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., I am among those who think that science has great beauty. A scientist in his laboratory
is not only a technician: he is also a child placed before natural phenomena which
impress him like a fairy tale. We should not allow it to be believed that all scientific

progress can be reduced to mechanisms, machines, gearings, even though such

machinery has its own beauty.

Marie Curie

7" November 1867 — 4™ July 1934
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Foreword

Foreword

IPROCOM was a multidisciplinary consortium targeting the development of in silico
process models and the understanding of the fundamental mechanisms of particulate
manufacturing processes involving roll compaction. The development of the in silico
process was based on the properties of individual particles (intermediate products, ribbons
or granules and final products, e.g. tablets) with identified process conditions and
formulations. This was carried forward collaborating with academic and industrial
partners that were involved in the IPROCOM project. The focus of the project was divided
in 3 work packages and in 4 strands, in which 12 early stage researchers (ESR) and 3
experienced researchers were active. Work package 1 worked on process understanding
that fulfilled the experimental part of the project investigating the different powder,
particle, ribbon and granule properties, roll compactor designs, scale-up rules in roll
compaction. Its main aim was to fill the current knowledge gap on how material properties
of single particles and process conditions govern the product properties. Work package 2
was multi-scale modelling using different model techniques: discrete element method and
finite element method to predict the properties of final products based on the individual
particle properties. The experimental data of work package 1 was used as input and as far
as possible for validation for work package 2. Work package 3 was intelligent modelling,
that main objective was to develop computational intelligence models for particulate
product manufacturing and the establishment of a robust bio-inspired computational
intelligence platform using novel adaptive algorithms and data structures to predict the
product quality. The 4 strands dealt with the subjects mixing, roll compaction, milling and
die compaction. Each strand included researchers working on experimental, numerical and
computational intelligence modelling [1].

The present thesis is a part of work package 2 and strand 2, which introduces the
investigation results of ESR2, how the behavior of different model materials, roll
compaction process parameters and designs influence the roll compaction process. The
impact of the aforementioned variables is presented through the evaluated ribbon and

granule characteristics.
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Introduction

1 Introduction

1.1 Granulation

The word ,,granulation” comes from the Latin phrase “granulatum”, which means grained
or grain. Granulation is defined as a process, whereby primary particles are bonded into
larger secondary particles by compression or by using a binding agent or both, in which
the primary particles can be identified [2]. Different types of binding mechanisms are
known that can lead to agglomeration of primary particles; solid bridges, adhesion and
cohesion forces, surface tension and capillary pressure, interlocking bonds and attraction
forces between solids [3]. The obtained particle is called agglomerate. Although
granulation itself has been existed since several decades, the scientific interest in
granulation began in the 1950s years, as the recovery of fine coal and the manufacturing
of pharmaceutical solids arose [4]. Agglomeration is commonly used in various industrial
fields, for instance in the fertilizer industry, in the food industry, in the coal and mineral
industry, in the agrochemical industry and in the pharmaceutical industry [2, 3]. In the
pharmaceutical industry, granules are used as final dosage form filled into sachets or in
some cases into multidose containers, but usually granules are processed further into
tablets or filled into capsule shells.

In drug manufacturing, the importance of granulation processes has been increased, as the
most used excipients and the recently developed active pharmaceutical ingredients have
low bulk density and inappropriate flowability, due to cohesive appearance and small
particle size. Applying a suitable granulation process results in the increase of the particle
mass, which leads to the increase of the weight force and thus to the decrease of the
adhesive force between the particles, which redounds the flowability of the bulk [5]. This
i1s important, as the appropriate flowability of granules into capsules, sachets or in the
tableting die is inevitable to achieve constant mass and homogeneous distribution of the
active substance in the final dosage form [6]. Nevertheless, also the processing of free-
flowing materials has been found to be a demanding task, as segregation in the powder
mixture can take place easily. A further advantage of granulation is the increased bulk

density of granules [7], which allows on the one hand the manufacturing of high-dosage
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preparations and on the other hand the processing of high potent drugs. When high potent
drugs need to be processed, both, person and environment have to be protected, thus
granulation, as manufacturing process, is an advisable choice due to the reduction of dust
while production [8]. Also the reduction of the storage volume is a benefit of increased
bulk density [2]. The subsequent compression process can be improved through the
increased bulk density, as less air is present in the granules, which has to entrap during
tableting [9]. Disintegration time, dissolution time and wettability of tablets can be
improved, if the powder blend has been granulated previously [10, 11].

Various granulation techniques can ensure the improvement of the physical characteristics
of the bulk material. In general, wet granulation, dry granulation and melt granulation
methods are distinguished, when agglomeration processes are categorized. Liquid binders
are used to gather small particles into larger during wet granulation, while no liquid is
necessary, when granulation is accomplished by dry or melt granulation methods [2]. A
number of wet granulation technologies are available. High shear granulation, spray
drying, fluidized bed granulation and extrusion are well-known wet granulation methods
[12]. Melt granulation, high shear granulation [13] and hot melt extrusion [14] can be
accomplished without the application of any liquid binder using excipients that melt at
higher temperature.

Since 1940s, dry granulation processes are used in the pharmaceutical industry. In the last
30 years, the frequency of choosing a dry granulation method has arisen as it offers a cost-
effective and delicate handling for heat and or moisture sensitive materials since no liquid
binder is needed. During dry granulation, the powder particles are compressed under high
pressure, which brings the particles close to each other, increasing the direct contact
between the particle surfaces developing van der Waals bonding forces between the
individual powder particles. Due to the high compression pressure, the contact area
between the particles is increased which improves the bonding strength [2].

There are two dry granulation processes: slugging and roll compaction. Between the
1950s-1970s slugging was the more preferred method. Slugs are produced, when the
powder is fed into a large compression machine and compressed by tableting punches
having large diameter. The slugs are milled into granules after the compression step. As
slugging is a single batch processing method using no process control, showing poor
economies of scale and low manufacturing throughput, roll compaction became a more
frequently used dry granulation method improving all the drawbacks that slugging
possessed [2, 7].
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1.2 Roll compaction/dry granulation

1.2.1 Roll compactor design

Roll compaction is a continuous dry granulation method, which first pharmaceutical
application was published in 1966 by Jaminet and Hess [15]. Roll compactors usually
consist of three main process units; feeding unit (a), compaction unit (b) and milling unit
(c). In case of some suppliers, the milling unit is a part of the roll compactor. A schematic

illustration of a roll compactor showing the aforementioned units is depicted in Figure 1.

Figure 1. Schematic illustration of a roll compactor ,presenting the feeding unit (a), compaction unit (b)

and milling unit (c).

The powder is transported from the hopper in between two counter-rotating rolls by force
feeder or by gravity. Then the powder is densified on the roll surface at the smallest gap,
forming the intermediate product, called ribbon. After compaction, the ribbon is ejected
and is milled into granules. The most important process variables are the compaction
pressure or specific compaction force (SCF), gap width (GW), screw speed, roll speed
(RS) and the speed and angle of milling. The feeding unit consists of a hopper, usually
equipped with an agitator to break powder bridges, and of one or more screws. In case of

elder equipment, the feeding takes place by gravity solely. When two screws are used for
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conveying the powder, the ratio between the speed of the feeding and tamping screws is a
critical parameter of the process. The geometry of the feeding screw plays an important
role in the predensification of the powder (de-aeration) and defines the amount of powder
that can be transported into the compaction zone. Conical, cylindrical screws, single or
twin screws can be assembled in the feeding system [16]. The type of screw that should
be used in the feeding unit to obtain an efficient powder transport and de-aeration
mechanism, is selected according to the powder blend properties. The usage of two screws
can improve the density homogeneity in the ribbons [17]. Some roll compactors apply
vacuum system to support the de-aeration removing the air through a porous metal plate
and decreasing “fluidization” of fine particles in the feeding chamber [16].

In regards to the design of the roll compactor itself, further design variables have to be
considered. In the compaction area, the rolls can be mounted in horizontal (A), inclined
(B) and vertical (C) positions [18], which determines the position of the feeding unit [9].

The various configurations are exhibited in Figure 2.

Figure 2. Horizontal (A), inclined (B) and vertical (C) position of rolls [18].

The first invented design was the horizontal positioned rolls with vertical feeding. One of
the drawbacks of this design is that powders having excellent flow properties might exit
the compaction area being uncompacted till roll compaction achieves a stable processing
condition. The advantage of the combination of horizontal feeding and vertical powder
compression is the reduction of uncompacted material compared to the vertical feeding.
However, compaction with rolls in vertical position results in asymmetrical densification
of powder across the ribbon thickness, since the powder transport takes place by a feeding
screw and the transport of the powder is influenced by gravity. The inclined design of

feeding possesses the advantages of the aforementioned feeding constructions. It uses
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feeding and tamping screws and also the gravity to convey the powder. The inclined
position rolls assure less powder leakage [16].

Also the mounting of the rolls can be different. If both rolls are installed in fix positions,
the gap width is fixed, so the densification of the powder is defined by the feed screw and
the compaction pressure is not adjustable. In terms of process control it is more
advantageous, when one of the rolls is movable. This allows to keep the compaction
pressure or SCF constant by adapting the GW or the screw speed [19]. The rolls can differ
not only in their positions and mountings but also in their width, surface and diameter. A
wider roll width results in a higher throughput, which is important, when the roll
compactor is used in the commercial production [20]. Various roll surfaces are available;
smooth (sm), knurled (kn), serrate, grooved surfaces are some examples. An overview
about the ranges of process parameters, providing the characteristic units, types of sealing
system (seal) and rolls, roll surface (surf), roll diameter (D), roll width (RW) and applied

control system is given in Table 1 considering several roll compactor suppliers.
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It was reported, that the rougher the applied roll surface is, the higher is the friction
between the powder particles and the roll surface, which can be meaningful, when loose
powder has to be compacted. Daugherity et al. evaluated the effect of roll surface on the
ribbon thickness and on the manufacturing capability of a Vector Freund roll compactor
[31]. In the study of Rambali et al., ribbed roll surface resulted in robust granules for the
subsequent tableting step [32].

The bypass of uncompacted powder is one of the difficulties, which has to be overcome
during roll compaction. To prevent powder migration outside the compaction area, either
a side-sealing (SS) system or rim-roll (RR) sealing system is built in between the feeding
and compaction area. The SS system consists of two plates that build a “wall” beside the
gap width. The RR sealing system has one roll having edges, while the other roll fits in
between these rims creating the RR sealing system [17]. The illustrations of these types

of sealing systems and smooth and knurled roll surface are introduced in Figure 3.

Figure 3. SS sealing system (a) and RR sealing system (b) and smooth (c¢) and knurled (d) rolls.

The applied sealing system has a major impact on the ribbon quality, and thus also on the
granule characteristics. Using RR sealing system leads to a more homogeneous density

7
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distribution in ribbons compared to SS system [33-35]. It is reported in the study of Perez-
Gandarillas et al. that comparable overall ribbon density is obtained regardless of the
utilized sealing system, while the granule size distribution (GSD) is affected by the type
of sealing [36]. Milling of ribbons can take place subsequently after compacting the
powders into ribbons, when the milling unit is integrated in the roll compactor or the
ribbons are collected first and granulated in a separate milling device [17]. Oscillating mill
is a commonly used method in dry granulation, in which the rotor speed, angle of
oscillation, rotor type and mesh size are the most significant parameters affecting the
granulation performance [37].

Beside the advantages of roll compaction mentioned in the previous section, also several
drawbacks have to be overcome. One of the main disadvantages is the production of high
amount of uncompacted material, which is termed as “fines” in the literature [38]. The
produced fines can be re-compacted in order to improve the yield, nevertheless, the
recycling of fines can lead to inappropriate drug uniformity, therefore the re-compaction
if fines is not an advisable manner to increase the throughput [9]. The amount of fines can
be reduced, when high compaction pressure, RR sealing system and vacuum de-aeration
are applied, albeit too high compaction pressure can lead to reduced compactibility of
granules [39]. Experiments to densify by compaction only to the degree necessary for non-
friable and strength enough granules have been described before. This enhances the
flowability without the reduction of the compactibility [40]. Ribbons are often described
by heterogeneity in strength and in relative density (RD) across the roll width and along
the roll length. The density heterogeneity of ribbons across the width can be improved
with RR, while the non-uniform density in the length of the ribbon can be enhanced by
the improvement of the powder feeding appeasing the fluctuation of screw feeding [18].
A further disadvantage of roll compaction is the material sticking on the roll surface,
which can be decreased by the application of lubricants on the roll surface or in the powder

blend [41].

1.2.2 Theory of powder densification

The interparticulate bond formation during dry granulation is described by the following
stages: particle rearrangement, particle deformation, particle fragmentation and particle
bonding. The particles are rearranged and pre-densified while the powder is conveyed to

the compaction zone. The nip or compaction area, where the powder is exerted to

8



Introduction

increased compression forces and the brittle particles break and plastic particles deform
resulting more contact points between the particles. Particle fragmentation takes place as
the compression force increases further. The fractured particles offer new surfaces
establishing more contact points between the particles. This progress leads to bonding of
particles at molecular level due to the effect of van der Waals forces [2, 16]. The powder
densification takes place in the compaction unit. In order to describe the powder
densification in detail, further regions shall be defined. A distinction is made between the
slipping region, compaction region and the release region [18]. The different regions are
introduced in Figure 4, in which DW is the drawn-in width, GW is gap width, D is roll

diameter, « is the nip angle and ¢ is the entry angle.

slipping region

release region

Figure 4. The slipping region, nip region and release region in the compaction unit.

In the slipping region the powder particles move slower than the roll surface. This region
begins at the entry angle, where a finite roll pressure is exerted. Once, the powder velocity
achieves the roll speed, the nip area is reached, corresponding to the nip angle and the
densification of the powder starts [42, 43]. The powder densification takes place in the
compaction/nip region, whereby the pressure goes up and achieves its maximum. The
powder densification can be described by the densification factor, DF, which can be
calculated by dividing the DW by the GW. According to this, rolls with smaller diameter
have smaller DF compared to a roll pair with bigger diameter at the same GW [9]. A

higher pre-densification of the powder and the application of rolls with large diameter

9
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result in a wider DW, which is in linear correlation with the set GW. The schematic
presentation of the correlation between the roll diameter and the ratio between the DW

and GW is presented in Figure 5.

powder

Figure 5. Densification factor dependency on the roll diameter.

Changing the GW leads to the alteration of the powder densification. Larger GW results
in a decreased densification. Therefore, if the same degree of densification shall be
achieved while using roll compactors with different roll diameter, the GW has to be

adapted according to the following Equation 1, Equation 2 and Equation 3 [44].

Equation 1
DFp, > DF,
because,
DW § DWW’ Equation 2
GwW  GW
therefore,
, Equation 3
DW _ DW

S =—o= > DF,=DFy

10
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It is reported from the literature, that the nip angle is independent from the roll diameter
[45]. Nevertheless, the nip angle is influenced by the compacted material characteristics,
applied roll surface and formulation. Using smooth rolls and or including lubricant in the
raw materials, the nip angle is decreased, as the interparticle frictional forces and also the
friction between the powder particles and the surface of the equipment are decreased. In
contrast, larger nip angle is achieved, when the frictional forces are enlarged utilizing
knurled rolls and enhancing the pre-densification of the powder, while the material is
conveyed to the compaction zone. The powder densification becomes higher when the nip
angle is increased. In the release region the compacted ribbon leaves the compaction unit
and enters the milling zone. The thickness of the ribbon can exceed the GW as the
compacted material reveals elastic recovery after ejection [46].

The powder densification is influenced by the ratio between the roll diameter and the GW
and on the other hand by the RS as well. The RS defines the linear speed, thus also the
dwell time of the densification. The selection of the RS depends on the material properties,
e.g. flowability and deformation behavior [16]. Materials showing plastic-elastic
deformation behaviour are sensitive to dwell time. Setting low RS results in granules with
improved flowability and lower friability of granules [22, 47], while shorter dwell time
(faster RS) can cause loss of compactibility, therefore increased friability and decreased
hardness. In general, in case of plastic-elastic and partly plastic deforming materials, the
setting of higher RS is beneficial [48]. The densification of materials with significant
elastic recovery requires a certain maximum RS, as the fast release of the ribbon and the
short execution under the compaction pressure can cause cracking and weakening of the
ribbons. In case of too short dwell time, the ribbon can fall apart [3]. In contrast, for brittle
materials, the non-significant effect of the RS on the powder densification has been
described in the literature. An extended exposure under the compaction force (CF) has a
negligible effect on the ribbon properties, as the fragmentation of brittle particles takes

place rapidly [49-51].

1.3 Ribbon density/porosity: the key intermediate product
attribute

Some studies revealed ribbon properties, e.g.: ribbon density/porosity and strength governs

the GSD, strength and porosity [45, 52-55], which has an effect on tableting/capsule filling
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processes [56-58]. Thus, the most important feature in roll compaction is the ribbon
density/porosity. In order to obtain granules, possessing the desired quality attributes i.e.
granule size and strength, the non-uniform ribbon density distribution is required to be
improved. Based on Zinchuk’s investigation, granules milled from ribbons with 60-80%
relative density possessed appropriate characteristics to obtain tablets with desired quality
[59]. Because of this, many research studies focused on the effect of roll compaction
process parameters on ribbon density/ribbon porosity and on the analyses of the non-
uniform density distribution in ribbons.

A part of these research studies have been published about the understanding of the roll
compaction and the improvement of roll pressure distribution on the roll surface, which
can be distinguished from each other in their method in terms of investigating the roll
compaction process. The first article has been issued by Johanson that introduced a powder
mechanics model to predict the separation force and torque and the roll surface pressure
based on the physical characteristics of the powder and the roll dimensions [43]. Various
mathematical models for roll compaction modeling have been established and the
application of roll compaction simulators has been already presented in order to gain a
better understanding of the roll compaction process [30, 35, 42, 59-67]. The aim of
modeling and prediction of ribbon RD by mathematical models is saving of material and
time. However, it is described in the literature, that the models need to be validated by
experimental data set, which often leads to an extensive laboratory work [68]. Several
investigations have been reported about the agreement between the measured and
predicted densities of ribbon strips [35, 69, 70]. Reimer et al. [71] introduced a hybrid
modeling using the Styl’One Evolution, which has been established based on the
mimicking of ribbons through production of the so called ribblets by the Styl’One
Evolution and on the application of an integration model modified after Peter et al. [72].
Most investigations on ribbon density have been conducted experimentally and in-line and
off-line methods have been utilized for the ribbon density determination. Since ribbon
density data predicted by the mathematical models need to be validated, the improvement
of experimental work on the measurement of ribbon RD is essential [73]. The irregular
shape of ribbon pieces is one of the difficulties that makes the determination of the
apparent volume of ribbons, thus also the off-line determination RD, a demanding task.
Woll et al. described the suitability of a punch method and the usage of NIR (near infra-
red) method for porosity determination of ribbons. The porosity measurements by the

punch method were used for the calibration of the NIR method. Both measurement
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techniques have been found to be appropriate methods for ribbon porosity evaluation [74].
A similar approach for ribbon density measurement, called sectioning method has been
introduced by Miguelez-Moran et al. [41], which was compared to micro-indentation and
X-ray micro-computed tomography (uCT) in terms of the determination of density
distribution in ribbons [52]. They found, that micro-indentation and X-ray uCT result in a
finer resolution of the local density variation, while the sectioning method is faster and
simple. The suitability of in-gap porosity measurement has been published by Herting et
al. in 2007. Using this method, the volume of the ribbon is calculated multiplying the GW,
diameter of the rolls, RW, RS and the production time. Then the weight of granules
resulted from the milled ribbons was divided by the calculated volume, which led to the
determination of the envelope density of ribbons [75]. Later, also other authors reported
about the usefulness of in-gap porosity measurement in terms of controlling the
downstream granule and tablet properties [76]. Volume displacement methods have
frequently been utilized to define the apparent volume of ribbons. Michrafy et al. [69]
analyzed the ribbon porosity/ribbon density by mercury porosimetry and light
transmission. The density across the ribbon width was measured by mercury porosimetry.
The obtained periodic heterogeneity in ribbons as dark and light zones was found to be in
correlation with the geometry of the feeding screw, but not with the obtained density data
from the mercury porosimetry measurements corresponding to the lighter and darker
zones. The authors related the light transmission results to the anisotropy of the
microstructure in the ribbon, which influences the light diffusion through the ribbon piece.
As the usage of mercury is neither environment nor operator friendly, intrusion with low
viscosity oil and powder pycnometry using free-flowing medium such as DryFlow® used
for the GeoPyc method has become a more and more commonly used method [20].
Khorasani et al. [77] compared the oil absorption method with the mercury intrusion
method, in that the oil absorption method was obtained as a comparative approach for
ribbon porosity determination. Considerable amount of work have been published about
the application of powder pycnometry, since it is a fast and cost-effective method for
envelope density determination [30, 36, 53, 59, 68, 71, 78-85]. Souihi et al. [30] introduced
how a roll compaction process transfer between a Hosokawa and an AlexanderWerk roll
compactor can be considered correlating the normal stress and the ribbon RD, measured
by GeoPyc powder pycnometer. Three different measurement techniques, such as laser-

based direct measurement as novel method, volume displacement measurement using
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GeoPyc, and manual measurement considering the dimensions of the ribbon samples have
been compared in the work of Iyer et al. [86]. In this study, the laser-based technique was
obtained to be comparable with the volume displacement technique and to be suitable
method to test the RD of ribbons and tablets. Alesso et al. [20] conducted a ribbon porosity
evaluation using laser-based direct measurement with the oil intrusion technique. The laser
based method was found to be an appropriate approach to acquire ribbon porosity rapidly.
Also terahertz imaging system has been reported to be a suitable approach to evaluate the
density distribution in ribbons, as the terahertz radiation is able to penetrate the ribbon and
the refractive index indicates the variations in density [87]. In the studies of Khorasani et
al. [58, 77], NIR chemometric method employing principal component analysis was
proved to be a useful online approach to map the ribbon density distribution and the GSD.
Also the effect of the roll pressure and RS were investigated. They found that higher roll
pressure and slower RS results in lower ribbon porosity, larger granules and less amount
of fines. Nevertheless, the NIR radiation showed a marginal penetration depth in the ribbon
surface, therefore the density of ribbons cannot be detected considering the whole ribbons,
the density resolution only at the surface of the ribbons is possible. Several studies reported
about the NIR spectroscopy and NIR chemical imaging to be feasible tools for real-time
monitoring of RD [24, 70, 73, 88].

In order to investigate the density in the whole ribbon piece, also tomographic methods
are promising tools according to Hancock et al. Zeitler et al. [89] summarized in-vitro
tomographic tools, X-ray pCT, magnetic resonance imaging and optical coherence
tomography, respectively, as possible methods for structure determination of solid dosage
forms. Several studies reported about the expediency of X-ray pCT during investigation
of particle packing and particle movement [90, 91], porosity and morphology of granules
[92], density distribution in tablets [93, 94] in the last 10 years. Akseli et al. investigated
the variation in local ribbon density and its effect on the produced tablets using
nondestructive ultrasonic. The findings have been confirmed by X-ray uCT [95]. Wiedey
et al. [34] presented the density distribution in all three spatial directions in higher
resolution than before. In their further study [96], the applicability of thermographic
camera for in-line density distribution determination has been demonstrated. It was shown
that the temperature distribution in the thermographic images matched the density

distribution measured by X-ray uCT.
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2 Aims of this study

Numerous types of roll compactors are on the market, which differ in their configuration,
design of roll compaction, performance and the extents to set the process parameters.
Because of these discrepancies and the lack of knowledge in this field, the systematical
investigation of different types or roll compactors is the main goal of the present thesis.
For that purpose, spray-dried mannitol and microcrystalline cellulose and the 50-50 %
(w/w) mixture thereof should be used as model materials showing different deformation
behaviour. Ribbons should be prepared using inclined, horizontal and vertical roll
compaction designs, respectively. The impact of the process parameters, roll compaction
design and the type of material on the ribbon and granule characteristics should be

systematically investigated within the scope of design of experiments.

Recording the roll compaction process parameters, the control performance should be
assessed with highest attention on the control technique of the roll compactor, the precision
and the deviations from the set value of the hydraulic pressure (HP)/SCF and GW.
Additionally, the settling time of new parameter settings was considered as a critical value
of the process control. Beside the obtained dataset, the quality of the produced ribbons and
granules should be analyzed in terms of ribbon RD and GSD. The ribbon RD should be
measured by two different techniques, using GeoPyc powder pycnometer and X-ray uCT.
Both measurement methods should be compared to each other in terms of their benefits
and drawbacks. Based on the obtained ribbon RD results, conversion factors might be

established introducing a principle method for the roll compaction process transfer.

A further objective of this study was to examine the granule quality by analyzing
correlations between the ribbon RD and GSD, as all ribbon batches were milled by the star

granulator of the Mini-Pactor using constant granulation settings.
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3 Results and discussion

3.1 Control performance of the different types of roll
compactors

3.1.1 Introduction and objectives

Roll compaction is a continuous dry granulation method and it is in the very nature of roll
compaction as being continuous process, the process has to be robust over a longer period
of time in order to maintain the critical process parameters as requested. As roll
compaction is a long manufacturing process, the critical process parameters need to be
controlled ensuring the process setting is stable, thus robust products being conform to the
defined specifications can be produced. The control performance of roll compaction has
already been examined in the frame of some previous investigations [97-100]. Singh et al.
[99] published a detailed concept to design appropriate control system including cascade
and single open loop control configurations/proportional integral derivative (PID)
controllers, in order to keep the process parameters within the specifications for a
continuous pharmaceutical tablet manufacturing process including a roll compaction step.
Different operation modes were examined by Shlieout et al. [97, 98] considering the
process parameter consistency and the effect of changing the SCF, GW and RS using a
Gerteis Mini-Pactor. Since the control concepts of different roll compactors were
simulated [53, 99, 101] and in only some cases experimentally investigated, further
analyses of the control of roll compaction process is fundamental.

Less work has been published on the analysis of control strategies for the individual unit
operation, roll compaction. In order to control the roll compaction process, the
maintenance of the most important process parameters - the SCF, GW and RS — is
essential. Most commonly the control is realized by using PID controllers. P stands for the
proportional term, which produces an output that is proportional to the current error.
Increasing the proportional gain will increase the speed of the control system response. If
the proportional gain is too high, the system can become unstable and if the proportional
gain is too low, the control action may be too small when responding to disturbances. |
stands for the integral term, which is proportional to both the magnitude and duration of

the error. If the I-term is too high the present value can overshoot the set value. D stands
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for the derivative term, and is based on the rate of change of the process variable. It causes
the output to decrease, if the process variable is increasing rapidly. Often, the D-term is
set to zero resulting in a PI controller. While commonly the control parameters of the HP
or CF are not accessible for the end user, but only for the supplier, the parameters for the
gap control can be set by the end user.

In this part of the thesis, the aim was to evaluate the performance of different types of roll
compactors regarding the settling time, the deviation of the actual values from the set
values and the precision of the SCF/HP and GW in steady-state. The settling time is
defined to be the time needed to achieve the new parameter settings according to the set
value. Steady-state process condition is described as a constant process, while all actual
values of the process parameters achieved the specification of the set value. The roll
compaction environment and data recording frequency of the examined roll compactors

were different as described in sections 5.2.4.2 and in 5.2.2.
3.1.2 Control performance of AlexanderWerk BT120 roll compactor

The roll compactor of AlexanderWerk used in this work does not possess a gap control
system. High deviations are observed between the set process parameters and the actual
values. Typical process data of the roll compaction runs regarding mannitol, mixture and
MCC 101 are presented in Table 2 using smooth rolls and in Table 3 using knurled rolls.
The starting process parameters of the HP and GW are also included in the aforementioned
tables: 24 — 18 means that the HP was decreased from 24 bar to 18 bar and 3 — 1.5
means that the GW was decreased from 3 mm to 1.5 mm. The settling time, which was
necessary to track the setpoint respecting the HP and GW, is presented in Table 2 and in
Table 3. These tables also include the coefficient of variation (CV) of the recorded HP
and GW values during the production of the different batches. The CV is the ratio of the
standard deviation ( 0 ) and the mean (u), presented in Equation 4, which represents the
robustness of the process. A lower CV indicates less fluctuations during processing.

Equation 4
(¢}

j— 1
CV = o 00

Results in regard to the other roll compactors shown in the next sections are represented

following the above described narration.
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Results and discussion

The specification of the HP is set at the setpoint HP == 2 bar and for GW the set value =
0.1 mm. According to these terms, the deviation from the set value and precision of the
HP and GW adjustment were inappropriate to produce ribbons with proper quality
compacting with both types of roll surfaces. In general, except some certain batches, the
achieved HP was lower than the set parameter. Due to the high standard deviation (SD),
the actual HP values were below the lower limit. For instance, in case of setting 18 bar HP
at 1.5 mm GW, 15.82 £ 2.81 bar HP and 1.52 == 0.14 mm GW are achieved, when MCC
is roll compacted using knurled rolls, thus the steady-state process conditions are not
achieved.

Roll compaction was more difficult when smooth rolls were used. The highest set HP and
GW had to be reduced, when MCC was processed and also in case of mixture compacting
with 2.3 mm RW. Due to the low friction between the processed powder and the smooth
roll surface, higher screw speeds were required to let the material grabbed in between the
rolls. Conveying the powder setting the maximum screw speed was not efficient to achieve
3.0 mm GW. Thus, the set value of the gap size was changed to 2.3 mm regarding roll
compaction with smooth rolls. In case of MCC 101 the highest set HP was 48 bar, when
1.5 mm GW was set, while adjusting 2.3 mm GW only 46 bar HP was realized as set
value. In case of the mixture, 24 bar was the highest feasible HP at 2.3 mm gap size. In
addition, in case of MCC and the mixture, the increase of the RS from 3 rpm to 8 rpm was
needed to grab the powder into the compaction area at the beginning of the roll compaction
process. Thus, 8 rpm RS and 25 - 40 rpm screw speed were set to transport the powder
into the gap. After reaching a certain GW, the RS was reduced to 5 rpm and afterwards to
3 rpm to develop the desired gap size presented in Figure 6.
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Figure 6. Roll compaction parameters for the mixture using AlexanderWerk BT 120 with smooth rolls.

Based on these results, a wider processing space was detected, when knurled roll surface
was used. The effect of the material properties was reflected in the progress of the
individual roll compaction runs of each material. Due to the proper flowability and non-
hygroscopic property of mannitol, the roll compaction with knurled rolls setting the
planned process parameter combinations was successfully performed in randomized

order, shown in Figure 7.
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rolls.

However, roll compaction interruptions were needed during the operation using smooth
rolls in case of all materials due to the warming up of the machine, while material sticking
caused roll compaction breaks using knurled rolls in case of MCC 101 and the mixture.
Table 2 and Table 3 provide results for the settling time, which was needed to reach the
steady-state process conditions. A longer period of time (3 - 121 s) was necessary to set
the HP to the following value, when the previous HP was 0 bar. In the other cases, the set
HP was reached in maximum of 10 s in case of knurled rolls and less than 30 s in case of
smooth rolls. The speed of the GW adaptation to the following GW value took longer time
(30 - 181 s), when 0 mm GW was the previous actual value, or when the amount of
conveyed material was not enough to open the gap. This was observed due to insufficient
powder flow from the hopper to the screw.

Without a gap control it was difficult to obtain a desired GW. The process showed higher
deviations from the set values and low precision. It was not always possible to obtain the
desired HP. The use of the smooth rolls made the process more complicated and the factor

space for process variables was narrower.
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3.1.3 Control performance of L.B. Bohle BRC 25 roll compactor

Roll compaction using the BRC 25 roll compactor was examined using MCC, mannitol
and the mixture. The recorded process parameters regarding all materials and used roll
surface patterns are presented in Table 4, Table 5, Table 6 and Table 7. The adjustment of
the SCF had priority to the GW control compacting with BRC 25. Thus, the obtained
periods of time needed to change the GW were longer compared to the time required to
set the SCF. No correlation between the length of the adaptation time and the used
materials, roll surface or the extent of the process parameter modifications was found in
case of the SCF. Even though, the speed of the GW adjustment was depending on the one
hand on the PI parameter settings of the GW control loop, on the other hand on the material
sticking to the roll surface. The PI parameter setting was kept constant during all roll
compaction runs. As presented in Table 4, Table 6 and Table 7, longer adaptation time in
case of smooth (0-130), coarse (15-75 s) and fine grooved roll surface (11-72 s) was
obtained due to the material sticking on the roll surface. 0 s settling time was obtained,
when the GW was kept constant at 3.0 mm gap size, while the SCF was increased from 7
kN/cm to 10 kN/em compacting MCC 101 using coarse grooved rolls. The deviations of
the set value of the actual SCF values were found to be appropriate, when 2 kN/cm was
set. However, in case of 10 kN/cm SCF, slightly higher deviations from the set value were
observed. The SCF was reached with proper precision, while higher standard deviations

of the GW were observed.
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Results and discussion

A typical curve of the screw speed is presented in Figure 8 changing the SCF from §
kN/cm to 6 kN/cm and from 6 kN/cm to 10 kN/cm and the GW from 1.5 mm to 3.0 mm
then from 3.0 mm to 1.5 mm. The decrease of the SCF followed a continuous progress,
while its increase showed an irregular evolution. Figure 8 shows also how the screw speed
was changed with the altered GW. After changing the GW, an overreaction of the screw
speed was observed. Then the proper screw speed was set, which led to a constant gap

size.

steady-state process condition
in53s in45s

—
[\
1

- 90

Y L 80

[a——y
o

oo

specific compaction force [kN/cm], gap
width [mm], roll speed [rpm]
N

feeding and tamping screw speed [rpm]

4
2
0
time [min]
——specific compaction force ——gap width
——master roll speed ——feeding screw speed

——tamping screw speed
Figure 8. Adjustment of the SCF and GW to the new parameter settings compacting mannitol with BRC 25

using knurled roll surface.

Keeping the SCF at 6 kN/cm, while altering the GW from 3.0 mm to 2.2 mm, similar but

moderated overreaction of the screw speed was observed, presented in Figure 9.
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Figure 9. GW adjustment keeping the SCF constant for processing of MCC 101 with BRC 25 using coarse

——feeding screw speed

grooved rolls.

In contrast to the previous two examples, the speed of the feeding and tamping screws
followed a damped increase and decrease trend until the proper speed was reached, shown
in Figure 10. The observed increase of GW is explained by effect of the decrease of the

SCF. Compacting the same or slightly less amount of powder setting a decreased SCF

opened the gap until the forward value of the SCF was reached.

The gap control of the BRC 25 worked properly. Changes in the process parameters were
in most cases compensated within 30 seconds for SCF and within 60 seconds for GW.

SCF and GW were controlled with satisfactory deviations from the set values and high

precision in steady state for all tested materials and roll surfaces.
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Figure 10. SCF adjustment keeping the GW constant processing MCC 101 with BRC 25 using coarse

grooved rolls.
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3.1.4 Control performance of Gerteis Mini-Pactor roll compactor

Roll compaction of mannitol using the automatic mode resulted in desired values of the
GW with high precision as soon as the steady-state process condition was reached,

exhibited in Figure 11.
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specific compaction force [kN/cm], gap

feeding and tamping auger speed [rpm]

time [min]
——specific compaction force —— gap width
——roll speed ——feeding screw speed
——tamping screw speed

Figure 11. Process parameters of Gerteis Mini-Pactor compacting mannitol using gap control.

Beside the fast adaptation of the GW and SCF, also only small deviations from the set
value and high precision of the SCF was observed. The PI control loop was responsible
for the realization of a constant GW. The speed of the feeding and tamping augers was
adjusted to control the GW, as presented in Figure 12. Increasing the SCF from 4 kN/cm
to 6 kN/cm and the GW from 1.5 mm to 2.2 mm, the feeding and tamping screw speed
were increased with a great step to convey more amount of powder to open the gap
between the rolls. After 10 s, the speed of the feeding and tamping augers were decreased
to a constant speed to develop a constant 2.2 mm gap size. Before decreasing the gap size
from 2.2 mm again to 1.5 mm the SCF was increased to 10 kN/cm. After the increase of
the SCF, the screw speeds jumped to a slightly higher value. This progress of the feeding
and tamping auger speeds showed a decrease as soon as the new value of the GW was

adjusted. The decrease of the GW was kept until a certain value, while the amount of
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transported material was reduced. In order to realize 1.5 mm gap size, the speed of the

feeding and tamping screws was adjusted to a higher value.
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4
2 [
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——tamping screw speed
Figure 12. GW control of Gerteis Mini-Pactor operating in automatic mode.

The obtained mean and standard deviations of the SCF and GW and also the period of

time needed for the adjustment of the constant parameters are shown in Table 8.
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Results and discussion

The time of the process adaptation to new parameter setting of the SCF was observed less
than 20 s. The increase of the SCF from 6 kN/cm to 20 kN/cm took place in 4 s, while the
decrease from 15 kN/cm to 2 kN/cm was achieved in 16 s. The periods of time to set the
GW to the forward value was detected under 20 s. Changing the SCF from 6 kN/cm to 2
kN/cm and keeping the GW constant caused a settling time of the GW of 0 s, because of
the small decrease step of the SCF. In contrast, in case of the decrease of the GW from 3.0
mm to 1.5 mm increasing the SCF from 4 kN/cm to 20 kN/cm, 9 s were needed. This
longer period of time was necessary, because the speed of the feeding and tamping screws
were decreased under the sufficient speed to generate 1.5 mm GW. The PI control loop

overreacted slightly by re-setting the speed of the feeding and tamping screws.

3.1.5 Summary

The roll compactors, which were available for the comparison, were of different age.
Newer machines from the same suppliers may have different process control capabilities
and other implemented innovations in hard- and software for allowing more robust
processes. It is easy and valuable to check the settling time and steady state conditions for
a given set-up of a roll compactor.

The recorded process data set of the AlexanderWerk BT 120 was described by insufficient
deviations from the set values and precision compared to the BRC 25 and Mini-Pactor roll
compactors. Because of the limitation in the parameter settings in case of MCC and the
mixture using smooth rolls and the inacceptable deviations from the set values of the
process parameters, a proper control of the HP and the GW are required. To implement a
certain control of the GW, an improvement of the feeding unit is needed including the
powder transport from the hopper to the feeding screw. Homogenous powder flow from
the hopper to the horizontal screw and the adequate powder pre-densification were found
to be essential to reach uniform ribbon properties.

The process data set delivered by the BRC 25 roll compactor was found to be more in
accordance with the set values and precise compared to the AlexanderWerk BT120 roll
compactor regarding all types of materials and roll surfaces. No relationship was found
between the deviations of the set values of the BRC 25 roll compactor and the used
material or roll surface. Even though, faster GW adaptation was observed, when knurled

rolls were used.
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The most precise and close to set values data of SCF and GW data were recorded in case
of Gerteis Mini-Pactor respecting the process. Also faster process adaptation was observed
compared to the BRC 25 after changing the roll compaction parameters.

These facts can be explained by the difference in the control method of the SCF and in the
PI parameter setting of the GW control loop. Since the P-portion of the PI control loop
was set to 10 in case of BRC 25 and to 12 in case of the Mini-Pactor, the control system
of the Mini-Pactor reacted to the GW changes with a stronger response. The I[-portion
defines the time intervals, in which an error value is calculated as a difference between
the actual values and the desired set value. The I-part of the PI control loop was set to 20
s in case of the BRC 25 roll compactor, while this was set to 15 s in the GW control loop
of the Mini-Pactor. Because of the more frequent control steps and distinctive response of
the control loop operating with the Mini-Pactor, a more consistent roll compaction was
observed compared to the BRC 25 roll compactor. In order to achieve a more precise roll
compaction process keeping tightly the set values using the BRC 25 roll compactor, the
readjustment of the PI-control loop parameter setting is required regarding each type of
roll surface.

Other differences between the two roll compactors include the way to control the SCF.
While the BRC 25 was using a spindle motor, the Mini-Pactor controlled the SCF by a
hydraulic system. The feeding systems and the sealing systems are also of importance for

the performance of roll compactors.
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3.2 Ribbon relative density

3.2.1 Introduction and objectives

The quality of granules, as being the end product of roll compaction/dry granulation and
the starting material of tableting, is highly depending on the quality of ribbons. The ribbon
quality is mainly influenced by the choice of excipients, set process parameters, roll
compaction design regarding the roll surface and sealing system. Therefore, the effect of
HP, SCF, GW, RS, type of sealing system, applied roll surface and the type of compacted
material was evaluated on the ribbon RD. The experimental setup was built up based on
the full factorial experimental plan, described in sections 5.2.1 and 5.2.2. In order to
investigate the effect of different roll compaction designs, the implementation of different
types of roll compactors was needed. The RD of ribbons produced by the different roll
compactors was measured by GeoPyc powder pycnometry in order to analyze the
differences and similarities between the effect of process parameters on the RD depending
on the utilized roll compactor. For this purpose, GeoPyc pycnometry was selected as
analytical tool, as it is a fast, user- and environmental-friendly method [78].

The further goal of this part of the thesis was to investigate the ribbon RD in high spatial
resolution. It was already described in the literature that more detailed information about
the RD of ribbons can be obtained, when X-ray uCT is used for the analysis of the ribbon
structure [52]. Wiedey et al. [34] described the ribbon RD across the width, along the
length and over the thickness of MCC ribbons at spatial resolution using X-ray uCT.
Nevertheless, the aforementioned study did not address the RD considering the whole
ribbon piece. Therefore, the RD of mannitol ribbons was analyzed across the width and
considering the whole volume of the ribbon sample by X-ray pCT. Based on the obtained
results, the GeoPyc powder pycnometry and the X-ray pCT were compared with each

other.
3.2.2 Investigation of ribbon relative density by powder pycnometry

3.2.2.1 Relative density of ribbons produced by AlexanderWerk BT120
While it was possible to perform the whole experimental plan for all materials using

knurled rolls, working with smooth rolls resulted in several difficulties. As the application
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of smooth rolls led to diminished internal wall friction, higher screw speeds were required
in order to grab the powder between the rolls and to achieve a comparable GW as was
used when knurled rolls were implemented. Due to the screw speed limitation of the roll
compactor, the maximum achievable GW was 2.3 mm for smooth rolls. At 60 bar HP in
case of MCC and 36 bar, 48 bar and 60 bar HP using 2.3 mm gap size in case of the
mixture a critical value of the roll compactor was exceeded, thus the process was stopped.
The limitation of the screw speed resulted in a reduced processability regarding the GW,
when smooth rolls were used. The processability using smooth rolls was also limited
considering the maximum achievable HP in case of MCC and mixture. As MCC and the
mixture were processed at high relative humidity [28], the moisture content of the
aforementioned powders increased. Amidon et al. showed that the flowability of MCC
decreases with increased relative humidity. Thus the cohesion was increased and the
frictional forces and electrostatic charges may have been reduced [102]. In contrast, this
reduction of processability was not observed for the roll compaction of mannitol, which
is explained by its non-hygroscopic property and spherical shape [103], hence by its better
flowability compared to MCC and mixture. Lower screw speed resulted in a more efficient
powder feeding, thus an easier and less problematic powder transport was obtained from
the hopper into the compaction zone and also the warming up of the machine was found
to be less extensive. Therefore, the range of processability using smooth rolls was
influenced by the behaviour of the manufactured material.

The RD of ribbons produced with smooth rolls is plotted against the set HP in Figure 13 a),
while the RD of the knurled ribbons is introduced in Figure 13 b). In both cases, the ribbon
RD raised with increasing HP. For the design using smooth rolls, denser ribbons were
obtained, when 1.5 mm GW was adjusted at high HP setting. This observation aligned
only in some cases, when knurled rolls were implemented, e.g.: mixture ribbons
manufactured with 24 bar, 48 bar and 60 bar HP were slightly denser, when 1.5 mm GW
was adjusted compared to ribbons produced with identical HP but at 3.0 mm GW. The
difference between the RD of mannitol ribbons and the other both investigated materials
was conspicuous; roll compaction of mannitol resulted in a significantly higher ribbon
RD, than the processing of MCC and mixture. Nevertheless, it can be seen, that the
mixture ribbons show comparable RD results to the mannitol ribbons, when it was
compacted using high HP. Comparing the RD results, higher ribbon RD was obtained for
all investigated materials, when roll compaction was accomplished using a pair of smooth

rolls. Due to the low friction between the powder particles and the smooth roll surface, the
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grabbing of the powder particles was not sufficient, thus the pre-densification of the
material was higher compared to knurled rolls. Furthermore, the inhomogeneous surface
of the knurled rolls provided a greater roll surface area to get in contact with the powder
particles during grabbing and densification [104]. Since the roll surface area was greater,
while the set HP was the same, the achieved compaction pressure was lower than the one
exerted in case of smooth rolls.

Based on the obtained RD results, an acceptable model (R*= 0.787, Q*= 0.682) was
achieved for roll compaction using smooth rolls. The quality of the model can be explained
by the absent responses in case of mixture and MCC. An excellent model (R*= 0.953,
Q%= 0.935) was obtained, when the roll compaction was investigated using knurled rolls.
In both models, the most significant term was the HP. The quadratic term of HP was found
to be significant in case of smooth rolls shown in Figure 14 a), while the term of fraction
of MCC (Mater) follows the HP in the significance in the model of knurled rolls presented
in Figure 14 b). Increasing the fraction of MCC had a negative effect on the RD; setting
the same parameters, more porous ribbons were produced when MCC was compacted,
while the compaction of mannitol led to denser ribbons. The GW had a minor, negative
influence on the ribbon RD only in case of smooth rolls. Lower GW resulted in higher
ribbon RD. The GW did not have a significant effect on the RD in case of knurled rolls,
due to sticking of the material to the roll surface. Consequently, the production of ribbons
led to thinner ribbons as the set GW. The two-fold interaction between the HP and type of
material (HP*Mater) was observed as a significant term, shown in Figure 14 b) meaning
that increasing the HP by one level resulted in a higher increase in RD when MCC was

used than was the case for mannitol.
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Figure 13 a), b). RD of MCC, mannitol and mixture ribbons produced by AlexanderWerk BT 120 roll

compactor using smooth (a) and knurled (b) roll surface (meants, at least n=3).
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Figure 14 a), b). Coefficient plots of the model terms analyzing the ribbon RD obtained by AlexanderWerk
BT 120 roll compactor using smooth (a) and knurled (b) rolls.
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3.2.2.2 Relative density of ribbons produced by Hosokawa Alpine
Pharmapaktor C 250

The RD of MCC, mixture and mannitol ribbons is presented in Figure 15 a). The increase
of the SCF led to denser ribbons independent of material type. As in case of the
AlexanderWerk BT 120, the mannitol ribbons were denser compared to MCC and mixture
ribbons. The effect of the process parameters is presented in the coefficient plot, in Figure
15 b). The SCF was found to be the most significant term in the model (R*= 0.972,
Q’=0.962). An inverse effect of the GW was obtained; the lower the set GW, the higher
was the RD. As the results indicate, the fraction of MCC had a significant effect on the
ribbon RD, which is also proven by the statistical analysis. The two-fold interaction
between the SCF and type of material (SCF*Mater) had a significant effect on the RD,
which is shown in detail in the interaction plot, exhibited in Figure 16. Equivalent to the
results for the AlexanderWerk BT120, the effect of the SCF was higher when the fraction

of MCC was high, and lower when mannitol was processed.
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Figure 15 a), b). RD of MCC, mannitol and mixture ribbons (a) produced by Hosokawa Alpine
Pharmapaktor C250 roll compactor setting 1.5 and 3.0 mm gap width (meants, at least n=3) and

coefficient plot (b) of the model terms.
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Figure 16. Interaction plot of the SCF and type of material respecting the ribbon RD obtained by
Hosokawa Alpine Pharmapaktor C250.

3.2.2.3 Relative density of ribbons produced by L.B. Bohle BRC 25 roll
compactor

An increasing trend of the ribbon RD was observed, when the SCF was incremented, as
presented in Figure 17 a) and b). As it is described in case of the previous roll compactors,
also the compaction using BRC 25 roll compactor resulted in more porous ribbons, when
MCC and mixture were processed compared to mannitol. However, the effect of the
increase of the SCF by one level on the ribbon RD was more conspicuous in case of MCC
and the mixture compared to mannitol. As expected, ribbons that were manufactured
setting 1.5 mm GW in most cases showed higher RD compared to ribbons produced by
adjusting 3.0 mm GW, except mannitol ribbons when setting 1.5 mm GW and 4 rpm RS.
The direct effect of the SCF and the inverse effect of the fraction of MCC were obtained
as most significant terms in the model (R?>= 0.964, Q*= 0.946). The set RS and GW were
found to be significant terms; the smaller the GW and the lower the RS were, the denser
were the compacted ribbons. The RS was obtained on the one hand as significant main
factor, on the other hand two-fold interactions with the GW and the fraction of MCC were
determined. The two-fold interactions between the RS and GW and RS and fraction of
MCC are introduced in Figure 18. The slight significance of the RS in the model is
comprehensible, as MCC shows plastic deformation behaviour, which is described to be
time dependent [70, 105]. The effect of the RS on the ribbon RD is propagated in Figure
19.
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Figure 17 a), b). MCC, mixture and mannitol ribbon RD manufactured by BRC 25 roll compactor using 2
rpm RS(a) and 4 rpm RS (b) (meants, at least n=3).
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Figure 18. Coefficient plot of the model terms analyzing the ribbon RD obtained by L.B. Bohle BRC 25

roll compactor.
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Figure 19. 4 D contour plot of the correlation between ribbon RD, SCF, GW, RS and fraction of MCC
using BRC 25 roll compactor.

3.2.24 Relative density of ribbons produced by Gerteis Mini-Pactor

Mannitol ribbons were produced to investigate the impact of the process parameters on
the ribbon RD. The effect of different sealing systems, RR and SS assembly and the effect
of different types of roll surfaces, smooth and knurled rolls, also were examined during
the work with this roll compactor. In Figure 20 a), b) and Figure 21 a), b) the RD of
mannitol ribbons produced is depicted. The highest RD results were observed, when SS
assembly and a pair of smooth rolls were used for roll compaction. In contrast, the lowest
ribbon RD were obtained, when smooth rolls and RR were utilized. No clear statement
can be made about the effect of the knurled roll surface in correlation with the used sealing
system, as setting 4 kN/cm and 10 kN/cm SCF resulted in identical RD values, however
obvious interaction between the sealing system and knurled roll surface was not found
considering the remaining RD. A good model (R?= 0.899, Q*= 0.875) of the examined
factors was established, which showed that the SCF and its quadratic effect were found to
be the most significant factors followed by the type of sealing system. SS system resulted
in higher RD compared to rim-rolls. The results plotted in Figure 20 a), b) and Figure 21

a), b) embrace the influence of the sealing system and the roll surface on the ribbon RD.
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The coefficient plot, shown in Figure 22, exhibits the slightly significant effect of the roll
surface on the ribbon density. The implementation of a pair of smooth rolls allowed the
compaction of denser ribbons compared to a pair of knurled rolls. The effect of the two-
fold interaction between the type of sealing system and roll surface shows that a
comparable densification of mannitol can be achieved when RR were used with knurled
surface as it was observed in case of SS system using smooth rolls. High SCF, the usage
of SS assembly and smooth rolls resulted in the densest ribbons. The GW was not found
to be a significant parameter, as the sticking of mannitol on the roll surface was discernible
during the whole roll compaction process. The adhesion of the material on the roll surface
prevented to compact ribbons having thickness equal to the adjusted GW. 2 rpm and 4
rpm RS-s were investigated in the design of experiment (DoE) of the Gerteis Mini-Pactor.
Based on the ribbon RD results, the RS was obtained to be an insignificant process

parameter, as presented in Figure 22.
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Figure 20. a), b). Correlation between ribbon RS, SCF and roll compaction design setting 1.5 mm GW and
2 rpm RS (a) and setting 3.0 mm GW and 2 rpm RS (b) obtained by Gerteis Mini-Pactor compacting

mannitol using smooth and knurled rolls and RR and SS assemblies (meants, at least n=3).
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Figure 21. a), b). Correlation between the ribbon RD, SCF and roll compaction design setting 1.5 mm GW
and 4 rpm RS (a) and setting 3.0 mm GW and 4 rpm RS (b) obtained by Gerteis Mini-Pactor compacting

mannitol using smooth and knurled rolls and RR and SS assemblies (mean+s, at least n=3).
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Figure 22. Coefficient plot of the model terms evaluating the ribbon RD obtained by Gerteis Mini-Pactor.
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3.2.2.5 Compression behaviour of MCC 101 and mannitol during roll
compaction and die compaction

As presented in the previous sections, the mannitol ribbons were always denser than the
corresponding MCC ribbons. The observed differences in RD between mannitol and MCC
ribbons can be explained by the structure of the raw material and the different deformation
behaviour. Heckel analysis revealed yield pressures of 63.7£0.9 MPa for MCC and
135.7 £0.3 MPa for mannitol, indicating that MCC shows a rather plastic deformation
behaviour and mannitol is predominantly brittle. The higher yield pressure of mannitol
represents a higher resistance to deformation compared to MCC. This is not in line with
the results shown above, where mannitol ribbons were denser for all roll compactors and
at all levels.

To explain this fact, the particle morphology has to be taken into account. As is displayed
in the scanning electron microscope (SEM) pictures in Figure 23, the mannitol particles
were porous spheres, while MCC particles were irregular shaped and more fibrous. It can
be assumed that during compaction the spray-dried mannitol particles can easily break
even at low pressures. Only after the initial collapse of the sphere the higher resistance to
deformation would set in. For MCC however, no sudden collapse at low pressures would

be expected.

sopm vy g

Figure 23. a), b). SEM pictures of a mannitol particle (a) and of a MCC particle (b).

Figure 24 a) shows the in-die determined RD of tablets during compression at the

corresponding compression pressure. At very low pressures the RD of mannitol increased
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rapidly and showed higher values than MCC, supporting the hypothesis stated above. At
higher pressures however, the RD of mannitol increased at a lower rate, so that the profiles
cross at about 53 MPa and in the following MCC tablets showed a higher RD. This
behavior at higher pressures is still not explanatory for the observations during roll
compaction, in which the RD profiles of MCC and mannitol converge at higher
forces/pressures, but never cross. A full explanation of this behaviour can be derived from
the data shown in Figure 24 b). Here the RD - determined out-of-die - of tablets
compressed at 5 different compression pressures is plotted against the maximum pressure
during compression. This way the elastic recovery, which takes place between roll
compaction and the determination of ribbon density, is also taken into account.

The mannitol tablets showed a higher RD at all levels. The difference is the largest at 50
MPa, at 100 MPa and at 150 MPa the profiles converge without crossing. This behaviour
matched the observations during roll compaction and supports the hypothesis that due to
the morphology the mannitol particles are compressed to high RD at low pressures, even
though the yield pressure is higher than for MCC.

At higher pressure the profiles in Figure 24 b) diverge again, but these high pressures seem

not to be realized during roll compaction.
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Figure 24. a), b). Deformation of MCC and mannitol (n=10; mean+CI): “in-die” (a) and “out of die” (b)

RD of tablets over compression pressure.
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3.2.3 Ribbon density characterization by X-ray pCT

3.2.3.1 Relative density characterization using ROTHIST

One of the three cross sections and the corresponding trend of density distribution across
the ribbon width are exemplary presented in Figure 25 for ribbons produced by
AlexanderWerk BT120 using smooth rolls and in Figure 26 for ribbons manufactured by
Mini-Pactor using smooth rolls. The AlexanderWerk ribbons were produced setting 18
bar HP, 2.3 mm GW and 3 rpm RS, while the Mini-Pactor ribbons were manufactured
setting 2 kN/cm SCF, 1.5 mm GW and 2 rpm RS. The trend of the ribbon RD across the
ribbon width in both aforementioned graphs aligned with the data reported in the literature
[33, 34, 52, 106]; the ribbon edges were found to be less dense compared to the middle
part of the ribbon. A slightly different trend of RD was observed in case of ribbon 1 in
Figure 26 compared to the RD trends of the AlexanderWerk ribbons and Mini-Pactor
ribbon 2, as no difference in RD was obtained between the middle part and the edges of
the ribbon. The obtained trends of RD were characteristic of the selected position and were

not influenced by the applied roll compaction design or parameter setting.
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Figure 25. RD evaluated by ROTHIST of two mannitol ribbons produced by AlexanderWerk BT 120
setting 18 bar HP, 2.3 mm GW, using smooth rolls and the corresponding cross section images of the

ribbons.
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Figure 26. RD evaluated by ROTHIST in two different mannitol ribbons produced by Mini-Pactor setting
2 kN/ecm SCF, 1.5 mm GW and 2 rpm RS, using SS system, smooth rolls and the corresponding cross

section images of the ribbons.

3.2.3.2 Relative density evaluation using UHIST20 and UHISTS0

Investigating the RD by the UHIST20 and UHISTS50 evaluation methods, the ribbon RD
was calculated from the GVs averaged from the GVs of 20 and 50 layers. This allowed
the investigation to calculate the RD across the ribbon width considering the whole ribbon.
Thus, the obtained RD values were evaluated depending on their position across the ribbon
width. Using this evaluation method, only the Mini-Pactor ribbons were evaluated.
Exemplary, the RD values evaluated by UHIST20 are presented in Figure 27 and the RD
values obtained by UHISTS50 are shown in Figure 28 for the mannitol ribbon 2 from the
batch produced by 2 kN/cm SCF, 1.5 mm GW and 2 rpm RS using smooth rolls. The RD
trends presented in the aforementioned figures are comparable to each other. It can be also
observed that the SD values of RD in the middle of the ribbon are smaller compared to
the SD obtained from the edge of the ribbon. Comparable SD values were obtained by
evaluating the RD by UHIST20 and UHIST 50, however lower SD was expected in case
of the evaluation by UHIST50, as the number of the layers grouped was 2.5 more
compared to the evaluation by UHIST?20.
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Figure 27. RD evaluated by UHIST20 of Mini-Pactor ribbons produced by 2 kN/cm SCF, 1.5 mm GW

and 2 rpm RS using smooth rolls (n=20; mean=s).
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Figure 28. RD evaluated by UHIST50 of Mini-Pactor ribbons produced by 2 kN/cm SCF, 1.5 mm GW

and 2 rpm RS using smooth rolls (n=50; mean+s).

3.2.3.3 Relative density results obtained by GeoPyc, ROTHIST, UHIST,
UHIST20 and UHIST50

The ribbon pieces being selected for the RD evaluation by X-ray uCT had different length
2.5-4.0 cm. Therefore, the investigation on RD by UHIST examining the whole ribbon
sample was based on different amount of data. Using the UHIST software, the average

ribbon RD was calculated considering each individual layer in the ribbon. This type of
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evaluation was done in case of the mannitol ribbons produced by the AlexanderWerk
BT120 roll compactor at 18 bar and 60 bar HP and for the mannitol ribbons produced by
the Mini-Pactor at 2 kN/cm and 10 kN/cm SCF and 2 rpm RS. Not only the average RD
values were calculated considering the whole ribbon, but also the calibration between GV's
and RD of tablets were made considering the whole tablet, which might lead to more
accurate determination of density compared to the ROTHIST evaluation, which conducts
the calibration between the GVs and the RD of tablets using two cross sections, while for
ribbons 3 cross sections were examined as described in 5.4.2.1.

The compared RD data set of the AlexanderWerk BT120 ribbons obtained from the
measurements conducted by GeoPyc powder pycnometry and X-ray uCT UHIST are
presented in Figure 29 for smooth rolls and in Figure 30 for knurled rolls. The highest RD
results were obtained from the evaluation conducted by the X-ray pCT measurements
using UHIST software, while the lowest RD values were received by the GeoPyc powder
pycnometry, in case of the roll compaction design using smooth rolls. In contrast, the RD
values performed by GeoPyc powder pycnometry were found to be the highest, and the
lowest RD values were resulted by the X-ray pCT measurements using ROTHIST
software. The observation that the RD defined by powder pycnometry is lower, than the
RD measured by the X-ray pCT can be explained by the volume determination of ribbons
during the measurement using GeoPyc. As explained in Equation 8, the envelope density
can be obtained when the weighed mass of ribbon is divided by the obtained volume of
ribbon measured by the GeoPyc powder pycnometer. If too large volume is determined
by the GeoPyc, the envelope density is obtained to be too low. Finally, this low envelope
density is divided by the helium density of the powder, which results in the RD of the
ribbon, which is lower than it might be as the ribbon volume was overestimated. The
overestimation of the ribbon volume is one of the main disadvantages of the powder

pycnometry.
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Figure 29. Comparison of RD measured by GeoPyc powder pycnometry and X-ray uCT using ROTHIST
and UHIST software of mannitol ribbons produced by AlexanderWerk BT120 roll compactor using

smooth rolls (mean=ts, n>2).
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Figure 30. Comparison of RD measured by GeoPyc powder pycnometry and X-ray pCT using ROTHIST
and UHIST software of mannitol ribbons produced by AlexanderWerk BT120 roll compactor using

knurled rolls (mean+s, n>2).

In case of the Mini-Pactor ribbons, the RD results performed by GeoPyc powder
pycnometry, X-ray pCT measurements using the ROTHIST, UHIST, UHIST20 and

UHISTS50 software were compared for both roll compaction designs; using a pair of
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smooth rolls and a pair of knurled rolls. The RD results of ribbons manufactured with
smooth rolls are depicted in Figure 31. It can be observed that as in case of the roll
compaction design of AlexanderWerk BT 120 using smooth rolls, also in case of the Mini-
Pactor, the UHIST evaluation method resulted in the highest RD values, and the lowest
RD values were obtained by GeoPyc powder pycnometry. This was not observed in case
of each investigated batch produced by the Mini-Pactor using knurled rolls. The RD values
of the batches manufactured at 10 kN/cm SCF were found to be comparable, when the RD
was measured and evaluated by any of the used methods, as presented in Figure 32. The
RD of those knurled Mini-Pactor ribbons, which were manufactured at 2 kN/cm SCF,
were found to be different depending on the used measurement method as in case of
ribbons produced with smooth rolls. All UHIST evaluation methods led to comparable
results, however it could be observed that the UHIST evaluation resulted in the highest
RD values independently from the set process parameters and applied roll compaction

design.
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Figure 31. Comparison of RD measured by GeoPyc powder pycnometry and X-ray pCT using ROTHIST,
UHIST, UHIST20 and UHISTS50 software of mannitol ribbons produced by Mini-Pactor roll compactor

using smooth rolls (mean+s, n>2).
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Figure 32. Comparison of RD measured by GeoPyc powder pycnometry and X-ray uCT using ROTHIST,
UHIST, UHIST20 and UHISTS50 software of mannitol ribbons produced by Mini-Pactor roll compactor

using knurled rolls (meants, n>2).

In Figure 29 and in Figure 31, high SD of the RD results (4.1-5.8%) obtained by X-ray
LCT using ROTHIST and UHIST were observed for ribbons produced at 60 bar HP or at
10 kN/cm SCF. Therefore, the RD values of the investigated samples measured by GeoPyc
and X-ray uCT using ROTHIST, UHIST, UHIST20 and UHIST50 software were
tabulated in Table 9. The GeoPyc results were comparable to each other, however the RD
data showed high variability within the same batch, when it was measured by X-ray uCT.
Those RD values can be considered as valid values, which are between 53.9 and 92.9%,
as the calibration between the GVs and tablet RD was performed in this range of RD.
Therefore, the RD values marked with red in Table 9 are invalid according to the
performed calibration (R>=0.9966). Based on this observation, it can be stated that
calibrated range of RD might restrict the application of X-ray uCT, when subjects with
high RD are to be measured. Nevertheless, ribbons with RD above 80% are rarely aimed
in the pharmaceutical industry, thus this method is suitable for RD measurements, when
the RD of subject of interest fits into the calibrated range.

In case of knurled ribbons, presented in Figure 30 and in Figure 32, small SD values of

RD (<3.1%) were obtained in case of each evaluation method.
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Table 9. Raw data of RD of AlexanderWerk BT 120 and Mini-Pactor ribbons produced at 60 bar HP/10
kN/cm SCF and 1.5 mm and 2.3 mm/3.0 mm GW using smooth rolls.

RD [%] - AlexanderWerk RD [%] — Mini-Pactor
BT120 ribbons ribbons
)
!—1" E E
E = H E E = E
= 8 o s Sz
Measurement method % 50 = A Z
and evaluation g | S E = S0B =02
technique 7] D E o T O —»n O —n O
1 89.9 85.0 81.4 79.3
2 90.7 87.3 82.9 79.5
GeoPyc
3 92.3 85.0 82.9 79.6
4 90.8 87.0
1 80.9 84.2 83.8 86.9
X-ray uCT - ROTHIST
2 91.5 95.7 79.5 81.4
1 87.8 90.2 84.1 84.0
X-ray uCT - UHIST
2 93.5 98.4 91.1 84.0
X-ray uCT —UHIST20 1 80.5 76.1
2 84.3 78.8
X-ray pCT —UHIST50 1 83.5 75.9
2 79.4 79.3

The RD determination by X-ray uCT is based on the obtained GV. Thus, it can be
concluded that the X-ray pCT might be a more accurate method compared to the GeoPyc
powder pycnometry, as it takes into account only the powder particles and so, the included
hollows in the ribbons can be excluded from the calculation of the RD. In contrast, the
volume determination by powder pycnometry considers the cavities in the ribbons

resulting in the overestimation of the ribbon volume and thus, in the underestimation of

the ribbon RD.

3.2.4 Discussion and summary

The SCF/HP was found to be the most significant process parameter (p< 0.001) in each
roll compaction model. This observation aligns with data reported in the literature [9, 53,
73, 84, 105, 107]. For an AlexanderWerk BT 120 roll compactor, Khorasani et al. revealed
that a higher roll pressure results in denset/less porous MCC 101 ribbons [108]. The
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quadratic term of the SCF/HP can be explained by the non-linear increase of the RD, with
the linear increase of the SCF/HP.

As it was observed in the current investigation, including an AlexanderWerk BT120 roll
compactor, the effect of the GW (p=0.033) was found to be significant only, when smooth
rolls were used. For the same roll compactor, the ribbon RD was not affected by the GW
when knurled rolls were applied. Different observations can be found in the literature in
regard to the influence of GW on the roll compaction process. On the one hand, the
significant effect of the GW is described [109], as it was observed in the model (p< 0.001)
of BRC 25, Pharmapaktor C250 and AlexanderWerk BT120 using smooth rolls in this
study. The smaller the GW was set, the denser the ribbons were obtained. It is already
published in the literature, that the alteration of the GW has an inverse effect on the RD,
independent of the type of processed materials and roll compaction design [68, 72, 110].
Daugherity et al. [31] studied the effect of the serration of the roll surface on the ribbon
thickness. It was found, that greater serration results in thicker ribbons compared to roll
compaction using identical parameter settings but less serrated rolls. This observation
proved indirectly, that the roll surface influences the ribbon quality and the manufacturing
capability of the roll compactor. On the other hand, the roll compaction study on the Mini-
Pactor and on the AlexanderWerk BT 120 using knurled rolls showed contradictive results
compared to the previously described ones, as an insignificant effect of GW was obtained.
This observation resulted due to the marginal material sticking on the roll surface. The
non-significant effect of the GW was also published, when a Hosokawa Bepex
Pharmapaktor C250 was investigated [81], however only a narrow range of GW (1-2 mm)
was investigated and one knurled and one smooth roll were utilized. The sticking of the
compacted material, mainly in case of mannitol, caused difficulties in producing ribbons
with similar thickness as the GW was set. The conveyed material was compacted at a
smaller gap size than it was set, which led to a higher powder densification. A similar
limitation of the roll compaction process was already described earlier [55].

The RS was found to be an insignificant process parameter in the most of the introduced
models. One exception was observed, in case of the BRC 25 roll compactor, in which case
the effect of RS on the ribbon RD was slightly significant. As it was introduced in the
contour plot in Figure 19, the higher the RS, the lower was the density of the ribbons from
MCC and mixture. Al-Asady et al. investigated the roll compaction process using an

AlexanderWerk WP120 roll compactor. In this study, the GW was kept constant using an
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automatic control system by changing the screw speed and hence also the feeding rate of
the powder. Higher HP results in more powder consolidation, while lower RS at constant
powder feeding rate results in weaker ribbons. The RS had a significant inverse effect on
the ribbon density and strength for MCC, as less time was available for the formation of
bonding forces between the powder particles [105]. Therefore, it can be concluded, that
inverse effect of RS on the ribbon RD is in alignment with the literature for MCC and
mixture ribbons. Mannitol particles, as being a brittle material, replies with fragmentation
on a certain compaction force, which behaviour was found to be independent from the roll
compaction dwell time [111]. Nevertheless, the RS was not included in the model in case
of mannitol ribbons produced by the Mini-Pactor, which was also reported in the literature
[107].

Beside the SCF and its quadratic term, the fraction of MCC was achieved as a significant
factor (p< 0.001), in case of all roll compactors that processed the different model
materials. The higher the fraction of MCC was, the lower the ribbon RD was obtained.
The quadratic term of the fraction of MCC was found to be significant in case of
AlexanderWerk BT120 using knurled rolls (p= 0.008) and for BRC 25 roll compactors
(p< 0.001) as well. In each investigation, roll compaction of mannitol resulted in the
densest ribbons. The difference in the RD between mannitol and MCC ribbons can be
explained by the structure of the raw material and through the different deformation
behaviour (see section 3.2.2.5).

The investigation of the roll compaction design showed, that both, the type of sealing
system and the type of roll surface had a significant effect on the roll compaction process.
The impact of the sealing system type was investigated solely in case of Mini-Pactor, as
it is the only supplier, which provides both types of sealing assembly. The sealing system
was found to be a significant factor (p < 0.001) affecting the ribbon RD. SS sealing system
resulted in the densest ribbons, when smooth rolls were used. The effect of the roll surface
was obtained less significant (p= 0.022) compared to the effect of the sealing system. It
was also reported, that an irregular roll surface evocate an uneven pressure distribution on
the roll surface compared to smooth rolls resultingina “soft crown area” on the surface
of the ribbon [2]. Wiedey et al. reported, that RR sealing assembly results in more
homogenous density distribution in ribbons compared to SS [34]. The two-fold interaction
of'the sealing system and roll surface (p<0.001) described the effect of the roll compaction
designs in combination. According to this term, the application of RR using knurled rolls

can result in comparable ribbon RD to those ones achieved by manufacturing using SS
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smooth rolls. Although, the data set collected shows that the densest ribbons were
achieved when SS sealing system was used with smooth roll surface.

Two different measurement techniques for RD determination were compared to each other
in order to investigate the advantages of the applied methods. The GeoPyc powder
pycnometry is a fast and cost-effective method, which enables to measure the RD of
laminated, non-laminated and broken ribbons (e.g. ribbons produced by RR sealing
system). Using the X-ray uCT, the RD can be determined in the function of the position
in the ribbon considering the individual layers (ROTHIST), grouped layers (UHIST20 and
UHISTS0) or all the reconstructed layers (UHIST). Thus, not only the local density
distribution can be investigated, but also the overall ribbon RD considering the whole
volume of ribbon in a higher spatial resolution compared to the data set obtained by
powder pycnometry. Since the X-ray pCT is an expensive tool to measure the ribbon RD,
the powder pycnometry might be still accurate enough to measure the RD of ribbons, as
this parameter is a key quality attribute of roll compaction/dry granulation in order to
produce granules or tablets in the required quality. The calibration of the GVs and tablet
densities is a demanding task and requires longer preparation time to achieve the reliable
calculation of RD from the obtained GVs. In the frame of a development of solid dosage
forms, in which ribbons are (one of the) intermediate products, the RD o ribbons might be
compared to each other, when the RD values were measured by the same method.

In order to compare the GeoPyc and X-ray pCT ROTHIST, UHIST, UHIST20 and
UHIST50 evaluation methods with each other more accurate, the same ribbon piece might
be measured first by the X-ray pCT and the obtained data set might be evaluated by the
four aforementioned methods. As the X-ray uCT is non-destructive, the same ribbon
pieces could be measured by GeoPyc powder pycnometry. This would exclude the
variability in RD between the different pieces of ribbons used for the various

measurements.
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3.3 Establishment of a conversion factor (cr)

3.3.1 Introduction

A process transfer between roll compactors with different geometries requires the
maintenance of the critical quality attributes of ribbons and granules. To accomplish a
successful roll compaction process transfer, among others the comparison of the ribbon
RD as a critical quality attribute of the roll compaction process is necessary.

Combining the Reynolds approach [53], latent variable models and design of experiment
and using experimental data set to establish the OPLS model, Souihi et al. [30] challenged
a roll compaction process transfer between a horizontal feeding roll compactor using HP
as measure for roll pressure and a vertical feeding roll compactor applying SCF as unit for
compaction pressure. The SCF, GW, RS, screw speed, RW, RD and the dimensionless
ratios of GW to roll diameter and RS to screw speed were investigated as process variables.
Comparable ribbon porosities could be achieved, the measured values were found to be
very well estimated by the predicted values, whereas the root mean square error of
prediction was 1.0 for comparable batches to the training dataset. However, the established
model was appropriate for the used formulation, the model needs to be improved as the
root mean square error of prediction increased to 2.7, when the formulation was changed.
A further drawback of this method is the need for calibration of the roll pressure of the
AlexanderWerk roll compactor, since the extents of both roll compactors are different.
The authors applied 0.286 kN/bar calibration coefficient. No explanation was given in the
study, how accurate and in which way the establishment of the calibration coefficient was
accomplished.

Since the conversion of a certain roll pressure into CF is not given by the roll compactor
supplier, the transfer technology may be based on the ribbon RD, since it is easy to
measure. To fulfil these requirements, the parameters of the roll compaction process must
be adapted. For the most types of roll compactors, the SCF (kN/cm) or CF (kN) is used as
a measure to exert a certain CF on the roll surface. The SCF is the CF per 1 cm roll width.
Other roll compactors have the attribute to set HP in bar or in MPa. Therefore, a further
goal of this part of the thesis is to introduce a theoretical way developing different
conversion factors, which enables to convert certain HP/SCF values into new settings in

order to obtain ribbons of comparable density. For this purpose, the ribbon RD results
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obtained in the experiments using the BRC 25, Mini-Pactor and the AlexanderWerkBT 120

roll compactors were used to establish conversion factors.

3.3.2 Conversion factor between the AlexanderWerk BT120 and Mini-

Pactor

The ribbon RDs obtained by compacting with the Mini-Pactor were measured to be
between 63.2 - 82.4 %. Setting 18 bar, 24 bar, 36 bar, 48 bar and 60 bar HP using the
AlexanderWerk BT120 roll compactor resulted in ribbon RD between 76.2 - 90.9 %.

«K_»

These original results are presented with "x~  dots in Figure 33, where the cr is
understood as 1 m?. The trend of the RD values of both roll compactors were similar to
each other, however there is a systematic shift in the RD profiles observed. When the set
HP values are multiplied by 0.8 m? ¢, the trend of the ribbon RDs of both compactors are
coinciding, presented in circle shaped dots in Figure 33. The calculated settings of the HP

according to Equation 5 are 14.4 bar, 19.2 bar, 28.8 bar, 38.4 bar and 48.0 bar.
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Figure 33. Conversion of the HP into CF using AlexanderWerk BT 120 and Mini-Pactor manufacturing

with smooth roll surface and SS sealing system setting 1.5 mm GW (mean+s, n=at least 3).
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3.3.3 Conversion factor between the Mini-Pactor and BRC 25 roll

compactor

Ribbons are produced setting the same SCF, GW and RS compacting with the BRC25 and
with the Mini-Pactor roll compactors. The set process parameters are presented in Table
13 and Table 18. The extents of the roll force considering both roll compactors are the
same. When those mannitol ribbon RD values are compared that are emanated from the
same roll compaction design, smooth roll surface and RR sealing system, a difference
between the corresponding relative density values is obtained. Setting the same SCF, GW
and RS, the mannitol ribbons produced by the BRC 25 roll compactor are achieved to be
denser compared to the mannitol ribbons compacted by Mini-Pactor. The ribbon RD
results considering both roll compactors are exhibited in Figure 34 a) and b). As an
outcome of the comparison of the mannitol ribbon RD-s obtained by the roll compaction
using BRC 25 and Mini-Pactor, the need for the establishment of a cr is identified, though
the adjusted extents, e.g. SCF considering both roll compactors are the same. To set the
proper SCF to obtain comparable ribbon RD values, when BRC 25 is used, the originally
set SCF values shall be multiplied by 1.6. Plotting the calculated new settings of the SCF,
3.2 kN/em, 6.4 kN/cm, 9.6 kN/cm, 12.8 kN/cm and 16 kN/cm respectively, the trends of
the BRC 25 and Mini-Pactor results show an overlapping above each other, which
indicated that sufficient conversion of the SCF setting of the BRC 25 roll compactor is
achieved compared to the Mini-Pactor settings. When 4 rpm RS are adjusted using both
type of roll compactors, the ribbon RD results are found to be identical, without any

conversion of the parameter setting of the BRC 25 roll compactor.
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Figure 34. a), b). Conversion of the SCF of the BRC 25 using with the cfof 1.6 m? (means, at least n=3)
setting 1.5 mm GW (a) and 3.0 mm GW (b) and 2 rpm RS.

In a recent study [84], contrary results were detected compacting mannitol using both
types of roll compactors, although different types of roll compaction designs were used,
when ribbons were manufactured using the Mini-Pactor and the BRC 25 roll compactors.
The process parameter setting was identical with the one used setting of BRC 25 (RR,
smooth rolls), while the roll compaction design of the Mini-Pactor consisted of SS
assembly in combination with knurled rolls. As described in section 3.2.2.4, the sealing
system and the roll surface affect the ribbon RD. Thus, when the roll compaction process
shall be transferred, it is suggested to keep the roll compaction design identical for the

establishment of a crin order to realize the best performance of the process translation.

3.3.4 Summary

In order to present a principle method, how a roll compaction process can be transferred,
when the extents of the roll pressure are different a conversion factor was established
between the AlexanderWerk BT120 and Mini-Pactor roll compactors. Multiplying the
originally set HP with 0.8 m? resulted in the proper settings of the HP to obtain ribbons
with comparable RD-s that were achieved by the Mini-Pactor. Furthermore, another
example was introduced using the data sets of the Mini-Pactor and BRC 25 roll

compactors using smooth RR, as the extents of the CF-s are the same. Using the same
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sealing system and setting the same SCF, GW and RS, the ribbons produced by the BRC
25 roll compactor were achieved to be denser compared to the mannitol ribbons
compacted by Mini-Pactor. The adapted setting of the SCF regarding the BRC 25 roll
compactor was calculated from the original set SCF of the BRC 25 multiplied by 1.6 m?
Cft.

Since the various roll compactor suppliers do not provide any crin order to calculate the
CF into roll pressure [39], a principle method was presented, how a roll compaction
process can be transferred, when the extents of the roll pressure are different. In order to
accomplish a process transfer following the introduced methodology, some limitations
need to be considered. The GW, RS, roll compaction design (used sealing system and roll
surface), laboratory environment have to be kept identical or at least as similar as possible.
In the presented case study, the RS was not kept identical, but this difference was
neglected, as the RS does not have a significant effect on the ribbon RD, when brittle
material is compacted. The process transfer compacting the plastic material, MCC was
not considered so far, as the relative humidity was not kept identical, when the different
roll compactors were used. The different relative humidity in the laboratory results in
different moisture content of the raw material, which influence the compressibility of
MCC. Targeting a certain ribbon RD, the required compaction pressure decreases with
increasing moisture content [112]. A cr was established between the AlexanderWerk
BT120 and Mini-Pactor roll compactors. Multiplying the originally set HP with 0.8 m?
resulted in the proper settings of the HP to obtain ribbons with comparable RDs that were
achieved by the Mini-Pactor. Through the presented example, a fast and simple way was
introduced to transfer the roll compaction process between different types of roll

compactors.
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3.4 Characterization of granule size distribution

3.4.1 Introduction

During roll compaction/dry granulation, ribbons possessing certain RD and strength are
milled into granules after leaving the compaction zone. The ribbon characteristics are
influenced by the process parameters of the feeding and compaction unit, as described in
the previous sections. The quality of granules depends on the one hand on the ribbon
characteristics, thus indirectly on the set process parameters and used compaction design
and on the other hand on the utilized milling method [23]. There are two critical quality
attributes of granules, the GSD and the porosity [57]. Due to the nature of roll
compaction/dry granulation, no liquid binder is utilized, which is one of the reasons for
the high amount fines and hence for the bimodal GSD. Several research studies are
published dealing with the different roll compaction/dry granulation process conditions
resulting less amount of fines. Herting et al. investigated the roll compaction/dry
granulation of MCC-theophylline mixtures having different particle size. It is described
that the median granule size was increased with the decrease of the particle size of MCC
and theophylline. Further postulation from their study is that granules milled from denser
ribbons have higher granule size [75]. In the study of Perez Gago, ribbons compacted from
pure materials MCC 101, mannitol and from 6 different mixtures thereof containing 15-
85% MCC 101 were milled and the GSD was evaluated [113]. It was shown that the higher
the MCC 101 proportion in the mixture, the more amount of fines was produced. The
percentiles of the granules were directly influenced by the SCF and its quadratic term, the
GW and the type of material. High SCF, low portion of MCC 101 in the mixture and low
GW resulted in larger granule size. These results aligned with the results of ribbon RD,
since high SCF, high portion of mannitol and low GW led to denser ribbons. The
investigation of Mangal et al. [114] focused on the control of GSD by adjusting the
impeller speed of the conical rasp sieve, milling ribbons compacted at different SCFs. The
results of this study exhibited that increased impeller speed led to higher amount of fines
and decreased median particle size, while the increased SCF resulted in robust ribbons
and hence in larger granule particles, which aligned with results published in the literature
[75]. Furthermore, it was obtained that the RS had a significant effect on the d50 values,

when MCC ribbons were milled [114].
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Nevertheless, no systematical study has been published in the literature describing the
effect of roll compaction design in combination with the process parameters on the GSD.
Therefore, in this part of the thesis, it was aimed to investigate the GSD of milled MCC,
mixture and mannitol ribbons compacted by the AlexanderWerk BT120, L.B. Bohle
BRC25 and the Gerteis Mini-Pactor roll compactors. As the granulation method was kept
constant using the oscillating star granulator of the Gerteis Mini-Pactor, the effect of the
milling process parameters on the GSD could be excluded. The obtained d50 values,
cumulative distribution, density distribution and the amount of fine fraction were
evaluated in terms of roll compaction parameters and designs. Fine fraction was defined

as particles under 90 pm.
3.4.2 Particle size distribution of the model materials

In order to understand and derive the effect of process parameters and roll compaction
designs on the GSD, the particle size properties of the raw materials have been
characterized as first. The median particle size of the mannitol, mixture and MCC powders
are tabulated in Table 10. The comparison of the cumulative and the monomodal density
distribution between mannitol, mixture and MCC powders is depicted in Figure 35 a)

and b).

Table 10. Median particle size of mannitol, mixture and MCC powders measured by dynamic image

analysis (meants, n=3).

Mannitol ‘ Mixture ’ MCC

164.2+11.9 um‘ 97.7+12.7 um | 64.8+4.1 pm
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Figure 35. a) and b). Cumulative distribution (a) and density distribution (b) of mannitol, mixture and

MCC powders (mean, n=3).

It can be observed that mannitol has a wider particle size distribution compared to MCC,
while the trend of the particle size distribution of the mixture particles is between the

particle size distribution of MCC and mannitol.

3.4.3 Granule size distribution of granules obtained by

AlexanderWerk BT120

3.4.3.1 Mannitol granules

The d50 values of the obtained granules milled from ribbons compacted with smooth and
knurled rolls are presented in Figure 36 a) and the corresponding amount of fine fraction
is presented in Figure 36 b). An increase in the median particle size of the granules was
observed compared to the uncompacted mannitol particles, as expected. The increase of
the HP slightly increased the median particle size of granules milled from smooth ribbons.
The d50 values of the mannitol granules were found to be between 550 and 700 pm, except
two batches of granules. Milling of knurled ribbons compacted with 48 bar and 60 bar HP
setting 1.5 mm GW resulted in a decreased d50 value of 360.1 pm and 372.7 um. Except
of these aforementioned batches of granules, granules obtained from knurled ribbons
showed higher d50 values compared to granules obtained from the smooth ribbons,

although denser ribbons were obtained from the roll compaction design using smooth rolls
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than in case of knurled rolls. The highest amount of fines was 7.8% in case of the knurled
compaction design setting 48 bar HP and 1.5 mm GW, while compacting with smooth
rolls at 48 bar HP and 2.3 mm GW resulted in granules with a maximum fine fraction of
8.9%. These batches with the highest amount of fines had the smallest d50 values. All

other granule batches were characterized by a fine fraction < 5.6%.
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Figure 36. a) and b). Median particle size of mannitol granules (a) and amount of fine fraction (b) obtained

milling of ribbons manufactured using smooth and knurled roll surface (mean, at least n=2).

In Figure 37 and Figure 38, the bimodal density distributions of mannitol granules are
depicted. The density distribution of the granule batches milled from ribbons compacted
with smooth rolls were found to be comparable to each other, as shown in Figure 37. The
density distribution of granules milled from knurled rolls and setting 48 and 60 bar HP
and 1.5 mm GW, and 18 bar HP and 3.0 mm GW was shifted to the larger granule size,
indicating high amount of granules with larger particle size. The maximum values of the

density distributions of the aforementioned batches were found to be less than 500 pm.
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Figure 37. Density distribution of mannitol powder and granules milled from ribbons compacted with

smooth rolls and different parameter settings (mean, at least n=2).
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Figure 38. Density distribution of mannitol powder and granules milled from ribbons compacted with

knurled rolls and different parameter settings (mean, at least n=2).
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3.4.3.2 Mixture granules

The median particle size of the mixture granules are presented in Figure 39 a), which range
was found to be between 385.1 and 761.7 um. Ribbons produced at high HP and low GW
resulted in the largest median particle size of the granules for both types of roll surfaces.
This observation is alignment with the expectations, as these ribbons showed the highest
density. The largest median particle size was generated from knurled ribbons. The amount
of fine fraction was found to be between 9.6 and 33.2%, which results are represented in
Figure 39 b). The increase of the HP resulted in reduced amount of fines. The usage of
smooth rolls led to higher amount of fines compared to the compaction design applying
knurled rolls. Comparing the trend of the d50 values with the trend of the amount of fines,
it can be concluded that granule batches having larger median particle size include less

amount of fines.
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Figure 39. a) and b). Median particle size of mixture granules (a) and amount of fine fraction (b) obtained

milling of ribbons manufactured using smooth and knurled roll surface (mean, at least n=2).

The application of different types of roll surfaces led to different density distributions.
Application of smooth rolls during roll compaction resulted in higher amount of fines, as
depicted in Figure 40 compared to the density distribution of granules derived from the

roll compaction using knurled rolls in Figure 41.
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Figure 40. Density distribution of mixture powder and granules milled from ribbons compacted with

smooth rolls and different parameter settings (mean, at least n=2).
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Figure 41. Density distribution of mixture powder and granules milled from ribbons compacted with

knurled rolls and different parameter settings (mean, at least n=2).
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3.43.3 MCC granules

Comparable median particle size of granules were obtained after milling the MCC ribbons,
which is exhibited in Figure 42 a). The increase of the HP during roll compaction did not
result in larger d50 values of the granules, but a decreasing trend in the amount of fines
has been observed, when the HP was increased from 24 bar to 60 bar, as shown in Figure

42b).
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Figure 42. a) and b). Median particle size of MCC granules (a) and amount of fine fraction (b) obtained

milling of ribbons manufactured using smooth and knurled roll surface (mean, at least n=2).

The density distribution of the granules milled from ribbons with smooth surface is shown
in Figure 43, while the density distribution of granules obtained from ribbons compacted
by knurled rolls is depicted in Figure 44. In terms of larger granule sizes, no difference
was observed between the aforementioned density distributions, but higher portion of

fines was detected, when knurled rolls were used during compaction.
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Figure 43. Density distribution of MCC powder and granules milled from ribbons compacted with smooth

rolls and different parameter settings (mean, at least n=2).
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Figure 44. Density distribution of MCC powder and granules milled from ribbons compacted with knurled

rolls and different parameter settings (mean, at least n=2).
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3.434 Statistical evaluation of the granule size distribution of mannitol,
mixture and MCC

In order to construe the effect of roll compaction process parameters and to understand
the influence of the type of material on the median particle size and amount of fines, the
results were evaluated using multiple linear regression. Figure 45 a) and b) represent the
coefficient plot of those factors, that were found to be significant in terms of the median
particle size and fine fraction of granules milled from ribbons compacted with smooth
rolls. The coefficient plots of the obtained model for the median particle size and fine
fraction of granules resulted from roll compaction applying knurled rolls is shown in
Figure 46 a) and b). The R?=0.735 and the Q?=0.613 indicates a good model for the d50
values, while the model of the amount of fine fraction was found to be excellent with
R?=0.910 and the Q*=0.857. In case of each model, the quadratic term of the type of
material was obtained to be the most significant factor (p-value<0.001). The largest
granules were obtained, when MCC ribbons were milled, followed by the mixture
granules. The HP (p-value=0.036) and GW (p-value=0.008) showed a significant
influence on the median particle size, when smooth rolls were used during compaction. In
Figure 45 b) the significant effect of the quadratic term of the material type (p-
value<0.001) is presented, indicating low amount of fine fraction obtained for the
mannitol granules. The HP was obtained to be a significant model term (p-value=0.002),

while the interaction between the HP and GW was slightly significant (p-value= 0.041).
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Figure 45. a) and b). Coefficient plots of d50 value (a) and amount of fines (b) obtained from the mannitol,

mixture and MCC granules milled from smooth ribbons.

The coefficient plot of median particle size and fine fraction of granules milled from
ribbons compacted with knurled rolls are exhibited in Figure 46 a) and b). The R?=0.503
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and the Q*=0.152 values of the model of the median particle size indicates a poor model,
whereas good model was obtained for the amount of fine fraction (R?=0.813, Q*=0.716).
In contrast to the observations when smooth rolls were used for compaction, the roll
compaction design applying knurled rolls was not characterized by the significant effect
of the HP and the GW in case of the d50 values. In contrast, similarly as in case of the
model with smooth rolls, the type of material (p-value=0.002) and its quadratic term (p-
value=0.019) were significant model terms. In addition, the two-fold interaction between
the HP and GW (p-value=0.039) and between the HP and type of material (p-value=0.036)
were found to be significant factors. The generation of fines was observed to be influenced
the most by the type of material (p-value<0.001) and its quadratic term (p-value<0.001)
and by the set HP (p-value=0.011). Mannitol granules milled from the densest ribbons

showed the lowest fine fraction compared to the mixture and MCC granules.
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Figure 46. a), b). Coefficient plots of fine fraction of granules obtained from ribbons produced with

smooth (a) and knurled (b) rolls.
3.4.4 Granule size distribution of granules obtained by BRC 25

The median particle size of the MCC, mixture and mannitol granules is presented in Figure
47 a), b), c) and d). In case of the most granule batches, the median particle size increased,
when high SCF was set. 2 rpm RS resulted into granules having the d50 value between
400-800 pm except the mixture granules produced by setting 2 kN/cm and 4 kN/cm SCF
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and 3.0 GW. Setting 4 rpm RS, a wider range of d50 values was obtained between 200
and 800 pm compared to the aforementioned range of particle size. The largest median
particle size was obtained in case of the MCC and mannitol granules. Considering the RD
values of the corresponding ribbons, the lowest d50 value was expected to be obtained
from the MCC and mixture ribbons with lower RD. This expectation was proved in case
of the mixture granules at each experimental setting of compaction, but not for MCC.
Setting 3 mm GW and the RS at 4 rpm, the median particle size of MCC granules were
the largest at each adjusted SCF. In contrast, decreasing the GW from 3.0 mm to 1.5 mm,
the largest granule sizes for d50 were obtained in case of mannitol. The densest mannitol
ribbons led to the highest median particle size of granules only, if the GW was set at 1.5
mm and the SCF was adjusted to 6 kN/cm or below.
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Figure 47. a), b), ¢) and d). Median particle size of MCC, mixture and mannitol granules obtained after

milling of ribbons compacted by the BRC 25 roll compactor setting 1.5 mm GW and 2 rpm RS (a), 3.0

mm GW and 2 rpm RS (b), 1.5 mm GW and 4 rpm RS (c) and 3.0 mm GW and 4 rom RS (d) (mean, at
least n=2).

The fine fraction results of the MCC, mixture and mannitol granules are presented in
Figure 48 a), b), c) and d). The less amount of fines were observed for the parameter
settings of 1.5 mm GW and 2 rpm RS for each type of material, while the highest fine
fraction of granules was resulted, when 3.0 mm GW and 2 rpm and 4 rpm RS were

adjusted during roll compaction. The highest fine fractions were obtained from the mixture
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and MCC granules setting 2 rpm and 4 rpm RS and 3 mm GW and setting 1.5 mm GW
and 4 rpm RS. It was also to be expected that the amount of fines decreases with increasing
SCF, as more dense ribbons tend to go through abrasion less after breaking into pieces
during milling [37]. This decreasing trend of the fine fraction at each parameter setting
combination was observed only in case of mannitol granules. In contrast, higher fine

fractions were obtained although the SCF was increased for some granule batches of MCC

and mixture.
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Figure 48. a), b), ¢) and d). Fine fraction of MCC, mixture and mannitol granules obtained after milling of
ribbons compacted by the BRC 25 roll compactor setting 1.5 mm GW and 2 rpm RS (a), 3.0 mm GW and
2 rpm RS (b), 1.5 mm GW and 4 rpm RS (c), 3.0 mm GW and 4 rpm RS (d) (mean, at least n=2).

In Figure 49 a) and b) the coefficient plots of model terms for median particle size and
amount of fine fraction are presented. For both responses, good models were established

with an R?>=0.715 and Q?=0.615 for the d50 value and R?=0.845 and Q*=0.795 for the
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amount of fine fraction. The most significant factor was found to be the quadratic term of
type of materials, which means that larger median particle size and lower amount of fines
are to be expected when MCC and mannitol ribbons are milled compared to the mixture
ribbons using the same milling parameters. The second most significant factor was the
SCF in both models. The higher the SCF was set, the larger granules were obtained, while
the fine fraction was reduced. The GW and RS also were found to be significant terms in
both models. The lower gap and RS were adjusted during roll compaction, the larger
median particle size of granules was obtained. Using larger GW and faster RS led to higher

amount of fines.
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Figure 49. a), b). Coefficient plots of model terms for median particle size (a) and amount of fines (b) of

granules obtained from milling ribbons compacted by BRC 25.

The interaction between the SCF and GW was obtained to be significant only for the d50
values. Atlow SCF, the increase of GW led to larger median particle size, while no particle
size enlargement could be observed at higher SCF, when the GW was increased. The

aforementioned interaction between the SCF and GW is exhibited in Figure 50.
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Figure 50. Interaction plot presenting the influence of the set GW depending on the adjusted SCF.

The interaction term of RS and GW had a slightly significant effect on the amount of fines,

which is explained in detail by the 4D contour plot in Figure 51.

g 2 —r D’ = g )
iy t 20
il % % % 1.6
3 * + * + * r F + t + + + + +
E ; i 4 5§ 6 7 & 9 % Z 3 4 5 6 7T & 9
E - spectﬁc compaction force @ spec:.‘ﬁc compaction force specific compaction force
= -
g §—!"‘ﬁ tal . v O
1] -‘g + + + + + -“;" + + + ———t— E 1.6 (= + + + + + + +—t—
E s 6 7 8 = 2 3 4 5 &8 T 8§ 9 e 2 54 8§ 8 7% 9
E = spectﬁc compaction force = specific compaction force 4 specific compaction force
24
Ts, _ £ _ 5 1
% = B AR R s R e e e e o e e
E e e 4 5 6 7 8 9 % 2 3 4 8 8 T & 9
E ™ specific compaction force = specific compaction force specific compaction force
roll speed = 2 roll speed =3 roll speed = 4
fine fraction
[} 5 10 15 20 25 30

Figure 51. 4D contour plot of fine fraction of granules milled from ribbons compacted by BRC25 roll

compactor.

The effect of the GW on the quantity of fines depends on the set RS. The decrease of the

amount of fines decreasing the GW from 3.0 mm to 1.5 mm was found to be the most

efficient, when 2 rpm RS was set. Less decrease in fine fraction as obtained, when the

same change in the GW was taken at 4 rpm RS. The steepest decline of fines was observed

for the plastic model material MCC and also for mixture granules containing 50% MCC.
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3.4.5 Granule size distribution of granules obtained by Mini- Pactor

The median particle size of the mannitol granules are depicted in Figure 52 a), b), ¢) and
d). The different roll compaction designs are differentiated in the figures. RR sealing
system is presented in light blue colour, while the SS in dark blue colour. The continuous
line shows results from the smooth rolls, while the dotted lines those ones that are from
the knurled rolls. The usage of the SS system led to slightly smaller median particle size
compared to the granules obtained from roll compaction designs using RR. The same
observations for the d10 values were described by Perez-Gandarillas et al. [36]. In the
aforementioned study, the same roll compactor and model material were used. As
presented in Figure 52 a) b), ¢) and d), increasing the SCF, larger granules were obtained.
The largest d50 values were obtained between 409.2 and 707.9 pm, when 1.5 mm GW
and 2 rpm and 4 rpm RS were set for roll compaction. Setting 3.0 mm GW, the median
particle size of granules was obtained between 222.3 and 678.9 um.
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Figure 52. a), b), ¢), d). Median particle size of mannitol powder and mannitol granules obtained after
milling of ribbons compacted by the Mini-Pactor roll compactor setting 1.5 mm GW and 2 rpm RS (a), 3.0
mm GW and 2 rpm RS (b), 1.5 mm GW and 4 rpm RS (c) and 3.0 mm GW and 4 rpm RS (d).

Good model of the examined factors was obtained (R>=0.845, Q*=0.803) for the response
d50 value. The model terms of the evaluation of the d50 values are presented in Figure
53. The most significant factor are the SCF and its quadratic term (p-value <0.001),
followed by the two-fold interaction between GW and SCF (p-value <0.001) and the main
component, GW (p-value <0.001). As it was presented in Figure 22, the ribbon RD was
not affected by the GW, however the median particle size was influenced by the set GW.
The sealing system was found to be a significant model term (p-value<0.001), proving
that RR sealing system leads to larger median particle size, while using SS system smaller
d50 values are to be expected. In contrast to the type of sealing system, the type of roll

surface was not found to be a significant model term.
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Figure 53. Coefficient plot of the model terms analyzing the median particle size of mannitol granules

milled from Mini-Pactor ribbons.

Setting the SCF up to 8 kN/cm, less amount of fines was obtained, while 10 kN/cm SCF
resulted higher amount of fines, as presented in Figure 54. This was observed for each
batch of granules, which were milled from ribbons that were compacted at 1.5 mm GW
and 2 rpm RS. Higher amount of fines were observed at 10 kN/cm SCF, when 3.0 mm
GW and 2 rpm and RS were set in case of each roll compaction design except SS using
smooth rolls, while setting 1.5 mm GW and 4 rpm RS, the roll compaction designs SS
with smooth rolls and knurled rolls led to higher amount of fines, when 10 kN/cm was set,
compared to 8 kN/cm SCF. This can be explained by the significance of the quadratic term
of the SCF, presented in Figure 55. The model of amount of fine fraction was found to be
appropriate, as R?=0.663 and Q’=0.568 were obtained. The most significant factor were
the SCF (p-value<0.001) and its quadratic term (p-value<0.001). In contrast to the model
of the median particle size, the GW was not found to be a significant model term for the
quantity of fines. Considering the generation of fines, the roll compaction designs had
significant effect compared to their influence on the median particle size, as the two-fold
interaction between the type of sealing system and type of roll surface was obtained to be
significant (p-value <0.001). The least amount of fines could be achieved, when RR with

smooth rolls were used. The application of SS system with knurled rolls also was
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advantageous to achieve less fine fraction. The two-fold interaction between the SCF and
type of sealing system (p-value <0.017) and between the roll speed and type of roll surface

(p-value <0.027) showed significant influence of the amount of fine fraction.
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Figure 54. a), b), ¢), d). Fine fraction of mannitol granules obtained after milling of ribbons compacted by
the Mini-Pactor roll compactor setting 1.5 mm GW and 2 rpm RS (a), 3.0 mm GW and 2 rpm RS (b), 1.5
mm GW and 4 rpm RS (c¢) and 3.0 mm GW and 4 rpm RS (d).
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Figure 55. Coefficient plot of model terms analyzing the amount of fines of mannitol granules obtained

from Mini-Pactor ribbons.

The aforementioned two-fold interactions are presented in the 4D contour plot in Figure
56. Based on the 4D contour plot, it is obvious, that the increase of the SCF decreased the
fine fraction the most, when RR sealing system was used. At the same SCF, the increase
of RS from 2 rpm to 4 rpm resulted in the decrease of the amount of fines, when smooth
rolls were used, while in case of knurled rolls, the same change of RS increased the

quantity of fines.

85



Results and discussion

% 3
) 2
1 =
9_.!) [=}
% 4 5 6 7 8 9 o 2 3 4 5 6 7 8 9
% Specific compaction force pecific compaction force
% ifi ion fo Specifi ion fo
z
g % 3
f ol 7
] = —_—
% & 2 3 4 5 6 7 8 9 ~ 2 3 4 5 6 7 3 9
4 pecific compaction force pecific compaction force
@ Specifi ion fi Specifi ion fo

Surface = smooth Surface = knurled
Fine fraction

B |

2 4 6 3 10 12 14

Figure 56. 4D contour plot of fine fraction obtained after milling mannitol ribbons compacted by Mini-

Pactor roll compactor.

3.4.6 Summary

In case of each evaluated model, the quadratic term of the type of material was obtained
to be the most significant model term. The largest d50 values were obtained for MCC,
while the less amount of fines was obtained in case of mannitol showing brittle
deformation behavior. In general, it can be concluded that high SCF/HP, low set GW and
RS led to the largest d50 values and the less amount of fines for each type of material.

Considering the effect of process parameters and roll compaction designs, some
differences were observed between the results of GSD-s using different types of roll
compactors. For the granules obtained from ribbons compacted by the AlexanderWerk
BT120 roll compactor, the HP and GW were found to be significant factors for both
responses, when smooth rolls were used for roll compaction. In contrast, only the HP was
found to be significant main factor in the model of fine fraction, when knurled rolls were
used for compacting ribbons. Depending on the used type of roll surface, different amount
of fines were obtained. When smooth rolls were used, the highest amount of fines was
generated from mannitol and mixture ribbons. The milling of MCC ribbons resulted in the
highest amount of fines, when knurled rolls were applied for roll compaction. The lowest
amount of fines was achieved from mannitol ribbons produced with knurled rolls. Mirtic
et al. [37] investigated the correlation between the density (porosity) of the ribbons and
the obtained amount of fines. In this study, the same type of materials and roll compactor
(AlexanderWerk BT120) were used. MCC and mannitol ribbons with different densities

(70-85%) were milled with constant milling parameter settings. The quantity of fines from

86



Results and discussion

MCC ribbons was found to be independent from the MCC ribbon density, while mannitol
ribbons with low density resulted in higher amount of fines compared to denser ribbons.
In contrast, it was shown in the current study that the quantity of fines depends the most
on the type of material and the set hydraulic pressure. As described in section 3.2.2.1,
setting different HP-s for roll compaction, MCC and mannitol ribbons with different
densities were obtained. These ribbons resulted in certain amount of fines depending on
the type of material and set HP applied during roll compaction. Denser ribbons resulted in
less fines, which was observed in the study of Khorasani et al. [58]. This alteration
between the study of Mirtic et al. and the current study might be explained by the range
of ribbon density evaluated. Mirtic et al. evaluated ribbons in the range of density between
70-85%, while the current study investigated ribbons in the density range of 65-90%.
The largest median particle size was obtained for MCC and mannitol granules, when the
BRC 25 roll compactor was used for manufacturing of ribbons. The lowest d50 values
were obtained in case of the mixture granules, as it was observed for the mixture granules
milled from ribbons compacted by the AlexanderWerk BT120 roll compactor. At each set
SCF, small amount of fines was obtained, when 1.5 mm and 2 rpm RS were set in case of
mannitol granules. These finding is in good agreement with the data described in the study
of Ingelbrecht et al. [48], in which lactose, as brittle model material was evaluated. The
highest amount of fines were resulted by the milling of mixture ribbons.

As observed for the granules of the BRC25 roll compactor, also in case of the Mini-Pactor
granules, the d50 values were the highest, when 1.5 mm GW was adjusted for roll
compaction. A clear effect of the roll compaction design could not be derived from the
raw data, however the statistical evaluation proved that the application of RR sealing
system leads to higher granule size independent of the used roll surface. The fine fraction
was influenced the most by the set SCF and its quadratic term followed by the two-fold
interaction of the type of sealing system and roll surface. The lowest amount of fines were
obtained, when high SCF was set and RR sealing system was applied with smooth rolls.
The conclusion of the study of Perez-Gandarillas et al. [36] also revealed, that the
reduction of the fine fraction can be achieved the most, when RR and high SCF are applied

for roll compaction.
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4 Summary

The performance of different types of roll compactors, AlexanderWerk BT120, L.B. Bohle
BRC 25 and Gerteis Mini-Pactor, was evaluated in regards to the precision and the
deviation from the set value of hydraulic pressure/specific compaction force and gap width
depending on the roll compaction design and used model materials. No relationship was
found between the type of material and the precision and the deviation from the set value
of hydraulic pressure/specific compaction force and gap width. The roll compaction using
the AlexanderWerk BT120 roll compactor without any control of the gap width resulted
in high variations of process parameters. As modern AlexanderWerk roll compactors have
gap control, less variation of process parameters might occur. Furthermore, the
manufacturing using smooth rolls caused problems, and thus a part of the design of
experiments could not be conducted. In contrast, the obtained data set showed small
deviations from the set values and high precision of the specific compaction force and gap
width, when the roll compaction process was performed using the BRC 25 and the Mini-
Pactor roll compactors. The comparison showed that the presence and the appropriate
adjustment of a PI-control loop for gap control improves the agreement with the set values
and precision of the roll compaction process. The presence of a gap control in addition to

compaction force control is state of the art.

The impact of material properties, process parameters and roll compaction design on roll
compaction was investigated through the evaluation of the ribbon relative density. Various
types of roll compactors were investigated using two model materials showing different
deformation behavior. The most significant process parameter was the hydraulic
pressure/specific compaction force independently from the implemented roll compaction
design, type of roll compactor or model material. The gap width was found to be a
significant factor as well, when smooth rolls were used for compaction, however, problems
with sticking influenced the investigation of the impact of the gap width on the ribbon
relative density. The sealing system had a major effect on the ribbon relative density
compared to the type of roll surface. The compaction of mannitol powder led to the densest
ribbons due to its sphere morphology and collapse under compaction resulting in high

relative density. The fraction of microcrystalline cellulose had an adverse effect on the
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ribbon relative density, as the microcrystalline cellulose ribbons underwent elastic

recovery after ejection from the nip zone.

Two different techniques of the ribbon relative density measurement were compared to
each other; the GeoPyc powder pycnometry, as conventional method and the X-ray micro-
computed tomography, as a more established and complex method. Based on the data set
of GVs obtained by X-ray micro-computed tomography, novel approaches were
established for the calculation of the ribbon relative density using different software, called
ROTHIST, UHIST, UHIST20 and UHIST50. The ROTHIST software enabled to
investigate the density distribution in a ribbon across the width, while the UHIST software
considered the whole volume of the ribbon in higher spatial resolution, than it is achievable
by powder pycnometry. Although, the X-ray pCT tool might provide more accurate
relative density results than the powder pycnometry, it is easier, faster and more cost-

effective to measure the relative density of ribbons by GeoPyc.

Theoretical principles of the process transfer were shown, in which the ribbon relative
density-based transfer of roll compaction was successfully accomplished applying the
calculated conversion factors between the AlexanderWerk BT120 and Mini-Pactor roll

compactors, and the BRC 25 and Mini-Pactor roll compactors.

One of the main drawbacks of roll compaction/dry granulation is the production of high
amount of fines resulting in bimodal granule size distribution. It was shown, that the
amount of fines is a function of the set hydraulic pressure/specific compaction force, gap
width, the type of material and the used type of roll surface for the AlexanderWerk BT120
roll compactor and for the BRC 25 roll compactor. In case of both compactors, the highest
amount of fines and the smallest median particle size was obtained, when mixture ribbons
were milled, while the largest median particle size was obtained from the mannitol
granules. For the AlexanderWerk BT120 roll compactor, the hydraulic pressure and gap
width were found to be the most significant factors for ribbon relative density, d50 and
amount of fine fraction, when smooth rolls were used, while only hydraulic pressure had
a significant effect on the ribbon relative density and amount of fines, when knurled rolls
were used. This observation proved that the ribbon relative density and the type of material
govern the granule size distribution through the effect of roll compaction design and
process parameters. The less amount of fines were achieved by milling mannitol ribbons

compacted with knurled rolls. The median particle size was impacted the most by the set
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specific compaction force, gap width and the used sealing system, but not by the applied

roll surface during roll compaction.

The design of roll compactors had an influence on the ribbon and granule properties, but

the influence of the process parameters and material attributes were found to be more

important and can overrule the equipment design effects.
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S Experimental part

5.1 Materials

Microcrystalline cellulose (Avicel PH 101, FMC BioPolymer, USA, (MCC 101)
possessing plastic-elastic material behaviour [49], spray-dried mannitol (Pearlitol 200 SD,
Roquette, France) as brittle-ductile substance [115] and a 50:50% mixture of mannitol and
MCC 101 were roll compacted. During the experimental work with the different roll
compactors, different lots of raw materials were used. Table 11 shows the utilized lot
numbers of raw materials used in each experimental study. During roll compaction,
lubrication was avoided, as it has a high impact on the nip angle of roll compaction [41,
116-118] and also on the granule and tablet properties. Nevertheless, in acetone (analytical
grade) dispersed magnesium stearate (5 mg/mL) (Parteck® LUB MST, Merck Millipore,
Germany) was applied on the knurled roll surface, when MCC 101 was compacted setting
48 bar HP and 1.5 mm GW using AlexanderWerk BT120 roll compactor, as the material
stuck to the roll surface and hence MCC 101 was jammed between the rolls. The
lubrication of the roll surface enabled the powder grabbing resulting in ribbons [119].
During the investigation of material deformation behaviour using the Styl’One Evolution
compaction simulator (Medel’Pharm, France), the flat faces punches were lubricated with
magnesium stearate (Parteck® LUB, Merck Millipore, Germany) using an eye shadow
applicator. As the moisture sensitivity of the roll compaction process [23, 24] has already
been published and MCC 101 is known to be hygroscopic material [120], the material was
kept in climate room at 20-22°C and 40-46% of relative humidity before and or during
processing. Nevertheless, the processing of the model materials was not always possible
in conditioned laboratories. The manufacturing condition of each roll compaction study is

described in the later relevant sections.
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Table 11. Different lots of raw materials used during experimental work.

Alexander Hosokawa
Materials Werk Alpine L.B. Bohle Gerteis Styl'One
Pharmapaktor | BRC 25 Mini-Pactor | Evolution
BT120
C250
MCC 101 61304C P114827702 P114827702 | - P114827702
E288G,
. E430G,
Mannitol E058G E430G E430G E925G. E430G
E988G
Magnesium | K4201756 | ) ) K4201756311
stearate 311

5.2 Methods

5.2.1 Design of experiments

Multilevel full factorial experimental plans were established targeting to understand the

effect of the process parameters [28], the type of the roll compactor, process design and

the fraction of MCC on the ribbon RD. Modde 9.0 (Umetrics, Sweden) was used to create

multilevel full factorial experimental plans and to evaluate of the obtained datasets. The

experiments were randomized to reduce the effect of experimental failure and to avoid

systematic errors. Each roll compactor and used roll compaction design was tested

according to an individual experimental setting, however, the parameter settings were kept

as similar as possible to enable the comparison between the machines. The SCF and HP

were examined at 5 factor levels, while the GW was investigated at 2 factor levels, the RS

was kept constant or set to 2 rpm and 4 rpm. The studied parameter settings and roll

compaction designs are presented in Table 12.
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Table 12. Roll compaction design and parameter setting®* using AlexanderWerk BT 120, Hosokawa
Alpine Pharmapaktor C250, L.B. Bohle 25 and Gerteis Mini-Pactor roll compactors.

Process
parameters Al derWerk ey szsp e
exanderwer erteis Mini- pine
giihin]] . BT120 L IEN SR (G 2 Pactor Pharmapaktor
compaction
. C250
design
sealing SS RR SS/RR SS
system
smooth/knurled***
roll surface smooth / knurled /fine smooth / smooth
grooved***/coarse knurled
grooved***
RS [rpm] 3 2/4 2/4 2
GW [mm)] 1.5/3.0% 1.5/3.0 1.5/3.0 1.5/3.0
18/24/36/48/
HP [bar] 60
SCF [kN/cm] 2/4/6/8/10 2741678/ 2141678/
10 10
fraction of 100 %, 50 %, o o/ N o o 100 %, 50 %,
MCC 0% 100 %, 50 %, 0 % 0% 0%

*2.3 mm for smooth rolls

**Beside the presented parameter settings, also higher SCF values were set, when the control
performance of the BRC 25, Mini-Pactor was evaluated. These further settings are described in
sections 5.2.2.4 and 5.2.2.5.

***only used for the evaluation of the roll compaction control performance

As qualitative factors, the effect of the roll surface and the sealing system was investigated
in case of Mini-Pactor. The type of material was also included in the full factorial
experimental plan as quantitative factor, when BRC 25, Pharmapaktor C250 and
AlexanderWerk BT120 were used. 100 % as MCC, 50 % as the mixture and 0% as
mannitol were adjusted as levels of the fraction of MCC in the models. Multiple linear
regression was utilized in order to model the relationship between the independent
variables (process parameters, roll compaction design and proportion of MCC) and the

selected response variables, RD and GSD. The confidence level was determined at 95%.
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5.2.2 Methods of roll compaction

5.2.2.1 Overview

Different types of roll compactors were implemented in order to investigate their control
performance and the effect of the process variables, compaction designs (type of roll
surface and sealing system) and type of material (brittle and plastic deformation behavior)
on the roll compaction process and ribbon and granules quality. In the following sections,
the various roll compactors are introduced in detail. The working ranges of the different

roll compactors are exhibited in Table 13.

Table 13. Working ranges respecting the SCF, HP, CF, GW and RS.

Hosokawa
Process AlexanderWerk Alpine L.B. Bohle Gerteis Mini-
parameters BT120 Pharmapaktor | BRC 25 Pactor
C250
SCF [kN/cm] - - 0.5-20.0 2.0-20.0
CF [kN] - 100 - -
HP [bar] 18-143 - - -
GW [mm] 1.0-5.0 1.0-3.0* 0.5-6.0 1.0-6.0
RS [rpm] 2.8-12.1 2-4% 1-30 1-30

*No information about the working ranges of the GW and RS was obtained or found in the
literature. The exhibited ranges are the settings that were used during the conducted
experimental work.

5.2.2.2 AlexanderWerk BT120

The model of AlexanderWerk BT120 roll compactor (AlexanderWerk, Germany,
constructed in 2008) possesses one horizontal feeding screw and vertical positioned rolls.
The rolls have 25 mm width and 120 mm diameter. A pair of smooth and a pair of knurled
rolls were implemented and SS assembly was used to seal the rolls. The process
parameters and used roll compaction designs are introduced in Table 12. These
experimental runs were evaluated for the control performance study. The HP was adjusted
by the hydraulic system. There is no control system to adjust the set GW, thus the
combination of the set screw speed and RS determined the GW development. When a
higher screw speed was set while keeping the roll speed constant, a higher GW was
achieved. Working with the AlexanderWerk BT 120 the RS was kept constant at 3 rpm, so
the GW was determined solely by the screw speed. The laboratory temperature was held
between 19-21 °C and the relative humidity varied between 50 and 85%.
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5.2.2.3 Hosokawa Pharmapaktor C250

The Pharmapaktor C250 roll compactor (Hosokawa Alpine, Germany, constructed in
2010) was used to produce MCC, mannitol and mixture ribbons using smooth roll surface.
It has two horizontal feeding screws and one vertical tamping screw, which convey the
powder to the horizontal positioned rolls. The rolls are sealed by a SS assembly and have
30 mm roll width and 250 mm diameter. The CF was set during roll compaction, which is
then presented as SCF in the full factorial experimental plan, dividing the value of the CF
by the RW (3 cm). The DoE set process parameters and roll compaction designs are shown
in Table 12. The GW was adjusted to the set CF through the set speed of the screws and
the RS. In order to reach a constant GW and CF, the screw speeds were changed by the
operator till the desired parameters were obtained. All experiments were conducted in an

uncontrolled laboratory environment concerning temperature and relative humidity.

5.2.2.4 L.B. Bohle BRC 25

The roll compactor BRC 25 (L.B. Bohle, Germany, year 2015), possesses one horizontal
feeding screw and one vertical tamping screw. The ratio between the feeding and tamping
auger speeds was set at 1:4, so the tamping auger speed was 4 times faster than the feeding
auger speed. The powder conveyed into the compaction area is densified between two
horizontal positioned rolls of 250 mm diameter and 25 mm width. Powder leakage is
inhibited by a RR sealing assembly. Different types of roll surfaces, e.g. smooth, knurled,
fine grooved and coarse grooved were investigated. The parameter settings and the
implemented roll compaction design are presented in Table 12. For the control
performance study, the SCF was set between 10-17 kN/cm at the beginning and the end
of the DoE accomplishment, in order to keep the randomized order of the experimental
runs. The SCF is set by a spindle motor [121]. The control parameters for the force control
are not accessible for the user. The GW depends on the throughput of the tamping auger
at a certain roll speed. The GW is controlled by a PI control loop by adapting the tamping
auger speed. The PI parameters of the GW control loop, which can be changed by the user,
were set at P: 10 and I: 20 s. The laboratory temperature was varied between 20.0-22.2°C
and relative humidity between 49.3-66.6 %.
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5.2.2.5 Gerteis Mini-Pactor

The Gerteis Mini-Pactor (Gerteis Maschinen+Prozessengineering, Switzerland, year
1999) has a horizontally positioned feeding screw and an inclined tamping screw and roll
pair of 250 mm diameter and 25 mm width at an angle of 30° corresponding to the
horizontal plane. The screw speeds were coupled with each other in a ratio of 1:2, thus the
tamping auger speed was twice faster compared to the feeding auger. All roll compaction
runs for the control performance evaluation of the Mini-Pactor were performed using SS
assembly with knurled roll surface pattern. Using mannitol, the process parameters and
roll compaction designs for conducting the DoE-s are listed in Table 12.

The Mini-Pactor has different production modes regarding the control and maintenance
of those parameters that are essential to obtain ribbons with the desired quality attributes.
According to the set value in kN/cm, the hydraulic system controls the HP to adapt the CF
exerted on the slave roll. The control parameters for the force control are not accessible
for the user. To produce ribbons with appropriate properties (strength, RD), it is also
necessary to control the GW. For this purpose, a control loop of the GW is implemented,
when the automatic mode is used. During roll compaction under the automatic mode
conditions, the set value of the GW is achieved due to the speed adjustment of the screws
in the manner of a PI control algorithm. In this study, the PI parameters of the GW control
were set at P: 12.0, I: 15 s. The experiments were executed in a climate room (temperature:

21.1 -21.7°C and relative humidity: 43.7 - 46.3 %).

5.2.2.6 Establishment of the conversion factors

The establishment of a conversion factor introduces a principal methodology to transfer
the roll compaction process, between machines from different suppliers. The cr is an
extent, with which the appropriate roll pressure can be adjusted to achieve comparable
ribbon RD values obtained by another roll compactor using different measure of the roll
pressure. Using the most type of roll compactors, the SCF (kN/cm) or CF (kN) are utilized
as measures to exert a certain CF on the roll surface. The SCF is the CF which is exerted
on 1 cm RW. Other roll compactors have the attribute to set HP in bar or in MPa. The
ribbon RD results of mannitol ribbons obtained by AlexanderWerk BT120, BRC 25 and
Mini-Pactor compactors were used to establish c-s according to Equation 5 and Equation

6.
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SCF [lc(—rl;]l] * RW[cm] Equation 5

HP[bar] = ¢ [m7]

Equation 6
SCFMini—pactor[KN] = SCFgrc2s [KN] * c¢ [m?]

The conversion factors were calculated considering those ribbon RD-s, which were
achieved using the same roll compaction design (roll surface and sealing system) and
setting the same GW. The different set RS, 2 rpm in case of Mini-Pactor and 3 rpm in case
of AlexanderWerk BT120 is neglected, because of its insignificant effect on the ribbon
RD in the respective models, when a brittle material is compacted [81]. The RD of ribbons
produced by the Mini-Pactor were presented against the CF, while the RD of ribbons
manufactured by the AlexanderWerk BT 120 roll compactor were plotted against the set
HP multiplied by the cr and the calculation of the cr was accomplished according to
Equation 5. The process transfer between the BRC 25 and Mini-Pactor was performed
based on Equation 6. Several ci-s between 0.5-2.0 m? with an increment of 0.1 m? were
substituted in Equation 5 and in Equation 6. The cf was taken that resulted in the highest

overlapping of both curves.

5.2.3 Granulation method

The collected ribbons produced by the different roll compactors were milled separately
from the roll compaction step to avoid the influence of the bypassed powder on the GSD.
Further information about sample collection is given in section 5.2.4.1. The ribbons were
milled by the Gerteis star granulator (Gerteis Maschinen + Processengineering AG,
Switzerland) using 1 mm mesh size. The granulation method was kept constant in order
to exclude the effect of different granulator type or settings on the GSD. The granulation
speed was set at 40 U/min, 120° clockwise and 60 U/min, 180° counterclockwise. The
amount of fines, which was not fallen from the granulator wall into the collection bag, was
always swept and collected to the rest of the milled granules at the end of each granulation
run. The granulator was hoovered after every batch in order to avoid the mixing between

two batches following each other.
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5.2.4 General methods

5.2.4.1 Sampling methods

After compacting the ribbons, 200-300 g of ribbons were milled into granules. When SS
system was used to produce the ribbons, uncompacted powder was less and well distinct
from the ribbon pieces compared to those ribbon samples, which were manufactured using
rim-rolls. Due to this, the uncompacted material that was collected with the ribbons was
separated using a sieve with 125 pm mesh size, when SS assembly was used. Roll
compaction using RR resulted in smaller pieces of ribbons and high amount of fines, thus
the differentiation between real uncompacted material and small parts of ribbons was not
possible through sieving. Because of this, the RR ribbons were milled with the
uncompacted powder passed by the rolls during roll compaction. The collection of ribbon
pieces from the entire part of ribbon was aimed to measure their RD using GeoPyc powder
pycnometer and X-ray uCT. During the sampling of ribbons compacted using RR sealing
system, only smaller ribbon pieces were obtained, however some whole ribbon pieces
(length= 5-10 mm) were found, too. The collection of representative samples included
bigger and smaller pieces and when it was available also whole ribbons were collected. In
contrast, the SS ribbons were usually obtained as longer pieces (length= 10- 250 mm),
which enables the sampling over the entire body of the ribbons. Samples were chosen and
measured by X-ray pCT, when SS assembly was utilized during roll compaction, while
the RR ribbons were not in an intact form, therefore the characterization of these samples

by X-ray pCT was excluded from this study.

5.2.4.2 Process data recording and evaluation

From the runs of a design of experiments selected experiments were evaluated. The time
after a change in the process parameters until reaching steady state conditions again is
determined as settling time in order to evaluate the reaction time of the system to a sudden
change. The steps in the DoE-s are artificially high and can be interpreted as worst case
conditions. The evaluation of the process performance relied on the deviations from the
set value and precision of the HP or SCF and GW. The average and the standard deviation
during steady-state process conditions were calculated. The steady-state process condition
begins when all actual values of the process parameters achieved the specification of the

set value. The specification of the SCF is the set value SCF &= 0.1 kN/cm and for the GW

set value = 0.1 mm, when the Mini-Pactor and BRC 25 roll compactors were used. In
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case of the HP the specification is defined at the set value = 2 bar, while == 0.1 mm was
decided for the GW specification.

In Figure 57, the determination of the settling time and steady-state process conditions is
introduced using an example from the BRC 25 roll compactor. The SCF was increased
from 4 kN/cm to 8 kN/cm. After 27 s, 7.90 kN/cm as actual value of the SCF was reached.
From this point on, the mean and the standard deviation were calculated and considered

as deviation from the set value and precision (8.10 = 0.05 kN/cm). A constant GW (1.49
& 0.04 mm) was obtained after 37 s. Due to the control system of BRC 25 roll compactor,

the settling time of the SCF is shorter compared to the GW.
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Figure 57. Example for evaluation of settling time and steady-state process condition during roll

compaction of mannitol using BRC 25 with knurled rolls.

The endurance of the production of the individual batches differs from each other, thus
the stated means and standard deviations refer to different time intervals. In case of Mini-
Pactor and BRC 25 roll compactor the production times were set between 1-2 minutes,
while in case of AlexanderWerk BT 120 roll compactor this time interval varied between
2.5-11 minutes. Furthermore, the data recording frequency was different between the roll

compactors. The frequency of the data documentation is introduced in Table 14.
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Table 14. Data recording frequency of the different types of roll compactors.

Roll compactor Roll surface ?ata T
requency

knurled 0.1 Hz
AlexanderWerk BT120

smooth 0.1-0.5Hz

knurled, fine grooved, coarse grooved 0.125 Hz
L.B. Bohle BRC 25

smooth 0.09-0.1 Hz
Gerteis Mini-Pactor knurled 1 Hz

5.3 Powder characterization methods

5.3.1 Helium density

The helium density or the apparent particle density of the raw materials was measured by
helium pycnometry (AccuPyc, Micromeritics GmbH, USA). A 3.5 cm? chamber was used
during the measurements, which was calibrated using a metal ball before measuring the
raw materials. Then, the raw materials were weighted into the 3.5 cm?® chamber using an
analytical balance (CP 224S, Sartorius AG, Germany). The helium density of the raw
materials were defined three times and during each measuring cycle the helium density
was measured ten times. Afterwards, the average and the standard deviation were

calculated.
5.3.2 Scanning electron microscopy

The morphology of MCC and mannitol was studied using Phenom G2 pro scanning
electron microscope (Phenom-World BV, Netherlands). The images were made at various

magnifications using 5-10 kV acceleration voltage.

5.4 Ribbon relative density characterization methods

The diagram of the evaluation methods is presented in Figure 58. The ribbon RD has been
characterized by GeoPyc powder pycnometry and X-ray uCT. Using the GeoPyc, the
envelope density of an object is measured using a free-flowing powder. Using the X-ray
uCT, 3D image of an object is obtained. The individual volume elements (cubes) of this

image are named voxels and have a single property: intensity or grey value (GV). The GV
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of the individual voxels corresponds to the density. The analysis of the uCT data was done
with two programs: ROTHIST and UHIST. With ROTHIST, the 3 slices (images) of the
ribbon were analyzed and with the UHIST the whole volume was considered. Details are
given in section 5.4.2.

The three slices of ROTHIST are close to each other (approximately 3-5 mm), which
allows to measure a local RD. This can lead to a density distribution over one dimension
of the ribbon, e.g. the ribbon width. UHIST provides a mean value for RD, which is

representative since it is based on larger volume.

Ribbon relative density

GeoPyc powder X-ray micro-computational
pycnometry tomography
ROTHIST UHIST
UHIST20 UHISTS50

Figure 58. Overview of utilized methods for ribbon RD determination.
5.4.1 Relative density determination by GeoPyc powder pycnometry

The ribbon envelope density or apparent density was measured by a GeoPyc powder
pycnometer (GeoPyc 1360 Envelope Density Analyzer, Micromeritics GmbH, USA). A
25.4 mm internal diameter chamber was used for the analysis. 51 N consolidation force
was used in order to properly consolidate the samples with the DryFlo, but not to destroy
the ribbon pieces. As conversion factor, 0.5153 cm®/mm was set. 3.5-4.5 g ribbon samples
were broken into smaller pieces, when it was necessary, dedusted and weighted using an
analytical balance (Sartorius CP224S, Sartorius AG, Germany) before each measurement.
At least 3 samples were taken from each ribbon batch and the mean and standard deviation
were calculated. During the sampling of the ribbon pieces measured, the whole ribbon
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width was considered, when it was available in one piece. The ribbon RD was calculated
from the ratio of envelope density of the ribbons and the helium density of the powders
according to Equation 7. The envelope density was calculated from the ratio of the
weighed mass of ribbons and the measured volume of the ribbons according to Equation

8.

0 Equation 7
RD = ( e““) 100
PHe
 Myibbon Equation 8
Penv = V..
ribbon

5.4.2 Relative density determination by X-ray pCT

The density distribution of mannitol ribbons was analyzed using X-ray pnCT tomography
(uCT) (CT-ALPHA, Procon X-Ray, Germany) [89]. During measurements, the sample
was rotating while the X-ray source and detector were kept at the same position. The scans
are transmission data collected by illuminating the object from 1600 projection angles at
a resolution of 30-35 um per voxel, at an acceleration voltage of 80 kV and current of 80
nA. The obtained scans were used for the reconstruction of the 3D structure of the object
using the software VG Studio (Volume Graphics, Germany). The visualization and
preparation of the cross sections of the subject of interest were executed using Avizo Fire
9.0 (FEIL, USA).

The cross sections are grey scale images consisting of a certain amount of voxels. The
voxels have a certain GV, which indicates the density. In order to determine the density
distribution based on the obtained GV -s, the GVs had to be calibrated. For the calibration
of the GV-s, mannitol tablets with different RD were produced [52]. For this purpose,
250 mg of mannitol powder was weighed using an analytical balance (Sartorius Extend
ED2248S, Sartorius AG, Germany) and pressed into tablets using a hydraulic tablet press
(Hydraulische Presse, Perkin-Elmer, Germany) without any lubrication. The RD of the
calibration tablets was calculated from the ratio of the envelope density and helium density
of mannitol. The envelope density was calculated from the diameter, thickness and height
of the tablets, which were measured using a digital caliper (Mitutoyo Absolute Digimatic,

Mitutoyo, USA). The helium density of mannitol powder was determined by helium
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pycnometry (AccuPyc, Micromeritics GmbH, USA) as described in section 5.3.1. Two
sets of calibration tablets were produced, because the usage of the first set of calibration
tablets for the measurement of the Mini-Pactor ribbons led to their damage. The tablet RD
of the first calibration tablet set was obtained between 60.0 and 88.4 %, while the RD of
the calibration tablets from the second set was between 53.9 — 92.9 %. The second set of
calibrations tablets was used for the measurement of the AlexanderWerk ribbons. The
calibration tablets and ribbon samples were fixed into a piece of foam (Oasis Floral
Products, USA), which was fixed on the sample holder during all measurements. Each
puCT measurement was performed with the presence of the calibration tablets and, the GV
calibration was performed for every pCT scan. An example of the foam filled with

samples is presented in Figure 59 a), and a 3D pCT image of Mini-Pactor ribbons and

calibration tablets reconstructed from the recorded projections is exhibited in Figure 59

Figure 59. a), b). Mini-Pactor ribbons and calibration tablet samples placed in the foam (a) and a 3D

reconstruction of ribbons and tablets (b), selecting a cross section across the ribbon and tablet width.

Two ribbon samples from batches manufactured by the Mini-Pactor using 2 kN/cm,
10 kN/cm SCF and SS system and by the AlexanderWerk BT120 using 18 bar and 60 bar

HP were included in the investigation.
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54.2.1 Calculation of the relative density using ROTHIST

The images of the prepared cross sections of tablets and ribbons were taken for the analysis
of the GV-s across the ribbon width using the ROTHIST software. One example of the
visualized cross sections is presented in Figure 60 a), while the selection of the area for
evaluation from the cross section of a tablet is presented in Figure 60 b) and the same is

presented in Figure 60 c) for a ribbon.

Figure 60. a), b) c). Cross sections of tablets and ribbons after reconstruction of the projections and

visualization (a) and the selection of the area for evaluation from the cross section of a calibration tablet

(b) and from the cross section of a ribbon (c).

To establish the correlation between the GV-s and RD, a selected image depicting the
calibration tablet cross sections was opened with ROTHIST and the individual tablet
samples were marked to define the area from which the GV-s were calculated (area
bracketed with blue in Figure 60 b)). Each tablet was evaluated at two different cross
sections. Therefore, for each measurement, two calibration equations were calculated, as
two images (cross sections) of the calibration tablets were evaluated in the described way.
Approximately 1-2 mm distance was between the selected cross sections. The threshold
for GV was set at 10 in the software, which means the GV-s less or equal to 10 were
ignored. Low GV (black and dark grey colours) represents the foam or the air. The other
GV-s (grey and white) in the image depict the ribbons or tablets. The obtained mean GV-
s of tablets were averaged and plotted against the tablet RD yielding the calibration
equation. The GV-s were calibrated between 122 and 231. Figure 61 exhibits an example

of such a calibration.
104



Experimental part

250 -
y = 2.3479x + 15.038
R? = 0.9985
230 -
o'..
3210 A
o<
=
) ..-'
& 190 A
.®
170 - e
.'..
.
150 : . . . ,
50 60 70 80 90 100

tablet relative density [%o]

Figure 61. Correlation between the GV and the tablet RD.

As ribbons have non-uniform shape across the width, the area containing the ribbon of
interest was selected according to the illustration in Figure 60 c) bracketed with blue. This
was performed for each ribbon, at three different cross sections.

The ROTHIST software differentiated the selected area into several layers and so the
average GV of each layer in the selected area was recorded. Since the selected area also
included the foam, the first and the last 2.5% of the layers in the selected area were

discarded from the evaluation in case of each ribbon, as presented in Figure 62.
1 voxel: 0-255

Layer 123 ‘

|
100%

Figure 62. Negotiation of the first and the last 2.5% of the layers in a cross section of a ribbon.
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In this way, the systematic failure of the investigation method was reduced by excluding
the majority of the foam. The other 95% of the layers were used to calculate the average
GV. Each vertical layer resulted into an average GV, which were averaged again. Both
calibration equations were used for the calculation of the ribbon RD from the average GV.

Equation 9 shows an example for the calculation of the ribbon RD.

RD = GVyibbon — 15.038 Equation 9
B 2.3479

The RD values obtained using both calibration equations were averaged resulting in the
mean RD value of one cross section. Batch RD was obtained by measuring and averaging

two ribbons at three different cross sections.

5.4.2.2 Calculation of the relative density using UHIST

The GV extraction considering the whole ribbon piece was accomplished by using the
UHIST software. The frequency of 2!° different GV-s (from 0 to 65535) were captured
considering the whole selected volume of interest. In order to present the frequency
distribution of GV-s more clearly, the 65536 GVs were grouped into 256 GV-s and were
used for the calibration equation and RD calculation of the ribbons.

Herefore, all the layers were imported into the UHIST software, in which the individual
tablets or ribbon pieces were marked from the top to the bottom covering the volume of
the investigated object. The layers in between were evaluated by the software. An example
for the selection of the top and the bottom layer in tablets is presented in Figure 63 a)
and b).

Figure 63. a), b). Selection of layer (a) at the top of the tablet and at the bottom of the tablet (b).
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The calibration was performed by correlating the mean GV-s of tablets to the tablet RD
values. In this case, the mean GV was calculated from the frequency distributions of GV-
s using Equation 10.

Equation 10
sum(GV; * number of voxels with GV;) quation

mean GV = total number of voxels
In case of ribbons, the selection of the volume of interest to be analyzed was performed in
the same way as for the tablets, ensuring that the whole ribbon was included in the selected
volume. Figure 64 a) shows the selection of the top layer of the ribbon and Figure 64 b)

represents the selected bottom layer.

s

-

Figure 64. a), b). Selection of the first layer (a) and the last layer (b) of the ribbon.

After layer selection, the number of individual GV-s of all the voxels were counted by the
UHIST software for all layers. Figure 65 shows an exemplary frequency distribution of

the GVs of the analyzed volume of a ribbon.
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Figure 65. Frequency distribution of GV-s for the whole ribbon.

The presented curve in Figure 65 has two peaks; the first peak at the GV-s below 50 (I.)
exhibits the air and the foam, in which the ribbons and tablets were placed and measured.
The ribbon itself is displayed by the second peak at GV-s around 200 (IL.).

In order to define the ribbon RD, the mean and the SD of the peak II were evaluated. Thus,
a Gaussian curve was fitted to peak II. The Gaussian function is shown in Equation 11, in
which « is a constant, b is the mean GV and c is the SD of GV-s.

_ (X—b)2
f(GV)=axe 2 Equation 11

The accuracy of the Gaussian fit to the original data was measured by the residual sum of
square (rss). The fitting of the parameters a, b and ¢ was performed using Excel Solver.
The mean GV (b) was converted into ribbon RD using the calibration equation according
to Equation 12. The SD of RD was calculated using the SD of the GV and the slope
coefficient k of the calibration curve according to Equation 13.

Equation 12

GV, —n
RDmean — ( mein )
_ SD(GVmean)
SD(RDyean) = — x Equation 13
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The whole evaluation was performed on two pieces of ribbons from each batch. The RD
values of both ribbons were averaged resulting in the RD value of the manufactured ribbon

batch.

5.4.2.3 Calculation of the ribbon relative density using UHIST and averaging
20 and 50 layers

In the previous subsection described evaluation method was expanded in order to
investigate the distribution of RD across the ribbon width. The ribbon pieces were divided
into groups of 20 and 50 layers. The mean RD as well as the SD of RD were calculated

for each group as for the whole ribbon.

5.4.3 Compression study

The deformation behaviour of MCC 101 and mannitol was studied using the Styl'One
Evolution compaction simulator (Medel' Pharm, France). 351 £ 1.5 mg of powder were
weighed in by hand and filled into the die. Prior to each compression cycle, the flat-faced
punches of 11.28 mm diameter were lubricated with magnesium stearate (Parteck LUB
MST, Merck Millipore, Germany). To obtain in-die compression profiles, the applied
force as well as the corresponding punch displacement were detected at a frequency of
2000 Hz. For each material ten tablets were produced at a mean compression pressure of
250.6 £ 2.3 MPa. The data was analysed following Gharabei [122] and Heckel [123] and
the yield pressure determined.

To also respect the elastic recovery of the tablets, furthermore an out-of-die compression
analysis was performed. For both materials, tablets (n=10) were compressed at five
different levels between 50 and 250 MPa. The RD was calculated from the mass and the
outer dimensions of the tablets, which were determined 48 hours after manufacturing

using a SmartTest50 (Dr. Schleuniger Pharmatron, Switzerland).

5.4.4 Granule size distribution determination by dynamic image

analysis

The granules were divided in representative samples in a size of 15 g using a rotary sample
divider (Probenteiler PT, Retsch Technology, Germany). The particle size distribution of

the raw materials and granules was determined by dynamic image analysis using
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CamSizer XT® (Retsch Technology, Germany) according to a developed method of
Wagner et al. [124]. The X-Jet module was used to disperse the particles and granules
from each other. The CamSizer XT has two digital cameras, one (CCD-Basic) records the
bigger particles, while the other camera (CCD-Zoom) determines the smaller, fine
particles in the same time. The cameras are able to detect and measure particles from 3
um to 3 mm. The dispersing pressure was set at 0.3 bar to avoid the breakage of the
granules during the measurements, while 2.5 bar dispersing pressure was set, when raw
materials were examined in order to detect each single particle as the eventual
agglomerates are destroyed. The speed of the conveying trough was reduced in order to
achieve a slow and continuous flow of the particles into the measuring space. From the
divided samples at least 2 samples were measured and the mean and standard deviation
were calculated. The serious of the mesh sizes following each other were chosen using v/2
as multiplication factor. The particle size was defined calculating the X¢ min value of the
particles. The X¢ min is the shortest chord of the measured set of maximum chords of a
particle projection. Based on the X¢ min values, d10, d50, d90, fine fraction <90 um and

coarse fraction >710 pm were determined as characteristics of granules.
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6 Annex

Table 15. Experimental setup of DoE conducted by AlexanderWerk BT 120 compacting mannitol, mixture

and MCC using smooth and knurled rolls.

Experiment HP [bar] GW [mm]
name

N1 18 1.5

N2 24 1.5

N3 36 1.5

N4 48 1.5

N5 60 2.3%/3.0
N6 18 2.3%/3.0
N7 24 2.3%/3.0
N8 36 2.3%/3.0
N9 48 2.3%/3.0
N10 60 2.3%/3.0
NI11 36 1.9%/2.3
N12 36 1.9%/2.3
N13 36 1.9%/2.3

*characteristic GW of roll compaction using a pair of smooth rolls
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Table 16. Experimental setup of DoE conducted by BRC25 roll compactor in case of smooth rolls
compacting mannitol, mixture and MCC and Mini-Pactor in case of all roll compaction design

compacting mannitol.

Experiment name SCF [kN/cm] GW [mm)] RS [rpm]
N1 2 1.5 2
N2 4 1.5 2
N3 6 1.5 2
N4 8 1.5 2
N5 10 1.5 2
N6 2 3.0 2
N7 4 3.0 2
N8 6 3.0 2
N9 8 3.0 2
N10 10 3.0 2
NI11 2 1.5 4
N12 4 1.5 4
N13 6 1.5 4
N14 8 1.5 4
N15 10 1.5 4
N16 2 3.0 4
N17 4 3.0 4
N18 6 3.0 4
N19 8 3.0 4
N20 10 3.0 4
N21 6 2.3 3
N22 6 2.3 3
N23 6 2.3 3
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Table 17. RD ranges obtained by manufacturing with different types of roll compactors and model

materials.
Roll com- . RD of MCC R].) it RD Of
Design GW [mm] RS [rpm] o mixture mannitol
pactor [%] [%] [%]
g . g 1.5 65.9-84.9 77.1-87.4 76.2-90.9
S %)
.“3 E A 2.3 o0 66.6-79.5 72.8-74.0 79.7-86.1
S| .
% & & 1.5 55.8-77.0 65.4-86.6 75.6-86.0
- n
< @ 3.0 57.3-80.0 67.8-83.6 74.9-87.5
s &
g %&O = 1.5 51.4-79.0 61.0-81.1 66.8-82.7
N~ S 7]
2 =9 %) 2.0
Z2EC Z
= > 3.0 49.1-77.0 57.4-78.6 67.9-80.1
N 2.0 47.0-68.6 52.0-70.3 63.1-82.5
2 8 @ 4.0 47.0-67.9 51.5-71.0 57.1-77.6
g % é A 2.0 44.8-67.3 49.5-66.8 62.2-75.9
' 4.0 44.0-68.0 48.3-69.0 62.0-75.5

*The range of SCF was set between 2-10 kN/cm except in case of AlexanderWerk BT120, where

the HP was adjusted between 18-60 bar.
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Gerteis Mini-Pactor

Table 18. RD ranges of mannitol ribbons manufactured by Gerteis Mini-Pactor (n>3).

Er}nvi[n] Fr[s)rn] RR sm RR kn SS sm SS kn
2.0 57.9-75.3 61.7-76.8 63.2-82.4 65.9-77.6

2 4.0 59.6-72.7 60.1-75.3 60.6-80.4 63.5-75.0
2.0 59.7-71.7 60.1-73.4 63.8-79.4 61.8-78.4

>0 4.0 59.5-76.5 57.7-74.0 62.7-79.7 62.4-75.1

Table 19. d50 values of mannitol granules obtained by applying different roll compaction designs

compacting with the Gerteis Mini-Pactor (n> 2).

Parameter settings Roll compaction designs

[Sk(I:\f/cm] ﬁn\?]n] E’Sm] RR sm RR kn SS sm SS kn
2 484.0 477.9 409.2 454.0
4 697.7 609.0 565.2 599.7
6 1.5 2.0 662.3 656.1 617.9 656.8
8 689.8 692.9 692.7 675.2
10 685.8 654.9 595.1 650.5
2 76.1 75.0 55.9 91.6
4 189.6 97.1 76.5 160.2
6 3.0 2.0 240.3 264.8 130.1 134.9
8 290.6 238.4 186.7 139.1
10 286.6 221.7 225.3 122.7
2 56.3 40.8 37.8 94.7
4 124.8 78.3 76.4 109.9
6 1.5 4.0 223.6 147.2 126.4 153.3
8 235.4 318.6 165.3 169.9
10 220.6 284.3 200.3 176.5
2 60.6 41.7 114.6 94.7
4 119.1 53.7 102.0 105.3
6 3.0 4.0 231.4 125.8 112.8 117.1
8 225.8 182.5 181.8 119.9
10 261.5 252.6 179.3 129.9
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