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Abstract

Wet granulation is a common industrial operation for particle size enlargement,
which traditionally has been performed in batch-based operations. However, the
potential advantages of continuous granulation such as improved quality, rapid
API sparing development and greater flexibility have drawn attention to this

technology.

One of the common equipment evaluated to perform continuous granulation is
the twin-screw granulator (T'SG). The advantage of this equipment is the flex-
ibility offered from the high number of possible working environments achieved
by changing different sections of the screw assembly, different segment geome-
tries or feed port locations. However, the current state of art of this technology
does not yet allow the implementation into the pharmaceutical process. The
introduction of this technology requires an increased knowledge of the granules
properties as well as the acceptable working limits of the TSG equipment. In
this thesis, both issues have been addressed. On one side, a homogeneity factor
to transform particle size distributions in a percentage easing the creation of
design workspaces was developed. Also, the verification of the channel fill meth-

odology to an 11 mm twin screw granulator and its relationship with another
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process parameters was explored. Furthermore, a method to use microencapsu-
lated sensors (CAMES) whose rupture is directly dependant on their experienced
shear stress was developed for first time for TSG. On the other side, an algo-
rithm to extract selected parts from inside the granule was developed and applied
to granules obtained by both batch and continuous. In addition, the effect of
the liquid availability and drying effect in the formation of granules was studied
obtaining significant morphological differences depending on the temperature.
Furthermore, it was found that nuclei obtained a different liquid to solid ratio
were similar in size but different in number which suggest that the granules size

is directly dependant on the liquid availability.
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Chapter 1

Introduction

Implementing new technologies in industry is always a challenging goal which
offers a great opportunity but brings major challenges. Introducing continuous
granulation in the pharmaceutical industry is no exception. It requires a com-
mon effort between industry and academia to be able to develop a feasible and
well-understood process. The motivation of this thesis was to contribute to a

certain extent part to this mutual effort.

The thesis was structured in five chapters although they could be seen as three

main parts. In the first part and chapter, a literature review introducing gran-
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ulation and some of the most interesting research performed to date was in-
cluded. In the second part (chapters 3 and 4), two new computational techniques
were developed. The first one involves a new technique to measure the homo-
geneity of particle size distributions. The aim behind this metrology was to be
able to design workspaces and use it as starting point in the design of experi-
ments. The second technique was an algorithm which is able to analyse the
internal core of the granules and analyse the granule via the individual constit-
uent pieces. Both techniques were used in different ways in the third part which
involves a more detailed experimental look to twin screw granulation. In the
fifth chapter, the effect of static drying was used to compare what happens to
the granule depending of the liquid availability to form the solid bridges inside
the granules. Furthermore, the sixth chapter studies the internal forces that the
powder experiences inside a granulator as well as offering a global view of the

equipment.

To sum up, the thesis has increased the knowledge of less studied topics in gran-
ulation in order to help in the feasibility of introducing TSG in the pharmaceu-

tical process.



Chapter 2

Literature review

2.1 Continuous wet granulation in pharmaceutical pro-
Cess

Many products in everyday life in a wide range of industries are initially pro-

duced in powder and small hard particle form. However, their down-stream

processing is limited due to fine powders, which do not flow uniformly, producing

products without uniform dispersion in content and quality. In addition, fine

powders complicate significantly the subsequent operations required to deliver

the products to the market since they could lack content uniformity and segre-
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gate (Parikh, 2009). Avoiding these issues has been overcome by industry in-
creasing the size of these small particles through granulation. This predicament
is especially sensitive for the pharmaceutical sector due to the liability of pro-
ducing uniform and consistent products as required by the different pharmaco-

poeias (Litster et al., 2004, Miller, 1995, Nolte, 2010, Parikh, 2009).

The importance of the pharmaceutical sector is globally well-known, since it has
contributed significantly to reducing mortality rates throughout the world, as
well as increasing the quality of life and life expectancy of patients, especially
during the last century. Consequently, the intrinsic goal of the pharmaceutical
industry causes a conflict between the social and the industrial objectives of this
sector. This results in a very complex market which is subject to many public
interventions by government bodies which demand high quality standards. As
such pharmaceutical companies are required to ensure the welfare of patients
through cost-containment strategies at the same time as maintaining their own
financial solvency with a high level of competitiveness and innovation (Jacob-

zone, 2000, Vervaet and Remon, 2005).

Unexpectedly, the current level of development and efficiency in production
within the pharmaceutical sector is dramatically lower than other analogous pro-

cesses. For instance, the capacity of a typical process at a chemical factory is
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around 70 % of the theoretical maximum, which is significantly higher than that
of the pharmaceutical industry that only reaches 30 % (Remington et al., 2006,
Vervaet and Remon, 2005). This lack of efficiency leads to waste produced by
lower yields as well as wastage of utilities such as water or energy, resulting in

a direct environmental impact (Plumb, 2005, Taylor, 2015).

In the past decade, the pharmaceutical sector has focused on improving the syn-
thesis routes for active pharmaceutical ingredients (API), however this has been
detrimental to the rest of the production process as less attention has been ap-
plied to other areas. Observing the process, this is done in two principal stages,
primary and secondary processing. From the first stage, the active ingredient is
obtained and purified as figure 2.1 shows. However, after this stage, the active
substance is not ready to be administered to the patient in an accurate dose and
form. Hence, it should be processed further in the second stage to allow the drug
to meet the required specifications. For instance, most new drugs require to
increase their solubility or permeability before they can be administered orally
(Saffoon et al., 2011). Furthermore, it was estimated that 40% of the new com-

pounds of a pharmaceutical company have poor water solubility (<50 pg/mL)
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and 30% have very poor water solubility (<5 pg/mL) (Aungst, 2017). The in-

dustry costs for the second stage process are up to 40 % of the overall manufac-

turing costs (Nolte, 2010, Profiles, 1995).
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Figure 2.1 Typical process in the pharmaceutical industry. Adapted from “Continuous

manufacturing of pharmaceuticals” (p. 6-7), (Kleinebudde et al., 2017).
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One of the traditional strategies followed to innovate the manufacturing process
is via the improvement of existing operations, and one of the suggestions is
transformation of the traditional processes from batch into continuous. The
possibility of reducing costs and the generation of novel processes and pathways
have attracted the interest of academics and industrialists alike (Locke and Well-
hausen, 2014, Mascia et al., 2013). The advantages of continuous processes are
well-known in industry, from the economic side, the reduction of inventory, foot-
print or energy consumption, provides a lower cost of production and an increase
of the sustainability of plants. From a security point of view, the continuous
processing minimises the risks, increasing the process control and therefore, the
potential exposition of the operator to hazardous agents. In addition, operating
under continuous process has the potential of increasing the quality and the
standardisation of the products (Plumb, 2005). Other great advantages offered
by continuous processing is the introduction of the inline assessment of the prod-
ucts rather than the current analytical techniques which imply destruction of
the sample analysed and which do not ensure a uniform product over time
(Federsel, 2009, Jiménez-Gonzalez et al., 2011, Mascia et al., 2013, Plumb, 2005).

However, in the specific case of the pharmaceutical sector, the flexibility offered
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by batch equipment can be an outstanding advantage. The biggest batch pro-
ductions are around 1200 tonnes per year and the majority of products are in
100 — 1000 tonnes per year (Plumb, 2005) which does justify economy of scale.
Also, the processes are liable to constant modifications due to changes in legis-
lation, patent expiration or introducing into the market of newer effective drugs
(Taylor, 2015). These factors could overshadow continuous processing due to
its specific nature (Jiménez-Gonzalez et al., 2011, Mascia et al., 2013). Within
the pharmaceutical sector, that produces many concerns related to the lack of
certainty that the continuous process will be delivering enough profit to com-
pensate for the investment required and not all the operations would be liable
to be transformed into a continuous process (Poechlauer et al., 2012). However,
these concerns do not take into account some of the main problems associated
with batch processes such as the difficulty to scale up production or manufac-
turing homogeneous products with lower quality than required (Plumb, 2005).
Contrary to these issues, continuous process could offer a great flexibility in
which a new output can be developed in a short period of time speeding up the
supply chain and reducing floor space and investment costs up to 80% (Kleine-

budde et al., 2017).



Chapter 2. Literature review

One of the operations that has been highlighted as a good candidate to improve
the manufacturing process and its feasibility as a continuous operation is wet
granulation (Kumar et al., 2017). Perry’s Chemical Engineer’s Handbook defines
granulation as, “any process whereby small particles are gathered into larger,
permanent masses in which the original particles can still be identified” (Perry,
1950). From this definition is obvious that the original particles do not suffer
alterations which is an outstanding advantage due to the requirement of not
modifying the original APIs. Furthermore, this operation shows many other
advantages such as the reduction of the segregation of the blends, the porosity
control and the improvement of the flow properties among others which can be

seen in figure 2.2.
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Figure 2.2 Reasons for granulation. Adapted from “The science and engineering of gran-

ulation processes” (p. 1), (Litster et al., 2004).

In addition, adequate equipment for granulation implies more flexibility in the

need of new dosing and allows working with high value APIs which is more

important than ever (Nolte, 2010).

Within granulation, there are two major methods to accomplish it based on if

any liquid is used to bind the primary particles or not, which is called wet and

dry granulation respectively (Parikh, 2005). Dry granulation has lower opera-
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tional costs and easier methods of control than standard wet granulation meth-
ods and it is suitable for temperature sensitive or hydrolytically sensitive prod-
ucts (Korhonen, 2017). However, this process produces a higher amount of fines
with lower flow properties (Santl et al., 2011) and it cannot be used for low drug
dosages or if precise tablet properties such as specific hardness or friability are
required (Parikh, 2009). Wet granulation is applicable to a larger spectrum of
drugs and it increases the probability of meeting the physical requirements for
the production of suitable tablets downstream (Remington et al., 2006). How-
ever, this does not mean that wet granulation does not have some important
disadvantages, for instance the benefit of content uniformity is not necessarily
guaranteed for low dose drugs or there may be unwanted changes in the drug or
excipients due to the added binder. Nevertheless, in many cases it is the only
feasible way to granulate certain drugs (Durgin and Hanan, 2004). This process
has been traditionally performed as a batch process although there are some
specific examples where continuous granulation has been applied as a proof of
concept of continuous manufacturing (Kleinebudde et al., 2017). This allowed
to estimate that the transition from batch to continuous of wet granulation
would reduce the amount of energy required from 14.0 kJ to 8 kJ per tablet (De

Soete et al., 2013).

11
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Although the transition from batch to continuous offers all the mentioned ad-
vantages, it has an important associated issue which is the lack of understanding
of the theory behind the process. In this instance, batch granulation process
doesn’t waste material at the start and it offers a well-known mode of operation
which does not require a wide knowledge of the mechanism. Contrary to batch,
continuous which requires extensive knowledge to ensure robust and controlled
state since shutdowns need to be minimised (Kleinebudde et al., 2017, Kumar et

al., 2017, Leuenberger, 2001a, Leuenberger, 2001b, Wu et al., 2007).

2.2 Theory of wet granulation

The definition of granulation covers a wide range of techniques used to increase
the size of the primary particles to a range from 100 pm to 20 mm. The majority
of the granulation in the pharmaceutical sector has been done by wet granulation
except in those cases where the nature and the drug’s properties make dry meth-
ods feasible (Durgin and Hanan, 2004). However, the mechanisms and the un-
derlying physics of wet granulation are still currently not completely understood
and being actively researched. The associated problems to this lack of under-
standing is the difficulty to predict the behaviour of new formulations from their
fundamental properties and the need of pilot scale experiments which frequently

are not able to be reproduced in the large scale (Iveson et al., 2001).

12
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Nevertheless, the understanding of wet granulation has had notable advances in
the past twenty-five years since the macroscopic study of granulation was re-
placed by a microscopic study of the variables. This first study about the influ-
ence of the viscosity of the binder in the granulation highlighted the requirement
to know the intrinsic nature of the process (Ennis et al., 1990). At that point,
the previous traditional description of granulation was rejected and a modern
approach was taken instead (Ennis and Litster, 1997). Figure 2.3 illustrates the
change where the rate processes were: nucleation, coalescence, abrasion transfer,
breakage, and snowballing (Sastry and Fuerstenau, 1973). In the traditional
approach, the major contribution of the physical forces in the presence of a liquid
which wets the particles, is due to the interfacial and capillary forces on the
relative distribution and air phases in the porous agglomerate. It was remarked
that the mechanical forces are required to bring the individual wetted particles
in contact with one another, thereby producing the growth of the particles by
coalescence. However, some of the results demonstrated that a deeper under-
standing was required since some phenomena could not be totally explained by
this approach (Sastry and Fuerstenau, 1973). The next approach was based on
three sets of rate processes and the possibility that they can occur simultane-

ously: wetting and nucleation, coalescence or growth, consolidation and attrition

13
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and breakage (Iveson et al., 2001, Parikh, 2009). This theory is the most ac-
cepted one and it is considered the modern approach of wet granulation and
therefore, the individual processes are explained in more detail in this section.
However, with the introduction of continuous equipment, the lines of research
started to consider a more fragmented study of the individual processes rather
than a whole theory approach. In order to reproduce and model the full process,
some authors had considered granulation as a set of possible jump events such
as nucleation, particle collision (which may lead or not to coagulation and com-
paction), breakage and penetration (Braumann et al., 2010, Lee et al., 2015,
McGuire et al., 2018). A schematic comparison of those approaches is presented

in figure 2.3.
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Figure 2.3 Rate processes on wet granulation: a) traditional adapted from “Mechanisms
of agglomerate growth in green pelletization” (Sastry and Fuerstenau, 1973), b) modern
approach adapted from “Nucleation, growth and breakage phenomena in agitated wet
granulation processes: a review” (Iveson et al., 2001), ¢) and jump events adapted from
“A high-dimensional, stochastic model for twin-screw granulation — Part 1: Model de-
scription” (McGuire et al., 2018).
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2.2.1 Wetting and nucleation

In the first stage of wet granulation, the liquid is added to the powder and the
initial contact takes place. Depending on the properties of both powder and
liquid, the solid surface and the liquid drop will establish a contact angle which
can be used to define the degree of wetting. This angle will be determined by
the balance of the solid and liquid surface energies. The spreading will be fa-
vourable if the difference between the energy required to form a new interface
between liquid and solid overcomes the energy required to destroy the individual

interface of the material from itself.

Three types of spreading are possible depending on this relationship: creating a
surface film where the liquid totally spreads, the solid adheres to the liquid (when
solid movement is physically possible) and the solid-liquid interfacial area is
minimised and the wetting does not occur (Aulton and Taylor, 2017, Hapgood,
2000). However, it has been reported extensively in literature that spreading is
also function of the velocity and direction of both solid and liquid and therefore
of the dynamic contact line between them (Blake and De Coninck, 2002, Dussan,
1979, Huh and Scriven, 1971). Yet there is still no agreement on how to integrate
every aspect of dynamic wetting in a model (Cappelli et al., 2015). Furthermore,

in some cases where the screws are not fully covered, liquid drops can strike the
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surface of the screws before contact the powder. In those cases, the type of
impact depends on their kinetic energy and drops can bounce, spread or splash
(Figure 2.4) which could also change the contact surface between the liquid and

the powder (Rein, 1993).

Bouncing Spreading Splashing

Figure 2.4 Impact of a drop on a solid surface (Rein, 1993)

Once the powder and liquid are in contact, the surface energy changes are di-
rectly related with the wetting. This changes can create three different scenarios
for a non-porous cube solid: adhesional, immersional and spreading. When the
particles are real with irregular surfaces and internal pores, the three stages are
essentially the same, however the immersion is substituted for penetration. Liqg-
uid penetration in powder pores is driven by the capillary pressure difference and

resisted by the fluid viscosity. The capillary pressure increases as the pore size
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decreases allowing the liquid to penetrate further into a powder bed and creating

a stronger liquid bridge (Iveson et al., 2001).

The liquid bridge is a critical parameter on granulation and even defines the
nuclei morphology. Furthermore, the liquid bonding between particles can ac-
quire different configurations depending on the amount of liquid as it can be seen

in figure 2.5 (Parikh, 2009, Rhodes, 2013).

B

pendular _ funicular
Adding granulation liguid
—_—
Drying

o

capillary droplet

Figure 2.5 Liquid bonding between particles, adapted from “Introduction to particle tech-
nology” (section 13.2.3), (Rhodes, 2013)

The type and strength of the bonds and therefore of the nuclei and granules
formed are completely related to the solid and liquid physical interaction. Hence,
the method employed to incorporate the solid and liquid, viscosity of the binder,
the length of the powder bed or the ability of the binder to fill the void spaces

of the particle are key in the understanding of the granules formed (Parikh, 2009,
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Rhodes, 2013) (Hapgood et al.,

2003, Parikh, 2009).

The most currently ac-

cepted methods are shown in figure 2.6.
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Figure 2.6. Nucleation when a) liquid droplet is smaller than particle and b) liquid drop-

let is larger than particle adapted from “Granulation Rates Processes” (Hapgood et al.,

2007)

However, although there are multiple studies conducted of liquid bridge obtain-

ing analytical models with good experimental agreement, most of those studies

consider the liquid bridge as a static or

et al., 2008, Willett et al., 2000).

equilibrium (Iveson et al., 2001, Lambert

However, when the dynamic liquid bridge has
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been studied by simulations, the liquid bridge stability was dependant on the
velocity of collision of the particles. It was found that at low velocities, the
liquid bridge was stronger than at higher velocities (Kan et al., 2015). Also,
studied was the case when multiple liquid bridges are formed at the same time,
finding that for the same volume of liquid, the adhesion between particles in-
creased when the size of droplet was decreased (Kan et al., 2017). Compared
with the static liquid bridge which is highly dependent on the saturation level of
the granules, the dynamic liquid bridge depends on the number of contact points
between the moving particles and is independent of the liquid bridge volume
after a minimum value. This dynamic liquid bridge has been related to the
formation of the solid bridges between particle-particle during the drying which
will determine the final breakage of the granules (Nieuwmeyer et al., 2007b).
The solid bridges require a long time for their completion which can span from
hours to even days to obtain the final structure (Farber et al., 2003, Farber et

al., 2005).

One of the proposals to map the criteria which governs the nucleation and there-
fore the granules produced was elaborated by Hapgood and Litster (Figure 2.7)
as a function of the spray flux of the liquid and time of penetration which de-

pends of the binder and the solid. However, even if this tool could be useful and
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it offers a route to scale up due to the use of dimensionless parameters, it should
be applied carefully due to the fact it is based on estimates (Hapgood et al.,

2003).

<

Drop
controlled

Dimensionless penetration time

0.01 0.1 1 10
Dimensionless spray flux

Figure 2.7. Nucleation regime map for this case adapted from “Granulation rate processes”
(Hapgood et al., 2003)

2.2.2 Consolidation and coalescence

The granule growth process begins after wetting and nucleation i.e. when they
start to form colloids with neighbouring particles and start to form larger gran-
ules. The driving force in this case is that the wet solid tends to reduce its
surface free energy through forming liquid bridges. However, these forces should

be large enough to overcome the external forces produced by the equipment.
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Consequently, the nuclei formed in the first stage depend on and the external
forces produced by the equipment. There are two fundamental different ap-
proaches to model coalescence depending on the importance of the elastic prop-
erties. When the elastic properties are considered highly relevant, it is assumed
that the initial impact between particles is the one which will produce coales-
cence and the subsequent impacts will have no effect between the nuclei. Op-
posite to this, when elastic effects are considered negligible nuclei are in contact
for a finite amount of time in which a bond is developed and depending on the
strength of the bond, this will be permanent or not. The reality is believed to
be a combination between these two approaches (Iveson et al., 2001, Parikh,

2009).

Different regime maps to measure growth have been proposed for different types
of granulators (Dhenge et al., 2012b, Dhenge et al., 2013, Iveson et al., 2001).
All of them classify the different granules in a full range of options from powder
to over-wet mass. However, there is a difference between them since Dhenge et
al. tied the rate processes of twin screw granulation to specific compartments
and screw length (Dhenge et al., 2012b) which differs of Ivenson and al. which
linked the growth to the pore saturation of the granule and deformation number

(Iveson and Litster, 1998).
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2.2.3 Attrition & breakage

Breakage of the granules can occur within or after the granulator. Breakage
within the granulator is associated with the applied external energy. The grow-
ing of the granules is subjected to the adhesional forces as well as the agitation
produced by the equipment (Iveson et al., 2001, Parikh, 2009). As the particle
size is larger, it would be more difficult to grow these granules as a point can be
reached where the adhesional forces are not enough to continue growing and
breakage takes place. Also, in some granulators, there are some specific parts or
locations which will apply stronger mechanical energies (Seem et al., 2015).
When the breakage happens after the granulation has ended, it is called attrition
and normally involves an uncontrolled size reduction which has been related with
the evaporation of the water from the solid without the formation of the solid-

solid bridges (Nieuwmeyer et al., 2007a, Nieuwmeyer et al., 2007b).
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2.3 Overview of available techniques on granulation

Batch equipment has been widely used in wet granulation in industry, however,
this equipment is difficult to design and scale up due to all the rate processes
and the many variables in operation. Therefore, the new trend is continuous
processing which offers several advantages where the typical barriers of adopting

a new process are avoided. Figure 2.8 shows the most popular techniques in this

field.

Various granulation|

techniques
[ 1
Batch Continuou%
l_l_l 1 1 1
Mechanical Fluid beds Mechanical | |Fluids beds| [Spray driers
— Low shear - Mixers
| Rotatory — Extruders
granulators

— High shear Roller

compactors

Figure 2.8 Various granulation techniques adapted from “Handbook of pharmaceutical

granulation technology” (Parikh, 2009)

2.3.1 High shear granulators
The majority of the high-shear granulators have the following parts: a mixing

bowl, a three-bladed impelled and an auxiliary chopper. The wet agglomeration
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in a high-shear mixture involves typically three phases: dry powder mixing, lig-
uid binder addition and wet massing. One of the main advantages of this equip-
ment is the reproducibility of the granules with a uniform particle size distribu-
tion, however it offers other important advantages such as the short processing
time, the lesser amount of binder required compared with fluid bed granulation
and the possibility of granulating highly cohesive material (hydrophilic poly-
mers). However, some disadvantages can be produced by this equipment since
it can result in mechanical degradation of fragile particles, degradation of thermo
sensitive material due to the increase of temperature and the risk of over wetting

the granules can lead to the formation of large sized lumps (Agrawal and Naveen,

2011).

2.3.2 Fluid bed granulator

In the fluid bed granulation equipment, the granules are produced spraying a
binder solution onto a fluidized powder bed. The material processed is flowing
freely and homogenously through a current of air which directs it towards the
spray. The main advantages of this process are the reduction of dust formation
and product lost, however it is difficult to ensure reproducibility and the time of
operation is greater than other available equipment. Furthermore, there are

many energy costs related to the fluidisation of the different compounds.

25



Chapter 2. Literature review

2.3.4 Potential of continuous granulation

In order to be able of identify the potential of continuous wet granulation, the
available technologies for particle enlargement were compared with twin screw
granulation. Although there are many options with different levels of complex-
ity, only the most common ones available in the market for production and
research scale were compared in terms of active ingredient suitability (API),
process capacity, and process control systems among others. It was concluded
that the preferred systems for production scale are high shear granulator, fluid
bed granulators and spray drying. On the other side, for research scale, the
preferred systems are single pot processor, high shear granulation and fluid bed
granulator. These technologies were compared with twin screw granulation (Ak-

tiengesellschaft, 2015, Vervaet and Remon, 2005).

Table 2.1 .Comparison of available techniques for granulation in industrial scale
(Aktiengesellschaft, 2015, Parikh, 2009, Vervaet and Remon, 2005)

High shear Fluid bed Spray drying | Twin screw
granulators granulation granulation
Volume (process | Up to 1800 li- | 30 grams-2 Defined by Defined by
capacity) tres tonnes the container | the container
Mode of opera- | Batch Batch Batch/ Continuous
tion Continuous
API suitability Majority of PSD of raw Suspended Majority of
API materials particles need | API
should be to be smaller
similar than 30 pm
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Reproducibility
Energy required
Process control

Strategy

Process control
system safety

Amount of gran-
ulation liquid
required

Footprint

Number of oper-
ators required

Investment cost

Special facilities
requirement

Flexibility

Level of devel-
opment of the
technology

Not suitable

for thermosen-

to promote
the atomiza-

sitive or fragile tion

materials.

High High Very high High

0.25 kW /kg 0.37 kW /kg 7.5 kW /kg 0.25 kW /kg
End point End point Process con- | Process con-

trol model

trol model

Off line sys-

Off line sys-

Off line sys-

PAT integra-

tems and PAT | tems or PAT | tems or PAT | tion
Integration integration integration

Medium low Medium Very high Low
Large Small Large Small
Large Large Small Small
Low Low High High
Yes (Height) Yes (Height) | Yes (Height) | No
High High Low High
Total Total High Medium
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Table 2.2 Comparison of available techniques for granulation in research scale.
(Aktiengesellschaft, 2015, Parikh, 2009, Vervaet and Remon, 2005)

Single pot High shear Fluid bed Twin screw
granulators granulation granulation
Volume (process | 1-1200 litres Up to 1800 li- | 30 grams-2 Defined by
capacity) tres tonnes the container
Mode of opera- Batch Batch Batch Continuous
tion
API suitability All the API Majority of PSD of raw Majority of
API materials API
should be
similar
Reproducibility | Low High High High
in big scale
Energy required | <0.25 kW /kg | 0.25 kW /kg 0.37 kW /kg 0.25 kW /kg
Process control End point End point End point Process con-

Strategy

Process control
system safety

Amount of gran-
ulation liquid
required

Footprint
Investment cost

Scalability

Off line sys-
tems+ PAT

integration

Low

Small
Low

Bad

Off line sys-
tems + PAT
Integration

Low

Large
Low

Good
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2.4 Twin screw granulation

2.4.1 Overview of twin-screw granulators

Twin screw granulation has its origin in the extrusion process which has been
used for over a century. Extrusion mechanism is based on a piston contained in
a cylinder where the material is loaded and pushed through an opening hole with
a predefined shape (Riaz, 2000). However, the transition from batch to contin-
uous started very early with the appearance of the first continuous machines in
the mid-1800s. The piston was substituted by a different type of screws and
during the second half of 20" century, twin screw extruders started to be used
due to its higher quality and uniform products. Despite their advantages, first
interest by the pharmaceutical industry was during the early 1980s increasing
its popularity until they were installed into many main pharmaceutical compa-
nies by 2010 (Ghebre-Selassie et al., 2018). Although granulation technology is
a widely applied technology within the pharmaceutical process, the use of the

twin screw extruders to perform granulation is a relatively new method (Djuric

and Kleinebudde, 2008, Kleinebudde and Lindner, 1993, Lindberg et al., 1988).

The twin screw granulator (TSGs) is mainly a twin-screw extruder. Two co-
rotating screws are contained within the barrel. Those screws are commonly

segmented into screw elements which are assembled in shafts. Screw elements
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are one of the most important design parameters as they will decide the free
volume available for granulation depending on the flight diameter, inside and
outside diameter (Figure 2. 9). The distance that a flight traverses axially down
the screw for one turn is known as its flight lead whereas the axial distance
between two adjacent flights along the axis of the screw is known as the flight
pitch (Thompson, 2014). In general, the outer diameter is the one used to refer
the different scale of the TSG equipment and the screw elements will be defined
depending on its geometry, pitch variation, length as well as the angle with

respect to the shaft.
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Figure 2.9. Lead, flight pitch, flight thickness, outer diameter (OD) and inner diameter
(ID) Adapted from Ghebre-Selassie et al., 2018, Thompson, 2014
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Although there is a high number of different screw elements and variations, those
can be classified in two main categories: conveying and mixing elements (Pra-

dhan et al., 2017a, Pradhan et al., 2017b, Thompson and Sun, 2010).

* Conveying element

The conveying element (figure 2.10) which is a continuous helical flight is the
element which offers more available space for filling and applies lower mechanical
energy. Its conveying capacity is defined by the pitch angle which determines
the lead of the element. Short leads correspond with less available volume in
the screw and are associated with more unevenly distributed product. Also,
larger flight pitches decreases the porosity and it is associated with larger gran-
ules and more production of fines (Seem et al., 2015, Thompson and Sun, 2010).
However, it has been reported that screws composed of only conveyor elements
have presented very different morphologies and properties varying another pro-
cess parameters such as liquid-to-solid ratio, viscosity and feed rate (Dhenge et
al., 2013) so the further research is required to understand the full influence of

this element.
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Figure 2.10 Conveying elements

* Mixing elements

There are two main types of screw elements which will increase the mixing:
kneading blocks and comb mixing elements. The first category of kneading block
has been widely studied and reported in the literature (Dhenge et al., 2012a,
Djuric and Kleinebudde, 2008, Li et al., 2014, Vercruysse et al., 2012, Yerramilli
and Karwe, 2004) since it is the most commonly used type of non-conveying
element. As the figure 2. 11 shows, the kneading block is a group of discs which
can be arranged in different angles (offset angles). The choices are typically 30°,
45°, 60° and 90° which can modify the direction of the flow (Li et al., 2014, Seem

et al., 2015).
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Figure 2.11 Kneading block

Opposite to conveying elements, kneading blocks are typically fully filled with
powder producing a high mechanical energy increasing the force applied to the
wetted mass and producing less friable and dense products (Djuric and Kleine-
budde, 2008). It is considered that they increase the consistency of the granules
offering a unique compaction-fragmentation zone. They are assumed to produce
densification as well as they help to distribute the interstitial liquid rather than
simply densify the product (Li et al., 2014). Many different configurations are
possible to build depending on the offset angle and the number of elements used.
As smaller angle is more similar is to conveying element behaviour and more
dispersive mixer behaviour (Figure 2.12). Consequently, with larger angles, the

element has a more distributive action. However, although changes in properties
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of the granule such as porosity depending on the angle have been found (Djuric
and Kleinebudde, 2008), it will very dependent of the channel fill (Thompson

and Sun, 2010) and the number of elements of the block (Vercruysse et al., 2012).

Dispersive Distributive
mixin, mixing

Homogeneous
co und

Figure 2.12. Differences between dispersive and distributive mixing on kneading block.
(Ghebre-Selassie and Martin, 2003).

The second category, comb mixing elements (Figure 2.13) consists of a group of
annular rings with fins situated perpendicularly to the flow direction in order to
increase the mixing of the system (Seem et al., 2015). This type of element has
been found useful to collide granules with different shear histories (Thompson
and Sun, 2010). It has been reported that they produce granules with interme-
diate density between those produced by conveyors and kneading blocks (Djuric

and Kleinebudde, 2008).
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Figure 2.13. Comb mixing elements

One important parameter is the angle the fins form with respect to the perpen-
dicular flow since this determines if the elements restrict the flow (under 90°) or
promote it (over 90°). The element would be called reversing or forwarding
respectively. On one hand, the forwarding comb element seems to perform as a
kneading block although it maintains a higher fraction of fines and a rounder
particle shape. On the other hand, reversing elements produce larger granules
due to the creation of a high-pressure zone which completely agglomerates the
materials. However, frequently this is achieved by forcing the motor of the

granulator and exceeding its torques limits (Thompson and Sun, 2010).
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* Screw configuration

The configuration of the TSG can be assembled from 10 to 50 elements combin-
ing all the different elements producing a huge number of possible combinations
on the different shafts (Figure 2.14). As well the relationship between the length
and the diameter of the screws can be varied although most pharmaceutical
research uses a length to diameter ratio below 40. However, as in the previous
examples of the influence of the elements the relationship between the configu-
ration, the quality of the granules and different formulations is not fully under-
stood (Thompson, 2014); therefore, the screw configuration needs to be a prac-

tical balance between elements.

Figure 2.14. Screws assembled example
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For instance, conveying elements produce higher friabilities and less dense gran-
ules than other elements. However, the friction due the kneading zones signifi-
cantly increases the temperature which has an important effect on the granule
properties (Vercruysse et al., 2012). In addition, kneading zones are more likely

to produce blockages (Seem et al., 2015) which can lead to a less safe operation.

2.4.2 Channel fill

The relationship between the filling and the different screws elements has been
already covered in the previous section. However, channel fill is normally re-
ferred as the total fraction occupied by powder and granules with respect to the
full volume of the granulator. It depends on four factors: screw configuration,
length to diameter ratio of the granulator, feed rate and screw velocity. The
first two parameters are fixed properties during operation opposite to feed rate
and screw velocity which are process variables (Seem et al., 2015). Both param-
eters have been extensively studied in the literature separately or combined
where screw speed has been reported to have a minor influence on the granules
properties compared with feed rate (Dhenge et al., 2011, Dhenge et al., 2010,
Djuric and Kleinebudde, 2008, Keleb et al., 2004, Thompson and Sun, 2010).
The screw velocity is inversely proportional to the channel fill obtaining higher

channel fills for lower screw speeds. At the same time, increase in the feed rate,
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will increase the channel fill. Although extensive research has been done covering
both, it has been reported that for the same feed rates and screw speeds but
different granulators, a considerable difference in the properties of the granules
was obtained (Djuric et al., 2009). The difference of free volume available
seemed to play a key factor in the production of the granules and therefore, it
will be advantageous to use channel fill in the study of the granules rather than

screw speed and feed rate individually.

Those two process variables together have a direct effect in the compaction forces
applied to the wetted mass (Thompson and Sun, 2010). When the granulator is
at low fill, there is a reduction in the compaction force and more friable and
porous granules are produced (Lee et al., 2012). Although different equations
for barrel fill have been defined, they all have in common the use of feed rate
and screw velocity (Gorringe et al., 2017, Osorio et al., 2017). On one side,
Gorringe et al. used the fraction of the capacity of the twin screw granulator
which facilitates the direct transfer to production lines from research phases.
However, it does not take into account changes of screw configuration which
limits the transfer to the same configuration (Gorringe et al., 2017). On the
other side, Osorio et al. used the powder feed number to calculate this value

where changes in configuration are considered. However, the calculation requires
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a higher technical knowledge of the equipment since parameters such the cross-
sectional area of the elements or net forward velocity of the powder need to be
known (Osorio et al., 2017). Nevertheless, both studies have shown the capabil-
ity of channel fill level as a main parameter to establish the design space. Chan-
nel fill fraction correlates strongly with the granule attributes within same scale
obtaining very similar granule size distributions for runs at the same fraction

(Gorringe et al., 2017, Lute et al., 2018, Osorio et al., 2017).

High channel fills are associated with more spherical products and low channel
fills are more likely to produce elongated granules (Dhenge et al., 2011, Gorringe
et al., 2017). The reported changes in granule morphology seem to indicate that
changes in the local forces inside the granulator are occurring however, there are
few examples of quantitative study of the mechanical stresses in the screw ele-
ments. However, it was demonstrated that this correlation is not maintained
during the scale up of granulators due to the differences of the available space

on the screw geometry (Osorio et al., 2017).

Changes in channel fill can be studied depending on the specific mechanical en-
ergy (SME) applied to the unit of mass. Although this parameter is normally

disregarded, it can help to directly compare different granulators in terms of
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energy and running costs (Dhenge et al., 2013, Seem et al., 2015, Vercruysse et

al., 2015).

2.4.3 Liquid to solid ratio

Wetting and nucleation can be considered one of the most important steps within
the granulation process having a direct impact in both the properties of the
materials and the tabletability of the granules (Shi et al., 2011). Since the liquid
bonds are developed in this stage, the efficiency of wet granulation depends on
the control of the cohesive and adhesive forces between particles i.e. binder char-
acteristics, liquid to solid ratio and method of addition (Nguyen et al., 2013,
Hapgood, 2000, Suresh et al., 2017). Verstraeten et al. determined liquid to solid
(L/S) ratio had an overwhelming determinant effect on the properties compared
with screw speed or throughput for both hydrophobic and hydrophilic formula-
tions. They found that during wetting a bimodal distribution is produced: higher
content oversize agglomerates combined with non-granulated powder (Ver-
straeten et al., 2017). At higher L/S ratio, the bimodality is reduced obtaining
higher granules and reducing the porosity (El Hagrasy and Litster, 2013, Thomp-
son, 2014). This change was more pronounced in the hydrophobic formulation
where the hydrophilic particles were preferentially nucleated and the hydropho-

bic particles depend on the amount of liquid surface available. It was found that

40



Chapter 2. Literature review

the granules produced with TSG showed several similarities for both formula-
tions depending on the liquid availability and shear forces on the individual
particles (Verstraeten et al., 2017). L/S ratio used for hydrophobic formulation
was bigger than the one used for hydrophilic which suggests that the L/S re-
quired to produce unimodal distributions depends greatly on the formulation (Li

et al., 2015, Verstraeten et al., 2017)
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2.5 Elements of pharmaceutical development in twin
screw granulation

2.5.1 Quality by design

Current pharmaceutical development is based on the design of a quality product
and the delivery of the required product performance through the establishment
of one suitable manufacturing process. This approach can only be accomplished
with a systematic scientific risk-based methodology and greater understanding
of all of the elements of the pharmaceutical process. This initiative, encouraged
by The Food and Drug Administration (FDA), motivates the use of science and
engineering principles for assessing and mitigating risks providing continuous
real time quality through all the supply chain of the product. (Food and Admin-

istration, 2004)

Most pharmaceutical processes are based on time-defined end points avoiding
consideration of physical and chemical differences of raw materials. However,
Quality by Design (QbD) requires full understanding and monitoring of the pro-
cess, and therefore, to accomplish and acquire information is required the use of
process analytical technology (PAT). These tools can be classified according to

their function as follows (Food and Administration, 2004):

e Multivariate tools for design, data acquisition and analysis
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*  Process analysers
¢ Process control tools

* Continuous improvement and knowledge management tools.

These tools will be used at different stages of implementation of the QbD strat-
egy and without them it is not feasible. In Figure 2. 14, a brief diagram of the

stages of the process are shown.

Establishing the

Determining the relationship Definition of the Definition of the Definition of the
TPP parameters and CQA’s and CPP’S design space control strategy
attributes

Figure 2.14.QbD strategy tiers adapted from ICH Q8 (R2), (ICH Q8 (R2), 2009)

The first stage is determining the TPP (Target product profile) according to
different specifications such as the target population and the intended clinical
settings (dosage form, route of administration or delivery systems). The aim of
establishing this profile is to determine that the formulation and quality of the
desired product will meet these requirements. Prior knowledge about the poten-
tial impact of the different parameters on the desired attributes is frequently
known in the different operations of the manufacturing process allowing a first

identification of the parameters involved.
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However, the demands of high-quality manufacture require the use of risk as-
sessment tools to identify which material attributes and process parameter have
a direct impact on the desired product. Therefore, a rigorous design of experi-
ment should be applied. Design of Experiment (DoE) consists of statistical tech-
niques based on screening and optimization studies. Using a factorial relation-
ship between the number of parameters and attributes establishes the number
of experiments utilised to evaluate the interaction. This method is particularly
useful to identify regions where the product is especially sensitive to small
changes determining the critical quality attributes (CQAs) and critical process
parameters, (CPPs). However, this method is not suitable for its individual use
at further stages of the process due to the underlying assumption of linearity

and it will be used in combination with other statistical methods (Gibson, 2009).

Once the CQA’s and CPP’s have been determined, detailed monitoring of the
link between them must be developed for multiple reasons. First of all, the range
within which each attribute produces the required quality of the desired product
should be established, as well as those limits where the conditions of operation
are efficient in terms of energy, time and raw material. Due to the complexity
and the high level of variables applied in the operations of pharmaceutical pro-

cess, it is common to use multivariate techniques for analysis of data. The
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common strategy for this is the use of one or more PAT tools for acquisition of
data and afterwards, analysing the data through an algorithm to determine the
magnitude of the effect. The accuracy of the analysis will be determined by the
quality of the tool used as well as the precision of analysis of the algorithm.
Commonly, an increase of precision of the algorithm is associated with an in-
crease in the complexity of its use and as a result, some assumptions are fre-

quently made.

To sum up, the level of understanding of one process is associated with the level
of unclassified parameters at this stage. Therefore, the design space will be
defined when the relationships between the final product quality attributes, crit-
ical intermediate material attributes and process parameters have been success-
fully established as well as the ranges of operation and the scale and flexibility
of the model. The characterisation of the design space allows the possibility to
scale up the models as well as the definition of one control strategy to ensure the

quality of the product over time.

Effective innovation can be developed through the use of strategies such as QbD.
QbD is based in the core definition of pharmaceutical quality, for instance the
absence of deviation from standards in terms of content, distribution and design.

In addition, QbD must foresee and assure the potential problems and avoid the
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appearance of the same problems through a correct design. In addition, the
implementation of QbD improves speed to market and reduces costs at all stages

of the process. (Guideline, 2009, Weinberg, 2011).

2.5.2 Design of experiments
The Design of Experiments (DoE) is an important tool to define optimal and
robust conditions. It is used with three different objectives related to the differ-

ent knowledge tiers of the process.

Firstly, DoE is used as a method of screening. Screening is used to identify the
influence of the different factors and to determine the ranges of operation. In
this step, the number of variables and parameters implied are dramatically large
and the use of other systems would consume a lot of time and resources. The
second use is as an optimisation tool, which allows the investigator to find the
optimal conditions within the range of operation. Finally, the robustness of the
system can be tested to provide information about the sensibility of small

changes.

According to these three objectives, the complementary algorithm to analyse the
data obtained will evolve in accuracy and complexity according to the level re-

quired. The main advantage of this method rather than the analysis of one-
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factor-each-time is the possibility of analysing many variables in a small number

of experiments.

The methodology most commonly used is based on a factorial design. The ex-
periment will lie in the study of the influence of a number ‘n’ of factors or con-
ditions upon a number ‘a’ of variables. Therefore, the minimum number of
experiments used to evaluate all the possible conditions would be a*. However,
the nature of the factorial number could prove very difficult when using this
method for large numbers. This issue can be solved through the assumption of
replicability of some of the variables. Furthermore, it is common to add some
duplicated points close to the centre of the range to avoid variability in the

results (Eriksson et al., 2013).

2.5.3 Population balance models (PBMs) and discrete element method

The definition of the design space and operating parameters could be approached
through the development of a mathematical process model. The traditional ap-
proach to that is using population balance models (PBMs) which mechanically
models the process. Granulation PBMs can be based on the different parameters
involved in wet granulation which will give the number of dimensions. One-
dimensional PBMs are based on the principle of mass conservation which out-

lines that for any system closed to all transfers of matter and energy, the mass
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of the system must remain constant over time. As a consequence, these PBMs
study the change on the granules size distribution as a function of the time
within a workspace, showing good correlations within a workspace (Kumar et
al., 2016b, Van Hauwermeiren et al., 2018). However, they have a high sensi-
tivity to changes in the process parameters due to the negligence in factoring the

direct effect of other properties into the model (Iveson, 2002).

Multi-dimensional PBMs can obtain good agreement between experimental and
predicted data introducing liquid-depend kernels but they still show issues at
very large and small particle sizes (Barrasso et al., 2015a). Also, although the
addition of dimensions increases the model accuracy, they are also computation-
ally expensive making the calculations unfeasible (Barrasso and Ramachandran,
2012). Furthermore, they require a specific calibration of the kernels which can
lead to lack of flexibility with process parameters or changes in formulation (Van

Hauwermeiren et al., 2017).

Recently, PBMs have been coupled to Discrete element method (DEM) which
captures further information on the particles such as collision data and residence
times in each compartment (Barrasso et al., 2015b, Barrasso and Ramachandran,
2016). However, those simulations are also very expensive computationally and

their successful replacement has been found correlating properties to the collision
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frequency and reducing significantly the computational requirements of the sim-

ulations (Barrasso et al., 2014, Shirazian et al., 2017).

Another method to reduce the computational cost of the simulations is the in-
troduction of stochastic weighted PBMs. This approach can reduce the compu-
tational cost by two orders of magnitude allowing consideration of up to four

dimensional PBMs and new steps in the nucleation (McGuire et al., 2018).

2.5.4 Process parameters and quality attributes in twin screw granulation
Although the main process parameters and quality attributes have been already
described, there is another number of operational parameters which can affect

the process and they will be briefly described in this section.

e Excipients

The understanding of the formulation can help to predict and control the prop-
erties of the granules depending on the combination of the excipients (Willecke
et al., 2018). However, this parameter is not commonly a design process within
twin screw granulation and most of the studies present in literature were based
on the hydrophobic character of the formulation or the liquid addition (Djuric
et al., 2009, Verstraeten et al., 2017). There was some attempts to study the

influence of the initial particle size where it was found that larger sizes produces
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larger granules, however, the effect was minimal for TSG (El Hagrasy et al.,

2013a).
e Barrel temperature

Very little research has been performed in this area although there is a common
assumption that lower temperatures minimize drug damage (Thompson, 2014).
However, higher temperatures produce larger size in granules, possibly due to

the higher solubility of excipients (Fonteyne et al., 2013).
e Binders properties

Binder has been studied mainly as function of its viscosity and surface tension
(Dhenge et al., 2012b, Seem et al., 2015, Thompson, 2014). In general, the
relationship between binder viscosity and granule size depends on the hydrophilic
degree of the formulation. However, for a common pharmaceutical formulation,
Dhenge et al. found that an increase in the viscosity of the binder produces an
increase in the strength of the granules and a decrease in the amount of fines

due to the production of stronger bonds (Dhenge et al., 2012b).

2.6 Current gap

The potential of twin-screw granulation in pharmaceutical processes has been

analysed widely in the literature. However, without a full correlation between
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the experimental and the theoretical results, those studies are limited to defined
workspaces (Iveson, 2002). This limitation is a key point in the correct imple-
mentation of the technology and further knowledge of the equipment needs to
be obtained. Fundamental knowledge of the formation of the granules within
the TSGs needs to be sought as well as development of methods to ensure the
control of the properties of the products (Kumar et al., 2017). Furthermore,
equipment limitations, transfer of scales and different formulation regime maps

need to be studied.

Therefore, the main aims and objectives of this thesis are:

e Development of tools to increase the knowledge and control of twin screw
granulators.

* Increase the understanding of the operational limits of the twin screw gran-
ulators and production of safe workspaces.

¢ Increasing the knowledge of the inner structure of the granules obtained by
twin screw granulation and compare with the results obtained by high
shear wet granulation.

* Studying the effect of the static drying in granulation by the variation of

the drying temperatures.
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Novel metrology for the study of polymodal particle size

distributions

3.1 Introduction

The evaluation of the granulation process requires knowledge of the variance of
the granules’ properties as function of the process parameters, and, the estab-
lishment of the variation using general terms such as size, strength, and friability.
The study of these terms gives important information allowing process control,
as well as establishment of the acceptable limits of the working conditions. How-

ever, although terms such as friability or flowability can be expressed as a single
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value, particle size distribution is frequently expressed as a curve, which does
not allow its direct examination as a quality attribute or a process control vari-
able. A quality attribute should be within an appropriate limit, range, or distri-
bution to ensure the desired product quality (ICH Q8 (R2), 2009). Transforming
PSDs into a homogeneity factor (FH) allows the analysis of the influence of
operational parameters on the system. In addition, workspaces can be created
and the system can be easily optimised after obtaining the regions where the

production of granules is homogeneous.

Further potential advantages of homogeneity values calculated from particle size
distributions are related to its potential to be used as a characterisation tool for
Quality by Design (QbD) which is recommended for adoption by the pharma-
ceutical industry (Seem et al., 2015). This approach ought to be accomplished

with a systematic scientific risk-based methodology.

Therefore, a tool for characterising granule homogeneity would help to provide
a greater understanding of the underlying process mechanisms since changes in
PSDs have been frequently used to study granulation in itself. For instance,
there are examples in literature where it has been used to suggest predominant
mechanisms such as breakage or layering (Sayin et al., 2015), to indicate in-

creases on the strength of liquid bridges (Dhenge et al., 2012) or even in the own
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design of process parameters (Vercruysse et al., 2015). Also, it will improve the
control during granule manufacture as well as being a useful complement to
other granule properties such as flowability or strength in the optimisation of
tabletting and associated processes (Cardona et al., 2018). Besides, the possibil-
ity of defining a desired diameter operating point and controlling the homogene-
ity around that point allows identification of when the process is within product
specifications. This advantage could be used in the comparison of different

batches and technologies on both a research and industrial scale.

Due to the possible advantages of quantifying a PSD’s homogeneity with a single
numerical parameter, the aims of this study were to propose a methodology
capable of achieving this. The method developed can transform any PSD into a
weight distribution through the hyperbolic tangent method and calculate a ho-
mogeneity percentage. In addition, this method was mathematically validated
through the study of the response to simulated scenarios of particle size distri-
butions and empirically demonstrated through the application to two different
materials (@-Lactose monohydrate and microcrystalline cellulose) and its po-
tential as a characterisation tool was assessed by determining the most critical

process parameters for both systems.
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3.2 Materials and methods

3.2.1 Materials

a-Lactose monohydrate (PubChem CID: 24896349 ) with 99% total lactose basis
(GC) (Sigma-Aldrich Company Ltd., Dorset, England) and microcrystalline cel-
lulose (PubChem CID: 16211032) with average particle size 50 pm (Fisher Sci-
entific UK Ltd, Loughborough, Leicestershire, United Kingdom) were used as
excipients to validate the method. Distilled water (EMD Millipore™ Pure Water

Reservoirs, Millipore SAS, Mosheim, France) was added as granulation liquid.

3.2.2 Granulation experiments

In order to produce granules, a Thermofisher Pharma 11mm Twin Screw Gran-
ulator (Process 11, 40:1 L/D, Thermo Fisher Scientific, Karlsruhe, Germany)
operating within the range of 50-125 rpm in combination with a gravimetric
feeder (Brabender Gravimetric feeder DDW-MT, Brabender Technologie Gmbh
& Co. Kg Duisburg, Germany) was employed to feed excipients at a rate of 0.05-
0.35 kg h''. Distilled water was fed to the system through a syringe pump (Har-
vard Syringe Pump, Harvard Apparatus UK, Cambridge, UK) in order to pro-
duce liquid/solid ratios from 0.05 to 0.2 for @-Lactose monohydrate, and 1 to
1.8 for microcrystalline cellulose. The upper and lower limits of granule produc-

tion ratios were chosen since below the lower limit, the product obtained at these
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torque velocities was a powder and above the upper limit the product was a wet
mass. The design of experiments and following analysis was done through the
use of the commercial software Modde 10.1. The chosen model design used to
select the experimental setup and to study the relationship between variables
was an Onion D-Optimal model with two layers which could be fitted afterwards
with PLS-2PLS regression analysis (MKS Data Analytics Solutions, Malmo,
Sweden). Figure 3.1 displays the design of experiments for both materials: o -
Lactose monohydrate (Figure 3. 1la) and for microcrystalline cellulose (Figure 3.
1b). The screw configuration used was 27 conveying elements for each sheet,
chosen in order to minimise the impact that the different screw elements could

have on the granules (Seem et al., 2015).

Design of experiments — a-Lactose monohydrate B Design of experiments — Microcrystalline cellulose
02 1.8
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Figure 3.1. Design of experiments for a-Lactose monohydrate (a) and cellulose microcrys-
talline (b).
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3.2.3. Offline granule size analysis
The analysis of the granule size distribution was performed using the
QICPIC/RODOS L with vibratory feeder VIBRI/L (Sympatec GmbH System-

Partikel-Technik, Clausthal-Zellerfeld, Germany).

All the particle size distributions obtained were produced at 0.5 bar of primary
pressure to avoid breakage of the granules during the analysis (MacLeod and
Muller, 2012). The disperser conditions were optimised for each set of granules
to obtain the optimal optical concentration. All the particle size distributions
were plotted in logarithmic volume against the particle size. The volumetric
mean diameter (VMD) determined by the system was chosen as mean diameter,
and is been calculated based on the arithmetic mean value. All the particle size
distributions (PSDs) were plotted in logarithmic scale of the volume mean di-
ameter against the density distribution which were both calculated in accordance

with ISO 13222-1:2014 (ISO 13322-1:2014, 2014).

3.2.4 Development of the methodology

All the data and analysis processing were performed using the commercial soft-
ware package Matlab and Statistics Toolbox R2014a (The MathWorks, Inc.,

Natick, Massachusetts, United States).
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3.2.5 Contour profiles

The results and the effects of the different variables will be presented as contour
plots, which are able to show multidimensional interactions between the input
variables and process parameters. The contour profiles are a recommended tool
to identify the design space of a full workspace (ICH Q8 (R2), 2009). These
profiles are built identifying which combinations of the selected parameters pro-
duce the same result on the chosen variable and identifying them with the same
contour. In this case, for each material analysed four different profiles were pro-
duced. Two for each quality attribute (homogeneity factor and volumetric mean
diameter) at two different ranges of torque velocity (50-87.5 rpm and 87.5-125
rpm). The chosen process parameters were the mass feed rate of the solid and
the liquid/solid ratio (L/S) which is defined as the relationship between the mass
feed rate of the solid and the liquid. A schematic of the Design of experiments

(DoE) can be found in Figure 3. 1.
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3.3. Results

3.3.1 Development of the methodology

In sedimentology an alternative method has been applied to transform the nor-
mal distribution for unimodal and bimodal distributions known as the hyperbolic
tangent technique (tanh method), which has been used traditionally for dealing
with travelling waves and to study evolution equations (Malfliet, 2004). It was
successfully applied by Passe (Passe, 1997) in order to transform a grain distri-
bution into a mathematical expression. Due to the fact that the graphical result
of the integral of a normal distribution presents an analogous shape to the hy-

perbolic tangent function; the cumulative expression can be mathematically de-

scribed by Eq. 3.1.

w(d) = g - (g) * tanh(log(u) — log(d) * s) Eq.3.1

Where w is the weight, ¢ is the mean value of the particle size, d is the variable
particle size, p is the value of the population of the different peaks in percentage
which is equal to 100% for unimodal distributions and s is a sorting factor which

is given as 1/(log dw— log d; ) (Passe, 1997).

This technique for transforming curves into mathematical expressions can be

used as an effective way to smooth distribution curves due to the variation of
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the slope depending on the number of peaks. For example, three different par-
ticle size distributions have been transformed through this method in Figure 3.
2 representing the weight against the logarithm of the particle size. The first
PSD (Figure 3.2a) can be considered as a mono-modal distribution and its equiv-
alent weight distribution is a straight line which slopes up at the greatest rate.
The second PSD (Figure 3.2b) corresponds to a bimodal distribution and its
weight distribution shows an important decrease of the slope of the curve com-
pared to Figure 3.2a. The third PSD (Figure 3.2¢) represents a polymodal dis-
tribution with three clear peaks in which the slope of the corresponding weight
distribution curve has decreased even more dramatically with respect to Figure
3.2a. Therefore, from Figure 3.2 it can be concluded that the decreasing slope
of the curves represents the decrease in homogeneity of distribution as well as

the increase in the number of peaks of the distribution.
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Figure 3.2. Unimodal (a) and polymodal (b-c) particle size distributions transformed to the

equivalent weight distributions (d).

The direct relationship between the slope of the weight distribution curve and
the shape of the particle size distribution shows an enormous potential as a
characterisation tool. The area under the resultant curve can be calculated
through integration and it will be proportional to the slope of the curve. The
homogeneity can be measured through this method and transformed into a per-
centage, unimodal PSDs will be associated with larger areas and greater homo-

geneity percentages.
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To quantify homogeneity, PSD curves are smoothed through the hyperbolic tan-
gent method in order to adapt the data to the mathematical expression in Eq.

3.2 based on the equation used by Passe. (Passe, 1997).

w(xm) = iztoml peaks (% — % * tanh(log(y;) — log(xm) * si) Eq. 3.2

Where the subindex i represents the peak number for appearance order, p; is the
value of the population of the peak in percentage, W is the mean value of the
particle size for the peak width, xm is the size of the particles included in the

width of the peak, and s; is a sorting factor defined in Eq 3.3.

This mathematical expression depends on the total number of peaks and a spe-
cific expression needs to be developed for each peak. The peaks are local maxima
of the particle size distribution. The local maximum is located as the data point
which is larger than its two neighbouring points, in those cases that the top of
the peak is flat, the point considered is the first to appear (The MathWorks Inc,
2013). After locating the peaks, their population was calculated by means of the

integral of the curve formed by the peak.

The sorting factors for each PSD curve are calculated using Eq 3.3 were das; and
d7s; are the diameter corresponding to the 25% and 75% population weight of

each peak. The sorting factor was adapted from the method presented by Passe
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(Passe, 1997) through the introduction of the terms ki and k, which were devel-
oped in house for the range 5 pm — 2.2 mm. The term k; weights the difference
between the peak corresponding to maximum value in the density distribution
and the volumetric mean diameter of the particles (Eq. 3.4). Frequently, the
limits of the ranges of particles sizes distribution are proportional to the size of
particle and those could be different depending on the choice of nest of sieves or
the measuring range of the analytical system. To avoid the effect of these pos-
sible discrepancies between the different methods, the distribution will be nor-
malised when one considers that it is composed of ten identical intervals. The
difference between the maximum peak and the mean diameter will be measured

through the number of intervals between them (Eq. 3.5).

— . Di
S K gy o Eq. 3.3

k, = exp (— (W)) Eq.3.4

XMigst—XMo

Ninterval

Where the subindex i represents the peak number for appearance order, s; ki
and k, are sorting factors, p: is the value of the population of the peak in per-
centage, dos; and dzs;are dos and drs of each peak, XMuyax pear 1S the maximum value

of the distribution, d is the volumetric mean diameter, xmyand xmy.q are the first
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and last values of the distribution, niewva is the initial number of intervals of the

distribution.

After the particle size distributions have been smoothed, it is required to achieve
the maximum homogeneity possible, e.g. the distribution obtained when all the
granules would have the same diameter that coincides with the mean diameter.
The maximum homogeneity corresponds to the best-case scenario of a unimodal
distribution where the first value which would appear would be unique and it
would produce a single peak. After this equivalent perfect particle size distribu-
tion has been calculated, it is possible to calculate the weight distribution for

that case.

The lower limits corresponding to zero homogeneity would be represented by the
curves produced when all the sizes have the same weight inside the distribution.
As in the case of the perfect distribution, the PSD needs to be transformed to
worst case scenario, allowing the weight distribution to be calculated. Figure
3.3 displays the situation where both maximum and minimum cases have been
transformed into their equivalent distribution. The differences in the rise of both
curves provides a clear distinction between them as the curve corresponding to

100% homogeneity has a slope 15 times greater than the curve corresponding to

0%.
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Figure 3.3. Equivalent particle size distributions (a) transformed to weight distributions.

(b)

Once the upper and lower limits have been determined, it is possible to calculate
the homogeneity for any particle size distribution by calculating the area under
the curve corresponding to the PSD and its equivalent best (100% homogeneity)
and worst (0% homogeneity) cases. Figure 3.4 displays the three areas in differ-
ent colours. The area corresponding to 100% homogeneity would be comprised
between the solid and dotted black lines with the PSD area shaded in yellow.
Since the particle size distribution is given in intervals, it was chosen to obtain

the area under curve through the trapezoidal rule (Treiman, 2014).
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Figure 3.4. Area under the weight distributions

The homogeneity factor can then be calculated as percentage using Eq. 3.6.

fwpsp(xm)dx — [ wo(xm)dx

04) — _

FH (%) =100 100 « (f W10o(xm)dx —f WPSD(Xm)dx) 2

FH (%) = 100 — 2252740, 10 Eq. 3.6
Aj100—4o

A summary of the methodology can be found in a flowchart in Figure 3.5.
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Particle size distribution through any
method

Smoothing the curve through hyperbolic

tangent method

%n tanh(log(i;) — log(xm) * s5;)

Calculation of the area corresponding to
the maximum and minimum homogeneity
for that specific distribution

Ao = [ wylogamax Aroo = [ wioo loglam)ax

Calculation of the area corresponding to
the homogeneity of the curve

Apsp = f wasp(log(xm))dx

[

Calculation of the homogeneity factor

Ao

A —_
FH (%) = 100 -A"S”—

100

100 0

Figure 3.5.Methodology flowchart
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3.3.2 Verification of the methodology

According to Eq.3.2, the homogeneity factor is sensitive to changes in factors
such as the number of the peaks or the width of the distribution. The method-
ology was verified through comparing the response of different simulated distri-

butions with volumetric mean diameter equal to 1000 pm.

In the first case (Figure 3.6a), the effect of modification of the distribution shape
was studied through the increase of the standard deviation of the distributions
from 0.1 to 0.25. The increase of the standard deviation in a unimodal distribu-
tion produced a direct change in the width of the distribution, and as Figure
3.6a shows that affects directly in the FH. Additionally, Figure 3.6e shows the

trend for greater increases in the standard deviation.

In the second case, the effect of introducing a peak (Figure 3.6b) and three peaks
(Figure 3.6¢) can be studied in two different widths. The effect of introducing
a new peak produced a fall in the homogeneity as the initial homogeneity is
considerably lower than that corresponding to a single peak for both widths.
Figure 3.6f shows the effect of the increase of number of peaks from a unimodal
distribution with a standard deviation of 0.25 to five peaks in the same width.

As it can see, the addition of peaks produces dramatic falls in the homogeneity.
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In the last case (Figure d and g), the distance between peaks was studied. The
FH is sensitive to the introduction and distance between peaks as the two peaks

are far apart showed a lesser degree of homogeneity than when they were closer

(Figure 3.6d).
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Figure 3.6. Study of the effect of the deviations produced by a change in the amplitude of
the peak (a, €).

Other factors which will affect the FH are the distance between the volumetric

mean diameter and the main peak. Those cases in which the diameter is situated
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around the main peak will have greater homogeneity than those in which the

diameter is more distant.

To illustrate this the analysis was applied to three different real samples (see
Figure 3.7) where the homogeneity varied from 0 to 75%. In the first case (Fig-
ure 3.7a) homogeneity is negligible (0%), since the sample has three main classes
of particles with two of them with similar intensity in the density curve. How-
ever, the volumetric mean diameter (VMD) is skewed by a greater percentage of
fines which reduces dramatically the homogeneity. In the second case (Figure
3.7b), there are again three classes of particles but even if the width is bigger
than in the other cases, the mean diameter is placed closer to the middle of the
three peaks. Therefore, the sample is more homogeneous than previous case as
the VMD is closer to the biggest peak (38.3%). In the third case (Figure 3.7c),
the PSD shape is more similar to a lognormal distribution suggesting the product
is more homogeneous (74.8%). In this example, most of the particles have the
same diameter. This can be observed from the PSD as well as from the photo-

graphs (Figures 3.7a-c).
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Figure 3.7. Granules with homogeneity 0% (a), 38.3% (b) and 74.8% (c).

3.3.2 Application of the methodology

The methodology was applied to granules produced in the TSG with two differ-
ent excipients commonly used in pharmaceutical processing, a-Lactose monohy-
drate and microcrystalline cellulose, in a wide range of conditions. The results
allow understanding of the influence different parameters have on the product

homogeneity.
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The results obtained were presented through contour profiles (Figure 3.8 and
3.9). These types of graphs are really effective for summarising entire work-
spaces. On one hand, once the region of the desired diameter has been located,
the operational conditions which produce the most homogeneous granules for
that exact diameter can be easily determined. On the other hand, the contour
profiles allow examination of the effects that operational parameters have over
the chosen variables. For instance, on a workspace created by changing the
value of two parameters, it is possible to identify if the response of the variable
has been controlled by only one or both operational parameters. That effect
would be noticed since the variable would change linearly and proportionally to
the axis of the most relevant parameter. In those cases, that the system would
vary depending of both parameters, the response of the variable could adopt

different shapes such as slanting or curved lines.

As it can be observed in Figure 3.8, granules of a-Lactose monohydrate were
produced using different conditions of liquid/solid (L/S), feed rate and torque
velocity. The results show that at low torque velocities (Figures 3.8 a and b),
the diameter shows higher dependence on the feed rate than the L/S ratio. The

larger granules are produced when the feed rate is reaching the maximum with
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a high ratio of homogeneity and it can be observed that homogeneity of the

process is more influenced by the feed rate than by the L/S ratio.

At high torque velocities (Figures 3.8 ¢ and d) homogeneity decreases with re-
spect to the low torque velocities. The maximum homogeneity for this case does
not reach 70% and the greater diameter which homogeneity over 50 % is not
bigger than 1600 pm. On the contrary to low torque velocities, homogeneity
and diameter displayed a nearly equal dependence for both parameters: L/S and
feed rate. The production of homogeneous granules is achieved when the feed
rate and the L/S ratio are at middle point conditions of the range of operation.
At the same time, the diameter increases proportionally to both. For instance,
Figure 3.8 d would give a range of operational conditions which produce a target
granule diameter. The most adequate parameters to produce a homogeneous
product would be found in the Figure 3.8¢c, corresponding to a proportion to L/S

ratio to feed rate close to 1.3 to 1.

Besides, comparing low torque velocities (Figures 3.8 a and b) with high torque
velocities (Figures ¢ and d), it can be concluded that for a-Lactose monohydrate
the degree of filling of the screw is a very important factor. At low torques
velocities, high degrees of filling are achieved and the system is more dependant

of the amount of powder introduced. At higher velocities, the degree of filling

73



Chapter 3. A novel metrology for the study of polymodal particle size distributions

is considerably lower and the system requires a balance between both parameters

to obtain a desirable product.
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Figure 3.8. Homogeneity and diameter contour profiles for a-Lactose monohydrate low

torque velocities (a,b) and high torque velocities (c,d)

Granules of microcrystalline cellulose were produced in an identical manner and
the results are presented in Figure 3.9. Unlike the previous example, the diam-
eter profiles (Figures 3.9 b and d) show nearly equal dependence to both param-
eters L/S ratio and feed rate in both cases of torque velocity. However, there is
a great difference between the diameters of the particles resulting in granules up

to seven times larger than when the system is operated at low torque velocities.
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On the contrary, homogeneity (Figures 3.9 a and c¢) shows greater dependence
to the L/S ratio than to feed rate. Furthermore, at L/S ratios above 1.52; the
product reaches homogeneities of over 50% in both cases. Comparing the differ-
ences between contours profiles at low and high torque velocities indicates that
the degree of filling is one of the main factors to take into account in the cellulose
microcrystalline example as the low torque velocities show more disturbances

than the high torque velocities.
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Figure 3.9. Homogeneity and diameter contour profiles for microcrystalline celulose low

torque velocities (a,b) and high torque velocities (c,d)
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In addition to the study individual effects, a comparison between Figures 3.8
and 3.9 permits appreciation of the strong behavioural differences between both
materials. The growth of both microcrystalline cellulose and a-Lactose mono-
hydrate granules depends dramatically on the L/S ratio, feed rate and torque
velocities. Microcrystalline cellulose displays a dramatically greater dependence
to the amount of liquid present in the system than a-Lactose monohydrate. This
effect agrees with the molecular differences of both materials and the capability
of microcrystalline cellulose to physically hold higher amounts of water than a-
Lactose monohydrate (Fielden et al., 1988). In addition, these results agree with
the outcomes reported by Dhenge et al., where larger granules were also found
at the higher L/S ratios (Barrasso et al., 2013, Dhenge et al., 2010). Further-
more, it was described that an increase in powder feed rates reduced the number
of peaks in the PSDs (Dhenge et al., 2011), which corresponds with the increase
of homogeneity reported in the case of low torque velocities for both materials.
Although the most homogeneous product for the studied range were obtained,
not all the experimental results can be entirely compared with those presented

in the literature due to the crucial role of the screw elements configuration.
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However, this and published studies all present similar responses to the modifi-
cations of the operational parameters as well as similar range of diameters of

granules which indicates the validity of this proposed analysis method.

Furthermore, this analysis identified the degree of filling as a limiting operational
parameter for both materials which will require to be measured quantitatively

in further studies of the equipment.
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3.4. Conclusions

A new methodology for measuring homogeneity of particle size distribution was
introduced and validated through its use in two different cases of granulation.
The method is able to calculate the homogeneity of PSDs with different shapes
allowing easy numerical comparison. The method responded to different modi-
fications such as the addition of peaks, increments on the variation of the distri-
bution or discrepancies between the main diameter and main particle size class.
The improvement of this method with respect to the traditional measures such
as span was demonstrated through the comparison of PSD curves with different
shape but similar span. In addition, the potential of the quantification of homo-
geneity was demonstrated through the application to simple liquid granulation
with two different excipients. In both cases, it was demonstrated that knowing
the diameter individually does not give enough information for the ideal condi-
tions to operate or which operational parameters have more influence on the
process. Therefore, using homogeneity as a quantified quality attribute leads to
a better understanding of powder technology and its possible implementation as
characterisation tool in the design and control of wet granulation systems. Fu-
ture work will involve the study of this tool as process control variable through

a sensitivity analysis in an inline process analytical technique.
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Chapter 4

Development of an algorithm to analyse inner granule

structures

4.1 Introduction

One of the less studied topics in twin screw granulation is the internal structure
of granules. Most of the previous studies have focused on the cause-effect rela-
tionships between factors and formulation properties leading to probabilistic and
validated modelling methods (Barrasso et al., 2013, Kumar et al., 2016a, Kumar
et al., 2015). Whilst these studies have provided useful information about pro-

duction process of granules, they are limited in providing data about the effect
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of the parameters on the interior granule structure. Verstraeten et al. stated the
bimodal size distributions are mainly due to the limited availability of granula-
tion liquid and there is a significant difference in the mechanisms between batch
and continuous (Verstraeten et al., 2017). Therefore, obtaining more infor-
mation about the morphological differences within nuclei, will lead to an increase
and deepened understanding of the underlining mechanisms occurring in granu-

lation.

One of the techniques which allows the visualization the inner core of a granule
is X-ray Computed Tomography. Although the commercial software reconstruc-
tions allows the measurement of simple core properties, it does not allow recog-
nition or visualisation of individual nuclei (Oka et al., 2015). In order to measure
all the morphological properties, the nuclei need to be isolated and extracted

from the granule and be treated as its own entity.

For isolating the nuclei inside the granules, an algorithm has been developed
allowing mathematical extraction of selected parts of the cross-sectional images.
Before removal, the algorithm recognises all the clusters inside the granule meas-

uring their volume and density. Once this analysis has concluded, it is possible
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to separate the desired structures of interest from the original images. Further-
more, they can be rendered with a volume viewer application to be visualised in

space and study of the morphological properties.

In this chapter, the development and validation of the algorithm has been dis-
cussed as well as its application to different granules produced in both high shear

wet granulator (HSWG) and twin-screw granulator (TSG).
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4.2 Materials and methods

4.2.1 Granules production

Granules of a-lactose monohydrate with 99% total lactose basis (Sigma-Aldrich
Company Ltd., Dorset, England) were produced in both continuous and in batch
at the same liquid-to-solid ratio of 0.16. The granules in batch were produced
using a high shear wet granulator (Glatt GmbH, Binzen, Germany) introducing
150 grams and using an agitation speed of 600 rpm and a chopper speed of 300
rpm adding the liquid by dropping. The granules in continuous were produced
using the same setup than the described in section 3.2.2 operating at 75 rpm in
combination with a gravimetric feeder operating at 0.15 kg/h ad L/S=0.175
which according to the workspaces in figure 3.9 will produces an almost unimodal
distribution. Distilled water (EMD Millipore™ Pure Water Reservoirs, Millipore
SAS, Mosheim, France) was fed to the system through a syringe pump (Harvard
Syringe Pump, Harvard Apparatus UK, Cambridge, UK). The screws were com-
posed by all conveyor elements. This configuration was chosen to maintain a
constant available space for the granulation. The granules were collected and
dried at room temperature in a single layer over a stainless-steel tray. The
samples were sieved afterwards and the fractions analysed in X-ray computerised

tomography were 0.85-1 mm for continuous (TSG) and 2-6 mm for batch
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(HSWG) which corresponded with the greatest peaks fraction in the particle size

distribution (Figure 4.1)
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Figure 4.1 PSDs comparison obtained by sieving

4.2.2 X-ray computerised tomography

X-rays is a type of electromagnetic radiation which is capable to imaging a body
by passing through it. Since the absorption or scattering of the X-Rays beam is
dependent on the material, it is possible to obtain a projected image where each
pixel is the attenuation coefficient defined from Lambert-Beer’s Law. Although
conventional X-ray radiography analyses the object from one angle, computer-
ised X-Ray tomography is able to generate cross-sectional images by rotating
the sources and the detectors around the body. The projections are obtained in

different angles and reconstructed by a back-projection algorithm creating three-
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dimensional images without destructing the sample (Jacobs et al., 1995, Florence

and Siepmann, 2009, Wong et al., 2014).

In this case, computerised tomography (CT) was performed to a-lactose mono-
hydrate granules in a multiscale X-ray nanoCT with cone-beam arrangement
(SKYSCAN 2211D, Bruker LTD, Coventry, United Kingdom). Therefore, it
will provide a reconstruction of internal microstructure of the granules as well
as images of individual slices of the granule. The samples were scanned with an
image pixel size of 1.4—4 pm, frame averaging of 8 and a rotation step size of 0.3

°. The X-ray acceleration voltage was set to 40 keV producing 647 projections.

4.2.3. Development of the technique
X-ray CT images were processed using the commercial software package Matlab
and Statistics Toolbox R2017a with Image processing package. (The Math-

Works, Inc., Natick, Massachusetts, United States).

4.2.3.1 Image segmentation

Image segmentation can be described as subdividing an image into its essential
parts in order to extract their regions of interest (Zhang, 2006). The automation
of this process is one of the most critical parts of image analysis as it will affect

all the subsequent processes. In this case, the dataset is a stack of individual
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images of the plane xy (figure 4.1a) which are separated by 1.4 pm in the plane

z. Each individual image is cropped to isolate the studied granule (figure 4.1b).

The cropped images in greyscale are transformed to a binary matrix where the
values are replaced by ones (i.e. white) and zeros (i.e. black) using Otsu method
(Liu and Yu, 2009). This technique classifies every pixel in two types depending
if they are over (foreground) or below (background) a determined threshold pixel
intensity. The threshold will be the one which minimizes the intra-class variance
and maximises the inter-class variance. This technique does not require any
prior knowledge to analyse the image which will standardize and simplify the
process (Otsu, 1979). However, the threshold will not be calculated directly in
the image as this one undergoes firstly under a contrast enhancement function
known as contrast-limited adaptive histogram equalization (CLAHE). This
method divides the image in eight not-overlapping regions (tiles) and produces
individual histograms of pixel intensity with 256 bins. After this division, each
histogram will be transformed according to the surrounding areas embedded in
the tile. However, this method includes a clip limit which limits the transfor-
mation of the histograms to avoid over enhancement of the picture noise in
homogeneous coloured areas. This parameter is calculated as a function of the

total number of the greyscales and the number of pixels (Pizer et al., 1987,
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Robinson et al., 2009). These steps correspond with the changes from figure
4.2b to 4.2d. Afterwards, the contrast of the image has been enhanced (In figure
4.2¢) and finally transformed to binary (figure 4.2d) which was found visually

representative of the original figure.

2]

Figure 4.2. Extraction of the image from the a) images stack b) image extracted c) contrast

enhancement and d) transformed to binary.

Despite the previous contrast treatment, certain amount of unwanted blank pix-
els are created during the transformation to binary giving as a result figure 4.3a.
Since the filling algorithm does not make a distinction between blank pixels
produced by insufficient contrast in the area or background blank pixels it is
necessary to perform extra operations in order to fill only the first blank pixels.
Since all the images are matrix of zeros and ones, the following operations were

performed using them as mathematical entities and they were identified by the
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letter M with a subindex from 1 to 6. In table 4.1, the correspondence between

matrix and figure are specified.

Table 4.1. Operations performed to the figures with matrix identifier associated

Matrix identifier | Figure | Operation performed

M1 Figure | Original
4.3a

M2 Figure | M1 after all blank pixels are filled
4.3b

M3 Figure | M2 -M1
4.3¢c

M4 Figure | Blank areas under 1000 pixels eliminated from
4.3d M3

M5 Figure | M4-M3+M1
4.3e

M6 Figure | All the blank areas under 50 pixels from M5
4.3t eliminated

Therefore, all the blank pixels were filled (M2), and extracted from by subtract-
ing M2 -M1 (figure 4.3b to 4.3a) giving as a result M3 (figure 4.3c). Afterwards,
all the blank pixels under 1000 pixels (similar value to the average of areas in
the figure) were eliminated from M3 (figure 4.3¢c) resulting in M4 (figure 4.3d).
Then, the small blank pixels which corresponded with those produced by insuf-

ficient contrast were calculated subtracting M4 (figure 4.3d) from M3 (figure
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4.3c) and added to M1 (figure 4.3a) producing M5 (figure 4.3e¢). M5 (figure
4.3e) will be morphologically treated to delimit the borders of the particle de-
pending of the chosen bridge condition. This operation will allow to remove all
the detected areas under 50 pixels which in this step will correspond with un-
wanted noise. The resulting figure will be the final binary image further used

for segmentation M (figure 4.3f).
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Figure 4.3 Evolution of the binary of the image to complete the segmentation. a) image in
binary b) all holes filled c) all holes isolated d) holes over 1000 pixels of area isolated e)

image in binary with filled holes under 1000 pixels of area f)final
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The delimitation of the particle borders is one of the critical decisions for seg-

mentation which will affect how the particles are being separated. For that, it

is necessary to define the size of the bridge between regions. As pixels in a

binary image are represented by ones and the background by zeros, the bridge

can be defined as a matrix of zeros and ones, hence varying the size and number

of ones in the matrix will change the size of the bridge. Each number will

correspond with a pixel and the size of each pixel which is in this case 1.4 pm.

100 pm

250 um

Figure 4.4.Matrix of ones in scale over an image.

In table 4.2, the matrixes corresponding to figure 4.4 are shown.
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Table 4.2. Different possible bridges in matrix of ones and zeros

2x2 ones matrix 3x3 ones
Maximum length=4.2 pm// Maximum length=7pm// Area=17.64
Area=7.84 pm? pum?
(1 1) 1 1 1
1 1 1 1 1
1 1 1
4x4 ones 5xb ones
Maximum length=9.8 pm// Maximum length=12.6 pm//
Area=31.36 um? Area=49um?
1 1 1 1 1 1 1 11
1 1 1 1 1 1 1 1 1
1 1 1 1 1 11 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1
2x3 ones 3x2 ones
Maximum length=>5.6 pm// Maximum length=>5.6 pm//
Area=11.76 um? Area=11.76 um?
(1 1 1) 1 1
1 1 1 1 1
1 1
Diagonal ascendant right 4x3 Diagonal descendant right 4x3
Maximum length=8.4 pm// Maximum length=8.4 pm//
Area=11.76 um? Area=11.76 um?
0 0 1 1 0 O
0 1 1 1 1 0
1 1 0 0 1 1
1 0 0 0 0 1

The matrix chosen as a bridge has to be a balance between definition and re-
semblance to the original shape (figure 4.5). When small size matrixes are used,
the probability of having at least one bridge is very high and therefore, the

number of regions decrease (figure 4.5b). Larger size matrixes will produce the
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opposite result, increasing the number of regions and reducing definition of the
shape (figure 4.5d and e). In this case an intermediate value of 6-ones matrix
which was tried in the different directions (figure 4.5.4f, g, h and i). It was
concluded that the direction of the matrix did not have a stronger visual impact
in the final results and therefore, a matrix of ones 2x3 was used as a bridge. The
most common method for evaluating effectiveness of a segmentation method is
a subjective visual evaluation of the results since there is no yet an objective
indicator for image segmentation (Zhang et al., 2008(Buenestado and Acho,
2018)). In this case, this bridge presented a compromise between considering as
much links as possible within the granule component and reducing possible in-

terferences of noise in the picture and remains the original shape of the granules
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Figure 4.5. a) original and matrix of ones size of b) 2x2 ¢) 3x3 d) 4x4 e) 5x5 f) 2x3 g) 3x2
h) Diagonal ascendant right i) Diagonal descendant right.

After the previous steps, all the different regions in the image will be solid with-
out any background points within the delimited boundaries, however, to avoid
further issues in the segmentation, an extra condition was added to the algorithm
in order to ensure this condition is always true. The segmentation used in this

case is the watershed transformation which consists in four different steps
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(Beucher, 1992). In the first step, the distance function creates a gradient for
the inverted binary image (i.e. zeros will become ones and vice versa) calculating
the distance from every pixel (zero) to the nearest nonzero-valued pixel. The
calculation of this gradient can be performed in different ways depending how
the connection of the elements is defined (Paglieroni, 1992). In order to be able
to respect the delimited boundaries of the particles during the segmentation, it
was chosen the chessboard distance function which will locate the nearest non-
zero-value in horizontal and vertical but not in diagonal. In figure 4.6a the result
of this calculation can be seen where the darkest points are those further for any
white pixel. The second step is to calculate the geodesic zones of influence of
each set of points within of a delimited region, i.e. the shortest path between the
points of each region to any of the darkest points embedded in that region.
Afterwards, all the regional local minima will be found and the image will be
manipulated to ensure that the segmentation is only done to the foreground
particles and not to the background, i.e. limiting the area of influence (figure
4.6b). Once this manipulation has been made (figure 4.6¢), it is possible to apply
the function watershed which will isolate each region assigning each point within

its boundaries to its corresponding regional minimum. The final images can be
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seen in figure 4.6d and 4.6e which are equivalent. Image 4.6e has been trans-

formed to colour format in order to help to visualise easily the separation be-

tween regions by the pixels will be in the same position and number than 4.6 d.

This process will be applied to all the images of the stack obtaining a new set of

segmented images in which each individual image will have delimited labelled

regions.

Figure 4.6. Watershed transformation a) Distance transformation performed b) Geodesic
distance transformation before limiting the area of influence c¢) Geodesic distance transfor-
mation after limiting the area of influence d) final segmented image and e) coloured final

segmented image.

4.2.3.2 Tracking algorithm: Location and identification of the clusters
within the granule
Once the images have been segmented, the location and identification of the

volumetric clusters is performed by tracking regions in the plane xy of a slice
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and analysing how they are connected to the adjacent image in the z axis (figure

4.7).

Figure 4.7. Tracking of a region of interest along z axis.

Therefore, it is required to define the possible situations that the region of inter-
est undergoes from one image to the following one. Since the regions are rela-
belled for each image, it is necessary to record both the label and the individual
properties before the next image is analysed. However, to perform the tracking
analysis, the regions need to have a unique label along full z axis, i.e. if the
continuity between two consecutive images is demonstrated, the region in the
following picture adopts the original label, the properties are updated and a

record of the original region is saved. This is made through a table which will
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save shape properties such as maximum and minimum length, area, eccentricity,
and orientation as well the centroid of the region and the number of the images
analysed. All the shape properties are calculated using regionprops from Matlab
Image Analysis Toolbox (MathWorks, 2018), where the centroid is defined as

the centre of mass of the region and it will be unique to each region.

In the transition of images, the same region can undergo by seven different sit-
uations: remain, increase or decrease in size, split into one or more regions,

merge with another region, appear or disappear.

The simplest cases are when the regions slightly increase, decrease area or remain
the same which is called category one. In those cases, the centroid of the region
in the following image remains close or the same to the original centroid and the
new label is erased and the information of that particle is added to the original
one. This is similar to the behaviour that the slices of a perfect sphere would
have. Moving along z axis would cause the diameter become larger or smaller

remaining the same centre (figure 4.8).
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Figure 4. 8. Concentric circumferences of different radios along z axis

If instead perfect concentric circumferences, the volume was an oblate spheroid

with irregular surface, the centre would move slightly around along the axis z.

However, it always will comply with the condition that the distance between the
centres of two following planes would be smaller than the ratio of the circumfer-
ence. This distance can be calculated using Pythagoras theorem and when this
condition is met (figure 4.9a), the region is considered the same, and the new
centroid label will adopt the original label. In those cases, that the new centroid
does not meet the condition (figure 4.9b), the new centroid will further analyse

by another condition.
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Figure 4.9.New centroid point distance to the old centroid a) meeting condition b) no

meeting condition

Therefore, category one can be described as:

0.5

A -
JiL
Vi{xy) €23, = (7)

V{xuYji} €2,V {Xkir1, Viis1} € Zis1 I dijr = \/(xj,i - Xk,i+1)2 + (v — }’k,i+1)2
if digier <750 = {Xivn Y1) = (Xie1 Vjiea)

Equation 4.1
Being: z;;,y;: : coordinates x and y of the centroid
Thirt ,Ynivs - coordinates x and y of the centroid

j: index corresponding to centroid labels set from Z; (j=1: total number of centroids in

set)

k: index corresponding to centroid labels set from Z;,, (k=n+1: total number of centroids

in set)

Z;: set of points of image 1
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Ziv1: set of points of image i+1

i equivalent radio of the circle for centroid of coordinates w;; ,y;.

A;ir equivalent area of the circle for centroid of coordinates ;1

dyir1 o distance between centroid of coordinates x;; ,y;: of image Z; and centroid of coor-
dinates Tiiv1 ,Yrir1 Of iMmage Zig

However, the regions of a granule presented very irregular shape and the radio
required to search for the centroid can be overestimated if a circular shape is
assumed. However, the software provides the longest and smallest distances
within a region and a restriction could be introduced to overcome this issue. In
those cases that the aspect ratio (minor distance/major distance) was greater
than 0.8, the area to calculate the radio was considered 60% of the real one of
the regions and the shape was consider a circle. In those cases that the aspect
ratio was less than that, the region was consider to elongated to a direct calcu-
lation and it was hard-coded to 15 pixels (21 um) for pixel size between 0.8-1.5
pum. When the area has increased or remains the same from the previous image
it falls under the first case and when the area decreases, it falls under the second

case of the category one.

The second category is when two regions split in two or more regions (figure

4.10). In this case, the centres of the new regions are not aligned to the original
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one although they still belonging to the same region and the nucleus will be
incomplete without these ramifications. This can be seen as the branching of a
plant in which a limb split in two or more. Essentially, they remain part of the

same branch but they will show different regions for all the following images.

Figure 4.10. Split condition

In order to track this case, firstly it is required to create an equivalent ellipse to

the original region with the same orientation and eccentricity to the original

region. In figure 4.11, an ellipse has been defined according to equation 4.2.
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(Xe;i aYe,i )

Figure 4.11. Ellipse

Where {x]-'i, yj,l-} is the centroid coordinates, {xe‘i, ye'l-} is any point of the ellipse,
a;; is the angle of rotation, b;;is the minimum length axis of the ellipse and a;;
is the maximum length axis of the ellipse. However, due to the irregular shapes
of the region, using the maximum length directly produced a large error in the
calculation. As a result, the term a;; will be calculated as a function of the

eccentricity ej;and b;; using the analytical equations of the ellipse. Therefore,

¢j,; is solved of equation 4.2 and substituted in equation 4.3.

Equation 4.2

—b: 2

2 2
2 _,4..%_p. 2 .. Y = g2 ..
Gi®=a; —bj;"— (aj,l * eJ,t) =a j i

7.

Equation 4.3
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Solving a; ; from equation 4.3, we obtain equation 4.4

Equation 4.4

Once that the ellipse has being defined in Cartesian coordinates, each centroid
from the new set can be replaced in equation 4.5 and by definition, they will be
inside the ellipse if p is smaller or equal than one. If the new regions comply
this condition and verify that the area of the added sum of the new regions is
smaller than the original one, the new regions will be considered as part of the

original and the process will be repeated for the following image.
V{%0Y5:) € Zi,V {Xier Yiien) € Zisa

2
. ((xk,i+1 - xj,i) * COS(“j,i) + (Viirs = J/j,i) * Sin(“j,i)) 4

2
i

2
N ((xk,i+1 - Xj,i) * Sin(aj,i) + (Yk,i+1 - Yj,i) * COS(“j,i))

2
bj,i

Equation 4.5

The fourth case is when two or more regions merge into one. That will mean
that one or more of the regions need to be added to another. In this case, the

process will be the opposite of the one described for splitting, i.e. as if the branch-
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ing was observed in the opposite direction. The new region will act as the orig-

inal and the previous ones will act as the branches. The equivalent equation of

the ellipse will be created and the coordinates of previous centroids substituted.

If the previous region comply with this condition and the added area of them is

smaller than the new region, they will be added to the new one with the new

label and the previous ones will be erased.

In the transition of images, a fully new region can appear in the new image. A

region is labelled as totally new when it does not comply with any of the previous

cases. In the opposite scenario, if a region does not fall under any of the previous

cases is considered that it disappeared. In this case and for avoiding to add

regions separated in space but with similar centroids, the region will stop to be

analysed, the data will be saved but it will not appear in the list of previous

regions in the following image. The full algorithm flowchart is included in ap-

pendix b.

In order to validate the code, an additional script was written to confirm that

any single cluster has unique values and none of the areas has been associated

to more than one cluster. Following this step, the sum of all the areas analysed

during the tracking was compared with the result produced by the full set of
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images without any tracking. Since both results were consistent, it was con-

cluded that the tracking algorithm associated every area to a specific cluster.

4.2.3.3 Volume analysis and representation

After the regions have been connected individually along axis z, the volumes of
interest can be extracted from the full granule. The volumes will be transformed
to a 4-D format which includes colour as fourth variable and is necessary to be
visualised in the Matlab volume viewer. Every parameter is calculated in voxels
and they will then need to be transformed to length units. A voxel is a cube
which has equal lengths defined by the pixel size of the image. In this case, that
equivalence used was 1.4 pm/pixel, i.e. a voxel is a cube with a length of 1.4 um
for each side, surface area of 1.96 um? and volume of 2.744 pm?.

The main parameters calculated to characterize the nuclei are the volume, the
surface area (Lehmann and Legland, 2012), the relative density and the equiva-
lent diameter what is defined as the equivalent diameter of a circle of equal
projection area (EQPC). The relative density can be analysed in two ways
depending if they are analysed in 2-D or in 3-D. Both ways are based in the
calculation of the smallest polygon containing the region which is included in
Matlab function regionprops for 2-D and regionprops3 for 3-D (MathWorks,

2018). However, since regionprops3 cannot be used for extremely large (over
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1500 images) set of images due to its very computationally expensive nature,
therefore only the data from the 2-D algorithm will be analysed. However, due
to the irregular shape of these types of images, the minimum polygon will pro-
duce some errors and therefore, the main deciding parameter would be the vol-
ume of the region or the equivalent diameter. Once the largest and denser clus-

ters have been found, those were individually represented.
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4.3. Results and discussion

4.3.1 Representation of granules and comparison with Bruker software
results
Granules of a-lactose monohydrate produced by high shear and twin-screw gran-
ulation were analysed in X-ray CT. In figure 4.12, a comparison between Bruker
software and the developed algorithm was performed through the full reconstruc-
tion of two granules (images corresponding to granule obtained by HSWG: fig-
ures 4.12a, 4.12c and 4.12e and granule obtained by TSG: figures 4.12b, 4.12d
and 4.12f).  Despite the differences of orientation, both reconstructions show
high visual similarity between them although they cannot be directly compared.
The Bruker reconstructions does not allow the extraction of selected parts. How-
ever, since the blue colour represents the empty space inside the granules, it
seems to be significant differences in nuclei structure between both type of sam-
ples where the batch sample have significant less contrast between both colours

than the continuous one.
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Figure 4.12. Granules reconstruction a,b) Bruker full reconstructed, ¢,d) Bruker inner

part e,f) Algorithm full reconstruction.
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4.3.2 Analysis of nuclei within the granules

In this section, the algorithm was applied to extract nuclei from granules ob-
tained both from HSWG and TSG. From the Bruker software was already
possible to appreciate differences between internal structures of the granules (fig-
ure 4.12). These differences became clearer after segmentation and tracking is

applied.

The total number of clusters found for the TSG case has been plotted in figure
4.13 representing relative density against the equivalent diameter of the cluster
volume. As seen, a grouping of points with similar density and volume suggests
more than one nucleus is present. In order to understand the big cloud of points
under 40 pm, raw o-lactose monohydrate was analysed and it can be seen in
figure 4.14 the same cloud of points appears suggesting they are un-granulated
powder fines. As it was mentioned in the methodology, the relative density is
the relationship between the different volumes and the smallest polygon contain-
ing the area provided by the software, however, due to the irregular shape of the

particles, it gives a considerable error and it will only use as indication.
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Figure 4.13.Clusters —TSG granule

Raw lactose analysis
T T

2.5

N
(6]
T

Relative density

0.5

0 1 L 1 L L L
0 20 40 60 80 100 120 140 160 180 200

EQPC(um)

Figure 4.14. Raw lactose analysis

In the case of HGSW, one nucleus is obtained with larger volume and density

than the rest of the clusters analysed (Figure 4.15)
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Clusters - HSWG granule
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Figure 4.15. Clusters - HSWG granule

Although the definition of big clusters is subject to the parameters chosen during
segmentation, the algorithm seems to be able to recognise big clusters or con-
nected sections of the granules despite the differences between batch and contin-
uous. In the case of batch, the big cluster has a good agreement with the nuclei
morphology for lactose and water granule described by Hapgood et al. where the
nucleus was estimated 5 mm with almost spherical shape (Hapgood, 2000). How-
ever, there is not possible to compare the continuous results since there were not

available data in the literature.
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4.3.3 Extraction and visualization of nuclei produced by batch and con-
tinuous

After the analysis has been completed, the nuclei have been extracted and they

can be analysed individually. In order to study the shape and improving the

visualisation, the images 4.16 and 4.17 are not in scale, however, all the proper-

ties of the represented nuclei are included in table 4.3.

The nucleus of the HSWG is a very dense oblate spheroid located in the centre
whose volume constitutes 98% of the total volume of the granule with a radio of

4.66 mm (figure 4.16).

Figure 4.16. Batch nuclei granule (Number 3503).

In the case of the TSG granule, three of the main nuclei have been extracted
(Figure 4.17 a, b and c¢) where they showed an irregular hemispherical shape

with some plane edges.
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Figure 4.17. Largest nuclei reconstruction for a continuous granule. a) Number 23119 b)
number 21661 ¢) number 4740

Table 4.3. Properties of the nucleus

EQPC Volume Volume/Volume Surface
Number
(um) (um?) total (%) area
23129 156.75 6.31 x 10° 3.79 8.14 x 10°
4740 147.42 5.25 x 10° 3.16 8.14 x 10°
25116 146.67 4.89 x 10° 3.10 1.80 x 107

A junction of two nucleus is shown in figure 4.18 where they have two points of

connection. On figure 4.17b five nuclei were reconstructed together showing that

they are not specifically located in the centre of the granule and they are in a

more external position.
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Figure 4.18. Nuclei reconstruction for a continuous granule: 2 nuclei a) 5 nuclei b)

4.3.4 Analysis of continuous granule nuclei
The HSWG nucleus have been largely studied in literature (Agrawal and Naveen,
2011, Hapgood, 2000) and as it was expected for a-lactose monohydrate, it has

a spherical shape.
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PSD comparison of granules obtained by HGSW
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Figure 4.19. Particle size distribution comparison between HSWG granules

On the other side, granules obtained by TSG have a different inner structure
with a greatest number of smaller clusters and some relatively large clusters. In
Figure 4.20, a set of continuous granules was analysed and the results were over-
laid. The particle size distribution was calculated (Figure 4.21) showing that
there is not a predominant class of clusters and there the TSG granule would be

formed by a mixture of sizes.
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Comparison between three granules
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Figure 4.20. Relative size of three TSG analysed granules
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Figure 4.21.PSD for three granules
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These differences between both granulators can be explained from the differences
between TSG and HSWG. In HSWG, large drops fell discontinuously in the
layer of powder in constant centrifugal movement penetrating the surface and
producing one unique nucleus. This nucleus was layered with powder and it
continued growing until there is not more available binder. In this type of gran-
ulator, all the mechanisms occur simultaneously in certain locations. In TSG,
the mechanisms are more likely to be produced along the length of the granula-
tor. In this case, the dry powder will be moving constantly depending of the
ongoing internal stress produced by the torque velocity. Although the addition
of liquid is done in drops, those drops does fall over moving powder rather than
a layer. Therefore, nuclei in this case are relatively smaller with low density
agreeing with the difference between batch and continuous mechanisms ex-
plained in the literature (Verstraeten et al., 2017). In this case, the granules
were obtained at conditions of high homogeneity of particle size distribution and
low channel fill which maximise the interaction between liquid and solid i.e. the

powder wetting.

4.3.4 Modification of the code to the selective extraction of nucleus
One modified version of the previous algorithm was adapted to increase the

computational speed. This version will be used in those cases that the particle
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size distribution is not required and the algorithm is only used to reconstruct
the nucleus. In this case, as soon as a particle is classified as fine (<40 um) is
erased. Ignore all the fines reduces significantly the amount of particles to be
treated. In figure 4.22, one granule was analysed for both methods obtaining a
good agreement with the largest granules and reducing the memory necessary

for doing the analysis significantly.

Comparison between using original and modified algorithm
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Figure 4.22. Comparison between original and modified algorithm.
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4.4. Conclusions

The inner structure of granules requires to be analysed in order to understand
the effect on the nuclei morphology depending of the applied granulation condi-
tions. However, there was not a successful technique to study only partial areas
of a set of X-ray computed tomography images and specifically with irregular
shapes. The development of an algorithm able to segment granules depending
on the decided bond length will lead improved exploration and understanding of

different types of structures in a further level.

The described algorithm in this chapter is able to recognise and extract individ-
ual clusters from image stacks and perform further calculations to classify them.
All the different operations such as contrast enhancement, segmentation and
reconstruction were visually optimised since there is not any statistical analysis
available to compare with other possible methods. They were successfully com-
bined to allow the tracking of regions. The recognition and tracing of regions
with irregular shapes has been possible applying mathematical geometric con-
cepts which address all the possible situations that the areas of interest could
undergo. Furthermore, the reconstruction of individual nuclei allowed visualisa-
tion and comparison the specific morphologies of granules obtained. The poten-

tial of the methodology was demonstrated from the study of granules obtained
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by different methods (TSG and HSWG) showing high differences in terms of
number, morphology, relative size and density between systems. The application
of this method will lead to consider the internal morphology of the granule as an
extra parameter to consider during the study of granulation and it will be con-

sidered in further research.
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Chapter 5

Effect of static drying temperature on internal granular

modifications

5.1 Introduction

The drying of materials is frequently the subsequent operation after granulation
(Kleinebudde et al., 2017). Although the operation in itself can be an essential
part of the manufacturing process and can be employed to understand and con-
trol the liquid and solid relationship in the granule. Liquid to solid ratio has

been recognised as one of the most influential parameters during TSG for the
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growth of the granule (Verstraeten et al., 2017), having a direct influence on
strength and size of the granule (Nieuwmeyer et al., 2007a, Nieuwmeyer et al.,
2007b). There are few examples of L/S study as function of its properties such
as viscosity, surface tension or liquid/solid ratio (Dhenge et al., 2012b, Dhenge
et al., 2013) and the dynamic character of the liquid bridge (Nieuwmeyer et al.,
2007b). Since strong solid bridges develop from liquid bridges during the drying
step, in this study different rates of drying were investigated by varying the
temperature between -20°C and 80°C for a-lactose monohydrate and water gran-
ules. Within this range, five temperatures were chosen to ensure sufficient dif-
ferences in the properties of the liquid. The ratio of liquid to solid was confirmed
by a moisture analyser and the full drying of the granules was confirmed meas-
uring the differences in weight before and after the degassing of the samples.
The degassing is made under vacuum conditions which produce the release of
loosely bound water at low temperatures that reduces the damaging of the sam-
ples (Quantachrome Instruments, 2009). The granules were analysed by differ-
ential scanning calorimetry to discard changes in the crystalline structure. The
internal changes were studied by the comparison of the surface area as well as
the assessment of the morphology of different nuclei of granules dried at different

temperatures.
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5.2 Materials and methods

5.2.1 Materials

a --Lactose monohydrate (PubChem CID: 24896349 ) with 99% total lactose
basis (GC) (Sigma-Aldrich Company Ltd., Dorset, United Kingdom) was used
as granulation powder and distilled water (EMD Millipore™ Pure Water Reser-

voirs, Millipore SAS, Mosheim, France) was added as granulation liquid.

5.2.2 Production of granules

In order to produce granules, same setup than the described in section 3.2.2.
The TSG was operating at 75 rpm in combination with the gravimetric feeder
operating at 0.15 kg/h. The addition of liquid was made at three L/S ratios 0.1,
0.13 and 0.16. Four independent separate experiments of each L/S ratio were
performed. In order to ensure continuous behaviour was reached and maintained
during each experiment, particle size stability tests were performed during each

run by collecting five samples for analysis.

5.2.2 Static drying

The granule samples were air dried at five different temperatures (-18 °C, 2°C,
20 °C, 50 °C and 80 °C) to obtain different rates of drying. The temperatures
were selected depending of the equipment available to ensure sufficient difference

between the drying rates. The samples were not disturbed during the required
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time to ensure that the modifications in the internal structure were only due to
the evaporation of water. The summary of experiments is shown in Table 5.1
where n corresponds to the number of repetitions of the four independent sepa-
rate experiments of each L/S ratios. Drying temperatures were identified with
letters in order of reducing possible mislabelling during experimentation and they

have not physical meaning.

The coldest temperature (-18 + 2 °C (TB)) was obtained using a freezer (Labcold
RLVF14201, Labcold Ltd, Hampshire, United Kingdom) where the samples were
stored for over two weeks due to the slow drying process. The second coldest
temperature (2 + 1°C (TFC)) was obtained using a fridge (LEC essenChill
BRS50W, Glen Dimplex Home, Prescot, United Kingdom) where the samples
were stored over a week which was found empirically sufficient to ensure full
drying. One drying was performed at room temperature (20 + 2 °C (TA)) was
measured each 12 hours with a thermometer and kept overnight. The hottest
temperatures (50 = 1 °C (TOW)) and 80+ 2 °C (TOR)) and fastest drying rates
were performed in an oven (Memmert UNB100, Memmert GmbH + Co. KG,

Schwabach, Germany) and removed after two hours.
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Table 5.1. Summary of experiments

Temperature (°C)
-18.95 2 20 50 80
L/S=0.10 TBn2 TFCn2 TAn2 TOWn2 TORN2
L/S=0.13 TBn3 TFCn3 TAn3 TOWn3 TORn3
L/S=0.16 TBn4 TFCn4 TAn4 TOWn4 TORn4

5.2.3 Analysis of granules

Multiple analysis was performed to the granules. However, the total number of
samples used to perform each analysis varied depending on the type of analysis.
For instance, particle size distribution was analysed five times (m=5) for each
round (n=4) and therefore, twenty samples were used to find the average diam-
eter for each liquid-to-solid ratio. They can be calculated from figure 5.1 by
multiplying the number of repetitions (n) by the number of samples used to

perform the analysis (m).
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Figure 5.1. Organigram of the sample analysis. n=number of repetitions, t=number of

temperatures analysed, m=number of samples used for one single analysis.
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5.2.3.1. Offline granules size analysis

The analysis of the particle size distribution was performed following the same
procedure described in section 3.2.3. In order to compare if the PSDs are equiv-
alent, ANOVA with Homogeneity of Variance Brown—Forsythe test was per-
formed at 0.05 level in Origin 2018 (OriginLab, Northampton, Massachusetts,
United States). This test is recommended for samples with data size over 20,
regardless the shape of the population (Wang et al., 2017). The comparison was
performed between samples obtained from the same experiment and for samples

obtained at the same L/S ratio.

5.2.3.2 Thermal analysis

Differential Scanning Calorimetry (DSC) and thermogravimetric analysis (TGA)
were carried out simultaneously using a Netzsch STA449 F1 Jupiter (NETZSCH-
Gerédtebau GmbH, Wolverhampton, West Midlands, UK). The samples were
prepared by weighing the pans before and after loading the granules with an
average sample weight of 5.5 mg. Analysis was carried out for all the samples
after full drying over a range of 20 ° C to 250 ° C and at a 5 °C/min heating rate.
From this analysis it is possible to extract if the samples of a-lactose monohy-
drate experienced any modification in its crystalline structure and discarding any

polymorphism change in the samples e.g. from a to B or amorphous forms. The
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amorphous form of lactose is identified as exothermic peak at 167°C, which will
recrystallize into a-Lactose monohydrate and B-Lactose monohydrate as endo-
thermic peaks at 210 and 216 °C respectively. However, 100% a-Lactose mono-
hydrate in powder will present two endothermic peaks, one within 130-160°C
associated with the loss crystalline water and one at 213 °C associated with the
a-Lactose monohydrate (Gombas et al., 2002). As the peaks are very dependent
on the crystallinity of the compound, a-Lactose monohydrate in powder prior to

granulate was analysed as a reference.

5.2.3.3 Surface area

The characterisation of the surface of the granules was performed by gas sorption
(Autosorb 1Q Model 6, Quantachrome Instruments, Florida,United States). All
the samples were pre-treated by prior outgassing at 40 °C for 150 minutes in
which the residual humidity after drying will be removed. Also, the full drying
of the sample was confirmed in this step by the measurement of the weight before
and after the treatment. The cell types used were 9 mm with rod which were
transferred to the physisorption camera. The void volume was measured at the
beginning of each run with Helium. The adsorbate gas chosen was Nitrogen at
77.35 K and 41 points were selected for producing both adsorption and desorp-

tion isotherms. The data was analysed by the Non-Local Density Functional
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Theory method (NLDFT) with calculation model of N; at 77 K on carbon (slit
pore). In order to compare if each set of experiments was significantly equiva-
lent, One Sample Wilcoxon Signed Rank Test was performed at 0.05 level in

Origin 2018 (OriginLab, Northampton, Massachusetts, United States).

5.2.3.4. Water content

In order to study the evolution of the water content of the granules, the moisture
was analysed both before and after drying. A moisture analyser (MA37-1, Sar-
torius Lab Instruments GmbH & Co. KG, Goettingen, Germany) was used im-
mediately after granulation. The samples were placed in a metal tray preheated
at 50°C and they were left at constant heat until the variations of weight were
negligible (minor to 0.01% variation of the weight). After the drying occurred,
the water content was analysed by degassing. The equilibrium humidity which
will be evaporated during the degassing of the material can be quantified meas-
uring the weight before and after the analysis. The results will be compared

with the original L/S ratio used.

5.2.3.5 X-ray computerised tomography
Granules were analysed using a multiscale X-ray nano computer tomography
(NanoCT; SKYSCAN 2211D, Bruker LTD, Coventry, United Kingdom). This

non-destructive technique generates three-dimensional density profiles inside
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opaque objects. Therefore, it will provide a reconstruction of internal micro-
structure of the granules as well as images of the all the individual slices of the
granule. Nuclei analysis was performed in order to compare the relationship
between surface area and internal granular structure depending on the drying
and the L/S ratio. In order to perform this analysis, the technique described in
chapter 4 will be used for 3 samples embedded in a subset of 1000 images where

the main nuclei will be extracted and compared.

5.2.4 Tablets analysis

The impact of the drying effect on tabletting was studied by comparing five
samples of each drying temperature for one experiment of L./S=0.16. The tab-
lets were individually produced in a single punch machine (XP1, KORSCH AG,
Berlin, Germany) with a die diameter of 9 mm and a circular flat face. The
hardness and height of the tablets was measured using a manual tablet-tester
(HC 6.2, Kraemer Elektronik Gmbh, Darmstadt, Germany). The final weight
was measured with a mass balance (Sartorius Quintix 125D-1S,; Sartorious,
Goettingen, Germany). The strength of the tablets (o) was determined by equa-

tion 5.1 (Fell and Newton, 1970).

_ 2 * Fapplied
T * D * Ttablet

Eq. 5.1
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Where o the tensile stress of the tablet, F.ypiea is the applied load, D is the tablet

diameter which is determined by the die, T is the tablet thickness.
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5.3. Results

5.3.1 Effect of the L/S ratio on the granules size

In order to study the effect of the L/S ratio, five samples were taken for each
repetition and dried at room temperature, the average size for each L/S ratio
was calculated as the average of the diameter for all the experiments. An in-
crease in volumetric mean diameter of the granules is observed when the L/S
increases which agrees with the results found in the literature. El Hagrasy et al.
found an increase of dsy from 500 pm to 1500 pm for an increment of 0.1 in the
L/S ratio for a blend with 73.5% lactose (El Hagrasy et al., 2013b). At
L/S=0.10, the granules of a-lactose monohydrate have an average size of 458.43
+ 16.46 pm. The granules at L/S= 0.13 were 725.08 £ 92.25 pm and at
L/S=0.16, they were 956.73 £+ 95.63 pum. The results of the ANOVA test are

included in the appendix c.

5.3.2 Effect of the L/S ratio on the nuclei size

X-ray images were analysed using the algorithm described in chapter 4 for a set
of 1000 images which contained at least 3-4 granules for each L/S ratio at one
single temperature. It was found that actually the PSDs of the clusters (figure
5.2) have a peak under 40 um for all the L/S ratios. In chapter 4, it was found

that the raw lactose powder has an average size under 40 um and therefore, this
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peak corresponds with original lactose particles. In figure 5.2, it can be observed
that after 100 um, the peak increases significantly when the L/S ratio increases
e.g. there is an increment in higher nuclei and a decrease in amount of raw

lactose which seems to not be granulated.

PSD clusters comparison of granules obtained at three different L/S ratio

0.6 ——1,/5=0.10
——1./S=0.13

L/S=0.16
0.4

Deusity distribution

0.3

0.1

1 10 100 1000

Nuclei diamater size (pu)

Figure 5.2. Comparison of the PSDs of the clusters at different L/S ratio

5.3.3 Thermal analysis

Since lactose aqueous bridges of o -lactose monohydrate consist of a mixture of
a-lactose monohydrate and anhydrous B-lactose (Farber et al., 2003), the
change of any possible crystalline structure from the raw material was studied

by DSC. a-Lactose monohydrate in powder prior to granulation (Figure 5.3)
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was analysed obtaining two main endothermic events. The first one is at endo-
thermic peak at 146.6 + 0.1 °C which is within 130-160°C associated with the
loss crystalline water. The second one corresponds with a-Lactose monohydrate
which was expected to be an endothermic peak at 214 °C (Gombas et al., 2002)
and for this raw material corresponds with 214.95 + 0.45 °C. There is an extra
exothermic around 175 °C which is likely to correspond with the impurities of
the raw material stated on the product specification sheet of the material. A
sample of each L/S dried at different temperatures was analysed (Figure 5.4,
Figure 5.5 and Figure 5.6). Due to the similarity between both powder and
granules, it was concluded that the granules are formed by a-lactose monohy-

drate.

0~ T €X0
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T
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Figure 5.3. DSC of the raw a-Lactose monohydrate powder
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Figure 5.4.DSC for L/S=0.10 at five different drying temperatures
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Figure 5.5.DSC for L/S=0.13 at four different drying temperatures
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Figure 5.6.DSC for L/S=0.16 at four different drying temperatures
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5.3.4 Water content

The water content of the samples was studied to ensure that the samples L/S
targeted was achieved. In figure 5.8, the water content obtained with the mois-
ture analyser is very similar to the L/S targeted. In order to ensure that the
drying had been completed, the weight was measured before and after the de-
gassing associated with surface area measurement. In this operation, the gran-
ules will release any water which is not chemically attached and therefore, if the
granules were not fully dried, the water will be released in this stage. However,
the difference in weight was always minor, 0.5% in weight, which indicates that

the drying was complete at all different temperatures.

Water content evolution
=02
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o 018 0.160
£
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® 0.14 0.150
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as 5 T 0125
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E 0 0.06
0
0.02
0.00 00002
L/S Moisture Analvser Degassing
—4—[/S=0.10 —e—1/S=0.13 L/5=0.16

Figure 5.7. Water content analysis
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5.3.5 Effect on the surface analysis depending on the drying temperature
The surface analysis study requires the preliminary analysis of the isotherm sorp-
tion curves which are provided in figure 5.9. All the isotherms at different ratios
of L/S and temperatures correspond to a type III according to IUPAC classifi-
cation (Sing, 1985), which is confirmed by the X -representation of the isotherms.
These types of isotherms don’t exhibit a point B which is often taken as an
indicator of the end of the monolayer coverage and start of multilayer coverage.
These curves are associated with materials which are microporous and have a
low energy of adsorption. However, the X -representations of the isotherms
shows a multiplane adsorption that is not due to the presence of multiple species
or contamination since the STA-TG results show that the only component in
the samples are o -lactose monohydrate and water and it could therefore be due
to the presence of microporosity (Condon, 2006, Sing, 1985). These types of
graphs can be analysed by the Non-Local Density Functional Theory method
(NLDFT) with calculation model of Ny at 77 K on carbon (slit pore). Physisorp-

tion isotherms for all the temperatures analysed are included in the appendix d.
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Physisorption isotherms
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Figure 5.8.Physorption and X-representation isotherms of the granules of a-lactose mono-
hydrate at different L/S ratios dried at 20 °C

The surface area is presented in figures 5.9, 5.10 and 5.11 for the three L/S

ratios. Independently of the L/S ratio, the cumulative surface area shows dif-

ferences depending on the drying temperature and the average trend is the same

at all the L/S ratios. Error bars for -18°C at L/S=0.10 and L/S=0.13 are rela-

tively larger compared with the rest. However, this variance is due to two sam-

ples which although dried at the same time are remarkable different to the rest

of the samples. One Sample Wilcoxon Signed Rank Test was performed for each
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set of experiments which confirmed that each set of experiments was significantly

equivalent and it can be found in appendix e.
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Figure 5.9. Surface area of granules of @-lactose monohydrate at L/S=0.10 ratio dried at

different temperatures (n=4, error bars= standard deviation)

141



Chapter 5. Internal granular modifications depending of the drying static temperature

L/S=0.13
0.45

0.40

:'-,0.35 B
o ]

Cumulative surface (m
o o o o o o
o — - IS o w
(431 o ()] o (6] o
1 1 1 1 1 1

0.00 -

20 nm 40nm 200 nm Total
Pore width

so%c

Il -i1s°C
B 2°C

I 20°C
[ 50°C

Figure 5. 10 .Surface area of granules of a-lactose monohydrate at L./S=0.13 ratio dried at

different temperatures (n=4, error bars= standard deviation)
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Figure 5.11. Surface area of granules of a-lactose monohydrate at L/S=0.16 ratio dried at

different temperatures (n=4, error bars= standard deviation)
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This type of change corresponds to the typical behaviour when the drying mech-
anism is governed by capillarity (Richardson and Coulson, 2002). At tempera-
tures over 0 °C, the forces controlling the movement of water are capillary which
can modify the porosity and the morphology of the granule since the water is
removed depending on the suction potential produced by the liquid. However,
under 0 °C, there is not capillary movement since water is frozen and the mois-
ture from the granule will be removed by vapour diffusion i.e. the granule does
not experience great porosity modifications (Richardson and Coulson, 2002).
The surface areas were compared for the three L /S ratios at the different tem-
peratures over 0 °C since they have same drying mechanism (Figure 5.12, 5.13,
5.14 and 5.15). For all the temperatures the surface area decreases when the
L/S increases, which was already reported in the literature for @-lactose mono-
hydrate where the porosity of the granules decreased by half with an increment
of L./S ratio of 0.3 for blend with 73.5% lactose composition (El Hagrasy et al.,
2013a). However, it was observed that the difference between the three L/S
ratios is remarkable depending on the drying temperature. The lowest L/S ratio
has been less influenced by the drying temperature than the higher ratio. For
the L/S=0.16, a change in temperature produces a decrease of the surface area

of over 25% when for the L/S=0.10 the change was under 9%.

143



Chapter 5. Internal granular modifications depending of the drying static temperature
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Figure 5.12. Surface area of granules of a-lactose monohydrate dried at 2°C (n=4, error

bars= standard deviation)
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Figure 5.13.Surface area of granules of a-lactose monohydrate dried at 20°C (n=4, error

bars= standard deviation)
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Figure 5.14. Surface area of granules of a-lactose monohydrate dried at 50°C (n=4, error
bars= standard deviation)
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Figure 5.15. Surface area of granules of a-lactose monohydrate dried at 80°C (n=4, error
bars= standard deviation)
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The negative pressure of a pore containing water which will drive the liquid to
rise is known as capillary force and is given by equation 5.2 (Richardson and

Coulson, 2002).

Eq 5.2
r'pg a9

Where o is the surface tension, p is the density of the liquid and r’ is the radius
of the particle which was assumed constant in this case. Since, the only variables
which change depending on the temperature are density and surface tension, in
figure 5.13, the surface area was plotted versus the ratio between surface tension
and the density of the water for temperatures over 0°C. Since under 0°C, drying
is not produced by this mechanism, -20°C results will not be included. There is
a good linearity between both parameters in figure 5.16 and the slope increases
when the L/S increases i.e. the size of the granules increases. Also, at higher
temperatures, the differences between L/S is less pronounced than at lower tem-
peratures where the drying is very slow which seems to indicate than at higher
temperatures this phenomenon is less prevalent than for lower temperatures

which has not been reported in the literature.

146



Chapter 5. Internal granular modifications depending of the drying static temperature

6/p vs Surface area L/$=0.10
045 - v = 4116.2x + 0.0967
R2 = 0.9567

S 04 | L/$=0.13
> v = 6261.3x - 0.0757
G R? = 0.9227
I
; 0.35 - L/S=0.16
o ¥ = 7622.1x- 0.1032
& R2 = 0.9971
-} .
a 03

0.25 T T T T 1

6.25E-05 6.50E-05 6.75E-05 7.00E-05 7.25E-05 7.50E-05 7.75E-05

o (N/m) /p (kg/m3)

¢ L/S=0.10 o L/S=0.13 = L/S=0.16

Figure 5.16. Surface area depending of the surface tension and liquid density ratio of water.

Although figure 5.16 helps to understand the changes of porosity at different
temperatures, it is not possible to calculate the suction potential from this equa-
tion which assumes a systematic packing of uniform spherical particles. As it
was seen in chapter 4, the nucleus composing the granules of a-lactose monohy-
drate in TSG are not arranged in uniform packing and the components of the

full structure are far from being perfect spheres.

5.3.6 Effect on the tabletting depending on the drying temperature

The tensile strength of the tablets was calculated using equation 5.1. Tensile
strength does not show any direct relationship with the surface area for the L/S
studied (Figure 5.17a) nor the temperature were the results were not significantly

different (Figure 5.17b). However, it was noticed that between 20°C and 80 °C
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there is an increase of the tablet strength depending on the increase of tempera-

ture which would require further investigation.
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Figure 5.17. Tensile strength versus a) Surface area and b) temperature for L/S=0.16

148



Chapter 5. Internal granular modifications depending of the drying static temperature

5.4. Conclusions

The static drying of granules at different temperatures produced at three L/S
ratios was used to improve the understanding of liquid bonding. After discarding
any polymorphic events during the drying, it was concluded that drying temper-
ature had an important role in the final surface area of the granules. Since
surface area has a critical importance during tableting (Berggren and Alderborn,
2001), it is very important to ensure that the characteristics obtained in granu-
lation are not modified due to the drying process. The effect of no controlling
this parameter could potentially produce misleading results in research and lack

of uniformity in industry.

In addition, it was observed that the increase of the L/S ratio has a determinant
effect in the growth of the granule, doubling the size of the granules and reducing
the porosity when there is an increase in the liquid-to-solid ratio. This results
agrees with those found in the literature (El Hagrasy et al., 2013b). However,
it was found that in the case of the surface area, the decrease of the surface area
depends also on the temperature of drying which has not been reported in the
literature before. Furthermore, the drying temperature reduces drastically the
differences between liquid-to-solid ratio since at 2°C the difference between 0.10

and 0.16 was 0.025 m?/g and at 80 °C was 0.091 m?/g.
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When the effect of the L/S on the nuclei was studied it was found that there
were not remarkable differences in the maximum size achieved which was never
over 200 um. Nevertheless, an increase in the height of the peak of the particle
size between 100-200 um was found. This seems to indicate that the granules
grow by coalescence of the nuclei and the final size of the granule depends on
the amount of nuclei which have bonded together. This results agrees with
Verstraeten et al. who stated that at higher L/S ratio, the bimodality is reduced
obtaining larger granules (Verstraeten et al., 2017). Nevertheless, the effect of
varying the temperature of drying on the tablets was not conclusive and further

study will be required.
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Chapter 6

Determination of the internal forces depending of the

channel fill level

6.1 Introduction

Despite of the potential of channel fill as a design tool, there is not an extensive
knowledge base indicating how the increase of channel fill affects the process
within the TSG. Some studies have already suggested there is inner variations
due to the change in shape of the granules. High channel fills are associated

with more spherical products and low channel fills are more likely to produce
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elongated granules (Dhenge et al., 2011, Gorringe et al., 2017). The reported
changes in granule morphology seems to indicate that changes in the local forces
inside the granulator are occurring, however, there are few examples of quanti-
tative study of the mechanical stresses in the screw elements. Traditionally, the
stresses experienced by the granules in the TSG have been calculated at a global
level as direct function of the torque applied by the granulator(Dhenge et al.,

2012b) or as function of the screw speed (Lute et al., 2018).

The local stress applied to the granules can be measured directly by the use of
microencapsulated sensor particles (CAMES), calibrated to rupture at specific
critical stress levels releasing a dye which can be measured spectrophotometri-
cally. Therefore, it is possible to have an accurate measurement of the total
stresses which a sample has been exposed during its production. These stress
sensitive beads have already been used before in continuous extrusion obtaining
insight into the stress history of a twin screw extruder (Bigio et al., 2011, Pappas
et al., 2012). These microencapsulated sensors are sized equivalent to the powder

input so they provide information at the correct scale of scrutiny.

In this chapter, the applicability of the channel fill fraction to the 11 mm TSG

as well as the transferability of the microencapsulated sensors measurement from
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extrusion to granulation has been studied. In addition, it will establish the re-
lationship between the stress experienced by the granules at different channel

fills and torque requirements.
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6.2 Materials and methods

6.2.1 Materials

6.2.1.1 Granulation

The powder formulation contained 73.5% w/w lactose monohydrate (PubChem
CID: 104938, Pharmatose 200,DFE Pharma, IMCD UK Ltd, Sutton, Surrey,
United Kingdom), 20% w/w microcrystalline cellulose (PubChem CID:
14055602, Avicel PH101, Sigma-Aldrich Company Ltd., Dorset, England), 5%
w/w hypromellose (PubChem CID: 57503849,Pharmacoat 603, Shin-Etsu Chem-
ical Co. Ltd, Wiesbaden, Germany) and 1.5% w/w croscarmellose sodium (Pub-
Chem CID: 6328154, Ac-Di-Sol, Danisco, Copenhagen, Denmark). The formu-
lation was blended in batches of 5 kg in a 15L blender bin for 10 minutes at 17
rpm in an Agiblend AB015 (Pharmatech, Coleshill, United Kingdom). Granu-
lating liquid was distilled water (EMD Millipore™ Pure Water Reservoirs, Mil-
lipore SAS, Mosheim, France) which was maintained at a liquid-to-solid ratio of
17.5% in weight. The volumetric mean diameter of the formulation was 71.54

4 m with a homogeneity of the PSD of 69.9% .
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6.2.1.2. Mechanical stress measurement

In order to measure the local mechanical stress, microencapsulated chemical sen-
sors (Lot 9-13-553CAMES™, Mach I, Inc.,Pennsylvania, USA) were used. These
microcapsules (diameter < 44 pm) contain an organic UV detectable blue dye in
xylene encapsulated in a polymeric sphere with rupture determined by the ap-
plied shear stresses (Condo and Kosowski, 1991). In this case, the rupture and
shear stress are related linearly in a range of 231.75 to 1224.25 kPa (0-100%
breakage). The blue dye is an anthraquinone (Automate™ Blue 8AHF, Key-
stone Inc, Chicago, USA) which is fully soluble in IPA (2-Propanol, 299.8%,
HiPerSolv CHROMANORM® for HPLC, VWR International Limited, Lutter-
worth, United Kingdom) with Amax of 645.77 nm. The sensors were added to
125 g batches of the formulation in a proportion of 0.53% w/w and mixed in 5 1

blender at 3 rpm for 40 min.
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Figure 6.1 CAMES calibration (provided by the manufacturer)

6.2.2 Granulation experiments

The experiments were carried out using both a Thermofisher Pharma 11 mm
Twin Screw Granulator (Process 11, 40:1 L/D, Thermo Fisher Scientific, Karls-
ruhe, Germany) and a 16 mm Prism Euro Lab Twin Screw Granulator (Process
25:1 L/D, Thermo Fisher Scientific, Karlsruhe, Germany). Both TSGs was fed
via a gravimetric feeder (Brabender Gravimetric feeder DDW-MT, Brabender
Technologie Gmbh & Co. Kg Duisburg, Germany) and the liquid added by a
syringe pump to remain a constant Liquid-to-solid ratio of 0.175 (Harvard Sy-

ringe Pump, Harvard Apparatus UK, Cambridge, United Kingdom). The screw
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configuration consisted of 2 sets of 7 x 0.25D bilobe kneading element (60° for-
ward), 1 set of 3 x 0.25D bilobe kneading element (90°) and the rest conveyors.
Samples for analysis were taken when steady state was reached after 2.5 min.
Afterwards, the samples were dried for 2 h in an oven at 60 °C (Memmert

UNB100, Memmert GmbH + Co. KG, Schwabach, Germany).

The channel fills for the 11mm TSG was studied using the following summary
of experiments which can be found in Figure 6.2 where the points of measure-
ments are represented. The channel fill (®) is calculated using equation 6.1

(Gorringe et al., 2017).

Eq 6.1

Where m is powder flowrate (kg/h), n, is volumetric efficiency of the screw to
convey powder which is assumed 100%, pgis the bulk density (kg/m?), Vris the
conveyor free volume considered 25.04 cm?for the 11mm TSG, S./L is the inverse
of length to diameter ratio of the TSG, i.e. inverse of 40:1 for the 11-mm TSG
and N is the screws velocity (rpm/60). Channel fill fraction was calculated based
in bulk density since the liquid will be absorbed into the voids of bulk powder.

Although, the profile of the parameter is difficult to determine experimentally
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due to changes within the granulator, mean bulk density can be assumed con-

stant for a given liquid to solid ratio, screw configuration and formulation
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Figure 6.2 Summary of experiments for 11mm-TSG

6.2.3. Offline granule size analysis

The analysis of the granule size distribution was performed distribution was per-
formed following the same procedure described in section 3.2.3. In order to
compare if the PSDs are equivalent, two methods were used depending of the
number of experiments carried out for channel fill. For those cases under three
experiments, F-test was used comparing the curves by the variance. When three

or more experiments were carried out, Anova with O’Brien homogeneity of var-

iance assumption which is recommended for those samples whose size is smaller
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than 10 regardless the shape of the population (Wang et al., 2017). Both meth-
ods test if series of measurements carried out under different conditions are sig-
nificantly different (Brandt and Brandt, 2014, Eriksson et al., 2013). All the
analysis was performed using the software Matlab and Statistics Toolbox R2017a
(The MathWorks, Inc., Natick, Massachusetts, United States) using each PSD
as an individual level with a 0.05 level of tolerance. The PSDs were compared
also depending of the screw speed which will have a direct effect in the shear
rate exerted on the powder mass (Lute et al., 2018). Three screw speeds were
compared at three level of differences between channel fills (low: 0.108-0.147),

medium (0.073-0.194) and high (0.046 -0.271).

6.2.4 Calibration of the microencapsulated stress sensors

6.2.4.1 UV calibration

To measure the microencapsulated stress sensor rupture a UV calibration rela-
tionship between absorbance and concentration, covering the possible range of
rupture, was determined with ten systems, prepared gravimetrically (BP211D
Analytical model, Sartorious, Surrey, United Kingdom), between 0-60 ppm by
weight. A concentrated dye provided by the manufacturer (Automate™ Blue
8AHF, Keystone Inc, Chicago, USA) was weighted and dissolved in IPA obtain-

ing three initial stock solutions of 115, 116 and 216 ppm. The dye was fully
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soluble in TPA and it was found to be fully mixed after 10 manual rotations.
The subsequent solutions with concentrations between 0-60 ppmw were prepared
by dissolving a specific volume of stock (Vo) in IPA to reach a final total
volume of 5 ml. The volume of stock required was calculated according to equa-
tion 6.2. The final concentrations were recalculated depending on the exact

weight added in order to increase the accuracy of the calibration.

V.
Vstock = C_

stock

Eq. 6.2

Where Ve is the volume required of the stock solution, Cgoe is the concentra-
tion of the stock solution, V. is the final volume of the solution (5 ml) and the

C. was the final concentration of the solution which varied between 0-60 ppm.

The absorbance was analysed in a UV Spectrometer (Carl Zeiss MCS600, Ober-
kochen, Germany) with off-line cell holder attachment (Fibre-coupled cuvette
holder of 10 mm cuvettes with UV Fiber Optics, Hellma GmbH & Co, Miillheim,
Germany). The calibration was repeated three times with an acceptance crite-

rion of coefficient of regression (R?) over 0.999 (Figure 6.3).
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Figure 6.3. UV calibration of the dye

6.2.4.2 Dye recovery from the granules

To control the formulation interference in the measurement of released dye, the
recovery of dye from both the blend and individual components of the blend was
determined, by mixing 10 ml of a 60 ppm by weight dye-IPA solutions with the
blend and each individual component in the same proportion as the formulation.
Filtration was performed using a sample processing manifold (Biotage® VacMas-
ter™ 10, Biotage, Uppsala, Sweden) using syringe isolute single fritter reservoir
filter 70 ml 5um (Biotage, Uppsala, Sweden) with smaller pore diameter than
the d10 of the individual component’s particle size. Afterwards, monitored vac-
uum was applied by a vacuum controller (BUCHI™ V-850, BUCHI Labortech-
nik AG, Flawil, Switzerland). The dye solution recovered was analysed measur-

ing the absorbance at the same wavelength of the UV calibration (645.77 nm).
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After filtration dye recovery was between 98-101% which is inside of the variance
range of the UV spectrometer and let us conclude that released dye can be fully

recovered from the materials.

6.2.4.3 Breakage of the microencapsulated stress sensors

The shear stress which produces sensor rupture is calibrated for each lot by the
manufacturer and the relationship between the shear stress and the percentage
of rupture was shown to be linear. The proportional rupture under certain shear
stress was qualitatively confirmed by the use of shear cell rotor-stator integrated
with a microscopic stage (Leica Microsystems (UK) Ltd, Milton Keynes, United
Kingdom) visualising the rupture of the microencapsulated sensors with <44 pm.
The stage was adjusted to a gap distance between the rotor and stator discs to
match the mean size of the sensors and spinning speeds range of 0.01 to 5 rad /
sec. In figure 6.4, the shear stress over the sensors was increased by the incre-
ment of the velocity of the rotor. As was expected, the microencapsulated sen-

sors break as the shear stress increases.
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Figure 6.4. Microscopic images of the microencapsulated sensors breakage in the shear cell.
a) 0.01 b) 0.1 ¢) 1 d) 5 rad/sec.

In addition to determine quantitatively the absorbance of 100% sensor rupture
the sensors were mixed with the blend in 0.53% w/w proportion and compressed
in a manual hydraulic press (Specac Ltd., Orpington, United Kingdom) with a
die of 0.8 cm applying a force over 7000 kPa, which is higher than the maximum
value indicated by the manufacturer. The fully broken capsules and the released
dye were dissolved in IPA, filtered and their absorbance was analysed in UV.
Five samples from different batches were analysed providing a concentration of

547.38 £+ 69.73 ppm,, for the fully broken microencapsulated sensors.

The granules obtained from the TSG were dissolved in 4-10 ml of IPA, filtered
and the absorbance was measured in the UV. The amount of IPA varied in
order to optimise the washing of the filter. The concentration was calculated
using the dye-IPA calibration. Concentrations were standardised using equation

6.3 depending of the exact amount of IPA and filtered solid. Afterwards, stand-
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ardised concentration was divided by the concentration given from a 100% rup-
ture according to equation 6.4. From that value is possible to calculate the shear
stress using equation 6.5 which was provided by the manufacturer (MACH I Inc,

Pensilvania, United States).

Coq = Ci % Eq. 6.3

B (%) = Eq.6.4
C100%

O cames(kPa) = 9.925 B (%) + 231.75 Eq. 6.5

where C.q is the standardised concentration (ppm), C;i is the concentration cal-
culated from the absorbance (ppm), m; is the mass of the sample (g), Vi is the
volume of the sample (ml), B is the percentage of broken sensors (%), Cioy is
the concentration when 100% of the sensors are broken, ocames (kPa) is the shear

stress calculated by the CAMES..

6.2.5 Relationship between shear forces and channel fill in granulation

Eight replicate granulations with microencapsulated sensors and ten replicate
granulations without them were carried out in the 11 mm TSG with a constant
feed rate and L/S ratio but by varying the screw velocity between 40-400 rpm
(Table 6.1) in order to vary the torque as calculated by the equipment software.

In addition, the same conditions were reproduced without liquid addition to
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study the effect of the granulation process on the torque. The results were

compared with both torque and specific mechanical energy for the granulations

without the microencapsulated sensors. Three repetitions were carried out for

all the experiments with only formulation and one repetition carried out with

microencapsulated sensors. In addition, three different conditions at the same

high channel fill were studied to investigate the variability of the specific me-

chanical energy at same channel fill.

Table 6.1 Summary of channel fill and shear stress relationship experiments with (w/)

and without (w/o) microencapsulated sensors.

Torque velocity | Feed rate L/S P Microencapsulated sensors
(rpm) (kg/hr)
400 0.5 0.175 0.068 w/-w/o
350 0.5 0.175 0.078 w/-w/o
300 0.5 0.175 0.091 w/o
250 0.5 0.175 0.110 w/-w/o
200 0.4 0.175 0.137 w/o
150 0.5 0.175 0.183 w/-w/o
100 0.5 0.175 0.274 w/-w/o
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80 0.5 0.175 | 0.342 w/-w/o
60 0.5 0.175 | 0.457 w/-w/o
40 0.5 0.175 | 0.685 w/-w/o

In addition, the granulations with microencapsulated sensors were used to com-
pare the specific mechanical energy with total shear forces experienced by the
granules. Samples of 0.5 g after reaching steady state were taken and analysed
by the method explained in the previous section. The specific mechanical energy
of the granulation was calculated by applying equation 6.6. (Dhenge et al., 2013,
Godavarti and Karwe, 1997).

Tx*N
F

SME=

Eq.6.6

where SME is the specific mechanical energy (kJ/kg), T is the motor torque of
the TSG (N -m), N is the screws velocity (rpm) and F is the feed rate of the

powder (kg/min).

To study the relationship between local stress and channel fill, three channel fills
were selected (low: 0.073, medium: 0.146 and high: 0.270) at two different veloc-
ities: 150 and 400 rpm (Table 6.2). In order to isolate the impact of granulation

from the conveyor transport of the powder, samples of 2 grams were taken for

166



Chapter 6 Determination of the internal forces depending of the channel fill level

each run at the solid feeder exit and compared with the outlet of twin-screw

granulation before and after the binder addition.

Table 6.2 Summary of experiments of channel fill at two different levels and shear stress

relationship.

® Screws velocity (rpm) | Feed rate (kg/hr) L/S
0.073 150 0.2 0.175
0.073 400 0.53 0.175
0.146 150 0.4 0.175
0.146 400 1.06 0.175
0.270 150 0.74 0.175
0.270 400 1.98 0.175
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6.3. Results

6.3.1 Demonstration of 11lmm TSG channel fill scalability

The potential of using channel fill to scale up feed rate was investigated verifying
if this parameter can be used to predict PSDs in the 11-mm TSG. In figure 6.5,
six different channel fills were investigated showing high similarity between their
density distributions along a channel fill line independent of the screw velocity.
The equivalence between the shapes of the PSDs is remarkable at low (® = 0.046
and ® =0.073) and high (P =0.194 and ® =0.271) channel fills where at low
channel fills fines are more prevalent than at high channel fills. One explanation
for this behaviour is that the mean residence time and material hold-up increased
for the same feed rate as function of the channel fill (Gorringe et al., 2017, Lee
et al., 2012) which could reduce the contact between powder and therefore, the

granulation rate.

However, the middle channels show more discrepancies between them. In both
cases (& =0.108 and & =0.147), two of the conditions presented very similar
shapes and one of them was different. In order to compare statistically if the
curves were significantly different, F-test and one way Anova with O’Brien ho-
mogeneity of variance assumption were performed depending on the number of

experiments carried out for channel fill. In all the cases, it was concluded that
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at 0.05 level of tolerance, there were no significant differences between PSDs at

the same channel fill (Table 6.3).

Table 6.3. Statistical analysis performed to the PSDs at different channel fill.

F-test Anova One-way-HOV
Channel F p- B-F sta- df p- Significantly dif-
fill value tistic value ferent
0.046 | 0.749 | 0.693 - - - No
0.073 | 0.755| 0.700 - - - No
0.108 - - 0.491 7 0.827 No
0.147 - - 0.855 7 0.560 No
0.194 1.396 | 0.608 - - - No
0.271 - - 1.3 8 0.304 No

169



Chapter 6 Determination of the internal forces depending of the channel fill level

$=0.046 $=0.073

=440 rpu 0.37 kg/hr —o=300 . 04 ke/he

0% —o— 110 1pu0.58 kel

=e—190 rpm. 0.16 kg/h

Deusity distrinution

0 0 L
1 10 100 1000 10000 1 10 100 1000 o000
WVAID () VD (i

$=0.108 $=0.147

%

0.8

0.6 —e— 110 1, .87 kg/hr = 0.6 ) ~H0 rpu. LI8 kg/he

le

300 tpu, 0,59 ke/he ——300 rpu. 0.8 kg /he

Density d

—o—150 rpun. 0.1 ke/he

Density distrinution

150 tpi. 0.3 ke/he

it

1 10 100 1000 10000

1 10 100 1000 10000 .
VAMD (puny)

VAID ()

$=0.194 $=0.271

—e—315 rpun 156 kg/hr
—o— 140 rpin. 1.56 kg /hr 09 ke/1
202 rpn. 1 kg/hy

Density distrinurion

—o—253 rpn. | ke/hr
Pi ' —o— 113 rpun. 0.56 ke /e

(0] 20 0
| i 100 1000 L0000 1 10 100 1000 10000
YAMD{(pu) VMD (i

Figure 6.5 PSDs depending on the channel fill in the 11mm-TSG

In figure 6.6, the PSDs were compared depending of the screw speed at three
levels of difference of channel fill (A®): low (0.039), medium (0.121) and high
(0.225). In this case, it is possible to observe that PSDs appeared significantly
different at high level of difference of channel fill but this difference was not that

significant when A® was small. F-test statistical analysis was carried out (Table
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6.4) for the PSDs and it confirmed that at low channel fill differences, the vari-
ation of channel fill is not significant. However as A® increases, the difference
in the PSDs increases too reaching a point at high levels of channel fill where
the PSDs are not statistically equivalent anymore. This suggests the inadequacy

of using screw velocity as a design tool to predict PSDs this formulation.
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Figure 6.6. Comparison of PSDs at different screw velocity at three levels of A®.
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Table 6.4.Statistical analysis performed to the PSDs at different screw velocity.

F-test
AD Screw speed F p-value Significantly differ-
ent
0.039¢ 440 0.93 9.27E-1 No
0.0392 300 0.67 6.05E-1 No
0.121 440 2.40 2.71E-1 No
0.225 196 = 6 34.52 4.57TE-6 Yes

6.3.2 Comparison between 11 mm TSG and 16 mm TSG channel fill

In order to compare both scales 11lmm and 16 mm, the same conditions were

reproduced in the 11 mm and 16 mm and analysed both in QICPIC and sieving.

Although they are statically equivalent (Table 6.5), figure 6.6 only shows simi-

larities between both scales at low channel fills and higher discrepancies at high

channel fills. Therefore, further higher channel fills should be analysed before it

can be extrapolated between equipment. These phenomena can be related with

the equipment size difference. In the 11 mm TSG, the barrel depth is 2.2 mm

and in the 16 mm TSG is 3.3 mm which is a physical limitation to the maximum
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possible growth of the granules. Therefore, this parameter requires further in-

vestigation to scale-up.
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Figure 6.7. Comparison between 11 mm and 16 mm TSGs at low, medium and high channel
fills

Table 6.5. Statistical analysis performed to the PSDs at different scale

F-test
® F p-value Significantly different
0.076 1.12 8.83E-1 No
0.150 0.812 8.04E-1 No
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0.190 1.00 9.99E-1 No

0.26 0.87 8.67E-1 No

6.3.4 Relationship between channel fill and torque force

The channel fill effect on the torque required was studied at a constant feed rate
of 0.5kg/h and L/S ratio and varying the screw velocity from 40 to 400 rpm
(Table 6.1). In Fig. 6.8, the force required to both transport the powder with
and without the addition of granulation fluid are presented. The torque neces-
sary to move the powder when granulation and wet transport take place is nearly
double than when only dry powder is transported. This phenomena can be
associated with the changes of density due to the increased presence of formed
granules and the resulting change in powder physical properties interacting with
downstream elements. As well, the torque required at channel fills lower than
0.271 is relatively low in all the cases (<1.5 N - m) increasing slowly (green area).
However, after channel fill 0.271, the torque increases sharply (red-coloured
area). Gorringe et al. demonstrated that the material hold-up and the mean
residence time inside the granulator are linear functions of the channel fill and

increases considerably at low screw speeds (Gorringe et al., 2017). Therefore,
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this change in trend could be an indication that after reaching a certain point,

the material hold-up within the equipment increased sharply at small variations.

Torque depending of the channel fill
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Figure 6.7. Torque depending of channel fill with and without liquid addition (n=number

of repetitions, points=arithmetic mean, error bar= standard deviations)

The specific mechanical energy spent in granulation and wet powder transport
was estimated subtracting the values used for transport of the dry powder from
the values used when liquid was added to the system. Although the transport
of dry and wet powder has not the same efficiency, the SME does not consider
this difference since it is calculated as function of the total amount of material
introduced into the equipment which is constant in this case. Figure 6.9a sug-
gests that initially the specific mechanical energy value used for transport of the
dry powder is higher than the one used for wet powder until it equalises around

a channel fill of 0.18. After that point energy used for wet powder becomes
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predominant until the last channel fill value. This value which corresponds with
the last value possible without producing equipment damage, transport became
predominant again over granulation. The specific mechanical energy used in
granulation does not vary as much as the one required from transport that varies
from 36.8 to 206 kJ/kg. Furthermore, comparing Figure 6.9a and 6.9b shows
that after 0.27 channel fill, although the torque required increases dramatically,

the specific mechanical energy used in granulation is almost constant.
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Torque depending of the channel fill
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Figure 6.9. Predominant event depending on a) Torque and b) Specific mechanical energy
In addition, the specific mechanical energy was studied at channel fill of 0.27

produced by three different conditions (Figure 6.10). It was found that this
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value was not constant depending on the channel fill and it varied highly de-
pending on the torque requirements. However, the large size of the error bars
seems to indicate that the specific mechanical energy has not a constant value
along the same conditions of feed rate and screw velocity. The range variation

of this parameter reduces highly its potential as process design parameter.
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Figure 6.10. Specific mechanical energy at channel fill fraction of 0.272 (n> 90, Error bars

= Standard deviation calculated as function of the standard deviation of the torque).

6.3.5 Effect of the increase of channel fill and torque in the shear stress.
The microencapsulated sensors were used to measure the stress experienced by

the powder at different channel fills. In figure 6.11, three different levels of
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channel fill at two different sets of conditions each (Table 6.2) are presented.
The local stress produced by the transport of the powder through the granulator
without liquid addition was consistently in the range 360-490 kPa which corre-
sponds for 55-70% of the total shear experienced by the formulation during gran-
ulation conditions. This result is consistent with the results obtained in figure
6.7 for no liquid addition where at channel fills up to 0.270, the torque required
did not have great variations (0.49-0.68 Nm) and did not present a linear trend
with channel fill. The breakage of the microsensors in this case is due only to
the transport of the powder through the equipment since no liquid addition was
done at that point. In addition, figure 6.11 suggests that the local stress expe-
rienced in the combined granulation and transport process increases when chan-
nel fill increases within the channel fill range in figure 6.11. As the transport
only data suggest this is not due to transport, this increase would be due only
to granulation which is consistent with the increment in size observed in the
PSDs in figure 6.5. However, with the variability obtained it is not possible to
confirm this trend and it is only possible to conclude that there is a significant

increase in stress due to addition of water to drive the granulation process.

Granulation using a constant feedrate of 0.5 kg/hr and 1./S=0.175 and varying

the screws velocity between 40-400 rpm (Table 6.1) are presented in figure 6.12
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with the local stress plotted against the channel fill with the specific mechanical
energy as labeled. Interestingly the results suggest that granules experience
higher local stresses at a specific range of channel fills and this is not directly
related to overall SME input. The points with highest local stresses align to
transition to exponential torque rise with increased granulation energy but prior

to fully filled barrel.

Nonetheless, it is possible to conclude that all the formulations or powder intro-
duced into the twin screw granulator experienced a total stress between 360 and
1000 kPa. Direct comparisons with the literature is not possible due to the
change of scale and formulation. However, these values are significantly higher
than those found in literature which could be due to the lack of equivalence in
size between the formulation and the sensors (Pradhan et al., 2017a) or the
underestimation of some of the internal forces experienced by the granules from

global estimates (Dhenge et al., 2011).
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Local stress depending of the channel fill
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Figure 6.11. Local shear stress depending of the channel fill produced (points= arithmetic

mean of the two different channel fills, error bars= standard deviation).
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6.4. Conclusions

This chapter verified the applicability of the channel fill fraction to the 11 mm
TSG. Also, it was established that it cannot be applied directly to exchanges in
scale between the 11mm and 16 mm TSG. The similarities between low channel
fills but discrepancies at higher channel fills suggested that the reason is probably
the difference of available space allowing the granules grow bigger in the 16 mm
than in the 11mm. As well as the same channel fills, the stress experienced by
the granules was similar confirming the expectation that granules would have
similar morphological properties. In addition, the applicability of the CAMES
microparticles in granulation was demonstrated offering a novel way to measure
TSG internal stress at a particle scale of scrutiny. It was verified that during
granulation, the powder experienced total stresses in a 360-1000 kPa range which

was relatively higher than expected.

A potential local maximum in local stress was observed that doesn’t align to
high SME input but instead with torque transition caused by channel fill.
Transport of the granules without liquid addition suggested that up to 70% of
the total breakage of the microencapsulated sensors and up to 86% of the re-

quired torque may not be created by granulation process. Furthermore, it was
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found that the twin screw granulator does not present a linear relationship be-
tween channel fill and torque increasing sharply after a certain point and becom-
ing sensitive to small variations in speed and or fill. Understanding this interplay
of local and global behaviour can be critical in both implementation and control

of the technology.

Since Thompson and Sun identified the machinery variables as one of the most
immediate hurdles to adopt twin screw granulation (Thompson and Sun, 2010),
the results of this chapter could potentially have a direct impact in industry. As
industrial and mechanical engineering have increased their trend of using mod-
elling and simulation tools to produce their designs, identifying the range of
forces experienced by the granules could be directly applied for subsequent op-

erations (e.g. tableting or transport) or equipment design (e.g. screw elements).
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Chapter 7

General Conclusions and future work

This thesis has attempted to increase the current knowledge of continuous wet

granulation focusing the majority of the research in twin screw granulation.

Two computational tools where developed allowing an increased scrutiny of gran-
ule properties. In chapter three, the homogeneity factor was developed allowing
a simpler definition of workspaces without the issues associated with other met-
rics like span or dipand dg. In general, the parameter showed the potential as
a design factor for two different materials and it helped to select the L/S as the

parameter which required further investigation.
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In chapter four, an algorithm was developed to reveal the internal structure of a
continuous granule. Despite the limitations in the methods to evaluate objec-
tively the segmentation and the tracking, the results in batch were equivalent in
size and morphology to the ones found in the literature (Hapgood, 2000). How-
ever, further work will be required to find an objective method to compare the
continuous results. Also, the code was found to be computationally expensive
when larger amounts of particles were analysed and further optimisation is nec-
essary to reduce the processing time required. In addition, it will be recom-
mended to remove the hard-code parameters and substitute them for a calculated
value based on the geometric properties of the image. It was found that these
don’t produce any differences at similar pixel size (0.8 um-1.4 um) but they start
to give some issues when the pixel size varies significantly (0.8 pm-4 pm). In
addition, Hapgood produced an experimental analysis of a full range of nuclei
morphology with different materials (Hapgood, 2000) that will be very interest-
ing to reproduce by this method. This will allow research into the differences
between continuous and batch and different configurations to incorporate into

further simulation models.

Chapter five was based on the use of drying temperature and liquid-to-solid ratio

to control the granules liquid bonding. As it was expected from the literature,
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liquid availability played a fundamental role in twin screw granulation in the
formation of the granules. The results suggested that drying has a direct effect
in how the internal granule is packed but not in the size. The size was deter-
mined by the initial liquid availability which defined the number of nuclei. The
nuclei were, for all the liquid to solid ratios, similar in size i.e. when the number
increased, the size of the final granule increased as well. Due to time availability,
the internal analysis of the granules was limited to one change of L/S ratio at
one drying temperature. It would have been very interesting to pursue further
analysis in the effect of the drying in the internal morphology at all the temper-

atures incorporating drying methods.

In chapter six experiments demonstrated that the internal forces experienced by
the powder are larger than expected and referenced in the literature. Also, lim-
itations of the equipment were discovered and indicated that there exists a limit
where the torque required starts to increase exponentially with very small vari-
ances on the process parameters, this needs to be known and avoided to provide
safer operation. Further work in this area will be very relevant to understand
the relationship between torque and internal forces at other scales and configu-

rations.
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To sum up, this thesis covered some of the required knowledge of granulation
which an extensive literature review disclosed as a gap. Although this topic has
been extensively studied during the past two decades, these hurdles need to be
addressed which was specifically made in this thesis by three main contributions:
the quantification of the stresses range within the granulator, the important of
the capillary force and drying temperature in the inner structure of the granule
and the isolation of specific clusters from X-Ray CT. Whilst the implications of
each of these contributions have been already discussed, altogether allow to give
a step forward in the overall challenge of safely implementing twin screw granu-

lation.
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Appendix a: Previously Published Work

Chapter 3 has been published in International Journal of Pharmaceutics as re-
search article: A novel methodology to study polymodal particle size distributions

produced during continuous wet granulation.
https://doi.org/10.1016/j.ijpharm.2017.01.023
My contribution to the article included:

¢ Conceptualization, methodology, software development, formal analysis, in-

vestigation, validation and writing of the original draft.

Chapter 6 has been published in International Journal of Pharmaceutics as re-
search article: The impact of channel fill level on internal forces during contin-

uous twin screw wet granulation.
https://doi.org/10.1016/j.ijpharm.2018.12.052
My contribution to the article included:

¢ Methodology, formal analysis, investigation, validation and writing of the

original draft.
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Appendix b: Tracking diagram
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Appendix ¢: ANOVA analysis of PSDs

L/S=0.10
DF | Sum of | Mean F value | P value | Significantly
squares square different
T12 |4 | 0.4605 0.1151 1.136 0.3423 | No
T62 |5 |0.1475 0.0295 0.4543 ] 0.8097 | No
T72 |5 |0.45504 0.09101 1.0948 | 0.36557 | No
T82 |6 |0.42526 0.07088 0.9503 | 0.46054 | No
All | 23 |2.26765 0.09859 1.22058 | 0.2188 | No
L/S=0.13
DF | Sum of | Mean F value | P value | Significantly
squares square different
T23 |5 ]0.0219 0.00438 0.0531 ]0.9982 | No
T63 |5 |0.1394 0.0279 0.3473 ]0.8834 | No
T73 |5 ]0.1419 0.0284 0.2799 10.9236 | No
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T93 |4 ]0.2154 0.0539 1.0621 | 0.3778 | No
All |22 | 1.09544 0.04979 0.62499 | 0.90779 | No
L/S=0.16
DF | Sum of | Mean F value | P Significantly
squares square value | different
T24 | 4 0.0119 0.00297 0.0221 | 0.999 No
T64 | 6 0.0878 0.0146 0.1337 [0.9918 | No
T74 |6 |0.15598 0.026 0.2126 | 0.9725 | No
T84 |5 |0.00168 3.36207E-4 | 0.00313 | 1 No
All |24 | 04578 0.0191 0.1615 |1 No
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Appendix d: Physisorption isotherms

Physisorption isotherms T=-18°C
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Physisorption isotherms-Temperature 20°C
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Physisorption isotherms T=80 °C
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Appendix e: One Sample Wilcoxon Signed Rank Test

Temperature (°C)
-18.5 2 20 50 80
L/S=0.10 TBn2 TFCn2 TAn2 TOWn2 TORn2
L/S=0.13 TBn3 TFCn3 TAn3 TOWn3 TORnN3
L/S=0.16 TBn4 TFCn4 TAn4 TOWn4 TORn4
L/S=0.10 // Temperature -18.5 °C
Me-
N | Min Q1 Q3 Max SD*
dian
TB12 | 4 | 0.02279 | 0.02406 | 0.06587 | 0.10931 0.11112 No
TB42 | 4 | 0.1114 | 0.11313 | 0.1776 0.24556 0.24845 No
TB72 | 4 | 0.1776 | 0.17935 | 0.2696 0.38278 0.39218 No
TB82 | 4 | 0.20113 | 0.20438 | 0.29983 | 0.42003 0.43153 No
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L/S=0.10 // Temperature 2°C

Me-
N | Min Q1 Q3 Max SD*

dian
TFC12 | 4 | 0.11937 | 0.12153 | 0.13249 | 0.14484 0.14746 No
TFC42 | 4 | 0.20671 | 0.20806 | 0.23471 | 0.26103 0.26228 No
TFC72 | 4 |0.29318 | 0.31323 | 0.37553 | 0.38005 0.38084 No
TFC82 | 4 | 0.40184 | 0.40341 | 0.41058 | 0.41394 0.41423 No

L/S=0.10 // Temperature 20°C

Me-
N | Min Q1 Q3 Max SD*

dian
TA12 | 4 | 0.10669 | 0.10911 | 0.11789 | 0.12831 0.13127 No
TA42 | 4 |0.22009 | 0.22247 | 0.2331 0.25026 0.25481 No
TAT2 | 4 ]0.31783 | 0.32326 | 0.34659 | 0.37642 0.38401 No
TA82 | 4 | 0.37625 | 0.37982 | 0.40751 | 0.42746 0.42844 No
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L/S=0.10 // Temperature 50°C

Me-
Min Q1 Q3 Max SD*

dian
TOW12 0.07947 | 0.08364 | 0.09659 | 0.10496 0.1076 No
TOW42 0.19743 | 0.1984 | 0.21354 | 0.23028 0.23178 No
TOWT2 0.28607 | 0.29083 | 0.3203 0.3558 0.36258 No
TOWS82 0.33303 | 0.34075 | 0.37977 | 0.41652 0.42348 No

L/S=0.10 // Temperature 80°C

Me-
Min Ql Q3 Max SD*

dian
TOR12 0.06868 | 0.07476 | 0.0961 0.10734 0.11004 No
TORA42 0.1798 | 0.18463 | 0.21386 | 0.22904 0.22918 No
TORT72 0.25816 | 0.27026 | 0.32906 | 0.35242 0.3527 No
TORS82 0.33355 | 0.3448 | 0.38116 | 0.39432 0.39783 No
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L/S=0.13 // Temperature -18.5 °C

Me-
Min Q1 Q3 Max SD*
dian
TB23 0.00341 | 0.01917 | 0.06688 | 0.08516 0.09111 No
TB43 0.09952 | 0.11888 | 0.19217 | 0.21978 0.22392 No
TB73 0.1645 | 0.19042 | 0.29153 | 0.33203 0.33774 No
TB93 0.22185 | 0.23877 | 0.31326 | 0.35742 0.36424 No
L/S=0.13 // Temperature 2°C
Me-
Min Q1 Q3 Max SD*
dian
TFC23 0.05978 | 0.07476 | 0.12714 | 0.13724 0.13813 No
TFC43 0.18665 | 0.20271 | 0.2529 0.26268 0.26527 No
TFC73 0.28611 | 0.30708 | 0.37268 | 0.3821 0.38434 No
TFC93 0.40184 | 0.40341 | 0.41058 | 0.41394 0.41423 No
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L/S=0.13 // Temperature 20°C

Me-
N | Min Q1 Q3 Max SD*
dian
TA23 | 4 | 0.08775 | 0.08866 | 0.09657 0.1127 0.11636 No
TA43 | 4 | 0.18377 | 0.1896 | 0.21248 | 0.22665 0.22959 No
TA73 | 4 |0.26794 | 0.27989 | 0.32244 | 0.33695 0.33955 No
TA93 | 4 | 0.34935 | 0.35286 | 0.36983 | 0.41094 0.4225 No
L/S=0.13 // Temperature 50°C
Me-
N Min Q1 Q3 Max SD*
dian
TOW23 | 0.04399 | 0.05591 | 0.09771 | 0.1118 | 0.11448 | 0.04399 No
TOW43 | 0.13037 | 0.1491 | 0.20939 | 0.22587 | 0.23 | 0.13037 No
TOWT3 | 0.20549 | 0.23084 | 0.30984 | 0.31384 | 0.31419 | 0.20549 No
TOWI93 | 0.328 | 0.32938 | 0.33388 | 0.35725 | 0.36493 | 0.328 No
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L/S=0.13 // Temperature 80°C

N Min Q1 Median Q3 Max | SD*
TOR23 | 0.02552 | 0.04092 | 0.08912 | 0.09329 | 0.09402 | 0.02552 | No
TOR43 | 0.13154 | 0.14584 | 0.19317 | 0.20068 | 0.20169 | 0.13154 | No
TOR73 | 0.2078 | 0.22627 | 0.28828 | 0.29604 | 0.29642 | 0.2078 | No
TOR93 | 0.30134 | 0.30414 | 0.31288 | 0.35979 | 0.37531 | 0.30134 | No
L/S=0.16// Temperature -18.5 °C
Me-
Min Q1 Q3 Max SD*
dian
TB24 0.04337 | 0.04519 | 0.05239 | 0.06058 0.06273 No
TB44 0.1432 | 0.14637 | 0.15969 | 0.16498 0.16548 No
TB74 0.20198 | 0.20495 | 0.22861 | 0.25322 0.25651 No
TB94 0.21933 | 0.22056 | 0.24838 | 0.28095 0.28375 No
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L/S=0.16// Temperature 2°C

Me-
N | Min Q1 Q3 Max SD*

dian
TFC24 | 4 | 0.07784 | 0.08288 | 0.10807 | 0.13839 0.14513 No
TFC44 | 4 | 0.22408 | 0.2257 | 0.23142 | 0.24088 0.24375 No
TFC74 | 4 | 0.32627 | 0.33198 | 0.35378 | 0.36705 0.36991 No
TFC94 | 4 | 0.36685 | 0.37003 | 0.3872 0.39796 0.39901 No

L/S=0.16// Temperature 20°C

Me-
N | Min Q1 Q3 Max SD*

dian
TA24 | 4 |0.04364 | 0.04918 | 0.07097 | 0.08128 0.08299 No
TA44 | 4 1 0.16734 | 0.16975 | 0.18942 | 0.20271 0.20299 No
TAT4 | 4 10.27779 | 0.27974 | 0.29616 | 0.31386 0.31624 No
TA94 | 4 | 0.30218 | 0.30372 | 0.32314 | 0.37096 0.38197 No
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L/S=0.16// Temperature 50°C

Me-
Min Q1 Q3 Max SD*
dian
TOW24 0.05643 | 0.05908 | 0.06916 | 0.07825 | 0.08057 No
TOW44 0.156 | 0.15934 | 0.17272 | 0.20913 | 0.22014 No
TOWT4 0.24262 | 0.24794 | 0.26608 | 0.31132 | 0.32567 No
TOW94 0.27979 | 0.28114 | 0.30284 | 0.33615 | 0.34137 No
L/S=0.16// Temperature 80°C
N Min Q1 Median Q3 Max SD*
TOR24 | 4 0 0.01605 0.06779 0.10553 | 0.11691 No
TOR44 | 4 | 0.13634 | 0.14097 | 0.17334 0.19696 | 0.19867 No
TOR74 | 4 | 0.24253 | 0.2466 0.27306 0.29281 | 0.29465 No
TOR94 | 4 | 0.25862 | 0.26261 0.28187 | 0.30275 | 0.30728 No
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