would not
dissoleve into water and increase the liquid penetration time; although a higher
temperature could acclerate the dissolution speed of HPC, the limited penetration 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 were used. If there was no HPC being added, an increase
in temperature would delay the liquid penetration due to the dissolution of lactose. In
general, the liquid binder was more sensitive to temperature than that of solid binder,

which might be due to the lack of agitation when using a static compact powder bed.
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Table 7-2. Penetration time (s) affected by the temperature and HPC solution concentration.
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Table 7-3. Penetration time (s) affected by the temperature on powder bed premixed with HPC solid particles.
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Therefore, it is quite necessary to apply different temperature on the twin screw
granulation process to further investigate the effect of temperature and the effect of binder

delivery on granule properties.

Figure 7-1 shows the granule size distribution in different HPC concentration at 25, 40

& 60 € and Figure 7-2 is the span of distribution for the previous figure.

Concerning the effect of temperature, the use of a higher temperature, especially 60
<€, reduced the production of fines and large granules (lumps), leading to narrower size
distribution and smaller span clearly. It indicates that the use of a high 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 liquid. It is
reported by Tu et al. (2013) that normally the range of the span of distribution is between
1.5t0 4.5. In Figure 7-2, when 60 <€ was used, the span of 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 liquid-powder mixing and a more uniform granule size
distribution. Therefore, the use of a high temperature could improve 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 distribution and a larger 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

decrease its distribution ability. As a result, the binder solution could not disperse properly
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in the powder and cause a liquid uneven distribution. It indicates that if a high temperature
is applied, the poor flowability and dispersion capability which widely exist in the liquid
binder delivery method could be solved. When 60 °C was used, the effect of HPC
concentration became 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 granule size distribution. Figure
7-3 compared the span of distribution obtained at 40 °C and 60 °C to that at 25 °C,
respectively. It is believed that, in most cases, 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 obtained when water,
2% HPC and 4% HPC were used at 60 °C, respectively. Besides, it is noted that such

improvement is more obvious when a more viscous liquid ( 4% HPC) was used.
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Figure 7-1. Lactose granule size distributions affected by the variation of temperature
(25, 40 & 60 <€) when water and HPC (2.5%, 5% HPC) solution were used.
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MCC was also used to study the effect of temperature on granule size distribution and

shown in Figure 7-4. When water was used, a higher temperature leads to fewer
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proportion of fines being produced. 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 could enhance the interlocking growth of particle and produces more
larger granules. When HPC was applied, the effect of temperature was less obvious
compared with that of lactose. It is probably due to the fact that MCC could swallow

water and make the liquid become less available for distribution among in the powder.

The span of distribution is shown in Figure 7-5. At first, all spans of distribution are in
the allowed range of 1.5 to 4.5. Due to the fact that MCC is insoluble, the span of

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

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

narrower size distribution could be obtained at 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 at 40 ° C and 60 °C were compared with that at 25 ° C and

shown in Figure 7-6. It could be seen that the use of a higher temperature could reduce
the span 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 easier to soak

and soften the MCC particles, making them easier to deform and interlocking (Fielden et
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Figure 7-4. MCC granule size distributions affected by the variation of temperature
(25, 40 & 60 <€) when water and HPC (2.5%, 5% HPC) solution were used.
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al., 1988). When HPC solution was used, a higher temperature of 60 ° C could 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 premixed as a solid binding excipient.

In Figure 7-7, the increase in HPC concentration shifts the curves rightwards. It is
because that the use of HPC could promote the growth of granules. Concerning the effect
of temperature on granule size distribution, it was found that an increase in temperature
could narrow the granule size distribution, indicating that a more even liquid-powder
mixing could be realized when a high temperature was used. Therefore, in Figure 7-8
smaller span of distribution could be obtained when a higher temperature was used. It is
because the use of a high 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 liquid and enhance the strength of liquid bridge, causing more particles could
be successfully agglomerated. As a result, when a higher temperature was used, less fines

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 40 ° C and 60 ° C were compared to that when 25 ° C was used. It could be
seen that, in most cases, the use of higher temperature (40 °C and 60 °C) could

significantly improve the size distribution by reducing the span of distribution.

Specifically, when 60 ° C was used, the span of distribution reduced by 37.2% (for water),
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Figure 7-7. 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.

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

with the addition of solid HPC. As the increase in HPC concentration, more large granules
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(lumps) were produced and less fines were produced. 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 could hold water in its inner structure, leaving less portion
of liquid for HPC dissolution and bonding. When a higher temperature was used, less
fines large granules were produced. By checking the span of distribution, spans for 60 °C
are always smaller than 25°C, indicating a narrower size distribution when high
temperature was used. Compared with 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 more capable to have an even liquid distribution.

Figure 7-12 quantify the effect of temperature on MCC based on the span of
distribution. In most cases, the use of a higher temperature reduces the proportion of fines
and 60 °C shows more obvious effect on the reduction of span of distribution (water: 34.3%
2% HPC: 15.7%, 4% HPC: 24.1%). The reason why when 2% HPC at 40 °C shows a
opposite effect may due to the operating error and the large error bar existed (Figure 7-10:

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 strength was measured.
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Figure 7-10. 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 solutions. At first, it could be seen that all granules are 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., 2015). The addition of HPC
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increased the strength of granule, as it could enhance the strength of liquid bridges
between particles. Secondly, as the temperature increased, the strength of granule
increased slightly. Although the increase in temperature could promote the distribution
of liquid by achieving narrower granule size distributions, its effect on lactose granule
strength was less obvious. It might be because the total amount of binder is constant (by
keeping the L/S ratio as a constant) during experiments (25, 40 & 60 <€). Therefore,
although the 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 believed to more rely on the variation of lactose dissolution at

different temperature.

Figure 7-14 quantifies the effect of temperature on lactose granule bulk strength when
HPC was used as liquid binder. It could be seen that liquid binder with higher viscosity
shows higher improvement than lower one and the use of higher temperature could all
enhance the granule strength to different extents. Especially, the use of 60 <€ could
achieve better enhancements on granule bulk 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, etc.) (Horisawa et al., 1995).
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Figure 7-13. Lactose granule bulk strength affected by the variations of temperature

(25, 40 & 60 <€) when water and HPC (2.5%, 5% HPC) solution were used.
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Figure 7-14. Improvement of bulk strength.

Figure 7-15 is the bulk strength when HPC binder particles were premixed and used
as solid binder. At first, the addition of HPC could effectively enhance the granule

strength for all cases. With the increase of temperature, compared with the use of HPC
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solution, the granule strength increases more clearly. It might be because the use of higher
temperature could accelerate the dissolution of HPC 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 HPC could dissolve and enhance the liquid bridges and bonds
between particles, leading to a clearer increase in granule bulk strength. Moreover, an
increase in lactose dissolution rate would further enhance the granule bulk strength when

higher temperature were used.

To quantify the effect of temperature on granule bulk strength. Figure 7-16 compared
the granule bulk strength at 40 € and 60 <€ to that at 25 <€, respectively. In general, the
use of high temperature was found to be effective on granule strength enhancement.
Comparing with that when HPC solution was used in Figure 7-14, 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 strength enhancement. A 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%).
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Figure 7-15. Lactose granule bulk strength affected by the variations of temperature

(25, 40 & 60 <€) and using HPC (0, 2 & 4%) in particles.
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Figure 7-16. Improvement of granule bulk strength.

To reveal the effect of temperature on insoluble material, MCC was used for twin
screw granulation and shown in Figure 7-17. Firstly, the addition of binder was found to

enhance the granule strength and 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., 2015). However, MCC
granule strength was found to be much smaller than that of lactose shown in Figure 7-13.
It is because MCC is insoluble and could not dissolve to enhance the bonds between
particles. As the increase in temperature, the granule strength increases slightly and thus
tendency is quite unclear. It is probably because MCC could swallow water and thus the
effect of HPC concentration on granule strength would be reduced; 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 bulk strength effectively when HPC

solution was used.

Similar statement could also be concluded from Figure 7-18 that effect of temperature
contributed limited influences on the granule bulk strength when compared with that of
lactose shown in Figure 7-14. It was noted that when MCC was granulated with water,
no difference could be obtained at different temperature and the value shown in Figure
7-14 is close to 0. It is because MCC is insoluble and the bonds between particles are
resulted from the physical interlocking rather than liquid bridges. Therefore, unclear
effect of temperature on granule bulk strength could be obtained. In addition, the
difference between 40 € and 60 <€ are unclear. It is because that a part of liquid was
absorbed and held in the MCC particles, leaving limited insufficient amount of liquid for
bonding and the limited bonds between particles may be insufficient to vary the granule
strength clearly under different temperature. In general, it could be concluded that the use
of HPC solution was incapable to affect the granule bulk strength clearly. Based on

literature, such variation in granule strength (larger than 5%) would affect the granular
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product properties effectively (Horisawa et al., 1995). Therefore, varying temperature is

applicable to enhance the granule properties if HPC solution and MCC were used.
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Figure 7-17. MCC granule bulk strength affected by the variations of temperature

(25, 40 & 60 <€) using when water and HPC (2.5%, 5% HPC) solution were used.
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Figure 7-18. Improvement of granule bulk strength.
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Compared with the use of HPC, the increase in granule strength was more obvious
when HPC particles were used and shown in Figure 7-19. Firstly, the addition of HPC
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 obtained when
higher temperature were used. It is because the use of high temperature could enhance
the dissolution of solid HPC particles, making higher proportion of HPC particles
dissolve and participate to enhance the liquid bridges, which produced stronger bonds and
strengthen the granule. Although 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 quantifies the effect of temperature on granule strength enhancement.
When HPC was added, clearly enhancements in granule strength could be observed.
Concerning the effect of temperature, using 60 °C 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, respectively, which would significantly affect the granular product

properties (e.g. tablet tensile strength, dissolution rate, etc.) (Horisawa et al., 1995).
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Figure 7-19. MCC granule bulk strength affected by the variations of temperature
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Figure 7-20. Improvement of granule bulk strength.

7.3.5.  Granule morphology
Figure 7-21 shows the lactose granule x-ray images using HPC solution at different

temperature. At 25 <€, the increase in HPC concentration made the granule become more
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inhomogeneous in structure. Especially, 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 structure was resulted from the uneven distributed
liquid binder. As the temperature increases, the granule structure becomes more
homogeneous, indicating that the use of high temperature could promote the liquid
distribution. Granules with homogeneous structure would be 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 x-ray images using HPC solution at different
temperature. Compared with that of lactose shown in Figure 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 deform significantly and the granule would be much less porous.
With the increasing of HPC solution, a slightly denser in granule structure could be
observed at 25 €. As was mentioned, it is because the use of binder could provide more
bonds and densify the granules. Such tendency become unclear when higher temperature
was used. In Figure 7-22, 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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Figure 7-21. X-ray images for lactose granules produced at temperatures of 25, 40 & 60

<€ when water and HPC (2.5%, 5% HPC) solution were used.
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Figure 7-22. X-ray images for MCC granules produced at temperatures of 25, 40 & 60

< when water and HPC (2.5%, 5% HPC) solution were used.
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Figure 7-23 shows the x-ray images of lactose granules at different temperature using
solid HPC binder. Compared with the use of HPC solution, granules produced using HPC
solid binder are more homogeneous for all cases. It might be because 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 was used. 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 particle interlocking. Due to the intensive compression from kneading elements,
the particles were deformed and denser granule would be produced. Similar to that of
lactose shown in Figure 7-23, 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 of dissolved HPC may not sufficient 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 structure more
homogeneous. When HPC particles were used, no clear effect from temperature could be

obtained.

177



Lactose 25 € Lactose 40 € Lactose 60 €

Figure 7-23. X-ray images for lactose granules produced at temperatures of 25, 40 & 60

€ when HPC (2%, 4% HPC particle) particles were used.
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Figure 7-24. X-ray images for MCC granules produced at temperatures of 25, 40 & 60

€ when HPC (2%, 4% HPC particle) particles were used.
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In this chapter, temperature as an independent variable is investigated. HPC was
prepared in two forms: dissolved in water as a solution and premixed with granulation

powders.

The use of high temperature was considered to be useful in narrowing 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 distribution. It was found that
Granulating at 60 €€ could significantly enhance the liquid distribution by producing
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 60 € 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
formulation of HPC particles premixed at 60 €€ could reduce the span of distribution by
about 37.43% for lactose and 28.64% for MCC, respectively. In general, it was found that
using a high temperature is capable to effectively affect the granular product properties

(Tuetal., 2013).

Concerning the effect of temperature on granule bulk strength, higher temperature is
more capable to enhance the granule strength when HPC was used in a solid form. It was
found that for when solid HPC was used at 60 <€, the 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.
Therefore, temperature was found to be effectively affect tablet properties and following

granular products (Horisawa et al., 1995).
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In this chapter, the effect of temperature on twin screw granulation was studied. By
compared with the approach from literature, it was found that, in most cases, adjusting
the temperature to improve the granule size distribution and granule bulk strength is a
useful and effective way, especially for soluble 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 uniform 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 be advised to the industry for further study and application.
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Chapter 8.  Effects of screw speed and
configuration on granule properties for a

constant fill level

8.1. Introduction

In batch granulation process, the granulation process parameter is less possible to
change the fill level of material. However, as a continuous granulation process, the liquid
and powder are “flowing” in the twin screw barrel and consequently the level of material
in the barrel can be varied through process parameters easily. The level of the material in
the barrel is defined as fill level and it is stated that the change of fill level directly affects
the compaction of materials which determines the granule attributes e.g. size and strength
(Kolter et al., 2012, Dhenge et al., 2011). In twin screw granulation process, the variation
of fill level is often comes with the change of other parameters such as screw speed, which
makes conflict and contradictory in literature when parameters such as screw speed was

studied.

To overcome this problem, a parameter of “specific feed load” was raised and defined
as the ratio of feed rate and screw speed (Kolter et al., 2012). It was applied to provide a
constant fill level environment. However, researches about the specific feed load are
limited in “one applied system” and are invalid for different screw configuration,

formulation, etc. (Meier et al., 2017). Particularly, based on the definition of “volumetric
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fill level”, as long as the feed rate and screw speed are constants, the variation of screw

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

In this chapter, a new definition of barrel loading (BL, g) will be raised, which
represents the mass of powder and liquid in granulation barrel for the specific condition
(screw speed, configuration, etc.). By maintaining the BL, study on the processing
parameter e.g. screw configuration, screw speed in dynamic wet granulation can be

carried out and their effects on granule properties could be obtained.

8.2. Materials and method

8.2.1. Determine of specific powder feed rate

8.2.1.1. Residence time

The method used for residence time measurement was mentioned in Section 3.6.2. For
each formulation, screw speed of 50, 100, 200 rpm has been used. For each screw speed,
the feed rate shown in Table 8-1 was used and the residence time is shown in Figure 8-2
and Figure 8-3. In Figure 8-2, the red colour represent the condition which could not be

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

Table 8-1. Feed rate applied for residence time recording (Green: used; Red:

unused).

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

0.5
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In order to investigate the effect of processing parameters including screw speed and
screw configuration, a controlled barrel loading (BL, g), was required by maintaining the

mass of powder and liquid as constant.

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

and configurations could be obtained using the following equation:

— — . 8-1
Myptal = mpowder + mliquid - mpowder X (1 + L/S Tath) ( )

BL = t, X My (8-2)

where mpowder refers to the powder gravimetrical feed rate (kg/h); miiquia refers to the liquid
gravimetrical feed rate (kg/h); BL refers to the total mass of material in the barrel (powder
and liquid, g); tr (s) refers to the average residence time for the corresponding material,

screw speed and configuration.

The relationship between BL and total feed rate mwtar could be plotted and shown in
the Appendix C. A typical relationship figure is shown in Figure 8-1. As the powder was
overflowed when the BL goes above ~20 g. Therefore, a medium BL 10 grams were
chosen as the constant BL value and the corresponding total feed rate for a constant BL

of 10 grams could be obtained.
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Figure 8-1. Typical barrel loading for feed rate (blue: 50 rpm; orange: 100 rpm; grey:

200 rpm).

8.2.2. Preparation of granules
A constant L/S ratio of 0.08 was utilized for lactose granulation and 0.8 was utilized
for MCC granulation. Two sets of screw configurations were applied which has been
mentioned in Section 3.6.1. To investigate the effect of screw speed, the screw speed was
varied (50, 100 & 200 rpm). Powder feed rate and liquid feed rate was determined by the

relationship between the BL and the feed rate and shown in Table 8-2 and Table 8-3.
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Table 8-2. Powder feed rate (kg/h).

Kneading Conveying
50rpm 100 rpm 200 rpm | 50 rpm 100 rpm | 200 rpm
water 0.509 0.979 1.551 0.760 1.616 3.302
2.5% HPC solution  0.486 0.896 1.457 0.745 1.330 2.818
5% HPC solution  0.456 0.829 1.393 0.733 1.142 2.413
2% HPC particle 0.499 0.929 1.475 0.661 1.601 3.168
4% HPC particle 0.498 0.866 1.458 0.637 1.540 2.999
Mcc
Kneading Conveying
50rpm | 100 rpm | 200 rpm 50 rpm 100 rpm | 200 rpm
water 0.313 0.641 1.224 0.376 0.785 1.537
2.5% HPC solution  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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Table 8-3. Liquid feed rate (kg/h).

Kneading Conveying
50rpm 100 rpm 200 rpm | 50 rpm 100 rpm | 200 rpm
water 0.0407 0.0783 0.1241 0.0608 0.1293  0.2642
2.5% HPC solution 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 | 100 rpm | 200 rpm 50 rpm 100 rpm | 200 rpm
water 0.2506 0.5127 0.9790 0.3004 0.6282 1.2294
2.5% HPC solution = 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% HPC particle  0.2383 0.4899 0.9659 0.2871 0.5785  1.2017

187



Residence time refers to the time that the material spends in the barrel to produce
granules. Figure 8-2 and Figure 8-3 shows the residence time at different screw speed,
screw configuration and feed rate for lactose and MCC powders respectively. It was found
that material spends longer time if kneading elements were used in all cases, which
reflects the weaker conveying capability of kneading elements. It indicates that the use of
kneading elements would make the material spend longer time in the barrel and the BL

would be higher if kneading elements were used (Equation 8-1 and 8-2).

Furthermore, it is noticed that the increase in HPC amount (in both forms) increases
the residence time. It may be because the powder 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 of Dhenge et al. (2012c) who stated that the use of
the binder would cause an increase in the cohesiveness and frictional resistance of the

material to flow.

For the effect of the feed rate, due to the size and scale of the figure, no clear difference
could be obtained. More detail figures could be seen in Appendix F, it can be seen that
there is a slight difference between the residence time at different feed rate. Increasing
the feed rate results in a slight decrease in residence time, which is due to the fact that a
higher feed rate would reduce the distance/ space between particles and the network
between particles would transfer 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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Figure 8-2. Residence time for lactose based material in different powder feed rate,
configurations and binder forms (top: 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 8-3. Residence time for MCC based material in different powder feed rate,
configurations and binder forms (top: 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 the relationship between lactose granule size
distribution and screw speed using conveying elements (Set 1 configuration) using water
and HPC in different forms (HPC solution and particles), respectively. Generally, the use

of HPC leads to growths in large granules and reduces the production of fines.

Furthermore, it is obvious that the use of higher screw speed produces more large
granules and the curve for 200 rpm is more bimodal. This result is contradictory to if the
BL was not controlled. For example, Lute et al. (2016) presented that the increase of
screw speed reduces the production of large granules. Without maintaining the amount of
material in the barrel as a constant, the increase of screw speed reduced the amount of
material in the barrel, which would reduce the occurrences of coalescence and reduce the

granule size (Dhenge et al., 2011).

In terms of the distribution span, Figure 8-6 shows that generally a higher screw speed
leads to a wider span, indicating a poor liquid distribution. It may be due to the insufficient
residence time when conveying elements were used only. In addition, no clear
relationship between HPC amount and span of distribution could be obtained.
Nevertheless, at 200 rpm, the use of water shows the largest span, which is not agreed
with the observation from the distribution curves. It is because of the high proportion of

fines when water was used and consequently reduce the dio for span calculation.

In general, when conveying elements were used, the speed is mainly related to the
conveying capability. A higher speed would accelerate the conveying speed and decreases
the residence time. Consequently, material would have less time to come an even liquid

distribution.
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Figure 8-4. Lactose granule size distributions at different screw speeds with a controlled
BL (g) and set 1 screw configuration when water and HPC (2.5%, 5% HPC) solution
were used.
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Lactose based formulation with kneading elements using HPC in both forms were
granulated and the size distribution is shown in Figure 8-7 and Figure 8-8, respectively.
The use of HPC leads to increases in large granules. In terms of the effect of screw speed,
different from the use of conveying elements shown in Figure 8-4 and Figure 8-5, the use
of higher screw speed (200 rpm) produces fewer lumps. It indicates that although a high
screw speed reduces the residence time which makes the mixture has less time for mixing
and granulation, the intensive mixing and cutting capability from higher screw speed
using kneading elements could compensate the loss in residence time and leads to a better

mixing.
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Figure 8-7. Lactose granule size distributions at different screw speeds with a
controlled BL (g) and set 2 screw configuration using water and HPC (2.5%, 5% HPC)
solution.
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Figure 8-8. Lactose granule size distributions at different screw speeds with a

controlled BL (g) and set 2 screw configuration using HPC solid binder (2 & 4%).

The span of distribution is illustrated 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 liquid-powder mixing and produce the granule with a narrower size
distribution. In addition, Figure 8-9 suggests that at high screw speed (200 rpm), the span

is relatively smaller comparing with low speed (50 rpm), generally. The use of HPC was
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found to increase the span of distribution (Figure 8-9) when comparing to that without
HPC, indicating a poorer liquid-powder mixing when HPC was used. To quantify the
effect of screw speed on the span of distribution, it was found in Figure 8-10 that for most
cases, increases in screw speed could reduce the span of distribution in different extents,
indicating that using a higher screw speed could effectively promote the liquid
distribution and produce narrower granule size distribution. However, using 4% HPC
solid binder at 100 rpm showed opposite effects. It might 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 all cases and the

reduction is between 0 to about 22.1%.
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Figure 8-9. Span of distribution for Figure 8-7 and Figure 8-8.

197



10

&

-1

o

Improvement (%)

-15

-20

[ |
II actosi% actIIPC actIIPC lactose+4% HPC
H

m 100 rpm m 200 rpm

-25

Figure 8-10. Improvement of span of distribution.

Figure 8-11 and Figure 8-12 illustrate the MCC granule size distribution using
conveying elements with the addition of water and HPC in liquid form and solid form,
respectively. When HPC was used, larger granules would be obtained. In terms of the
effect of screw speed, a higher speed makes the granule size distribution more bimodal,
which indicates poorer liquid-powder mixings. The span of distribution shown in Figure
8-13 also shows that a higher screw speed leads to a higher span. As was mentioned, it is
because of insufficient residence time when conveying elements were used, especially if
the screw speed is high. Comparing with that of lactose, it could be observed that 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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Figure 8-11. 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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Figure 8-12. MCC granule size distributions in different screw speeds with a

controlled BL (g) and set 1 screw configuration using HPC solid binder (2 & 4%).
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When kneading elements are used, Figure 8-14 and Figure 8-15 are the size
distribution and MCC granule size distribution. Firstly when HPC solution was used, a
higher concentration produced larger granules. In addition, use of HPC in liquid forms
produces more fines than that when HPC particles were used. Whilst, an increase in solid
HPC particles shows unclear effect on the granule size distribution. Figure 8-16 shows
the span of distribution for Figure 8-14 and Figure 8-15. It shows that the use of HPC in
solid form shows smaller spans than the use of HPC in solution, which is agreed with the
observation from Figure 8-14 and Figure 8-15. Comparing with Figure 8-11 and Figure
8-12, the use of high screw speed shows a different effect on granule size distribution.
Specifically, a high screw speed generates a wider span of distribution and poorer liquid-
powder mixing when conveying elements were used, whilst a higher screw speed tends
to produce the granule with narrower size distributions. It indicates that the effect of screw
speed is different based on the specific configuration applied. For 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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Figure 8-14. MCC granule size distributions in different screw speeds with a
controlled BL (g) and set 2 screw configuration using water and HPC (2.5%, 5% HPC)
solution.
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Figure 8-15. MCC granule size distributions in different screw speeds with a

controlled BL (g) and set 2 screw configuration using HPC solid binder (2 & 4%).

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

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

Figure 8-17 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 extents. The reason why the first column showed opposite result

was because Figure 8-17 was calculated based on the average span value and could not
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make the error bar into consideration. In general, using 200 rpm shows more stable effects

on reducing the span of distributions more than 20 %.
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Figure 8-16. Span of distribution for Figure 8-14 and Figure 8-15 (different scale in

y-axis).

30
20

10

_ [ |
M MCC+2. PC M‘ C MCC+2 C Mld C
-1
-20

-30

o

o

B 100 rpm M 200 rpm

Figure 8-17. 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 from Figure 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 reason why lactose with 4% HPC solid binder showed opposite result
may due to the large error bar produced from the corresponding column in Figure 8-18.
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
binder could only achieve the maximum improvement of about 2.7%, showing that a
controlled FL could significantly enhance the liquid distribution even the liquid was quite

viscous.
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Figure 8-18. Comparison of the span of distribution using lactose based materials

with a screw speed of 200 rpm.
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Figure 8-20 compared 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 in Figure 8-18. 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 FI could effectively
narrow the granule size distribution by reducing the span of distribution. Normally, 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. Figure 8-21 quantifies the improvements from using FL 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 liquid-powder mixture. As MCC is 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). Therefore, increased 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 size distribution 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 the solid HPC particles. As a result, more
HPC would be dissolved in the liquid comparing that if BL was not controlled and thus a

much obvious improvement could be achieved.

I
Hno BL
I I BL
’ I

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

Span of distribution
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Figure 8-20. Comparison of the span of distribution using MCC based materials with

a screw speed of 200 rpm.
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Figure 8-21. Improvement of span of distribution.

8.3.3. Effect of screw speed and configurations on granule strength
Figure 8-22 and Figure 8-23 shows the relationship between granule bulk strength and
screw speed under different binder delivery methods using conveying elements and

kneading elements, respectively. In general, use of kneading elements could produce

stronger granules.

When HPC was added, an increase in granule strength could be observed in both
Figure 8-22 and Figure 8-23. When conveying elements were used, HPC solution
produced stronger granules than the use of HPC particles. It is probably due to insufficient
stress and agitation applied could not dissolve the HPC particle efficiently, which is
agreed with the observation on the compact powder bed that the use of solid HPC could
not enhance the nucleus hardness. In addition, the insufficient residence time may not
allow the liquid-powder being mixed properly. When kneading elements were applied,
the use of HPC in both addition method led to more obvious increases in granule strength,

which due to intensive stress realised by kneading elements. In 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 of soluble materials to enhance the strength. While
comparing different HPC delivery methods, it could be seen in the use of solid binder
produce the strongest granule. It might be because that when HPC particle is used, the

intensive agitation and stress could accelerate the dissolution of the binder 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. It is probably because that when conveying elements were used only the screw

rotation is incapable to provide enough mixing.

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

improvements between different experiments.

If kneading elements were applied (Figure 8-23), clearer increasing 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 0.1 MPa) (Dhenge
et al., 2012d, Dhenge et al., 2013, Saleh et al., 2015). Specially, the use of solid binder
produces stronger granules, which indicate that the use of kneading elements could
accelerate of the dissolution of HPC particles. Comparing with the use of conveying
elements shown in Figure 8-22, the granule bulk strength from kneading elements were
much stronger. It is because the use of kneading elements could provide much stronger
stress to the material, which could significantly promote the consolidation process and

strengthen the granules. Figure 8-24 quantifies the 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 least 5% difference in granule strength could be clear effects
on granular properties (tablet tensile strength, etc.)(Horisawa et al., 1995). Therefore, 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 achieve a 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 solid binder, making higher proportions of HPC participate in binding and

granule strength enhancement.

0.3
0.25
0.2
0.15 §
0.1 ;/f' T

0.05

HHEMHEH

Granule bulk strength (MPa)

0 50 100 150 200 250

Screw speed (rpm)

—@— Powder: lactose; liquid: water
Powder: lactose; liquid: 2.5% HPC solution
Powder: lactose; liquid: 5% HPC solution
Powder: lactose+ 2% HPC; liquid: water

Powder: lactose+ 4% HPC; liquid: water

Figure 8-22. Lactose granule bulk strength for conveying elements.
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Figure 8-23. Lactose granule bulk strength for kneading elements.
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Figure 8-24. Improvement of granule bulk strength.
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Figure 8-25 and Figure 8-26 illustrate the relationship between MCC granule strength
and screw speed using two screw configurations under different binder delivery methods.
Generally, all granule strength are in the allowed range (larger than 0.1 MPa) and use of
kneading elements produces stronger granules (Dhenge et al., 2012d, Dhenge et al., 2013,

Saleh et al., 2015).

When conveying elements were used only, the use of HPC solution produced the
strongest granules. It might 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 accelerate the solid HPC dissolution and produce stronger granules.
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 speed, it could be seen that as the screw speed
increases, an increase in granule bulk strength could be more clearly obtained when
kneading elements were used. As a comparison, the effect of screw speed was unclear

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, the improvements
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 particles. As a result, variation
of screw speed shows less obvious effect on granule strength. As was reported, more than
5% difference in granule bulk strength could obviously affect the tablet properties.

Therefore, the improvement using 100 rpm was incapable to effectively influence the
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following product properties. When 200 rpm was used, clearer improvement 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 for MCC 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 found that for both material, using HPC in solid form could

produce stronger granule than that of HPC solution.
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Figure 8-25. MCC granule bulk strength for convey.
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Figure 8-26. MCC granule bulk strength for kneading elements.
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Figure 8-27. Improvement of granule bulk strength.
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In this chapter, processing parameters including screw speed and configuration were
studied with a controlled material loads in the barrel (Barrel loading, g), in order to
improve the granule yields and strength with different binder delivery method. Different
from the typical fill level (powder feed rate/screw speed), 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 effects on granule properties without the distorting 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 span of distribution. While kneading elements were
used, the increase of screw speed would help to intensify the mixing and stress acting on
the material, which enhances the breakages and coalescence, giving a more even liquid-
powder 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 liquid distribution and narrow the granule size distribution. In
addition, the use of kneading elements could also accelerate the dissolution of solid HPC
particles, and enhance its binding capability. For 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. Conclusion and future work

9.1. Conclusion

In twin screw granulation process, narrower granule size distributions (control dosage)
and stronger granule strength (avoid breakage) are normally required in granule property
designs. Therefore, the research focused on formulation 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 the compact powder bed was carried out to mimic
the twin screw granulation process, in order to understand the liquid-powder interaction
in twin screw granulation with the presence of the binder (HPC) in different forms
(solution and particle). Through the study of droplet behaviour and nucleus properties, it
was found that liquid would keep distributing even after the penetration finished (liquid
post-penetration migration) and clear differences between the liquid maximum spreading
and nucleus surface diameter would be obtained. This phenomenon becomes less 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 liquid-powder interaction on the powder bed 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 behaviour. Besides, the single
drop study agrees with the fact that the use of HPC solution is more difficult in spreading
and distribution in the powder bed and the nucleus produced is much smaller. However,
it is also noticed that some of the large HPC particles could not dissolve properly and the

actual usage efficiency would be quite low.
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In this chapter, the theory and knowledge of liquid-powder interaction under different
compression stresses and binder delivery methods were established and learnt. It inspired
the following chapters about how to proceed the research to improve the granule

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

As the liquid-powder interaction on the compact powder bed could mimic the twin
screw granulation process, a miniaturized approach to predict the optimal L/S ratio in
twin screw granulation (conveying elements only) using the compact powder bed was
developed in Chapter 5. By calculating the mass ratio of droplet and dry nucleus, a
powder bed based “L/S ratio” was obtained. This value was consistent with the optimal
amount of liquid required to produce granules with desired particle size distribution using
a twin screw granulator. This approach could locate the suitable L/S ratio before the twin

screw granulation process and reduce the trial and error during formulation development.

As the optimal L/S ratio could produce the highest proportion of granules within the
required size range and the granules produced at the optimal L/S ratio are normally
stronger, this new approach actually 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. Therefore, this new approach was found to be effective to
predict the optimal L/S ratio and consequently guide the granulation process to produce
the granules with a 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 small scaled powder bed, in Chapter 6,
a new binding excipient was firstly examined and used in twin screw granulation process,
to enhance the liquid distribution and granule bulk strength. By evaluating the granule
size distribution using micronized lactose, it was found that small amounts of micronized
lactose (5% & 10%) have positive effects (about 9.0% & 9.4%) with 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% would cause a
reduction in the span of distribution of 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 strength between 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 from about 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
through using micronized lactose indicate that micronized lactose was able to enhance
the granule bulk strength and was capable 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 granulation in the
pharmaceutical 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 properties from a perspective of formulation development (Chapter 5:
optimizing the moisture/liquid content in the formulation; Chapter 6: evaluating a novel
binding excipient premixed with powder). In the following two chapters, different

approaches from a perspective of 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
powders. It was found that using a higher temperature (especially at 60 <€ in this chapter)
could effectively reduce the span of distribution for both lactose and MCC. For liquid
binder delivery, using HPC solution at 60 <€ could decrease the span of distribution by
about 42.5% for lactose and 30.5% for MCC, respectively. When solid HPC was
premixed, using a formulation of HPC particles premixed at 60 €€ 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 temperature is 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 was used. It was
found that for when solid HPC was used at 60 <€, the maximum improvement in granule
strength could be as much as 45.88% for lactose and 72.2% for MCC, whilst only 45.9%
for lactose and 16.8% for MCC could be achieved when HPC solution was used.
Therefore, by reference to the literature, such improvements were identified as effectively

affect the tablet properties and following granular products.
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In this chapter, using a higher temperature was considered to be a useful way to narrow
the granule size distribution 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 APl materials and the benefits
obtained are more than what it would be costs in rising temperature. What is necessary to
be mentioned is that such increase in granulation temperature is limited by the maximum

tolerance temperature of the active materials (API).

In Chapter 8, processing parameters including screw speed and configuration were
adjusted to maintain a controlled material loads in the barrel (Barrel loading, g), in order
to improve the granule yields and strength with different binder delivery method. By
controlling BL as a constant, the twin screw granulation process could be performed in
more steady environment. Owing to 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 reduces the 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 enhances the breakages and
coalescence, giving a more even liquid-powder 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 liquid distribution 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 achieve as much 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 environment. It was found that when BL was maintained, using kneading
elements at 200 rpm could produce granules with a narrower 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

properties and enhance the usage efficiency in pharmaceutical industries.

Compact powder bed could be used to predict the optimal L/S ratio before granulation.
However, current approach could be only applicable when conveying elements are used.
It is necessary to extend this study and link the miniaturized droplet study on the compact
powder bed to the real granulation process. In twin screw granulation process, the use of
kneading elements could enhance the granule breakages and coalescence, which is not
easy to be linked with the 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. It could be either obtained through the Discrete Element
Modeling (DEM), or from the experiment about the material property variation under

stress in the twin screw barrel.
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In a wet granulation process, particle dissolution and the primary particle hardness are
the most important parameters which could affect the granule properties. The dissolution
of particles would affect the liquid viscosity and the 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 stress. Microscopic method would be needed to record the particle
dissolution. In terms of the particle hardness, nano-indentation would be needed. The
study of particle dissolution and hardness could enhance the understanding about the
physical reaction occurs in 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 test for
Chapter 4

a. Solid binder delivery

i. Wet nucleus hardness
In this section, a series of indentation experiments were carried out in order to study

the effect of compression stress on nuclei hardness. Figure A-1 and Figure A-2 show the
hardness of wet powder bed nuclei on lactose and MCC based powder bed. It can be seen
that an increase in the compression stress led to an increase in the hardness of both wet
powder bed nuclei. In case of wet powder bed nuclei it may be attributed to an increase
in the formation 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). Therefore, it can be deduced that 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 the powder bed nuclei hardness. For a
constant compression stress, the variation of powder bed nuclei hardness could indirectly
reflect the strength of bridges between the particles among different materials. An
increase in the amount of HPC was expected to increase the hardness of wet powder bed
nuclei formed as more binding capability was introduced. However, the results obtained
seemed not to agree with this assumption. According to Figure A-1, the addition of HPC
did not enhance the hardness of wet powder bed nuclei but in fact weaken it. Based on
the previous study of the liquid behaviour and nucleus weight, some HPC particles,
especially large sized particles, could not dissolve properly to enhance the strength

between particles. Therefore, in comparison with powder beds containing solid binder,
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liquid on powder beds of 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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Figure A-1. Wet lactose nucleus hardness under different proportions of HPC.
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As a comparison, the addition of HPC showed 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 may be attributed to the fact
that MCC consumes more water during powder bed nucleation by its own swelling
behaviour and consequently less water was left to interact with HPC particles. For this
reason, the addition of HPC had limited influence on liquid-powder interaction in a

powder bed of MCC.

Figure A-3 and Figure A-4 show the dry nucleus hardness on the lactose and MCC
based powder bed with premixing of HPC particles. For both materials, the 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 bridges between particles (i.e.
after drying the liquid bridges between particles in wet powder bed nuclei turned into

solid bridges).

When mixed with HPC solid binder in powder beds, the hardness of dry powder bed
nuclei showed similar tendencies as when these powder bed nuclei were wet, i.e. the
addition of HPC as a solid binder did not increase the hardness of powder bed nuclei as
expected. As mentioned earlier the powder bed made of only lactose might have led to
the formation of more viscous liquid compared to that with lactose with HPC by wetting
more material and staying longer for dissolution in the powder bed. Thus more viscous
liquid might have resulted in stronger liquid bridges and thus form stronger solid bridges
between particles (Dhenge et al., 2013). In terms of MCC, due to it could swallow liquid,
less liquid was left to interaction with HPC. As a result, it is less sensitive to the addition

of HPC.
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It was noted that the hardness of dry powder bed nuclei of MCC was much lower than
that of lactose shown in Figure A-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 inter-locking between swelled

particles.
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Figure A-3. Dry lactose nucleus hardness under different proportions of HPC (solid

form).
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Figure A-5 and Figure A-6 show the wet nucleus hardness on the lactose and MCC
based powder bed with the addition of HPC solution. Similar to what was shown in 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 compression stress 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 the use of HPC solution could not
enhance the nucleus hardness is probably due to its poor flowability that makes the binder

solution over-concentrated in the nucleus area (Figure 5-7 and Figure 5-8). Consequently,
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the gap between particles would be full of liquid, which could reduce the friction and
behave as a lubricant (Tu etal., 2013). As a result, an increase in liquid bonding capability

was compensated by the loss of friction.
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Figure A-5. Wet lactose nucleus hardness under different proportions of HPC (liquid

form).
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Figure A-7 shows the nucleus hardness affected by the compressions stress and HPC
concentration in a liquid solution. It could be seen that an increase in compression 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 shown in Figure A-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 HPC solution has wider applicability in bond

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

Similar effects are also available if MCC are used (Figure 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 (<53 pum, dio and > 150 pum, dso) and the normal HPC particle was used as a
comparison. It could be seen in Figure B-1 that the use of large HPC particles reduces the
nucleus hardness and the small HPC enhance it. As the wet nuclei hardness indirectly
reflect the strength of liquid bridge, Figure B-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 bed (Figure B-2).
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When the nucleus is dried out, the addition of small sized HPC particle consistently
produced stronger nuclei than large HPC for both lactose and MCC based compact
powder beds (Figure B-3 and Figure B-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 evaluated in Chapter 6 and its hardness

test was also carried out.
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Figure B-1. Wet lactose nucleus hardness using different sized HPC (4%, large: >

150 pm; small: <53 pum)
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To evaluate the binding capability of micronized lactose, indentation experiment that
was regarded as a method for material hardness testing were carried out. In the experiment,
the “nucleus” was formed at which the material was wetted in the compacted powder bed.
In Figure B-5, the formulation 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 an obvious different on MCC nuclei hardness, shown in Figure B-6. Basically,
it is because the instant dissolved micronized lactose would be carried by the water 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 series of compression 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, indicating that the addition of micronized
lactose was capable to strengthen the bonds between particles. In addition, from Figure
B-7 and Figure B-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 form liquid

bridges and bond particles.

Upon comparing Figure B-7 with Figure B-3 and Figure B-8 with Figure B-4, it could
be seen that the addition of micronized lactose showed a much better capability in
enhancing nuclei hardness. Even adding 5% of 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

lactose and MCC
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D.Appendix Accumulative distribution curves

for Chapter 6
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D. Appendix. Accumulative distribution
curves for Chapter 7
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Figure D-1. Accumulative distribution curves for Figure 7-1
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Figure D-2. Accumulative distribution curves for Figure 7-4.
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Figure D-3. Accumulative distribution curves for Figure 7-7
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E.Appendix: Accumulative distribution
curves for Chapter 8
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Figure E-1. Accumulative distribution curves for Figure 8-4 and Figure 8-5.
255



mm)

(

Granule size

O O O O O O O O O o
DO~ O N < MmO N -

100

(%) uonNqusIp 9zIs aAIIB|NWNIIY

200 rpm

= - = 100 rpm

====-50rpm

mm)

(

Granule size

O O O O O O O O O o
DO~ O N MmN -

100

(%) uonNqusIp azIs aAIIBINWNIIY

200 rpm

= - = 100 rpm

====-50rpm

3
Granule size (mm)

O O O O O O O O o o
A0~ O Wi < n N

100

(%) uonNqusIp 9zis aAIIRINWNIIY

200 rpm

= - = 100 rpm

====-50rpm

256



100
90
80
70
60
50
40
30
20
10

0 1 2 3 4 5 6

Granule size (mm)

Accumulative size distribution (%)

200 rpm

100
90
80
70
60
50
40
30
20
10

0 1 2 3 4 5 6

Granule size (mm)

Accumulative size distribution (%)

200 rpm

Figure E-2. Accumulative distribution curves for Figure 8-7 and Figure 8-8.
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Figure E-3. Accumulative distribution curves for Error! Reference source not

found. and Figure 8-12.
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Figure E-4. Accumulative distribution curves for Figure 8-14 and Figure 8-15.
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F.Appendix: Residence time
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Figure F-1. Residence time for lactose based material in different powder feed rate,
configurations and using water and HPC solution (blue: lactose and water; orange:
lactose and 2.5% HPC solution; grey: lactose and 5% HPC solution).
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Figure F-2 Residence time for lactose based material in different powder feed rate,
configurations and HPC particles (blue: lactose and water; orange: lactose and 2% HPC

particles; grey: lactose and 4% HPC particles).

263



80

Kneading
70

60 | Conveying

50

40

Residence time (s)

30

20

10

0 50 100 150 200 250
Screw speed (rpm)

—@—0.5kg/h ---#---1kg/h --@=--2kg/h — & =3kg/h —@—0.5kg/h
coolpec-1kg/h --@--2kg/h — & =3kg/h —@—0.5kg/h---#---1kg/h
-=®--2kg/h = & =3kg/h —M—0.5kg/h---M---1kg/h --M--2kg/h
— ® -3kg/h —M—O05kg/h---M---1kg/h --M--2kg/h — ®m —3kg/h
—@—0.5kg/h :--M---1kg/h --M--2kg/h = W =3kg/h

Figure F-3. Residence time for MCC based material in different powder feed rate,
configurations and using water and HPC solution (blue: lactose and water; orange:

lactose and 2.5% HPC; grey: lactose and 5% HPC).
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Figure F-4. Residence time for MCC based material in different powder feed rate,
configurations and HPC particles (first: kneading; second: conveying; blue: lactose and

water; orange: lactose and 2% HPC particles; grey: lactose and 4% HPC particles).
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