Heinrich Heine
Universitat
Diisseldorf [ ]

Advancing towards a controlled continuous dry granulation line

Inaugural-Dissertation

zur Erlangung des Doktorgrades der Mathematisch-Naturwissenschaftlichen Fakultit der

Heinrich-Heine-Universitit Diisseldorf
vorgelegt von

Annika Wilms

aus Essen

Diisseldorf, September 2020



Aus dem Institut fiir Pharmazeutische Technologie und Biopharmazie

der Heinrich-Heine-Universitat Dusseldorf

Gedruckt mit der Genehmigung der
Mathematisch-Naturwissenschaftlichen Fakultat der

Heinrich-Heine-Universitat Disseldorf

Berichterstatter:

1. Prof. Dr. Dr. h.c. Peter Kleinebudde

2. Prof. Dr. Jorg Breitkreutz

Tag der mindlichen Priifung: 09.12.2020



Fir meine Familie






Table of contents

Table of contents

TABLE OF CONTENTS I
LIST OF ABBREVIATIONS I
PUBLICATIONS v
1 Introduction 1
1.1 Continuous Manufacturing of solid oral dosage forms 1
1.1.1  Batch and continuous manufacturing of solid oral dosage forms 1
1.1.2  Possible benefits of implementing continuous manufacturing 2
1.1.3  Challenges and limitations of implementing continuous manufacturing 4
1.1.4  Market authorization status 5
1.2 Process analytical technologies (PAT) and process control 7
1.2.1  Process analytical technologies (PAT) 7
1.2.2  The analytical method / process analyzers 7
1.2.3  Process monitoring 8
1.2.4  Process control 9
1.2.5 Residence time in continuous processes 10
1.3 Roll compaction/dry granulation 13
1.3.1  Critical process parameters of RCDG 14
1.3.2  CQAs of intermediates and granules and state-of-the art process analyzers
in RCDG 16
1.3.3  Real-time process analyzers in RCDG 18
1.3.4  Residence time distribution in RCDG 21
1.4 Real-time particle size determination 22
1.5 Hardness determination 26
1.5.1  Ribbon microhardness 26
1.5.2  Granule hardness: granule strength and failure load 28
1.6 Aims of the Thesis / Outline of the thesis 32
1.7 References 34
2 Combination of a rotating tube sample divider and dynamic image analysis for
continuous on-line determination of granule size distribution 43
2.1 Pretext 43
3 Development and evaluation of an in-line and on-line monitoring system for
granule size distributions in continuous roll compaction/dry granulation based
on laser diffraction 62
3.1 Pretext 62
4 Options for controlling a continuous dry granulation process using adjustable
sieve speed, compaction force or gap width 84
4.1 Pretext 84
5 Towards better understanding of the influence of process parameters in
roll compaction/ dry granulation on throughput, ribbon microhardness and
granule failure load 104
5.1 Pretext 104
6 Optimization of residence time distribution in RCDG and an assessment of its
applicability in continuous manufacturing 129
6.1 Pretext 129
7 Summary and Outlook 147
8 Acknowledgements / Danksagung 151

9 Eidesstattliche Erklirung 154




List of abbreviations

List of abbreviations

abbreviation

A
A*

Co
cl
M
CPP
CQA
G
d,
DC
dh/h
DIA
e(t)
EMA

F calc

FDA

GSD
hc
HM

K.
mcc
MCs

p’
PAT
PID
QbD

RCDG

area
cross sectional area of all active columns
cross section of a cylindrical die
area of the fracture plane
projected area
active pharmaceutical ingredient
control action at no error
chemical imaging
continuous manufacturing
critical process parameter
critical quality attribute
concentration of particle value in laser diffraction
mean value of the sieve class
direct compression
applied strain
dynamic image analysis
error between actual and set-point value of controlled parameter at time t
European Medicines Agency
force
granule failure load
United States Food and Drug Administration
failure force
granule size distribution
contact height
Martens hardness
proportionality constants
gain factor
microcrystalline cellulose
manufacturing classification system
pressure
compressive strength
process analytical technologies
proportional —integral — derivative (controller)
Quality by Design

roll compaction/dry granulation




List of abbreviations

RTD
RTR
RTRT
SCF
SoD
Ty
Ti
TSG
u(t)
Umax
Umin
y(t)
Ysolt)

To

I'o'

residence time distribution
real-time release
real-time release testing
specific compaction force
solid oral dosage form
derivative time constant
integral time
twin screw granulation
control action at time t
maximal control action
minimal control action
value of controlled parameter at time t
set-point value of controlled parameter at time t
pressure coefficient
natural logarithmic of the applied strain
shear failure stress
sum of cohesive strength

cohesive granule strength




Publications

Publications

Published manuscripts:

1) Wiedey, Raphael, Rok Sibanc, Annika Wilms, and Peter Kleinebudde. "How relevant is
ribbon homogeneity in roll compaction/dry granulation and can it be influenced?"”

European Journal of Pharmaceutics and Biopharmaceutics 133 (2018): 232-239.

= AW performed dry granulation, tableting, ribbon density, particle size and tablet
characteristic measurements. She evaluated the data herself and provided it for the

manuscript.

2) Wilms, Annika, Klaus Knop, and Peter Kleinebudde. "Combination of a rotating tube
sample divider and dynamic image analysis for continuous on-line determination of

granule size distribution."” International Journal of Pharmaceutics: X 1 (2019): 100029.

* AW planned the experiments in agreement with KK and PK. AW conducted the
experiments and evaluated the data. AW wrote the manuscript. KK and PK

reviewed the manuscript.

3) Wilms, Annika, Robin Meier and Peter Kleinebudde. ,, Development and Evaluation of
an In-line and On-line Monitoring System for Granule Size Distributions in Continuous
Roll Compaction/Dry Granulation Based on Laser Diffraction.” Journal of Pharmaceutical

Innovation (2020):1-11.

= AW planned the experiments in agreement with RM and PK. AW conducted the
experiments and evaluated the data. AW wrote the manuscript. RM and PK

reviewed the manuscript.

4) Wilms, Annika and Peter Kleinebudde. ,, Towards better understanding of the influence
of process parameters in roll compaction/dry granulation on throughput, ribbon
microhardness and granule failure load.” International Journal of Pharmaceutics: X 2

(2019): 100059.

* AW planned the experiments in agreement with PK. AW conducted the
experiments and evaluated the data. AW wrote the manuscript. PK reviewed the

manuscript.




Publications

5) Wilms, Annika and Peter Kleinebudde. ,, Optimization of residence time distribution in

RCDG and an assessment of its applicability in continuous manufacturing.” Particuology

(2020). Article in press.

AW planned the experiments in agreement with PK. AW conducted the
experiments and evaluated the data. AW wrote the manuscript. PK reviewed the

manuscript.

6) Wilms, Annika, Andreas Teske, Robin Meier, Raphael Wiedey and Peter Kleinebudde.

., Implementing Feedback Granule Size Control in a Continuous Dry Granulation Line

Using Controlled Impeller Speed of the Granulation Unit, Compaction Force and Gap

Width.” Journal of Pharmaceutical Innovation (2020):1-11.

AW planned the experiments in agreement with AT, RM and PK. AW conducted
the experiments and evaluated the data together with AT. RW designed and wrote
an analytical tool for data analysis. AW wrote the manuscript. AT, RM, RW and

PK reviewed the manuscript.

Oral presentations:

A. Wilms, K. Knop, P. Kleinebudde. In-line determination of granule size
distribution during continuous roll compaction / dry granulation

12 PSSRC Meeting, September 12-14, 2018, Leuven, Belgium

A. Wilms, K. Knop, P. Kleinebudde. Continuous determination of granule size
distribution using Dynamic Image Analysis.

9'h International Granulation Workshop, June 26-29, 2019, Lausanne, Switzerland

A. Wilms, P. Kleinebudde. In-line measurement of granule size distribution in
a continuous manufacturing line
12" World Meeting on Pharmaceutics, Biopharmaceutics and Pharmaceutical

Technology, postponed.

A. Wilms, P. Kleinebudde. Granule size control in a continuous dry
granulation line.

EuPAT 9 %, online conference, October 8, 2020.




Publications

Poster presentations:

R. Wiedey, A. Wilms, P. Kleinebudde. How relevant is ribbon homogeneity
in roll compaction/dry granulation?

11" PBP World Meeting, March 18 — 22, 2018, Granada, Spain

A. Wilms, P. Kleinebudde. Particle size distribution in the product stream
after roll compaction/dry granulation.
3™ European Conference on Pharmaceutics, March 25-26, 2019, Bologna,

Italy

A. Wilms, K. Knop, P. Kleinebudde. In-line determination of granule size
distribution during continuous roll compaction / dry granulation by laser
diffraction.

PARTEC 2019, April 9-11, Niirnberg, 2019, Germany

A. Wilms, P. Kleinebudde. Representative sampling for roll
compaction/dry granulation

Herbstkolloquium Prozessanalytik, November 25 - 27, Marl, 2019, Germany

A. Wilms, P. Kleinebudde. On-line measurement of granule size
distribution by laser diffraction in a continuous manufacturing line
2" APV Continuous Manufacturing Conference, February 18 - 19, 2020

Freiburg, Germany

A. Wilms, P. Kleinebudde. Dynamic image analysis to monitor the granule
size distribution by dynamic image analysis in roll compaction/dry
granulation

2" APV Continuous Manufacturing Conference, February 18 - 19, 2020

Freiburg, Germany

VI



Introduction

1 Introduction
1.1 Continuous Manufacturing of solid oral dosage forms
1.1.1 Batch and continuous manufacturing of solid oral dosage forms

Concerning at-home therapy with drug products, solid oral dosage forms (SOD) (e.g.
tablets, capsules, granules) are favored by patients as they typically offer easy and pain-
free application and can be stored readily. The oral, next to the intravenous, application
route is most common in preclinical safety testing [1]. Therefore, it is expected that routine

medication in the form of SOD will remain relevant.

Historically, SOD’s have been manufactured in batch mode. In batch mode a specified
amount of material (e.g. 1000 kg) is transformed into the final product via several processes
that are not linked. The easiest and thus preferred process is direct compression (DC), which
typically comprises at least one blending and the tableting process [2]. Not all materials can
be processed using DC and therefore granulation methods may be necessary. The number
of processes that are needed to manufacture a tablet increases, if granulation is needed. An
example of the manufacturing process of a coated tablet using roll compaction/dry
granulation (RCDG) is shown in Figure 1 a). The products of each process are stored and
tested for specified attributes. A batch record is compiled and evaluated. If the batch record
passes the review, the batch is released by the qualified person. Depending on internal
regulations, this can stretch the time-to-market relevantly. Furthermore, different
manufacturing steps can be performed at different locations, which furthermore elongates

the time-to-market [3, 4].

Contrary to batch manufacturing, and already established in non-pharma branches of
business such as the food industry [5, 6], is the concept of continuous manufacturing (CM).
It is characterized by linking each process and not storing the intermediates in between (see
Figure 1 b)). Samples can be taken for off-line analytics, however, it is favorable not to
disturb the process by sampling procedures and use validated in-line or on-line methods to

measure critical quality attributes (CQA) or their surrogates.

If all CQAs can be monitored during manufacturing, it is possible to release the batch in
real time (real-time release (RTR)). In this case, establishing real-time release testing
(RTRT) is necessary. In 2016, Janssen-Cilag switched their Darunavir containing HIV-

treatment (Prezista®) from batch to CM. This resulted in a decrease in the days needed for
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release from above 21 to eight. In 2019, a surrogate dissolution model was implemented
that further shortened the days needed for release to less than one [7]. Reducing the days
needed for release means an earlier entry to the market with no relevant storage time,

increasing the profitability of the manufacturing step.

raw excipients + API

blending
storage / tests
- blend uniformity blend 1

raw
excipients + blending blend 1
API

storage / tests

granules

blend 1 RCDG granules - content
- granule size
blending with
granules + extra‘gr‘anular
storage / tests excipients

extragranular blending blend 2

excipients - blend uniformity

tableting

storage / tests
blend 2 tableting tablets - content uniformity
- mass uniformity

- tensile strength

tablets coating coated ge /

tablets - dissolution

a) - disintegration b) | coated tablets | | ‘

Figure 1: a) Batch manufacturing scheme b) Continuous manufacturing scheme

1.1.2 Possible benefits of implementing continuous manufacturing

In 1.1.1, the concepts of batch and CM were outlined. Most products obtained market
authorization based on batch manufacturing. Therefore, for pharmaceutical manufacturers,
there must be evident benefits in connection with CM to start investing in this

manufacturing mode.
o Quality improvement

Quality, safety and efficacy are the essential attributes of a drug product to receive market
authorization [8]. Quality needs to be guaranteed and tested for every batch that is
manufactured. Therefore, quality is a major focus in development and manufacturing.
Advanced quality considerations, such as Quality by Design (QbD) and process analytical
technologies (PAT) are not limited to CM, as they can also be applied to batch processes
[9]. However, to make full use of the CM advantages, they need to be implemented into the

manufacturing line. Therefore, CM is a driving force for advancement of both concepts.




Introduction

o Cost reduction

Cost reduction by the implementation of CM is a result of various factors. As previously
mentioned, scale-up that can be avoided is a financial relief. Furthermore, CM equipment
is not limited by batch size and hence, in-theory, large amounts of drug product can be
manufactured dependent on manufacturing time. Manufacturing in a steady-state
continuous process, avoiding multiple batch manufacturing processes (with all necessary
documentation) and minimizing loss of material due to start-up and shutdown will reduce
cost. Pharmaceutical industry has reported a yield of > 99 % when manufacturing
116 000 kg of tablets in a 4.5 day continuous process [10]. An additional aspect of avoiding
scale-up is the decreased footprint of the manufacturing line. If PAT are implied and all
CQA can be monitored/controlled in real-time, sampling, sample transfer and of-line
analytics can be minimized. As off-line analytic requires laboratories including equipment

and staff, this can be a source of long-term cost reduction.
o Flexibility

Various sources highlight that scale-up will not be necessary or will be simplified using
CM [5, 11, 12]. This is certainly not generally true and must be evaluated for every process
itself. However, in theory, scale-up can be avoided, if the market demand can be saturated
by increasing the run time of the CM line. This facilitates flexible reaction to drug shortages
and switching readily from clinical supply to market supply and thus reducing the time-to-

market, which bears financial benefits and extended patent protection [5, 11, 13, 14].
o Authorities view

Regulatory agencies, especially the US Food and Drug Administration (FDA) and the
European Medicines Agency (EMA), are supportive of CM and the concept of QbD. As
regulators recognize advantages in quality and flexible reaction to drug shortages, the
FDA’s Emerging Technologies Team and the EMA’s PAT Team are working together with
the pharmaceutical industry on scientific challenges linked to incorporating CM approaches

and obtaining market authorization [7, 13, 15-20].
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o Innovation

The pharmaceutical industry is typically shy of risks that could lead to a danger to patients
or unsuccessful attempts for market authorization. As authorities have demonstrated
goodwill to bring innovation to the pharmaceutical industry, more companies aim at
fostering innovation in their business and scientific environment. CM helps implementing
innovative models and process control strategies. RTR as an innovative release option can
be achieved and innovative testing strategies have to be developed to speed up the time
from manufacturing to release. Therefore, implementation of CM helps to bring further

innovative approaches to the pharmaceutical industry [21].

1.13 Challenges and limitations of implementing continuous manufacturing

The possible benefits of implementing CM refer to a CM line that is functional, validated,
fully understood and has proven robustness over long periods. It is undisputed that
establishing a CM line requires development efforts by specialists in their respective field
and is a financial risk as chosen approaches that are incorporated in a CM line might not be
suitable. Similarly to scale-up issues that are only recognizable in large scale, issues might
only be recognized when long-term experiments or trial runs are executed. If such issues

arise, solutions to overcome these might be necessary.
Current challenges include:

o Probe fouling
Probes that are used in PAT tools often incorporate a measurement window or
lenses. If these are constantly in a flow of powder or granulated material, probe
fouling is an issue to be expected during development and preventive actions such

as adding scavenging air should be evaluated from the beginning.

o Interruption / OOS-material / recall decisions
To develop a CM process, procedures for interruption and OOS-material handling
should be in-place and validated. Effectiveness of these procedures has to be
evaluated. To avoid OOS-material, a robust control strategy should be in place for
CQAs as well as monitoring tools for critical process parameters (CPP) that make

it easy for the operator to see undesirable trends before an interruption takes place.
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If, for any reason, after manufacturing material is under investigation, it is critical
to have a full understanding of residence times in the line. Deviations in the
granulation process can only be linked to batches of material, if residence times are
known. This requires thorough process understanding and is crucial to prove to

authorities that all possibly affected material can be traced and recalled [22].

o Potential for microbial growth
Unexpected microbial growth in the manufacturing equipment could be especially
relevant for wet granulation techniques and certain formulations (e.g. containing
pharmaceutical starch or other sugars). In a CM line, run-times are supposed to be
long (minimize start-up and shut down phases and manufacture large quantities of
material during steady state). Hence, cleaning intervals will be chosen as far apart
as possible. If they are only based on equipment or required amount of material (e.g.
probe fouling or accumulation of material in dead zones) and they are minimized
by engineering efforts, microbial growth could be a relevant factor that is almost
impossible to detect without off-line laboratory tests. A retrospective infestation
with microbes could lead to large quantities of material that have to be discarded

[23, 24].
1.1.4 Market authorization status

While both, the US FDA and the European EMA, report various discussions with the
pharmaceutical industry, drug products with market authorization are still scarce [16, 21].
The first authorized drug product that is produced using a CM line was Orkambi® by Vertex
Pharmaceuticals Ltd. (Ireland). In 2018, Vertex Pharmaceuticals Ltd. also obtained
authorization for Symkevi® (EU) which is manufactured using dry granulation [25].
Janssen Pharmaceutica (Belgium), Eli Lilly and Company (US) and Pfizer Inc. (US) also
have drug products on the market that are produced using continuous direct compression.
Table 1 summarizes the current market authorization status for different active

pharmaceutical ingredients (API).
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Table 1 current SOD with market authorization in the US or EU that were produced using CM

year | name API company manufacturing mode main ingredients
2015 | Orkambi® Lumacaftor/ | Vertex Pharmaceuticals | Wet granulation [26] cellulose, microcrystalline; croscarmellose sodium; hypromellose acetate
Ivacaftor (Ireland) Limited succinate; magnesium stearate; povidone; and sodium lauryl sulfate,

carmine, FD&C Blue #1, FD&C Blue #2, polyethylene glycol, polyvinyl
alcohol, talc, and titanium dioxide [27]

2016 | Prezista® Darunavir Janssen Pharmaceutica | Direct compression [29] | colloidal silicon dioxide, crospovidone, magnesium stearate, and

N.V./Johnson & microcrystalline cellulose. The 800 mg tablet also contains hypromellose,
Johnson GmbH [28] OPADRY® White, OPADRY® Orange, OPADRY® Dark Red. [30]
2017 | Verzenio® Abemaciclib | Eli Lilly and Company | Direct compression [31, | croscarmellose sodium, lactose monohydrate, microcrystalline cellulose 101,
29] microcrystalline cellulose 102, polyethylene glycol, polyvinyl alcohol,

silicon dioxide, sodium stearyl fumarate, talc, titanium dioxide [32]

2018 | Symdeko® / Tezacaftor/ | Vertex Pharmaceuticals | Dry granulation [25] Tablet core: croscarmellose sodium, hypromellose, hypromellose acetate

. Ivacaftor (Ireland) Limited succinate, magnesium stearate, microcrystalline cellulose, sodium lauryl
Symkevi® sulfate

Tablet film coat: HPMC/hypromellose 2910, hydroxypropyl cellulose, iron
oxide yellow, talc, titanium dioxide [33]

2018 | Daurismo® Glasdegib Pfizer Inc Direct compression [34, | Tablet: microcrystalline cellulose, DCPA, sodium starch glycolate,

35] magnesium stearate

Film coating: Opadry® beige, Opadry® yellow [36]

2018 | Lorbrena® Lorlatinib Pfizer Inc Direct compression [37, | microcrystalline cellulose, dibasic calcium phosphate anhydrous, sodium

38]

starch glycolate, and magnesium stearate. The film-coating contains
hydroxypropyl methylcellulose (HPMC) 2910/hypromellose, lactose
monohydrate, macrogol/polyethylene glycol (PEG) 3350, triacetin, titanium
dioxide, ferrosoferric oxide/black iron oxide, and iron oxide red. [39]
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1.2 Process analytical technologies (PAT) and process control
1.2.1 Process analytical technologies (PAT)

PAT is most commonly defined as “a complex system of multivariate (chemical, physical,
microbiological, and mathematical) methods for material (e.g., materials, intermediates,
products) and process (e.g., temperature, pressure, throughput, etc.) analysis, as well as
process modelling and enhanced control strategies for improved product quality and

process efficiency. ”[40, 41]

The US FDA defines PAT as “a system for designing, analyzing, and controlling
manufacturing through timely measurements (i.e. during processing) of critical quality and
performance attributes of raw and in-process materials and processes, with the goal of

ensuring final product quality.”[19]

While both definitions are not contradictory, the US FDA emphasizes on critical quality
and performance attributes. This underlines the necessary process understanding in order
to know all CPPs of a process, all CQAs of an intermediate and the resulting product, and
avoid massive data acquisition of non-critical quality attributes. Both definitions point out
the importance of using the acquired data for control rather than only monitoring. Hence,
PAT is more than simply adding a measurement tool to a process. In the following sections,

the most important factors to implement a PAT based control strategy will be discussed.

1.2.2 The analytical method / process analyzers

Basis for all PAT tools and control strategies is data that is obtained from the process. This
information can be logged by the machine (e.g. torque, temperature), if the machine is
equipped with appropriate sensors. More commonly, an analytical tool is implemented in
the process (e.g. a NIR-probe). The analyzer should not impair the quality of the product.

Concerning the set-up, there are four ways in which an analytical tool can be installed [19]:

o In-line

Analysis is performed without diversion of material.

o On-line / bypass
Analysis is performed on a diverted sample. Typically, the sample is afterwards

reunited with the main product flow (bypass).




Process analytical technologies (PAT) and process control

o At-line
Analysis is performed after removal of material from process and in close proximity

(time and space) to the process.

o Off-line
Analysis is performed after removal of material from process. There is no proximity

(either time or space or both) to the process.

Only in- and on-line methods can be incorporated in a fully instrumented control strategy
and have been explored in this thesis. While at-line analysis can also be incorporated into
a control strategy, its limited computerized automation can impede consistent quality
control [42]. Figure 2 shows examples of an incorporated measurement cell into a product
transfer. The cell is incorporated in-line (Figure 2 a)) or on-line using a bypass
(Figure 2 b)). An overview of process analyzers studied for RCDG is given in Table 2
(section 1.3.3).

a) —[‘ b} |. i

Figure 2: a) In-line and b) On-line implementation of a measurement cell into a product stream. Gray =
measurement cell, white = product transfer tubes b) also in gray: bypass.

In order to proceed with an on-line monitoring or control tool, representative sampling must
be ensured. Otherwise, the results are not applicable for the complete amount of material

and its informative value is limited [43].

1.2.3 Process monitoring

Process monitoring in the context of CM is referred to as implementing a PAT tool to
measure a certain characteristic of the material in real-time. The characteristic can be
measured “as-is” or models can be used to translate a measured quantity into a product
characteristic (e.g. NIR-spectra to API content). Ideally, the characteristic is a product CQA
and the development of the value can be tracked in real-time on quality control charts [44].

These quality control charts can then be used for batch release, process reports etc.
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With the advancement of PAT, a plethora of publications is available which aim at

monitoring various CQA in pharmaceutical manufacturing processes [41].

1.2.4 Process control

Process control generally refers to comparing an actual process value to a pre-defined

desired set-point and generating a response, if these deviate [42, 45].

In order to proceed with process control a robust monitoring method of a desired CQA must
be established. Additionally, a parameter which impacts the CQA has to be identified (e.g.
a CPP). Ideally, the control parameter can be readily varied and impacts only one CQA.
The desired CQA typically has a range, in which the actual value should be located (e.g.
2 % variation allowed for tablet thickness [42]) and the center of this range is used as a set-

point, or desired value, in process control. After defining the set-point (yg,(t)), the

difference (error e(t)) between actual (y(t)) and set-point for every time point realized by

the monitoring strategy can be calculated according to Equation 1.

Equation 1: Error determination in process control

e(t) = yop(t) — y(0) (1)

As next step, a controller must be programmed to translate the error e(?) into a control
action, commonly abbreviated as u(?). There are various controller options [45].
Fundamentally, they can either be discrete or continuous. Discrete controllers can only
modify the control valve to discrete, predefined values. The most prominent discrete
controller is a so-called “on-off-controller”. The control action will either be a minimum
Umin OF @ Maximum umax depending on the error exceeding a threshold value or not. It is
easy to program and understand but typically generates persistent oscillation of the actual

value around the desired set-point [42, 45].

About 80 % of control loops in industrial applications are of continuous nature, defined by
proportional (P), integral (I) and derivative (D) algorithms. The control action can be

calculated according to Equation 2 [45].

Equation 2: PID control action

de(t) )
dt )

u(t) = co+ K.(e(t) + Tlf e(t)dt + T,
i J0

l
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co 1s the control action value if there is no error (e(?) = 0 in Equation 2) to keep the control
valve steady. K¢ is called “gain factor” and the product of K. and error e(?) characterizes

the proportional controller effect as it generates a direct, proportional control action u(?). Ti

is called “integral time” and Ti fot e(1)dt characterizes the integral controller effect. The
L

integral part considers the past behavior of the process as it accumulates the past errors over
. . o . de(t . o
time. Tq is called “derivative time constant” and Ty % characterizes the derivative

controller effect. It equals the rate of the error changing and thereby elucidates future errors.

Depending on the process to be controlled, selective terms can be ignored. The controllers
are then abbreviated by the terms that were taken into consideration (e.g. PI-controller,
PID-controller) [45]. K¢, Ti and Tq are constants that can be varied according to the process,
the determination of suitable control constants is referred to as “tuning”. It can be based on

rules of thumb, mathematic theories or automatic tuning by software [46].

For the process, a design space has to be defined. The design space characterizes a range
of raw material attributes and CPPs ensuring that the resulting product will conform to the
CQA requirements [47]. A control strategy can then be implemented in which the
influencing process parameter can be controlled in range of the design space. The process
then does not match the definition of a “steady-state”. Myerson et al., named it a “quasi
steady state” in which CPP may vary in the range of the design space in order to produce
material that adheres to specifications, which can also be described as a “controlled-state”
process [48]. Recently, advances of controlling CQA for pharmaceutical processes or end-

to-end CM have been published [49-52].

1.25 Residence time in continuous processes

For batch manufacturing and its control, mass flow rates of the materials are of lower
importance than in continuous processing, as each process in batch manufacturing is self-
contained [42]. However, batch or continuous, if a process is to be controlled, residence
time determinations are necessary between the control parameter action and the
measurement tool in order to tune the process control constants. For continuous processes,
the CQA monitoring tool can be used to divert material that is OOS. In this case, residence
time determinations between the monitoring tool and the diversion valve are necessary. As

each process is linked in CM, the residence time can be stretched immensely by back-

-10-
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mixing tendencies in various, but especially blending units [53]. Therefore, determination

of residence time is an important factor in CM [54].

The residence time of a reactor can be measured by pulse injection, step injection (step
change), periodic injection and random injection. All are based on a nonreactive species of
similar properties to the main material (tracer) being added into the process. The tracer is
measured at the process outlet. Due to disadvantages, the periodic and random injection
methods are uncommon and will not be discussed further [55]. Resulting from the
experimental measurements are characteristic residence time distributions functions. The

most important ones will be briefly summarized here.

A pulse injection is defined as an injection of a specified amount of tracer into the reactor
(at time t = 0). Resulting plots are shown in Figure 3. Tracer concentrations at the reactor
outlet are measured over time and generate the c(t) — function (see Figure 3 a)). At constant
volumetric flow, the c(t)-function can be normalized by division by the total amount of
tracer (area under the curve of the c(t)-function). The resulting function is the residence

time distribution (RTD) function E(t) (Equation 3, Figure 3 c)) [55].

12 - 1.2 0.25
%‘10- 1 0.2
EB_ :0'8- io.ﬁ
= 6 = 0.6 1 E
o Py = 0.1
S 4 0.4 w
s 0.05
= 2 0.2
0 0 ———T—T—T—T—T—TT 0 — T T T T T T T T
a) 345678 9101214 b) c) 1234567 89101214
012345678 9101214 012345678 9101214

t [min]

t [min]

t [min]

Figure 3: Examples of experimental data obtained from a pulse injection experiment. a) c(t)-function b)

F(t) c) E(t)

Equation 3: RTD function E(t)

E(t) =

c(t)
Jy e®yat

)

The cumulative distribution function F(t) can be derived by integrating E(t) (Equation 4,

Figure 3 b)). It characterizes 0 — 100 % of tracer that has left the process at time t.

Equation 4: Cumulative residence time distribution function F(t)

F(t) = ftE(t)dt
0

4
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A step change is characterized by changing the complete material input to tracer-containing
material whilst keeping the process constant (e.g. changing from 0 mg/100 mL tracer
concentration to 350 mg/100 mL tracer concentration). Resulting plots are shown in Figure
4. The tracer concentration (c(t)-curve) will increase (or decrease) from concentration co
(e.g. 0 mg/100 mL) to concentration Csep (€.g. 350 mg/100 mL, see Figure 4 a). Afterwards,

it will stay constant as all previous material is washed out of the reactor.

The cumulative residence time distribution curve can be directly obtained from a step
change experiment by normalization of the outlet mass fraction by the inlet mass fraction

(see Equation 5) It characterizes 0 — 100 % of the initial material that has left the reactor at

point t (Figure 4 b)).

= 350 - 1

£ 300 ;

S 250 A 0.75

B 200 | =

£ S os

= 150 A =

§ 100 0.25

£ 50 4

Y 0 . y \ 0 - !
a) 0 5 10 15 b) 0 5 10 15

time [min) time [min]

Figure 4: Examples of experimental data obtained from a step change experiment. Inlet concentration
tracer here 0 mg/100 mL. Step change concentration = 350 mg/100 mL. Dead-time = 2 minutes. a) c(t) b)
F(t)

Equation 5: Cumulative residence time distribution function F(t) for step change experiments

SNECEEC

Co

In all cases, there will be a lag time between the start of the measurement and the first tracer

detected (see Figure 3 and 4). It is also referred to as dead-time.

A variety of key parameters can be calculated from experimental RTD data. Idealized
reactor models (e.g. plug-flow reactor, continuous stirred tank reactor) can be used in

conjunction to model the behavior of real reactors [55-57].
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1.3 Roll compaction/dry granulation

RCDG is a well-established technique in pharmaceutical

granulation. A scheme of a roll compactor can be seen in 1—=<

Figure 5. Typically, a powder blend is fed into the powder 2 Pl 3
inlet, which sits above the feeding auger. A rotating

impeller prevents core flow and possible de-mixing NN
tendencies (Figure 5, 1). The feeding auger (Figure 5, 2) 4 4
transports the material on to a tamping auger (Figure 5, 3). 5 5
The tamping auger transports the powder in between two ."‘-._\/..-‘!6

.....

counter rotating rolls (Figure 5, 4). The smallest distance Figure 5: General set-up of a roll

between the two rolls is called the compaction gap. Ccompactor 1) powder inletincluding
bridge breaker 2) feeding auger 3)

Afterwards, a compacted string of material is produced tamping auger 4) rolls 5) scrapers 6)
illi it

(ribbon). Material that does not detach from the rolls is e

removed by scrapers (Figure 5, 5). The ribbons are then milled down to granules in a dry

granulation unit (Figure 5, 6) [58].

RCDG is the first choice, if a water-susceptible API should be granulated. There is no need
to dry the material. As the drying step is cost- and energy-intensive, RCDG is a cost-
efficient and comparably environmental friendly process. During scale-up the roll width
can be increased, which will linearly increase the throughput. This makes scale-up easy and
cost-efficient. Hence, RCDG 1is a cost-efficient, fast and readily scalable granulation
process, which has retained its relevance despite numerous modern techniques emerging.
Based on these advantages, a proposed Manufacturing Classification System (MCS)

classifies RCDG as the granulation method of choice [58, 2].

There are drawbacks of this technique as well. Milling of the compacted ribbons leads to
granules of mostly bimodal granule size distribution. A large quantity of fines is typical for
granules produced by RCDG. This fraction of fines is the main reason why RCDG delivers
granules with only slightly improved or unchanged flowability. Furthermore, reduced
tabletability is observed for granules produced by RCDG. This effect was widely studied
in literature. To this day, two effects are described that explain the reduced tabletability.
“Granule hardening” (a more precise description of the phenomenon previously referred to
as “work hardening”), which is an increased resistance of the granules for further

compression, and the particle size enlargement through the granulation process [58-63].
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Additionally, the large throughput and broad size distribution make representative in-line
sampling challenging. There are reports of relevant differences in measured particle size
depending on probe position in a RCDG product stream [64]. To this day, no representative
sampling method is established for continuous RCDG, albeit this is necessary to develop

on-line PAT-tools.

13.1 Critical process parameters of RCDG

There are various parameters that can be varied in a RCDG process. Depending on the

equipment and the control system, certain parameters can be set while others result.
o Specific compaction force (SCF)

The SCF is the force that is transmitted to the material by the rolls normalized to
roll width to obtain comparable values for different equipment types. It is the
dominant process parameter in RCDG. Applying a greater force to the material in
the compaction gap will lead to a denser ribbon, a harder ribbon and larger granules
after milling [65-67]. At increasing SCF, the reduced tabletability is more

pronounced as well [59].

The force is measured in the equipment using strain gauges. It is a resultant of the
compaction gap width and the amount of material that is fed into the compaction
gap. Due to its importance, most roll compactors provide a SCF PID-control tool.
Thereby, the SCF can be set while the control loop will vary e.g. the gap width until
the desired SCF is met. Typically, the SCF unit is kN/cm.

o Gap width

The gap width is the smallest distance between the two compaction rolls. It
determines the initial thickness of the ribbons (the thickness of the ribbon can
change after leaving the compaction gap due to relaxation phenomena). If the same
SCF is applied at different gap widths, the properties of the resulting ribbon and
granules will vary. In general, increasing the gap width at otherwise constant
settings will lead to smaller granules [68, 69]. The gap width is frequently used to
control the SCF, as a change in gap width has a fast impact on the resulting SCF.
However, it might also be desired to compact at constant SCF and constant gap

width settings. Therefore, a controller can be implemented to adjust the feed rate of
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material into the compaction gap accordingly. This poses a challenge as the gap
width is used as variable parameter to control the SCF, while its deviations generate
controller responses to the material feed rate. The first priority, obtaining a constant
SCF, generates a fast control response while the second priority, a constant gap

width, is linked to a slower control response. The gap width is given in the unit mm.
Roll speed

The roll speed of the compaction rolls is the CPP exerting the main influence on
throughput. The throughput will increase linearly with roll speed as long as the
flowability of the material into the compaction gap is sufficient and all material that
is compacted to ribbons can be milled down in the milling unit. Typically, the roll

speed can be set and is displayed in rpm.
Rotational speeds of the feeding and tamping auger

Material is transported into the roll compactor by a volumetric feeder which is
equipped with a feeding auger (see Figure 5,2). The feed rate is determined by its
rotational speed. Control tools in the roll compactor often vary the feeding auger
speed in order to reach a desired gap width. The speed is then a resultant of constant
SCF, gap width and roll speed. Often, the rotation speed of the tamping auger is
higher than the feeding auger by a fixed ratio to prevent pre-compaction at the

feeding auger - tamping auger transition. Auger speeds are displayed rpm.
Impeller speed (powder inlet unit)

The powder inlet unit of a roll compactor is often built up similarly to continuous,
volumetric feeders, in which an impeller (also known as bridge-breaker or agitator)
rotates in the hopper and a screw at the bottom is used to transport material in
direction of the compaction gap. The agitator is supposed to counteract bridge-
building and core flow which could lead to dead zones [70, 71]. The rotational speed

unit is rpm.
Impeller speed (milling unit)

The impeller speed of the milling unit (also called sieve speed) is a process
parameter of the milling step. It characterizes movement of the mill. It influences

the granule properties as a faster rotation of the impeller in the granulation unit will

-15-



Roll compaction/dry granulation

lead to smaller granule sizes [72]. Depending on the type of mill, it is displayed in

various units (e.g. rpm).

1.3.2 CQAs of intermediates and granules and state-of-the art process analyzers

in RCDG

As previously mentioned (section 1.2), it is of interest to monitor and control CQAs. It is
therefore necessary to determine CQAs and their target ranges. For pharmaceutical
applications there are three main process steps, which can follow granulation: sachet/stick-
pack filling, capsule filling and tableting. CQAs of the intermediate granules and ribbons
are those characteristics that determine, whether the following process will be feasible and
the product will adhere to specifications. Intermediate CQAs of ribbons and granules are

shown in Figure 6.

Intermediate CQAs of granules for further processing are residual moisture, granule size
and shape distributions, blend uniformity, the solid state of the API and all excipients,

granule porosity, granule strength, compactability and compressibility (Figure 6) [41].

In all cases, a filling step is part of a following process, either into a sachet/stickpack, a
capsule, or a tablet die. The filling step must be accurate in order to achieve the desired
mass and API uniformity. Accuracy of the filling step strongly depends on the flow
properties of the material that is to be filled, and thus flow properties are a main CQA of
granules [2, 73, 74]. Flowability itself can be measured, but these determinations are not
suitable for continuous measurements [75]. Moisture content, granule shape and granule
size distribution (GSD) impact granule flow properties [2, 76]. Hence, each of them is a
surrogate CQA for granule flow properties. Granule shape is predominantly determined by
the production process [77]. Moisture content is of low importance for dry granulation as
no water is added during the process. The GSD impacts the flowability, is strongly
dependent on CPPs and can vary in large ranges. It is therefore of great importance and
worth monitoring/controlling [12]. As a rule of thumb, if granules are supposed to be

tableted in a following process step, a D50 of 50 — 500 um is desirable [2].
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Figure 6: CQAs of ribbons and granules in RCDG
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Granule hardness, expressed as granule strength / failure load is important in the cases, in
which the packaged granules are supposed to be reconstituted by the patient and the
granular characteristic is supposed to be retained (e.g. granules to be dispersed in water or
sprinkled on food for pediatric patients). It is also critical for tablet production as the
hardness of the granules will impact the tensile strengths of the resulting tablets [77].
Granule density affects compactability and disintegration / dissolution and should also be
monitored [78, 79]. The API content range in the final dosage form should be monitored

and controlled throughout the production process [80].

As the granule characteristics strongly correlate with ribbon characteristics, CQA analysis
can also be performed on the intermediate ribbon [81]. This was utilized by various
researchers as measurements were conducted on the ribbon and correlated to granule
CQAs. Examples are given in laser-based thermo-conductometry to determine ribbon solid
fraction [65, 82, 83] and NIR measurements to determine ribbon density and API content

[80, 84-87]. Intermediate ribbon CQA’s are also highlighted in Figure 6.

-17 -



Roll compaction/dry granulation

133 Real-time process analyzers in RCDG

Since RCDG is a relevant process in pharmaceutical manufacturing, multiple research

groups have published their work on continuous determination of CQAs (Table 2).

Table 2 Process analyzers in pharmaceutical granulation processes

evaluated CQA process analyzer source
- acoustic emission [88-90]

ribbon hardness torque of the granulation unit [91]
vibration and acoustic pressure [92]
IR-thermography [65, 82, 83]

ribbon envelope | NIR/ NIR-CI [80, 84-87, 93, 94]

density microwave resonance [95]

GSD NIR/ NIR-CI [84, 86, 87]
spatial filer velocimetry [96]

API content NIR [80, 56, 84-87,97]

o Hardness

In 1993, Hakanen and Laine published their experiments detecting acoustic emission
signals during roll compaction [88, 89]. This work can be seen as a predecessor to later
work using vibration and acoustic pressure to correlate to ribbon hardness [92]. Ribbon
hardness was also correlated to the torque of the granulation unit 2012 by Miiller [91].
Miiller found a correlation of SCF, torque of the granulation unit and the drilling force
needed to drill a hole in the ribbon using a tablet drill. Increasing the SCF increased the
hardness of the ribbon and the torque of the granulation unit. Furthermore, the torque
depends on roll speed in contrast to the ribbon hardness. No solution to evaluate the effect
of hardness independent from the effect of the throughput on the torque was elaborated. No
hardness parameters of the resulting granules were accessed and thus a correlation between

ribbon and granule hardness was assumed, but not proven. Further varying factors (e.g.
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type of sieve, distance between sieve and granulator, age and wear of the sieve, speed of
the granulation unit oscillation) were varied of which most were found to have an impact
on the torque of the granulation unit. The approach of utilizing the torque of the granulation
unit to determine hardness of material was not followed up by the group, as they focused

on vibration and acoustic pressure analysis [92].
o Ribbon envelope density

Frequently determined is ribbon envelope density, ribbon solid fraction (the ratio between
ribbon envelope density and the true density of the ribbon material) or ribbon porosity.
They are not CQA’s itself, but it was shown that the values are indicators of ribbon hardness
[98] and GSD of the resulting granules [81]. It was therefore of interest for numerous
scientists to develop methods to determine ribbon envelope density in-line (see Table 2).
Ribbon solid fraction and porosity can be generated based on these methods. However,
experimental data published by Gupta et al. underlines that the use of ribbon envelope
density as a surrogate for hardness must be evaluated carefully as microcrystalline cellulose
(MCC) ribbons of similar density could vary in hardness, especially under the influence of

ambient moisture [85].
o Granule size distribution

Determining the GSD of the resulting granules is impeded by the broad granule size
distribution and large throughput. Therefore, methods to determine the GSD in continuous
RCDG are scarce. Mangal published results of using spatial filter velocimetry to determine
GSD in RCDG. Especially the high dependency of the results on probe position limited this

approach and no satisfactory results were obtained [64, 96].

NIR spectroscopy, a versatile, non-invasive PAT tool was applied to RCDG. Off-line
spectra were correlated to ribbon strength, ribbon density as well as GSD data [80, 84-87].
Gupta et al. [84] were the first to report a shift in NIR spectral baseline at an increased roll
speed. The increased roll speed was coupled with constant feeding auger settings, which
equals a decrease in SCF (see section 1.3.1). The slopes of the spectral baseline were
correlated with ribbon characteristics (force at break, thickness and width). The work also
included a set of experiments, in which the SCF was varied and a shift in spectral baselines
was observed. Slopes were plotted against the d50 and d90 GSD parameters and showed
good agreement. As described by the author, this was a promising approach to GSD
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determination using NIR-spectroscopy. However, it lacked determination of specificity,
sensitivity, reproducibility and applicability [84]. While the group went on to publish
further work on NIR spectroscopy in RCDG, the approach to determine GSD based on NIR

measurements was either not followed up on or not reported [80, 85].

Khorasani et al. applied off-line NIR — chemical imaging (NIR-CI) to determine ribbon
porosity, API concentration, granule sizes and tablet characteristics [86]. The API content
was determined using NIR-CI and partial least squares regression. NIR-CI and principal
components analysis was applied to obtain score value distributions for each analyzed
ribbon. Using these distributions, the d10, d50 and d90 fractions score distribution was
calculated and compared to d10, d50 and d90 values obtained using laser diffraction. As
expected, an increase in ribbon density lead to an increase in granule size. While linear
correlations with R*-values of 0.88 and 0.96 described the correlation between principal
component score and d90 and d50 GSD parameter the d10 parameter was not described by

linear correlation.

The group expanded their research by implementing an in-line NIR probe to RCDG.
Spectra of the granules were recorded at the outlet of the milling unit. An algorithm
determined the slope of the spectral baseline in-line. An increase in slope of the spectral
baseline and of off-line determined GSD parameters was reported at increasing compaction
pressure (confirming previous results by Gupta et al. [84]). The group did not derive a
quantitative model to predict granule size parameters, although the feasibility of such an
approach was highlighted [87]. To this day, no direct measurement and no model is

available to determine the GSD of dry granulated material in-line.
o API content

Martinetz et al. utilized NIR-spectroscopy to determine API content in continuous RCDG.
The study underlines the ability of NIR spectroscopy to monitor the API content ina RCDG
CM line [57]. However, the API content can be quantified at various stages during a
manufacturing run. There is no specific need to monitor during RCDG. In theory, an API

content control of the final dosage form is sufficient for RTRT.

Granule size distribution and hardness should be monitored in-line during RCDG because

either bears information that is necessary to guarantee successful tableting and/or filling.
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There are no valid methods to determine GSD and granule hardness in-line to this day and

the use of surrogate parameters must be treated carefully.

1.3.4 Residence time distribution in RCDG

As mentioned in section 1.2.5, knowledge of residence time is required to run a CM line.

The most important publications on RTD in RCDG will be briefly summarized.

Mangal and Kleinebudde analyzed the RTD in the milling unit of the RCDG in detail. They
reported mean residence times between 5.4 and 46.4 seconds depending on material,
applied SCF and sieve type [99]. Kruisz et al. reported residence times from the tamping
auger to the outlet of the milling unit [56]. The work focuses on RTD-modelling.
Experimental data aligns well with the data published by Mangal and Kleinebudde, as
based on the experimental set-up similar RTD values were to be expected. Martinetz et al.
published a comprehensive analysis of residence time distributions in different unit
operations of a CM line equipped with a roll compactor [57]. Residence time between a
bucket conveyor transporting material to the roll compactor and the outlet of a roll
compactor was accessed at different throughputs. The group found more narrow residence
time distribution curves at higher throughputs. A large part of the research was focused on

modelling and combining the individual unit operations [57].

A process parameter for which the impact on residence time is not yet characterized, is the

impeller speed of the powder inlet unit (see section 1.3.1).
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14 Real-time particle size determination

As explained, there is limited experimental data on determining the GSD during continuous
RCDG. However, particle size information is valuable for many industries and
applications. Therefore, numerous methods exist to determine particle size in-line. Table 3
summarizes published efforts to determine granule or particle size distributions

continuously in the pharmaceutical environment.

Table 3: Process analyzers for in- or on-line particle or granule size distribution

analytical method process source
dynamic image analysis TSG [100, 101]
fluidized bed coating [102, 103]
laser diffraction spray drying [104]

crystallization, jet mill grinding | [105, 106]

spatial filter velocimetry RCDG [96]
fluidized bed process [51,107-110]
focused beam reflectance fluidized bed granulation [111]
NIR (correlation) fluidized bed granulation [112-114]
fluidized bed drying [115]
bin blending [116]
TSG [117]
RCDG [87]
NIR-CI RCDG [86]
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o Dynamic Image Analysis (DIA)

Particle size determination via image analysis refers to methods that utilize 2D-images of
a particle for size determination. The term “dynamic” indicates that particles are measured
in movement. So called static image analysis are microscopy methods that can be highly
precise (e.g. scanning electron microscopes) but time consuming. To measure particles in
movement, they must flow individually through the field of a camera. In contrast to static
image analysis the particles in movement show random orientation and therefore a bias due

to particle shape is minimized [43, 118].

The determination of particle shape is a major advantage of image analysis compared to
spectral size determinations [118]. A sufficient amount of particles (x*10°) is necessary to
obtain reliable results. A size distribution based on the number of particles is obtained. It
can be transformed to a volume based distribution using models. However, the information
of particle shape is lost after applying these transformations [43]. DIA is limited to a
maximal particle size by the size of the visual field of the camera and to a minimal particle
size by the cameras resolution. It is the best method to determine particle/granule sizes of
multiple millimeters. The method lacks suitability to determine particle sizes below 15 —
30 um [43]. Real-time dynamic image analysis in pharmaceutical manufacturing processes
is described for TSG [100, 101] and fluidized bed coating [102, 103]. So far, DIA was not
applied to RCDG.

o Laser diffraction spectroscopy

In laser diffraction spectroscopy, the diffraction behavior of laser light that comes in contact
with a particle surface is used to determine the size of the particles. Based on particle size
distribution, distinct diffraction patterns can be observed in radial intensity profiles. If
circular detector plates are mounted, the diffraction pattern is measured and an algorithm
transforms the signal to determine the size of a sphere that would generate this diffraction
pattern [119, 120]. Analysis was extended to extract shape information from the diffraction
pattern by sensing the azimuthally scattered light intensity. However, no link to a tangible
shape parameter (e.g. aspect ratio) was reported yet and relevance of this shape

determination remains unproven [118, 121, 122].

Mie scattering and Fraunhofer scattering are two theories which are implemented in the

calculation algorithms. Mie scattering is a solution to Maxwell’s equations for scattering
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spheres found by Gustav Mie. A detailed explanation would exceed the scope of this thesis.
It i1s important to note that the Mie scattering describes scattering patterns without size
limitations. It takes into account refraction phenomena and the refractive index of the

material must be known [119, 120].

Fraunhofer scattering / approximation is a simplified expression of Mie scattering. It
requires particles to be opaque and at least 10 — 40 times the laser light wavelength in size
(depending on source) because only then diffraction at the edges is the only phenomenon
that is detected on the detector plates and Mie scattering can therefore be simplified
significantly [123]. A common wavelength in laser diffraction is 670 nm [124]. This results
in 6.7 to 26.8 pm to be the lowest particle size detectable. Modern equipment also utilizes
a second laser light source in the same equipment (e.g. 470 nm) to lower the particle size

that can be detected to 4.7 — 18.8 um using Fraunhofer approximation [119, 120, 124].

Using laser diffraction is fast and comparably easy to conduct. However, the algorithm
needed to transform the signal from the detector plates to a particle size is not known to the
user. Different algorithms can lead to different results and the user should be well aware of

the assumptions and limitations when utilizing Fraunhofer approximation [119].

Ma et al. implemented particle size and shape determination on-line during crystallization
and in-line within the jet milling process. The group showed particle growth during
crystallization. They also showed breakage caused by implementing a stirrer. In-line
measurements in jet milling allowed to monitor changing particle sizes at varying nozzle
pressures. This opened the option to control the jet mill process using in-line laser
diffraction [105, 106]. On-line laser diffraction was performed by Medendorp et al. for a
spray drying process. The work did not focus on implementing laser diffraction for a control
strategy and did not investigate the impact of process parameters on the particle size. Main
focus of the article is comparing in- and off-line laser diffraction. They observed a
difference in results and concluded that comparisons of laser diffraction data from different

instruments must always be evaluated with caution [104].

Despite its wide distribution, there are no publications describing in- and on-line laser

diffraction in pharmaceutical dry granulation.
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o Spatial filter velocimetry

Spatial filter velocimetry is a method to determine velocity of moving objects. Its principles
were first published by Ator in 1963 [125]. It was linked with fiber-optical spot scanning
to determine particle size [126, 127]. Manufacturers of a commercially available spatial
filter velocimetry probe define the probes measurement range to 50 — 6000 pm chord length
at a velocity of 0.01 — 50 m/s [128].

The principle was applied to fluidized bed processes and research was also conducted in
RCDG. Pitfalls of this technique in RCDG was probe positioning in the product stream. As
the stream is inhomogeneous and results are highly sensitive to probe position [64, 96].
This is not the case for traditional fluidized bed processes. The particles fluidized during
the process repeatedly pass by the probe and if measurements are averaged it is possible to

obtain a representative size distribution [51, 64, 96, 107-110].
o Focused beam reflectance

Focused beam reflectance measurement measures a particles chord length by utilizing laser
light to scan across particles that pass by a probe window. Particles are immersed in a fluid.
Upon being hit by the laser beam, the light is reflected. The duration of this reflection is
subsequently linked to particle size. As particles need to be dispersed for this measurement,
only at-line analysis for a pharmaceutical granulation process is described in literature so
far [111]. For processes, in which particles are processed in liquid, the method can be used

for in-line determination of particle sizes [129].
o NIR/NIR-CI

The published efforts of various groups to correlate in/ and off-line spectral information

from NIR spectroscopy were discussed in detail in section 1.3.3.
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1.5 Hardness determination
1.5.1 Ribbon microhardness

By definition, the hardness of a material is a characteristic surface property which quantifies
the resistance of a material to a permanent shape modification [130, 131]. Mathematically,
Martens hardness (HM) is described as the force loaded (F) divided by the projected contact
area (Ap) it is loaded on (Equation 6).

Equation 6: Martens Hardness (HM)

HM=Aip/N*mm‘2 ©)

Instrumented (micro-) hardness determination is commonly used in the metal industry
[130-132]. Aulton was the first to publish on determining the HM using instrumented
microhardness determination of tablets [133]. In 1993, Duncan-Hewitt used a Vickers-
pyramid to determine tablet hardness [134]. Reports on determination of ribbon hardness
are rare [66, 91, 135, 136]. This is possibly due to the popularity of ribbon porosity / solid

fraction determination. However, as mentioned before, MCC ribbons of similar density can

show a difference in their microhardness [85].

The measurement principle is illustrated

work of elastic recovery

in Figure 7. The curve starts at a point of 40

h_—
0 um indentation height and 0 N loaded E T 35| ?
force. The loaded force increases as the % “ﬂ“% plastic flow
indenter penetrates into the ribbon. At the -95 20

maximum force of 2000 mN, the loaded '% 15+ work of plastic deformation

force is kept constant for a specified time E 12_

(here 5 seconds). The indenter is then = 07

0 500 1000 1500 2000

retrieved from the sample. During the
loaded force [mN]

initial loading, the material is deformed
but no information whether this is plastic Figure 7: Microindentation measurement plot
or elastic deformation can be derived.

During the constant phase of maximum force, plastic flow can lead to an increase in

indentation height at constant force. In the exemplary curve of Figure 7, the indentation

height decreases during retraction of the indenter. This is due to elastic recovery. If the
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tested material shows only plastic properties, the indentation height would be constant at
hmax during indenter retrievement (hmax = ho). A material of only elastic properties is
characterized by overlapping curves of loading and un-loading. The area in between the
loading and un-loading curve characterizes the work of plastic deformation while the area
between the unloading curve and hmax characterizes the work of elastic recovery. Therefore,
the indentation curve can be used to characterize the plastic and elastic properties of
materials with an even surface. The loaded force (F) is logged in the instruments software.
Therefore, to determine HM, it is necessary to calculate the projected contact area based on

the indenter geometry and the indentation height.

Equation 5 has to be modified according to the
measurement method and the used indenter
type. The maximum force is set in the
analytical method. Determining the area
includes a calculation depending on the used
geometry of the indenter. The commonly used €7 } h,
Vickers indenter is a four-sided pyramid with
an angle between opposite faces of the vertex

Figure 8: Vickers indenter geometry

of the pyramid of 136° (Figure 8).

The projected area (Ap) has to be determined based on the contact height (hc). It is obtained
by subtracting the elastic indentation height from the maximum indentation height (hmax)
that is registered by the indenter. The elastic indentation height is the height of the sample
that is not in direct contact with the indenter but has deformed as a result of the indentation

process (Figure 9). To this date, it cannot be measured during indentation.

initial surface

indenter

T — -

Figure 9: Microindentation. Modified from [137, 138]
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The elastic indentation height was first modelled by Oliver & Pharr in 1992 [137]. Modern
software uses this model and various adaptations to calculate the elastic indentation height
and derive the contact height hc. The projected area (Ap) can then be calculated, as a detailed
formula for a pyramid indenter is shown in Equation 7 [139, 130]. With an angle of
a = 136° for a Vickers indenter, the simplified Equation 8 is obtained. Afterwards, HM can
be calculated (Equation 6).

Equation 7 A, for pyramid shape indenter

4 x sin(%) (7

Equation 8 A, for Vickers indenter

A, = 2643 X h,® [/ mm? (8)

1.5.2 Granule hardness: granule strength and failure load

The determination of individual particles pressure resistance is possible and a routine
examination e.g. in pellet characterization. It is a uniaxial pressure test in which failure of
the individual particle occurs by tensile crack opening. Due to high variations a large
sample size is required. In comparison to the narrowly size distributed pellets,

determination of granules with a broad GSD is more intricate [140].

1993, Adams et al., published a method to determine the
strength of an individual agglomerate by using an uniaxial
confined compression analysis [141]. A bed of granules is filled
into a cylindrical die and pressure is applied from one direction

(see Figure 10). Based on work by Dunstan et al., Adams et al.

_'Q

modelled the powder bed as a series of parallel columns [142].

During compression, some columns are load bearing (“active”) } h

while others are not (“inactive”). Particles of the active columns
then fracture as compression proceeds. Rearrangement takes Figure 10 confined

uniaxial compression
place as the loaded paths diverge and more and more columns

become active [141].
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Opposing the method for single particles, the series of parallel columns introduces radial
stress effects from neighboring columns. Based on work by Coulomb and Mohr the Mohr-
Coulomb failure criterion was established as “linear equations in principal stress space
describing the conditions for which an isotropic material will fail” [143, 144] (Equation 9).
T represents the shear failure stress, Ty the sum of cohesive strength, a is a pressure
coefficient and P’ the compressive strength. Multiplying the pressure coefficient and the

compressive strength equals the fractional stress acting at failure planes [141].

Equation 9 Mohr-Coulomb failure criterion
T=1y+aP’ 9)

Failure, as coalescence of micro-cracks will occur at a critical failure force (Fr) in uniaxial
direction. The failure force of each column is proportional (proportionality constant ki) to
the failure stress multiplied with the cross section are of the fracture plane (Ar) (Equation

10).
Equation 10 Failure force F¢

For the total failure force of the column model, individual failure forces of active columns
are summed. If the cross section area of all active columns (A”) equals the cross section
area of the cylindrical die (Ao), all columns are failing. An increase in failure force (or
pressure as P = Fi/Ag) will increase the amount of active columns. Adams introduced a
dimensionless proportionality constant kz. It connects the increment in nominal pressure to

the shear failure stress and the applied strain (dh/h) (Equation 11) [141].

Equation 11 proportional behaviour of an increment of pressure at applied strain

dh

The applied pressure (Equation 9), is assumed to be proportional (proportionality constant
k3) to the nominal pressure P. Combining the assumption made by Adams et al. [141] and

the Mohr-Coulomb failure criterion yields

: K : . h :
Equation 12. 7| equals k—ZTO, a' equals k,a and € is the natural strain (In (70)). Itis a
3

pressure-volume relationship.
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Equation 12 Uniaxial confined compression analysis

!

' 12
InP = In <Z_O> + a' X€ +In (1 — e~*'x€) (12)

!

In a fully instrumented tablet press, force and displacement data can be tracked. The force
recorded for the upper punch can be divided by the cross section area of the die to obtain
compression pressure P. The natural strain as the natural logarithmic of the initial divided
by the current difference between the punches can also be accessed. As applied by Arndt
et al., this opens the uniaxial confined compression analysis to modern tablet press
equipment [77]. Figure 11 shows experimental data as Ine is plotted against InP. As Adams
et al. state, at large values of €, the plot is linear. With regards to Equation 12, the slope

equals a’ while 7 can be calculated from the intercept value.

20 1 15 1 y = 6.2856x+ 11.037
R? = 0.9997
i _// 14.5 ~
10 - = 14 -
& =
- 5 4 13.5 -
a) o ; . +b) 13 .
0 0.2 0.4 0.6 0.8 0.3 0.4 0.5 0.6
In€ [-] In€ [-]

Figure 11 example experimental data of confined uniaxial compression analysis. a) all data points b) linear
part separated and linear regression included

To determine the individual failure load (Fcaic) of a particle, the cohesive granule strength
(Tg) is then multiplied with the particle cross sectional area (Equation 13) [141]. If sieve

fractions are analyzed, the mean value of the sieve class is used as particle diameter d,,.

Equation 13 individual particle failure load Fcaic

ndi | (13)
Feqic = 4 To

While the analysis is straightforward when an automated tablet press is used for
compression analysis, it bears drawbacks as well. The basic model of Adams et al., was not
updated with modern theories of cracking or fracture [145]. Furthermore, especially dry
granulated material shows a broad particle size distribution and depending on the chosen
sieve fractions, results can vary. If sieve classes are chosen too broadly, it might not be

possible to assume that no interparticle sliding occurs without cracking of particles. This
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questions one of the assumptions on which the theory bases. Choosing sieve classes with
large differences in the upper and lower sieve size and broad distributions also lead to
systematic errors in calculating the individual failure load based on a mean size value. On
the other hand, choosing sieve classes tightly leads to time-consuming experimental
procedures. Therefore, the method as stated by Adams et al. and refined by Arndt et al. is
the current state-of-the-art in granule strength determination. The method was applied to
granules produced using RCDG [77]. However, the granule failure load property was not

yet linked to process parameters during the dry granulation process.
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1.6 Aims of the Thesis / Outline of the thesis

Based on all considerations laid out in the introduction, there are multiple areas in which
research must be conducted in order to obtain a RCDG process, in which CQA’s are

monitored and controlled in real-time. The following were studied in scope of this thesis:

The granule size and granule hardness can, to this day, not be accessed satisfactorily in
RCDG due to lacking of reliable real-time determination methods. Part of this is attributed
to difficulties of the material itself (e.g. broad size distribution and high throughput) but
there are also no reliable methods to sample dry granulated material representatively during
continuous RCDG. Representative in-line sampling would enable analytical methods that
cannot process the large throughput in adequate time to be used as on-line measurement

tools.

» A new representative in-line sampling approach is presented in section 2
(Combination of a rotating tube sample divider and dynamic image analysis

for continuous on-line determination of granule size distribution).

To progress in-line and real-time GSD determination, an aim of this thesis was to evaluate
and implement different methods of particle size determination in RCDG. The
measurement should be robust, sensitive to changes in process parameters and timely. Real-
time measurements had to be compared to off-line analytical methods. Dynamic image

analysis and laser diffraction were chosen as GSD determination methods.

» On-line dynamic image analysis to monitor the GSD in continuous RCDG
is presented in section 2 (Combination of a rotating tube sample divider and
dynamic image analysis for continuous on-line determination of granule

size distribution)

» In-line laser diffraction to monitor the GSD in continuous RCDG is
presented in section 3 (Development and Evaluation of an In-line and On-
line Monitoring System for Granule Size Distributions in Continuous Roll

Compaction/Dry Granulation Based on Laser Diffraction).

Based on a suitable real-time GSD determination method, a control strategy was to be

developed. Therefore, suitable control valves needed to be found and evaluated. A
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controller had to be programmed and the principle of controlling the GSD in continuous

RCDG had to be proven.

» A control strategy based on in-line laser diffraction is presented in section 4
(Options for controlling a continuous dry granulation process using adjustable

sieve speed, compaction force or gap width).

An approach to monitor granule hardness in-line was developed to refine the work on
ribbon hardness and the torque of the milling unit during RCDG. Sensitive methods to
determine ribbon microhardness and granule failure load were implemented and evaluated.

Real-time throughput determination was added and included in hardness determination.

» A monitoring tool for granule hardness is presented in section 5 (Towards better
understanding of the influence of process parameters in roll compaction/ dry

granulation on throughput, ribbon microhardness and granule failure load).

Finally, the knowledge on residence time in RCDG was deepened by adding a detailed

analysis of the impact of roll speed and powder inlet impeller speed on residence time.

» Residence time determination is presented in section 6 (Optimization of
residence time distribution in RCDG and an assessment of its applicability in

continuous manufacturing).
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Abstract

The granule size distribution is a critical quality attribute of granules. It has a great impact
on further packaging or processing. Due to increasing interest in continuous manufacturing
techniques, it is of high interest to develop an in-line or on-line tool to monitor the granule
size distribution. However, development of an in-line measurement tool for granule size
distribution was challenging since large throughput and inhomogeneous product stream are
limiting factors for current particle size analyzers. In this study, continuous sampling was
tested in conjunction to a continuous on-line method of size determination using dynamic
image analysis. A rotating tube sample divider was used to split previously compacted
material in representative samples at different ratios and the sample was directly conveyed
to the particle size analyzer where the granule size distribution was determined. The method
was tested for different granule sizes to determine limits of detection and its ability to detect
these changes immediately, as this enables real-time monitoring of the process. This
research is the base for development of control tools concerning the granule size

distributions for continuous granulation processes.
Keywords

Granule size distribution; Representative sampling; Process analytical technologies;

Dynamic image analysis; Continuous manufacturing; Process monitoring
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1. Introduction
1.1. Continuous manufacturing of solid oral dosage forms

Batch processes are defined as processes, in which material is loaded, processed and stored
until the next manufacturing step. During storage time, critical quality attributes (CQA) are
measured, evaluated and the batch is released for further processing. Disadvantages of
batch manufacturing include the necessity to discard the whole batch if a CQA does not
match the requirements, that the time to produce a final market form can take several weeks

and scale-up may be challenging (Plumb, 2005).

Currently most pharmaceutical products are produced in batch processes, even though
numerous benefits of a continuous manufacturing (CM) approach, as commonly seen in
food production, are already well known (Plumb, 2005, Rantanen and Khinast, 2015). The
interest in CM was furthermore increased by the FDA promoting incorporation of

continuous processes in pharmaceutical manufacture (Lee, 2016).
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Process analytical technologies (PAT) — tools are aiming to ensure that the CQA's are met
during manufacturing (Lee, 2016). If the CQA's do not match the requirements only the
material that showed insufficient parameters has to be discarded (Singh et al., 2012). If a
deviation from the target values is detected, the process should be adapted to match the
target values using control loops. The implementation of PAT is of great importance in
order to test the intermediates and ensure quality. The aim is a CM line with sufficient

process and product control tools to allow a real-time release of the final drug product.
1.2. Granulation

Granulation is one of the most important processes in manufacturing of solid oral dosage
forms. With growing interest in CM, granulation processes in which material is fed,
processed and discharged continuously are in focus of developmental efforts. Two
granulation processes that have gained interest rapidly are roll compaction/dry granulation

(RCDQG) and twin-screw wet granulation (TSG).

RCDG is a well-established granulation process used in pharmaceutical manufacturing
(Kleinebudde, 2004). It has retained its relevance through various innovations due to a
number of advantages. These include the ability to process moisture-sensitive active
pharmaceutical ingredients and economic benefits through its high energy efficiency
(Parikh, 2016, Shlieout et al., 2000). Furthermore, it is exceptionally well-suited for

continuous manufacturing (Fonteyne et al., 2015).

Use of an extruder to granulate was published in 1986 (Gamlen and Eardley, 1986). In
contrast to other methods of wet granulation, twin-screw granulation (TSG) allows
continuous inlet of powder and granulation liquid, processing and discharge (Vercruysse et
al., 2012). In contrast to RCDG, drying of the granules is necessary. The dryer can be linked
to the outlet of the extruder or incorporated into it (QbCon®, L.B. Bohle, Germany). With
growing interest, there is an increasing number of publications on the development of in-
line process control tools for TSG (e.g. Harting and Kleinebudde, 2018, Madarész et al.,
2018).

Whether granules are packaged or further processed, the granule size distribution (GSD) is
a critical quality attribute. The GSD affects the granules flow properties as well as its
compaction behavior. Different granule sizes correspond to different particle volumes that

can change the fill of tablet press dies and therefore change the resulting tablet strength,
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disintegration and dissolution. For solely filling processes (e.g. as commonly seen in stick
pack or sachet manufacture) a varying particle volume can interfere with volumetric filling
and affect the product uniformity of mass and content of single dose preparations
(Shekunov et al., 2007). Therefore, it is of great interest to monitor key parameters of the

GSD during continuous granulation.
1.3. Granule size analysis

There is a variety of analytical tools to measure particle size distributions that can be
applied to granules (size ranges e.g. 20-3000 um (Almeida-Prieto et al., 2004)). There have
been multiple efforts to develop monitoring tools of particle size distributions for various
pharmaceutical processes. Well-established technologies that have been applied are laser
diffraction (Chan et al., 2008) and dynamic image analysis (Madarasz et al., 2018, Nalluri
et al., 2010). Newer technologies include focused beam reflectance (Greaves et al., 2008)

and spatial filter velocimetry (Mangal et al., 2016, Nérvénen et al., 2009, Petrak, 2002).

Difficulties occurring specifically in RCDG processes are the high product throughput and
the broad, bimodal GSD of the granules (Parikh, 2016). Therefore, direct measurements of
the GSD could not be applied to a RCDG process so far. Published efforts to determine the
GSD in a RCDG process include correlating the particle size to the slope of in-line obtained
NIR spectra (Gupta et al., 2004), off-line use of the Eyecon system (McAuliffe et al., 2015)
and spatial filter velocimetry (Mangal et al., 2016).

Dynamic image analysis (DIA) is a valuable tool to determine the GSD of various products.
Additionally to the particle size measurement, various particle shape parameters can be
monitored. With an appropriate measurement size range, the bimodal GSD curve of dry

granulated material can be measured.
1.4. Representative sampling

The product stream of a RCDG process can be inhomogeneous (Mangal et al., 2016) and
the typical throughput of a roll compaction process is high. The high throughput was found
to exceed the capacity of established particle size analyzers (Wilms et al., 2019). Therefore,
obtaining a representative sample is necessary in the development of an on-line direct GSD
measurement system. This sample should be of adequate size to ensure a representative

particle size distribution.
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In theory, it is recommended to sample from a powder when it is in motion and to take
samples from the complete powder stream (Allen, 2003). Most commonly used is a sample
divider in which the sampling vessels rotate underneath a constant stream of product (e.g.
PT100, Retsch, Germany). Small quantities of product are thereby split evenly among the
mounted number of sampling vessels. Although this system is suitable for lab scale
applications, it cannot be applied to a continuous sampling regime. An opposite approach,
a rotating product stream and a static sample exit is also commercially available (e.g. PT35-
K, Vock Maschinen- und Stahlbau GmbH, Germany) but has not been used in

pharmaceutical applications yet.

Another commercially available approach for in-line sampling is the “TWISTER” system
(Sympatec GmbH, Germany). In this system, a sampling tip facing the opposite direction
of the product stream is placed in the product stream. Therefore, product is collected if it
falls directly on the sampling tip. To ensure the whole cross section of the product stream
is sampled the sample tip is driven along defined trajectories around the product stream
tube (Witt et al., 2004). However, there are no publications confirming the representative

sampling of pharmaceutical bulk products in peer-reviewed journals so far.
1.5. Objectives

The aim of this study was to implement an in-line rotating tube sample divider to
representatively split granules that were produced using RCDG and to determine the
particle size of the sample on-line in real-time. It should be shown, whether the sample
splitter can split representatively at various sampling ratios. The material throughput should
be at least 5 kg/h in total to ensure relevance for pharmaceutical production. The focus was
to obtain reliable data of the GSD and to investigate, whether the system is sensitive to
changes in the material granule size. The tools settings were optimized for use in continuous
manufacturing of pharmaceutical products. The method should then be universally

applicable to continuous granulation processes.
2. Materials and methods
2.1. Materials

Dibasic calciumphosphate anhydrous (=DCPA) (DiCaFos® A 150, Budenheim, Germany)

was used for all experiments. The particle size distribution of the excipient measured with
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laser diffraction (Mastersizer 3000, Malvern Panalytical, United Kingdom) is shown in Fig.
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Fig. 1. Cumulative size distribution a) DCPA excipient b) DCPA granules produced using BRC 25. Measured
with Haver CPA 2-1. In box: particle size density distribution of reference granules. n = 3; mean + sd.

2.2. Roll compaction/dry granulation

DCPA was used for RCDG on a BRC 25 (LB Bohle GmbH, Germany). The roll compactor
was equipped with smooth surfaced rolls, rim roll sealing system and a 360° rotating turbo
sieve (BTS, LB Bohle GmbH, Germany). The specific compaction force was varied to
obtain granules of different granule size distributions (Fig. 1b)). Granules were produced
at specific compaction forces between 5 kN/cm and 18 kN/cm. As a correlation between
the specific compaction force and respective granule size is of no importance for this work,
the granules are hereafter referred to as fine grade, coarse grade, mid grade (Fig. 1b)).
Reference granules were used for initial set-up of the equipment, confirming the

representative sampling and evaluating measurement settings.
2.3. In-line representative sampling of granules produced using RCDG

PT35-K (Vock Maschinen- und Stahlbau GmbH, Germany), a rotating tube sample divider,
was used for all experiments. The divider tube rotates at a speed of 29 rpm. It moves closely
along the wall of the lower cone. An adjustable gap that can be closed or opened up to

80 mm is located inside the lower cone (Fig. 2).
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58 cm 58 cm

a) b)
42 cm 42 cm

Fig. 2. Rotating tube sample divider PT35-K. 1 — divider tube, 2 — adjustable gap, 3 — sample outlet, 4 —
main product outlet a) gap at the side b) gap at the front (black = closed; white = open).

The PT35-K was instrumented with a control unit (Fig. 3).

Fig. 3. Setup of PT35-K for off-line measurements. a) control unit b) input funnel c) vibration chute d)
biconical sample splitter e) sample outlet f) main fraction outlet g) balance h) Haver CPA 2-1.

It had to be confirmed whether the PT35-K splits representative samples from a bulk of
granules that was produced using RCDG. The adjustable gap includes a scale of 10 mm
steps. Therefore, to ensure consistent sampling gap widths, experiments were conducted
increasing the gap width 10 mm for each setting (0—80 mm). A bulk of reference granules
(approximately 2 kg) was split and the GSD of the sample was determined off-line using
Haver CPA 2-1 at an optical density range of 0.8—3. The GSD was determined in triplets
and the sample was reunited with the main fraction in order to reobtain the complete bulk.
To determine the GSD of the total bulk it was split using an established rotary sample
divider (PT 100, Retsch, Germany). The GSD of the bulk was determined at three points
during the experiment to evaluate whether mechanical stress causes breakage of the

granules during the experiment.
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2.4. Granule size determination

The Haver CPA 2-1 (Haver & Boecker, Germany) determines granule size based on a CCD
line scan camera that scans particles in backlight of a LED light source. The line scan
camera records with a frequency of up to 50 million pixel-scans per second. The scanned
lines will then be joined to a dataset (picture) and evaluated in real-time. Further technical
information is presented in Table 1. Particles are transported and separated using a vibration
chute and, if needed, additional ultrasound. The separated particles pass through the sight
of the line camera in free fall. This analysis is a non-destructive measurement method and

the measured sample can be reunited with the main fraction afterwards.

Table 1. Haver CPA 2-1 technical information.

Feature Haver CPA 2-1
Measurement range 34 pm-25 mm

Sensor CCD line scan camera

Pixel count 2048

Feeder width 65 mm

Pixel frequency 50 MHz

Light source LED, red

LxWxH 800 mm x 200 mm X% 355 mm
Environment temperature 5-40°C

Maximum surrounding humidity 85%

Granule size calculation was based on the equivalent diameter. Each pixel has a height and
width of 34 um. For every experiment and product, the optical density range was evaluated.
The optical density range chosen was 0.8-3.0. The optimal optical density range of 0.8—-3.0
originates from recommendations from the analyser manufacturer for usage of the system
in lab scale experiments. A low optical density range will result in a slower feed rate and
less particles will be delivered to the measurement area. A higher optical density however
allows to deliver more particles to the measurement zone in the same time interval. After
measurements in triplets the optical density range was increased step-wise until significant
differences in GSD were recorded. During optimizing of the measurement settings, the
mass of the sample and the measurement time was noted. This allowed calculation of the

measurement speed.
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Haver CPA 2-1 analyses the shape of each individual particle and calculates a symmetry
value (SY). It is calculated using the smallest ratio of all symmetry axes that run through
the gravimetrical centre of the particle projection area. Register a SY value of one (“17) is
a characteristic of a perfect sphere and will also for a particle that has the size of one pixel.
Therefore, the SY value is also dependent on the resolution. If two particles are not
separated sufficiently, there is a possibility of them touching during their free fall through
the sight of the camera. Hence, they will be treated as one particle with a bigger size for
analysis. If the common area, in which two particles overlap is small, the recognized
particle will show a low symmetry factor. In the following experiments, results were
recorded using no SY restrictions or filters. Afterwards, to evaluate the impact of
introducing a minimal SY requirement (filter), the Haver CPA raw-data was recalculated

to include only particles with a SY of 0.5 or more.
2.5. On-line analytics

The input funnel of the Haver CPA 2-1 was positioned underneath the sample outlet of the
PT35-K (Fig. 3) for on-line experiments. The granules were poured in the PT35-K input
funnel, split in the PT35-K and subsequently measured using Haver CPA 2-1. All settings
were chosen prior to starting the measurement and could not be adjusted during the
measurement. Temporary measurements were conducted for one minute each. A lab scale
balance (CPA5201, Sartorius AG, Germany) was placed underneath the outlet of the main

fraction. The mass is tracked (Sartorius connect, Sartorius AG, Germany) in 5 s intervals.
2.6. Statistical analysis

All off-line measurements were conducted at least threefold. To determine, whether
different samples show the same GSD, their D10, D50 and D90 values were compared. An
F-test was executed to compare the variances. Depending on the outcome of the F-test a

two-sided t-test (o = 0.05) was conducted for either equal or unequal variances.
3. Results and discussion
3.1. In-line representative sampling of granules produced using RCDG

It had to be verified whether PT35-K splits representative samples from a bulk of RCDG
granules. The GSD of the reference and the samples, depending on gap width and thereby
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the split ratio, is displayed in Fig. 4. Furthermore, the split ratios were determined and

compared to the values provided by the manufacturer (Table 2).

100

920

80
-reference

70 gap 10 mm

60 ——gap 20 mm

50 ——gap 30 mm

Q3 [V%]

gap 40 mm
40
gap 50 mm

30 ——gap 60 mm
20 ——gap 70 mm

10 /4 gap 80 mm

0
0 0.5 1 1.5 2 2.5
particle size [mm]

Fig. 4. Cumulative size distributions of DCPA granules. Optical density = 0.8 —3.0; n = 3; mean % sd.
reference: n =3 x 3; mean % sd.

Table 2. Split ratios PT35-K.

gap opening [mm]  split ratio (stated in handbook) split ratio (measured)
10 1:80 1:66
20 N/A 1:37
30 1:41 1:27
40 1:28 1:21
50 1:16.5 1:17
60 1:14 1:14
70 1:12 1:12
80 1:10 1:11

It was observed that the split ratios differ from the values stated in the PT35-K handbook.

For further experiments, the determined values were used.

The reference was measured in triplets at three time points during the experiment. The
resulting mean GSD curve did not differ significantly to the GSD curves of the samples.
However, the reference showed larger standard deviations (Fig. 4). A decrease in particle

size during the experiment was observed. This was expected, as the same granules were
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stressed repeatedly in conveying and rotating tube sample dividing as well as conventional
sample splitting. Regarding the amount of stress on the granules, the decline in granule size
is negligible. For regular application, a single mechanical stress is not regarded as
problematic. This proved representative sampling for granules obtained using RCDG at

different gap widths and split ratios between 1:66 and 1:11 (Table 2).
3.2. Off-line determination of measurement settings

The critical measurement setting of optical density range was defined in the Haver CpaServ
software prior to starting the measurement. No adjustments to the predefined range could
be made after the measurement had started. Therefore, it was critical to define this range
carefully. Two major factors were considered. The first factor was the significant shift in
GSD parameters that could be observed when the optical density range was increased (Fig.
5). Secondly, a high throughput of material, which correlates to an increased optical density
and a high measurement speed, was desirable in order to ensure relevance for
pharmaceutical production. The aim was to measure as much material as possible without
results deviating significantly from the reference recorded at an optical density of 0.8-3.0.
The settings for on-line experiments were determined using the reference granules shown

in Fig. 1b).

100 e 100 Y aaaaccoo o
- » J'/f/;,,r«r—"'w
90 90 7
80 80 ‘//:/
70 70 Jr
a --0.8-3.0
X . ~08-3.0 ¥ 60 4/:' : 45-7.0
2 50 < ~0.8-4.0 2 50 ,‘,3 —6.0-8.0
m M / y
9 a0 y -2.0-4.0 9 a0 /_,i 2 ~-8.0-10.0
3.0-5.0 i/ 10.0-12.0
30 / 30 v
i
20 / 20 4
10 / 10 /rg/
a) 0 i b) 0 ‘oo
0 0.5 1 1.5 2 25 0 0.5 1 1.5 2 25
particle size [mm] particle size [mm]

Fig. 5. Cumulative size distributions of reference granules. Varying optical density. No symmetry
restriction. a) Experiment A b) Experiment B. n = 3; mean % sd.

3.2.1. Deviation from reference measurement at increasing optical densities

GSD curves obtained using varying optical density ranges are shown in Fig. 5. The granules
measured in Fig. 5a) were the reference granules for in-line experiments (Fig. 1b)). Optical
density could be increased from 0.8-3.0 to 3.0-5.0 without significant differences

(experiment A). In a second experiment (experiment B) the optical density was increased
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until a significant deviation from the reference was observed (Fig. 5b)). Unfortunately,
before these measurements were conducted the granules were also used for further
preliminary testing and, as a result from repeated mechanical stress, the particle size had
decreased. The results are however indicating that starting from an optical density of 4.5 —
7.0 the GSD curve shows a significant shift compared to the reference measurement. As
expected, the granule size is overestimated at high optical densities due to more particle

overlapping and agglomerates in the measurement channel.
3.2.2. Determination of measurement duration

Samples were measured at different optical densities and the measurement time was
recorded to determine the measurement speed (Table 3). Each sample was measured
threefold for each setting. Knowledge of the measurement speed was critical as the system
parameters are evaluated for this throughput of material. The complete product conveyance
and the sampling ratio should then provide a sample input into Haver CPA 2-1 equal to the

previously determined measurement speed.

In Fig. 6a), the total number of particles, that were analysed are plotted against the optical
density setting chosen. Although the number of particles in the sample was not changed,
the number of particles measured varied significantly. Less particles were registered at
increasing optical density ranges. A high optical density required more particles in each
picture taken by the analyser. To achieve this, the increased mass flow also increased
chances of two or more particles touching, overlapping or agglomerating. They were then
analysed as one particle and the total number of particles decreased. Experiments A and B
were conducted with samples of different masses and hence differ in total amount of

particles.

The measurement speed plotted against the optical density is shown in Fig. 6b). As
expected, an increase in measuring speed could be observed with increasing optical density
ranges. It is important to note, that two experiments using granules of different granule
sizes and sample masses led to similar results and trends. In the future, this should be
confirmed for different materials and granule sizes. This could then allow prediction of the

measurement speed depending on optical density settings and material properties.
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Table 3. Speed of measurement. No asterisk marks results from experiment A, the asterisk indicates

Optical
density

0.8-3.0*
0.8-3.0
0.84.0
2.04.0
3.0-5.0
4.5-7*
6.0-8.0*
8.0-10.0*

10.0—
12.0*

number of particles measured [x109]

a °,

Sample

mass [g]

37.7
76.3
76.3
76.3
76.3
36.8
36.7
35.5
35.6

2

4

results from experiment B. n = 3; mean * sd.

Time of Speed of
measurement [s] measurement
[g/min]

536 +35 4.22+0.28
1034 +138 4.43+0.60
829+ 96 5.52+0.65
661 £5 6.93+0.05
486 £ 8 9.42+0.15
154+3 14.37+0.28
135+9 16.27+1.08
100£2 21.30+£0.96
82+1 26.05+0.19

30

2
Coe e . B

optical density [-]

Number of

particles [*109]

1.53+£0.06
3.10+0.04
3.18+0.05
3.10+0.00
3.06+0.04
1.25+0.01
1.07+0.05
0.78 +0.09
0.67+0.1

6 8

optical density [-]

10 12

Fig. 6. a) Total number of analysed particles and b) measurement speed plotted against the bottom (black)
and top (grey) optical density range, experiment A (dashed line), experiment B (solid line) n = 3;

3.2.3. Symmetry settings

mean * sd.

The influence of varying the symmetry setting was evaluated (Fig. 7). As expected, the

GSD curve was shifted to larger granule sizes with increasing optical density ranges.

Introducing a minimal symmetry factor of 0.5 adjusted the GSD curves to smaller sizes,

however, the effect was not large enough to correct the curves to the reference
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measurement. After addition of symmetry limitation, the curves still varied significantly

from their reference. For all further experiments, no symmetry restrictions were applied.

100
90
80

70

60 --0.8-3.0
¥ —-6.0-8.0
2 50
o 10.0-12.0
=
40
30
20
10
0
0 0.5 1 1.5 2 2.5

particle size [mm]
Fig. 7. Cumulative size distributions of reference DCPA granules, n = 3; mean = sd. Varying optical density.
Symmetry restriction: circle = no restriction, square = minimum SY of 0.5.

Using this data, the expected throughput for the main fraction was calculated. Taking the
data of the optical density setting 2.0—4.0 (Table 3) into account, a measurement speed of
7.2 g/min was determined. For a gap width of 80 mm the sampling ratio was determined to
be 1/11 (Table 2). Throughput was calculated to be 79.2 g/min (=4.75kg/h) and is in
relevant production throughputs of commercial roll compactors. However, the mass that
was tracked during the experiments was solely the mass of the main fraction (72.0 g/min).

As the mass was tracked every 5 s, the desired mass signal resulted in 6.3 g/5s.
3.3. On-line determination of GSD using DIA

Fig. 8 shows results of an on-line measurement (off-line results of the used granules can be
seen in Fig. 1b)). The fine and the coarse grade of granules were separated representatively
into two batches. When all material was transferred on the vibrating chute, no more material
was present in the input funnel, the granules were brushed forward. This was done in order
to avoid a decline in throughput based on low fill-level of the chute and mixing of the
different grades when the new grade was poured in the funnel. However, both factors could
not be eliminated completely. Hence, they were expected to influence the measurements
and lead to disturbances after changing the granule type. Brushing forward the material also

had an impact on the feed rate and should be avoided in future experimental set-ups.
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Fig. 8. Measured GSD quantiles. squares = D90, triangles = D50, circles = D10. Roman numbers indicate the
sample that was measured at the given time period. | = mid, Il = coarse, Il = fine. Measurement

duration = 1 min. Dark black = feed rate.

The vertical lines in Fig. 8 indicate the time points at which the new grade of granules was
filled into the input funnel. The horizontal lines indicate the off-line determined reference

values for D90, D50 and D10.

Based on the GSD measurements, it was possible to distinguish the differently sized
granules. The time needed until changes in the GSD quantiles could be recorded was less
than two minutes. This is understandable as the granules did not reach the sample splitter
directly but were conveyed in the vibration chute of the PT35-K instrumentation and in the
vibration chute of Haver CPA 2-1 first. Residence time in the splitter was negligible.

Therefore, the differences in GSD could be observed close to real-time.

Compared to off-line measurements, the D10 value was underestimated for most
measurements. This could be explained based on the settings that were chosen. As big
granules and fines require different settings (namely optical density) the chosen settings
were a compromise in which all key quantiles can be measured in realistic scales. A lower
optical density range, as the fine fraction would require for measurement, would also
require a lower material throughput. The material throughput however, is crucial for
ensuring this measurement system is relevant for pharmaceutical production. As the D50
is, arguably, the most important parameter it was important to measure the D50 precisely.

The slight underestimation of the D10 was assessed as less critical.

Fluctuations were detected during the measurements of the GSD quantiles. Plotting of the
mass flow (secondary y-axis) against the time shows the mass flow throughout the whole

experiment (Fig. 8). It can be seen that the mass flow fluctuated frequently, especially in
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the beginning and at the end of a new bulk that was conveyed. Comparing these trends, e.g.
a decrease in mass flow at minutes 6—10 lead to fluctuations in the GSD parameters. As
previously discussed, the expected feed rate based on the main fraction mass was 6.3 g/5s
(black horizontal line, Fig. 8). If this throughput was reached, the measurements correlated
well with the reference values (see minute 25-30). The settings were optimized for a certain
throughput (7-9 g/min sample and 72-92.4 g/min bulk). A deviation from this throughput
changed the requirements for the optical settings and lead to different results. An option to

adjust the settings with a varying throughput would be beneficial for these measurements.
4. Conclusions

Representative sampling of granules produced by RCDG was successfully implemented
using a rotating tube sample divider. This enables on-line characterizations that could not
be conducted previously due to limited operational capacity of the measurement or due to
the inhomogeneity of the RCDG-product stream. The sampling procedure can be integrated

in a bypass solution for an on-line measurement.

The sampling was joined to a particle size analyzer based on dynamic image analysis,
which measured every granules size and shape. In future, monitoring of the granule size
can be enhanced further by development of control tools. Real-time adjustments to the

measurement settings according to the current product mass flow could enhance this set-

up.

RCDG was simulated to produce granules at a throughput of 5 kg/h and with sampling an
amount of 10%. As the sample divider allows for smaller splitting ratios even higher

throughputs can be aimed at using this system.
The experimental system can be transferred to a RCDG process and validated.
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Abstract

Purpose Roll compaction/dry granulation is established in manufacturing of solid oral
dosage forms and, within the context of continuous manufacturing, it has sparked interest
as material is fed, processed, and ejected continuously while also providing large possible
throughputs. However, this amount of material has to be adequately controlled in real time

to assure quality.

Methods This research aimed at monitoring the critical quality attribute granule size
distribution in continuous roll compaction/dry granulation (QbCon®; L.B. Bohle,
Ennigerloh, Germany) using in-line and on-line laser diffraction. The influence of varying
process parameters and excipient formulations was studied and evaluated with the prospect
of using this technique to develop control loops. For this purpose, residence time
parameters were assessed. In- and on-line data was compared with off-line laser diffraction

and dynamic image analysis data.

Results The system successfully monitored the granule size distribution in a variety of
process parameters and throughputs (up to 27.5 kg/h). It was sensitive to changes in process
parameters and changes in material blends, which could pose a potential threat to the final
drug products’ quality. Average event propagation time from the compaction zone to the

laser diffraction system of 17.7 s demonstrates the systems’ fast reaction time.
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Conclusion Results highlight laser diffraction as a valuable method of in- and on-line size

determination and allow for the development of a control strategy using this principle.
Keywords
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Introduction

Shifting the mindset from batch to continuous manufacturing (CM), the pharmaceutical
industry is rather slow, compared with, e.g., the food industry, as the highest standard of
quality must be met and documented for every product [1, 2]. However, the advantages of
CM have been recognized and academic and industrial research efforts have increased
[3,4,5,6]. Issues like proposing a new definition of a “batch” and traceability have been
addressed [7]. Early in CM initiatives, proposals for continuous granulation were published
[8]. The Food and Drug Administration (FDA) has been especially supportive of the CM
approach [3, 5] and the International Council of Harmonization published quality guidance
to help introducing advanced concepts [9, 10]. ICH Guideline Q13, Continuous
Manufacturing, was also announced and is currently under construction. Currently, six
small-molecule drug products are on the market that, at least to some extent, incorporate

CM approaches [11].

An integral part of a functional CM manufacturing line is a detailed control strategy to
assure that the resulting final drug product is matching all necessary quality requirements
and to separate out-of-specification product from in-specification product. To achieve this,
process analytical technologies (PAT) can be implemented. PAT tools are developed to
monitor critical quality attributes (CQA) [12] of the intermediates and the final product and
use these results to control the process in real time. The aim is to minimize the amount of
product that is out-of-specification and, if all necessary CQAs can be controlled, real-time
release of the final drug product. Various guidelines and experimental approaches to

implementing PAT tools have been described in literature [3, 13,14,15,16,17].

Roll compaction/dry granulation (RCDG) is the favored continuous dry granulation method
while twin-screw granulation is chosen if a wet granulation process is desired [18, 19].

RCDG is known for its high potential material throughput, comparably low production cost

-64-



Development and Evaluation of an In-line and On-line Monitoring System for Granule
Size Distributions in Continuous Roll Compaction/Dry Granulation Based on Laser
Diffraction

and the granulation method of choice if the bulk density of the material needs to be
significantly increased [20,21,22]. The granule size distribution (GSD) of the resulting
granules is a CQA [23, 24]. Therefore, development of in-line or on-line particle size
measurements are of interest. Numerous techniques (e.g., dynamic image analysis (DIA),
laser diffraction, focused beam reflectance measurement, spatial filtering technique) have
been reported to be implemented in discontinuous or continuous processing of
pharmaceuticals [25,26,27,28,29,30]. GSD monitoring for RCDG is impeded by the high
throughput of the process, resulting in a high number of granules, and the broad size
distribution that typically results from dry granulation. This results in difficulties to
measure the full product flow as well as obtaining a representative sample to measure [20].
Therefore, limited research has been published on RCDG and in-line/on-line particle sizing

[31,32,33].

Laser diffraction as means of particle size determination is based on the different behaviors
of laser light that is diffracted at the surface of a particle. Larger particles diffract light at
smaller angles and different intensities compared with smaller particles. The scattered light
intensity is measured by circular detector plates and used to calculate the size of the particle
that would be responsible for this scattering under certain assumptions (e.g., a spherical
particle shape) [34]. Laser diffraction is widely used for off-line analytics in batch mode
manufacturing, has been intensively studied [35,36,37], and was explored for process

monitoring in pharmaceutical applications [26].

The aim of this study was to implement laser diffraction as a tool to monitor GSD in-line
or on-line. The sensitivity of the tool with regard to a change in process parameters,
excipients, and reproducibility was studied. Off-line laser diffraction was performed and
compared with in-line/on-line data. In general, the applicability of the PAT tool with regard
to continuous manufacturing of solid oral dosage forms with a throughput up to 27.5 kg/h

was to be explored.
Materials and Methods
Materials

Microcrystalline cellulose (MCC, Vivapur® 102, JRS Pharma, Germany) was used as

primary excipient in experiments studying varying process parameters.
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Different placebo formulations were prepared. Excipients used were lactose (Granulac®

200, Meggle, Germany) and magnesium stearate (Parteck® LUB MST, Merck, Germany).
Continuous Roll Compaction/Dry Granulation

RCDG was performed on a QbCon® dry continuous manufacturing line using a
commercially available roll compactor (BRC 25, L.B. Bohle GmbH, Germany). Filling of
material, either pure MCC or a preblend, was conducted manually. The roll compactor was
equipped with knurled surfaced rolls, a hybrid sealing system and a 360° rotating conical
sieve (BTS 100, L.B. Bohle GmbH, Germany) equipped with a 1.0-mm rasp sieve. Specific
compaction forces (SCF) between 2 and 7 kN/cm were applied. If not mentioned otherwise,
the default gap width was 2.0 mm and the roll speed setting was 2 rpm. Below the sieve, a
small buffer vessel was mounted with a suction shoe. On the other side, a plastic hose was
attached (Fig. 1a). The hose was then attached either to the laser diffraction system itself
or to a T-piece, if the bypass system was used. At the outlet of the laser diffraction system,
a plastic hose was attached and connected to a vacuum receiver (Volkmann GmbH, Soest,
Germany). If the fill grade of the vessel exceeded a certain level, the pump stopped for 10

s and the container was emptied. Afterwards, conveyance restarted.
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Fig. 1 Scheme of a RCDG, b in-line laser diffraction, c on-line laser diffraction. (1) powder inlet, (2) feeding
auger, (3) tamping auger, (4) rolls, (5) scrapers, (6) conical sieve, (7) vessel, (8) hose, (9) laser diffraction
system, (10) inlet for scavenging air, (11) T-piece, (12) pipe with angled opening, (13) venturi nozzle

Granule Size Determination Using Laser Diffraction

The granule size distribution was determined using Insitec® T laser diffraction system
(Malvern Panalytical, United Kingdom). The system was equipped with a lens of 500-mm
focal length, allowing the measurements of particles’ equivalence diameters up to 1600 pum.

It consists of a red diode laser (670 nm), a 10.0-mm beam waist, and a circular detector
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with 33 detector plates. The scan rate was 2000 Hz. GSD parameters and transmission data

were exported. The transmission is a value that describes how much of laser light passes
through the measurement zone onto the detector. At 100% transmission, all laser light
reaches the detector, while at 0% transmission, none of the laser light reaches the detector.
It is therefore a value that can be used to estimate how many particles are in the
measurement zone at a certain time frame. An initial update time of 5 s was chosen.
Scavenging air of 10 Nm?*h was used to protect the lenses from window fouling and
inserted on both, the laser and the detector lens. Window fouling was evaluated daily, as a
blank measurement with a fouled window will lead to a decreased transmission and
recording of granule size, while no particles are transported through the measurement zone.
Measurements were performed only if the transmission during the blank was 100%.
RTSizer® (Malvern Panalytical, United Kingdom) software was used to track and export

GSD and transmission data.

For in-line laser diffraction, the whole product stream was passing the laser diffraction
installation (Fig. 1b). For on-line measurements, the product stream was directed through
a T-piece, in which a metal pipe (10 mm) with an angled opening was inserted. The pipe
was linked to a venturi nozzle to disperse the sample through the laser diffraction
measurement zone with additional compressed air (4 Nm?/h). After measurement, the

sample was reunited with the main fraction and conveyed into the storage vessel (Fig. 1c).

Off-line laser diffraction was conducted using the Mastersizer® 3000 (Malvern Panalytical,
United Kingdom). Samples for off-line analysis were taken without the hose and vessel
(nos. (7) and (8) in Fig. 1). Every sample was taken for 1 min, resulting in a sample mass
between 50 and 275.8 g. Samples were split using a rotational sample divider (PT100,
Retsch, Germany). They were measured at 0.8-bar dispersion pressure. The dispersion
pressure was chosen to ensure that no granules are destroyed during dispersion based on
expertise on laser diffraction measurement of dry granulated product. All off-line samples

were measured at least in threefold.
In-line/On-line Data Analysis

For figures that show the granule size development over time, the key parameters D25,

D50, and D75 are plotted instead of a full GSD curve. In all cases, the moving average over
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30 s was calculated and plotted. Transmission values were plotted as individual values

every 5 s. Process parameters were plotted as individual values every 10 s.

Detailed analysis of GSD curves is also included in this work. Data was only included in
this analysis, if it was measured, when the system was in equilibrium. More specifically, if
the set-specific compaction force (SCF) was met and the gap width only fluctuated between
set gap width + 0.1 mm. When the system was in equilibrium, the average of the last 30 s

was taken as data point every minute.
Granule Size Determination Using Dynamic Image Analysis

There are many different methods to determine particle size. It is therefore interesting to
compare the method of choice with at least one other method that provides additional
information. A distinctive difference between laser diffraction and DIA is the role of
particle shape and morphology. Laser diffraction does not provide information about
particle shape and irregularly shaped particles will generate signals that might under- or
overestimate their size. DIA typically records two-dimensional projections that are
subsequently evaluated. It is possible to choose from a plethora of different size descriptors.

It was therefore chosen as a comparative technique of size determination.

DIA was conducted using Haver CPA 2-1 (Haver&Boecker, Oelde, Germany). It scans the
particle projection in free fall through a measurement zone that is equipped with a red LED
light source and a CCD line scan camera. With a pixel size of 34 um x 34 pm, it can
measure particles between 24 um (67% obscuration needed to measure a signal) and 25
mm. To allow a comparison to laser diffraction results, the equivalent diameter was chosen
as a size descriptor. The equivalent diameter was calculated by measuring the projected
area of each particle and determining the radius of a circle that would generate the same

projected area.
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Results and Discussion
GSD Determination at Varying SCF and Determination of Residence Time

Figure 2 displays results from two experiments with the same experimental scheme. GSD
was determined in-line (Fig. 2a and b) and on-line (Fig. 2¢ and d) at four different SCFs.
All three GSD parameters react to a change in SCF. They seem to reach a constant value,
albeit fluctuations can be seen, especially in the D75 values. This constant level is reached
after the SCF and gap width (see Fig. 2b and d) have reached an equilibrium. For both, in-
and on-line analysis, returning to a SCF led to GSD parameters that do not differ
significantly from different experiment timings in which the same parameters were chosen
(e.g., 2 kN/cm at minutes 6—12 and 24-30). In this example, the average D25, D50, and
D75 values were evaluated statistically. The arithmetic mean was chosen as parameter
every 30 s. As stated before, data was only included in this analysis if the process was in
equilibrium. In this example, 6 values for D25, D50, and D75 were taken into account for
minutes 6—12 and 8 values for minutes 24-30. An F test was conducted comparing the
variances of the recorded data (o= 0.05). Variances were similar for D25 and D50 (F values
of 1.19 and 1.66 accordingly compared with the table value of F = 3.97) but varied for D75
(F value of 8.87). Afterwards, a t test (either for similar variances or varying variances) was
conducted (o =0.05). In all cases, the t test confirmed that the arithmetic means do not
differ significantly (t value of 0.44 (D25), 1.77 (D50), and 2.05 (D75) were calculated and
compared with the table values of t (2.18 for D25 and D50; 2.36 for D75). In both
experiments, approximately at minutes 8.5 and 22.5 (Fig. 2a and b) and 8.5 and 23.5 (Fig.
2c¢ and d), the collecting vessel was emptied, which can be seen in abrupt stop of all

measurements. Afterwards, the conveying system restarted.
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Fig. 2 Plot of GSD parameters (dashed, D75; full, D50; dotted, D25) against time. a and c SCF is plotted in
gray. b and d Gap width is plotted in gray. Constant settings: gap width 2 mm and roll speed 2 rpm. a and
b In-line measurement, n = 1. c and d On-line measurement, n = 1. GSD data in moving average over 30 s

Using these results (Fig. 2), an analysis of the residence time from between the two rolls to
the analysis in the laser diffraction system was performed. It has to be noted that this
residence time does not only include the time a particle needs to move from the tightest
place in the compaction gap to the laser diffraction measurement zone. It furthermore
includes the time the roll compaction process needs to reach the equilibrium after the SCF
was adjusted. The combination of particle movement and process equilibration was
measured in this experiment. A change in specific compaction force was the step change
input while the D50 value was chosen as response parameter. The defining D50 value for
each step was calculated by averaging the D50 values of the last 20 s of each run (individual
measurements), assuming the values are in equilibrium right before changing the SCF.
Event propagation time (EPT) was determined by calculating the time in which 5% (EPT5),
50% (EPT50), and 95% (EPT95) of the step change were reached and were calculated for
every step change (n=4) and averaged (Table 1).

Table 1 event propagation times (EPT) and mean residence time determination. n = 4; mean + sd

EPTS EPTS0 EPT95

58+4.0s 17.7+£10.3 s 46.1 £134s
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Despite the time delay implied by using the moving average, it can be seen that with a mean

EPT50 of 17.7 s, the time between changing SCF and reaching a GSD plateau is short. The
SCF is measured between the rolls while the GSD is measured in the laser diffraction setup.
Although the distance was about 2 m, the pneumatic conveyance was fast. The slowest step
is supposedly the milling process. As shown in literature, the MRT of the milling process
varies with different SCF [38]. Therefore, a fluctuation in residence time parameters can
be reasoned by varying residence time of the ribbons in the milling unit. Furthermore, to
obtain reliable granule size, both, the SCF and the gap width, must be in equilibrium. A
change in SCF results in fluctuating gap widths (Fig. 2b and d). The time that is needed to
reach a constant gap width also influences the time that is needed to reach the plateau.
Despite relevant standard deviations, the calculated residence time parameters underline a

fast adaption of the system to changes in particle size generated by process parameters.

For both setups, the effect of a change in SCF was seen. Changing back to a previously
used SCF leads to comparable GSD results (see also the “In-line vs. on-line GSD
determination and repeatability of measurements” section). Concerning a change in SCF,
laser diffraction is an appropriate monitoring tool. Residence times of under a minute
highlight that the system is fast in measuring differences in particle size if they appear in

the process and are therefore favorable if a control strategy is to be developed.
GSD Determination at Increasing Throughput

In Fig. 3, GSD data recorded at 2 kN/cm SCF, 2.0-mm gap width, and increasing roll speed
is displayed. The GSD parameters fluctuate around a constant value. For in-line
measurements (Fig. 3a), the fluctuation is higher at low roll speeds while it decreases with
increasing roll speed. This could be true for on-line measurements as well; however,
judgment here is impeded by the higher frequency of emptying the collection vessel. After
each emptying, the recorded transmission (Fig. 3d) is zero, indicating an overload of
material passing through the laser beam. The material that was produced in about 10 s (up
to 76 g) is collected just below the compactor outlet and transported in a bulk when the
conveying is restarted. The dispersion might not be sufficient to separate those granules.
This could explain increased recorded particle size at low-transmission values. These

disturbances are visible in the data and complicate the analysis.
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Fig. 3 Plot of GSD parameters (dashed, D75; full, D50; dotted, D25) against time. a and c Roll speed is
plotted in gray. b and d Transmission is plotted in gray. Constant settings: gap width 2 mm and SCF 2
kN/cm. a and b In-line measurement, n = 1. c and d On-line measurement, n = 1. Transmission data in
single values; GSD data in moving average over 30 s

Figure 3b additionally shows the current transmission every 5 s. The value of transmission
depends on the size and number of particles in the measurement zone. As size is constant
in this experiment, it is a measure of throughput. The actual throughput was determined

off-line (Table 2).

Table 2 Throughputs at varying roll speed. SCF and gap width constant (2 kN/cm and 2 mm)

Roll speed [rpm] | Throughput [kg/h]
1 3.0

5.6

8.3

11.5

13.6

16.6

20.7

27.5

0| N V| K| W DN
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With increasing roll speed and throughput, the transmission is lowered. This is in
accordance with the basic principle of laser diffraction. A decline in transmission can be a
warning for the chances of multiple scattering increasing. This would be seen in varying
GSD data. As the GSD data up to 16.6 kg/h is constant for the experiment, it can be
concluded that no relevant multiple scattering effects take place. The in-line system can, in

this case, be used for throughputs up to 16.6 kg/h (for pure MCC).

The on-line setup utilizes a bypass and, as not all material is conducted through the
measurement zone, the transmission is higher for similar throughputs (Fig. 3d). Comparing
the concentration values recorded by the laser diffraction system in parts per million, about
50% of material are directed through the bypass. Therefore, higher throughputs can be
aimed at. Up to 27.5 kg/h, the measurements are fluctuating around similar values. A further
increase of the throughput was feasible; however, the collection vessel filled up fast and
the pneumatic conveyance was frequently stopped to empty the vessel so a continuous

process with stable measurements was not possible.

In Fig. 3a and b, it can be seen that with increasing roll speed, fluctuations in the
measurement seem to diminish. An explanation can be found in the hybrid sealing system
that was implemented. Comparable with cheek plate sealing systems commonly found in
RCDG, the hybrid sealing system leads to ribbons not sticking to the rolls after leaving the
compaction zone. The ribbon is usually one continuous piece until it touches the milling
unit and breaks. A slow roll speed leads to longer time between ribbon breakage than a high
roll speed. Therefore, it could be observed that at 1 rpm, the mill is not filled with material
constantly. A broken piece of the ribbon is completely milled down and before the next
ribbon enters the milling unit, there is a certain time in which the mill is empty. This results
in a fluctuating concentration of particles (Cv (ppm)) that is detected by the laser

diffractometer (Fig. 4a).
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Fig. 4 Plot of mass variation (g/5 s) (black) and concentration of particles (ppm) (gray), value saved every
10 s, against production time; n = 1. b Amplitude against frequency plot of the mass variation (fast Fourier
transformation). c Amplitude against frequency plot of the Cv fluctuations (fast Fourier transformation) d

Amplitude against frequency plot of the D50 fluctuations (fast Fourier transformation). Roll speed =1 rpm;
throughput = 3.0 kg/h

In a separate experiment, the mass produced using a BRC25 with similar setup and 1 rpm
roll speed was tracked every 10 s. The fluctuations in the output of the sieve are evident
(Fig. 4a). Both fluctuations show peaks in dominant frequencies after a fast Fourier
transformation (FFT) (Fig. 4b and c) that lay around 0.035 Hz (= a surge of material output
every 28 s). This fluctuation of material can be one reason for fluctuations in measured
GSD. Another point that has to be considered is that a ribbon entering the milling unit will
be milled down over a certain time. Thereby, there is an initial breakage of ribbons that has
to be differentiated from breakage occurring later in the milling process. Milling of a single
ribbon over a time period can lead to resulting granule sizes that differ in the beginning and
in the end. This phenomenon disappears at higher throughput as ribbons are produced faster
and an equilibrium fill level is reached in the mill. Granule sizes can be expected to show
less fluctuations in these cases as shown in Fig. 3a minutes 20-35. Figure 4d shows FFT
results of the D50 parameter. It was tracked every 5 s over a period of 1895 s (equaling 379
individual measurement points). There is a peak at 0.036 Hz indicating that the mass
fluctuation in ribbon production is noticeable in the D50 variation. Further dominant
frequencies exist and could indicate effects of the differing fill level in the sieve or further,

so far undescribed, effects.
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GSD determination can therefore be done in adequate throughputs for pharmaceutical
manufacturing. For high throughputs, the on-line setup could be favorable. To reach
constant granule sizes (produced and measured), a roll speed of 3 rpm and above is
favorable. It is also possible to develop a bypass system in which the material is not
continuously conveyed in the manufacturing line. Instead, the material could be collected
in a vessel below the compactor outlet and then conveyed in bulk at predefined time points.

Measurement details have to be adapted in such a system.
In-line vs. On-line GSD Determination and Repeatability of Measurements

Figure 5 shows a comparison of full GSD curves between in- and on-line measurements at
various SCFs. The data is obtained partly from the experiment shown in Fig. 2. However,
the experiment was repeated on a different day following the same experimental procedure.
For Fig. 5, results of both experiments were merged. As 2 kN/cm was also the SCF used
for further experiments (e.g., also part of the data shown in Fig. 3), there are additional
measurements that were also taken into consideration for this specific SCF (also shown in
Fig. 6). Judging from the low standard deviations in all cases, the repeatability of the system

can be regarded as high.
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Fig. 5 GSD plot of in-line (circle) and on-line (diamond) data. Full black = 2 kN/cm, dotted black =3 kN/cm,
full gray = 4 kN/cm, dashed gray =5 kN/cm. n 2 4, mean + sd

Concerning the comparison of in-line and on-line measurements, at 2 kN/cm, the curves
align well (full black lines). At higher SCFs, the on-line measurements repeatedly record
smaller granule sizes compared with the same measurements in-line (in-line curves shifted
to the left). Potentially, this difference is a product of non-representative sampling in the
on-line setup that can only be seen for larger, more sluggish granules with a broader size

distribution than that of the granules at 2 kN/cm. The fact that at increasing SCF, the size
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distributions get wider and the difference in D50 increases (4 um at 2 kN/cm, 14.2 um at 3

kN/cm, 100.1 pm at 4 kN/cm, and 219.2 um at 5 kN/cm) supports this. The angled pipe
might not isokinetically sample the granule stream representatively, as larger granules with
a higher mass require a stronger intervention than the pressured air of the venturi nozzle to

be distracted from their flow pattern.
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Fig. 6 GSD curves in-line (full black, triangle), on-line (full black, diamond), off-line (dotted line, triangle),
and measured using dynamic image analysis (gray, circle). a 2 kN/cm: in-line, n = 17; on-line, n = 14; off-
line, n=3. b5 kN/cm: in-line, n = 4; on-line, n = 5; off-line, n = 3. Mean + sd
Granules obtained at low SCF can be representatively separated using the bypass setup. For
bigger granules and broader size ranges, the bypass does not sample representatively but
favors the extraction of smaller granules (shift to the left in the GSD curve). In- and on-line
data therefore show differences. The sensitivity of the system to changes in process
parameters is not diminished. If key GSD parameters can be determined representatively,

it can therefore still be used as a parameter for a control strategy.
Comparison to Off-line Data

Figure 6 shows exemplary full GSD data for granules produced at 2 kN/cm and 5 kN/cm.
As previously discussed, the in- and on-line measurements match well at 2 kN/cm but for
larger SCF, they vary, with on-line data measuring smaller granule sizes. In the case of 2
kN/cm, off-line measurements match well with in/on-line data up to the D70 value. At
higher size quantiles, off-line measurements record larger granule sizes. As a 1000-pm rasp
sieve was used and granulation was performed at low SCF, it is unlikely that granules up
to over 2000 pm were produced. Similar observations can be made for higher SCF (e.g., 5
kN/cm). The off-line measurement matches well with the on-line measurements up to 750

pum equaling about 60% of all material. Afterwards, it records larger granules up to a D99
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of 2830 um. About 10% of all granules are measured off-line with a granule size of 1600
pm and above. As mentioned above, this amount of granules larger than the rasp sieve size

can be regarded as questionable.

Exemplarily, dynamic image analysis was conducted for the 5 kN/cm granules. The granule
size distribution measured using DIA of the same material used for off-line laser diffraction
is shown in Fig. 6b) (gray curve). A different curve shape when comparing laser diffraction
and image analysis was expected and can be seen. However, the in/on-line laser diffraction
data and image analysis data agree on a maximum granule size between 1400 and 1600 um
(D99). Larger granules (10% above 1600 pum in case of off-line laser diffraction) cannot be
found by any other technique. As DIA also provides information on particle shape, the
roundness according to DIN ISO 9276-6 (“Representation of results of particle size analysis
— Part 6: Descriptive and quantitative representation of particle shape and morphology”)
was evaluated. Ninety percent of all measured particles show a roundness of 0.65 or less
(with 1.00 indicating a perfect circle projection of a particle). The particles are therefore
irregularly shaped, which can shift laser diffraction particle size results and explain the
observed deviations. It has to be kept in mind that the dispersion is 0.8 bar for off-line
measurements. As the dispersion pressure is relatively low (up to 4 bars are possible),
destruction of granules can be avoided. There was no hint of measuring agglomerates. It is
however difficult to decide, whether smaller particle sizes are recorded at larger dispersion
pressure due to destruction of granules or due to a previous lack of dispersion. As the 0.8-
bar dispersion pressure is chosen routinely for characterization of dry granulated product

[39], it was chosen for this study as well.

As expected, it is not possible to transfer GSD information from one analyzing system to
another without any adjustments. This is also true for in/on-line and off-line laser
diffraction. Since repeatability for in/on-line measurements is high (see Figs. 6 and 7), it
might be advisable to conduct reference measurements in the same setup as used in

development/manufacturing to avoid the usage of off-line measurement systems.
Ability of the System to Detect Faulty Excipient Blends

The ability to detect changes in the granule sizes, if process parameters do not adhere, is
important to judge the system’s usefulness. Process parameters should themselves be

monitored and incorporated into a control strategy. The information about GSD in this case
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is valuable to determine whether the product is still suitable for further processing despite
an unexpected event in process parameters. It could avoid unnecessary discarding of
material, however, especially unexpected events that might not be visible directly in the
process parameters should be detectable by monitoring the granule size of the resulting

granules.

In the following experiments, no process parameters were changed. However, excipient

blends were fed into the system that were produced differently.

Figure 7 shows results of two experiments in which the same formulation (MCC 79%,
lactose 20%, magnesium stearate 1%) was used. However, the material was prepared

differently according to Table 3.

Table 3 Formulation and preparation of experiments

Blend A Blend B

microcrystalline cellulose — 79 %
lactose —20 %

magnesium stearate — 1%

Blending of MCC and lactose for 20 Blending of MCC, lactose and magnesium
minutes. Afterwards, addition of stearate for 20 minutes.
magnesium stearate for an additional 3

minutes.

Correct procedure Blend resulting in an over lubricated

mixture

In the first experiment (Fig. 7a), blend B was compacted at a constant 7 kN/cm specific
compaction force (minutes 0 to 11). Without any adjustments, at minute 11, blend A was
manually fed into the inlet of the roll compactor. The material was introduced as soon as
the feeding screw was visible. Immediate blending of the two materials in the feeding unit
could not be inhibited, as the material could not be fed into the compaction zone directly.
Therefore, a delay in response was expected. As expected, the over lubricated material led
to smaller granules compared with the correctly blended mixture. All GSD key parameters

(D25, D50, and D75) increase after the blend was switched.
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Figure 7. Plot of GSD parameters (dashed, D75; full, D50; dotted, D25) against time. a Gray vertical bar =
addition of different excipients or blends and b also shows gap width in gray. n =1, in-line measurement.
Blend A = A; blend B = B; MCC= microcrystalline cellulose. GSD data in moving average over 30 s

Figure 7b shows results of a similar experiment in which at first blend A was compacted at
3 kN/cm and at minute two blend B was added. GSD parameters of blend A are well below
the ones in the experiment shown in Fig. 7a. This can be explained by different applied
SCFs. The resulting granules of blend B show smaller particle sizes. They are comparable
with the granulation behavior at 7 kN/cm which can be reasoned by the impact of
magnesium stearate as lubricant in compaction processes. At minute 10, pure MCC was
added as excipient. About 30 s after addition, the gap width decreased as not enough
material was fed into the gap to reach 3 kN/cm at a constant gap width. This resulted in a
strong initial increase in granule size. Afterwards, the gap equilibrated around the desired
2 mm. The D75 was significantly increased compared with the over lubricated formulation
as larger granules were produced. A high amount of fine material is typical for RCDG,
especially at low SCF of 3 kN/cm. This amount is comparable with particle sizes resulting

from an over lubricated formulation (D25 and D50).

The laser diffraction system was able to determine differences in GSD, if over lubricated
material was delivered to the process. This should simulate a user error of incorrect
blending of materials. A time delay was noticed as the material was fed into the hopper and

not directly into the compaction zone.
Conclusions

An in- and on-line GSD monitoring system based on laser diffraction was implemented
successfully in a RCDG process with up to 27.5 kg/h of material throughput. No window
fouling was observed over the experiment time span of 2 weeks. The system detected

changes in granule size based on varying process parameters or blend preparation methods.
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This can be utilized as the base to develop an integrated control strategy for continuous
RCDG. Knowledge about possible parameters that can be used to control (feedback or
feedforward control loops) needs to be identified and linked to information obtained by
GSD measurements. Also, information about RTD in the RCDG needs to be cumulated and
put into practice. On-line laser diffraction measurements are based on non-representative
sampling; however, sensitivity of and relevance in measured GSD data is similar to in-line
data. A control strategy could be based on this bypass setup if measurements are

reproducible or the bypass could be improved in future research.
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Abstract

Purpose In continuous manufacturing of pharmaceuticals, dry granulation is of interest
because of its large throughput capacity and energy efficiency. In order to manufacture
solid oral dosage forms continuously, valid control strategies for critical quality attributes
should be established. To this date, there are no published control strategies for granule size

distribution in continuous dry granulation.

Methods In-line laser diffraction was used to determine the size of granules in a continuous
roll compaction/dry granulation line (QbCon® dry). Different process parameters were
evaluated regarding their influences on granule size. The identified critical process
parameters were then incorporated into control strategies. The uncontrolled and the
controlled processes were compared based on the resulting granule size. In both processes,
a process parameter was changed to induce a shift in median particle size and the controller

had to counteract this shift.

Results In principle, all process parameters that affect the median particle size could also
be used to control the particle size in a dry granulation process. The sieve impeller speed
was found to be well suited to control the median particle size as it reacts fast and can be

controlled independently of the throughput or material.

Conclusion
Themedianparticlesizeincontinuousrollcompactioncanbecontrolledbyadjustingprocesspara

metersdepending on real-time granule size measurements. The method has to be validated

-85-



Implementing Feedback Granule Size Control in a Continuous Dry Granulation Line
Using Controlled Impeller Speed of the Granulation Unit, Compaction Force and Gap
Width

and explored further to identify critical requirements to the material and environmental

conditions.
Keywords

Continuous manufacturing, roll compaction/dry granulation, process analytical

technologies, laser diffraction, process control, feedback control
I. Introduction

Continuous manufacturing(CM) in the production of pharmaceutical solid oral dosage
forms is characterized by the connection of individual processes into one line, ideally from
raw excipients and active pharmaceutical ingredient (API) to final dosage form. Potentials
of this production concept include higher flexibility of production volume and time as well
as increased quality due to tight monitoring and control strategies [1,2,3,4]. Regulatory
agencies and the International Council of Harmonization (ICH) have shown support of this
approach [5,6,7,8,9,10,11]. A new guideline, ICH Q13, is currently developed for
continuous manufacturing processes [12]. However, monitoring and control strategies have
to be developed by the manufacturers prior to taking advantage of this manufacturing
technique. High priority is set to process-analytical technologies (PAT) which aim at
executing timely (in-line or on-line) measurements and determining critical quality
attributes (CQA) [13]. As described by the U.S. FDA, in-line measurements are
characterized by the sample not being removed from the process [6]. Using this concept,
time and resources can be drastically reduced. As a necessary premise, traditional
characterization techniques (e.g. particle size or API concentration determination) have to

be transferred to robust real-time measurements [14].

While direct compression is the favorable process in continuous manufacturing, it is not
always possible due to the raw materials properties (especially poor flow properties or
segregation issues of powder material). Therefore, a granulation step might be needed prior
to tableting. The manufacturing classification system (MCS) is a joint effort from academic
and industrial technology experts to rank the feasibility of pharmaceutical processing routes
for solid dosage forms. It ranks roll compaction/dry granulation (RCDGQG) as the granulation
method of choice, if direct compression is not possible [15]. It is favorable due to its natural
continuity, large throughput possibilities and energy efficiency [16]. It is however not

suitable for all formulations as the capability of improving the flow properties is limited
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based on the large amount of fines in the final granules and the undesired effect of reduced

tabletability that is well described in literature [17 - 19]. A CQA in granulation is the
granule size distribution (GSD) of the granulated material [20, 21]. While there are multiple
measurement principles and apparatuses, most of them are set up in a discontinuous way
and do not allow continuous GSD-determination. However, due to the growing interest
there have been reports of continuous size determination in the production of
pharmaceuticals [22 - 27]. Size determination has proven to be challenging in continuous
RCDG due to the high throughput, the bimodal size distribution with a large fraction of
fines and the inhomogeneous product stream [28 - 32]. The use of laser diffraction, as a
non-invasive, in- and on-line technique to monitor the GSD during continuous RCDG was

recently published [33].

However, monitoring is only the first step to a process control strategy. To develop a control
strategy, a CQA has to be adequately measured first. Afterwards, it is necessary to
determine a specification window for the CQA and to find a process parameter that can be
controlled which affects the CQA in a desired way. It is well known that the specific
compaction force (SCF) and gap width affect the GSD of dry granulated material [34].
However, especially the SCF is a key critical process parameter (CPP) that affects further
properties (e.g. hardness [35], porosity [36, 37] and throughput [38] if only the SCF is
changed).

Singh et al. (2012) [39] mentioned that the particle size in continuous RCDG could be
controlled by adjusting the milling speed of the granulation unit. This claim was statistically
analyzed by Mangal and Kleinebudde in 2018 [40]. The group confirmed that the impeller
speed of a conical sieve in the milling unit of a roll compactor has significant impact on the
median particle size and the amount of fines. This was evaluated for three different raw
materials and two formulations containing ibuprofen and acetaminophen as active
pharmaceutical ingredient (API). Mangal and Kleinebudde claimed that high impeller
speeds should be avoided as it could lead to large amount of fines and slow speeds could
bear issues in milling the material in adequate time. However, these claims were not backed

with data and should be evaluated further.

For a CPP that influences the granule size, it should be possible to program a controller to

react to changes in the desired CQA by adjusting the chosen process parameter. Examples
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of PAT-controllers in pharmaceutical manufacturing, e.g. in fluidized bed processes, can

be found in literature [41, 42].

The aim of this study was to advance the previously published monitoring strategy for GSD
in continuous dry granulation to a control strategy [33]. The proof of principle was
supposed to be given for various parameters to be controlled. Therefore, process parameters
in RCDG were evaluated for their suitability as control valves. Controller parameters and
data analysis were optimized to evaluate the applicability in industrial manufacturing.
Implementing a control strategy for granule size in continuous granulation is the next step
in the continuous process of implementing advanced manufacturing techniques in the

pharmaceutical industry.
I1. Material and Methods
II.1. Materials

Microcrystalline cellulose (MCC, Vivapur® 102, JRS Pharma, Germany) was used as a

plastically deforming excipient in experiments studying varying process parameters.

For various experiments, magnesium stearate (Parteck LUB MST, Merck, Germany) was
added at 1% for lubrication. To avoid sticking of the material to the rolls, magnesium
stearate was mixed with formulation components in a bin blender (LM 40, L.B. Bohle
Maschinen + Verfahren GmbH, Germany) for 3 min at 20 rpm. In some experiments the
behavior of over-lubricated mixtures was studied. These were produced by increasing the

mixing time to 20 min.

For studies using an API in a formulation, 25% Diclofenac (Amoli Organics Pvt. Ltd.,
India), 60% MCC and 14% anhydrous B-lactose (SuperTab® 21AN, DFE Pharma,
Germany) were blended for 20 min at 20 rpm. Afterwards, 1% magnesium-stearate was

added and blended for another 3 min.
I1.2. Continuous roll compaction/dry granulation

A QbCon© dry CM-line was used for all experiments. It was equipped with a small-scale
roll compactor (BRC 25, L.B. Bohle Maschinen + Verfahren GmbH, Germany). A 360°
rotating conical sieve was implemented as granulation unit and comprised a 1.0 mm rasp

sieve (BTS 100, L.B. Bohle Maschinen + Verfahren GmbH, Germany). Knurled surface
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rolls and a hybrid sealing system were used for all experiments. 2 rpm roll speed was set

for all experiments. Material was refilled manually. A suction shoe was mounted below the
roll compactor outlet and attached to a plastic hose (see Fig. 1, points 7 and 8). The hose
was linked to a vacuum receiver (Volkmann GmbH, Soest, Germany) and the applied
vacuum continuously transported the granules through the laser diffraction system into a
collection vessel. If the fill volume exceeded a capacity maximum, the vacuum receiver

stopped for ten seconds, the vessel was emptied and afterwards conveyance continued.
I1.3. Granule size determination using laser diffraction

An in-line laser diffraction system (Insitec©O T, Malvern Panalytical, UK) was
instrumented. The hose attached to the outlet of the roll compactor lead the material through
the installation before reaching the collection vessel. The system can analyze particles up
to a diameter of 1600 um. It contains a lens of 500 mm focal length, a laser (red, 670 nm)
with a 10.0 mm beam waist, a circular detector comprising 33 detector plates and a scan
rate of 2000 Hz. The system logged the GSD data with a frequency of 0.2 Hz equaling to a
displayed value every 5 seconds, which comprised 10 000 individual scans. Raw data was
tracked and exported using RTSizer© software (Malvern Panalytical, UK). To avoid lens
fouling a constant stream of pressured air was inserted on both lenses (10 Nm?/h) and

drained off together with the material stream.

collection vessel (in-specification product)

_X 1 or diversion (out-of-specification product)
PPk
2 3
7 & Y
4 4 s
5 5

.....

7 8
Fig. 1 Experimental set-up 1) powder inlet, 2) feeding auger, 3) tamping auger, 4) rolls, 5) scraper, 6)
conical sieve, 7) suction shoe, 8) plastic hose, 9) laser diffraction system

I1.4. Process control

The granule size data was logged with MalvernLink© software (MalvernPanalytical, UK)
and synchronized via OPC UA to a SCADA server (L.B. Bohle Maschinen + Verfahren
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GmbH, Germany). Individual values of transmission as well as characteristic quantiles

(D25, D50, D75, D90) were transmitted. Furthermore, moving average (90 s) values were
transmitted for all of the named parameters. The moving average over 90 s was chosen as

GSD parameter to be controlled in order to smoothen the natural fluctuations.

A proportional-integral (PI) controller was programmed to compare the current value with
the set-point value, calculate the error and generate a response. The formula of a PI-
controller is shown in eq. 1. The control signal addressed to the actuator (c) is calculated
[43].
c=co+ K.(e(t)+ %fle(r)dr) o
0

i
co is a constant controller bias (or null signal) which assures a smooth transition from
turning on the controller. Typically, it equals c at the time point of turning on the controller.
e represents the current error (current value — set point) at time point 1. K¢ (gain-factor) and
T; (integral time) could be varied for optimization of the controller. They characterize the
proportional and integral part of the controller respectively [43]. The desired particle size
value was entered in the software. Three controllers were programmed, each controlling a
different process parameter (SCF, gap width and impeller speed of the milling unit). K. and

Ti values are listed with every experiment in the Results section.
IL.5S. Data treatment

For evaluation of possible control variables, GSD data was logged every 5 s. Depending on
run-time during the experiment, 48 to 72 values were logged corresponding to experimental
run times between 4 to 6 min. If a run was executed 3 times and lasted 6 min each, the

amount of data points is specified as n =3 x 72.

For analysis of a continuous process, the RCDG process parameters and the GSD data were
logged together every second. For time against parameter graphs the 90 s moving average
for GSD data is plotted. The process parameters are plotted as individual, non-smoothed

values (n=1).

To evaluate the distribution of GSD values in one process, a density against particle size
plot was chosen. All GSD values recorded over the time span of the experiment were

normalized to the desired set-point that was chosen for the experiment. Afterwards, the
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density of each relative particle size (D50/D50mean) was estimated using kernel density

estimation and plotted. The data analysis was performed using functions of Pythons Pandas

library (python 3.8, python.org; Pandas 1.1.0, pandas.pydata.org).

III.  Results and Discussion
III.1. Determination of suitable control variables for different material types

The effect of varying CPPs on GSD was evaluated using MCC and a formulation containing
Diclofenac. As mentioned in the introduction, Mangal et al. reported that increasing the
impeller speed decreases the particle size of granules [40]. In their work, the factor space
was limited to 300, 600 and 900 rpm impeller speed. To develop a control strategy based
on this effect, it was analyzed in more detail for this work. Therefore, the impeller speed
was increased from 100 rpm to 900 rpm in 100 rpm intervals and the resulting granule size
was measured. Before each measurement, the sieve was vacuumed to be empty and the
measurement was started when the system was in equilibrium. Every individual

measurement lasted 4-6 min (48—72 individual values). Results are shown in Fig. 2.
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P 800 . ‘ P 800 '
%’ 600 ! % 600 |
o 400 o 400 1
o ; : . Q
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o 400 ° .
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Fig. 2 GSD parameters against impeller speed. a), b) and ¢): black = D90; gray = D75; light gray = D50. a)
MCC, 2 kN/cm; n=3 x 72; mean + sd. b) MCC, 4 kN/cm; n= 6 x 48—72; mean =+ sd. ¢) Diclofenac
formulation, 7 kN/cm; n =3 x 48; mean + sd. d) individual D50-values for MCC at 4 kN/cm. Each symbol

represents an individual experiment. Each data point n =48-72; mean
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In contrast to Mangal [40], the effect of the impeller speed on particle size was not found

to be solely a decrease in particle size at increasing impeller speeds. A maximum in particle
size was observed at 300—-500 rpm. Decreasing and increasing the impeller speed from there
decreased the granule size parameters. With the experimental settings chosen by Mangal,

this effect could not be visible in the statistical design of experiment chosen.

Figure 2 b) clearly shows a large variation at different impeller speeds for MCC compacted
at 4 kN/cm. In Fig. 2 d), the 6 repetitions are shown individually. For every individual
measurement, the curve has an inverted u-shape with a maximum for D50. However, the

absolute values differ.

A possible explanation, as MCC 1is a hygroscopic material, could be the varying air
humidity in the laboratory facility. The effect of moisture content on MCC characteristic
properties was extensively studied by Sun [44, 45]. In one of the studies, MCC was
equilibrated between 0 and 84.3% RH. Afterwards, compressibility plots of the materials
were compared. If the monolayer water coverage was exceeded (26% RH at 25 °C), the
compressibility plots depended on water content of MCC. A higher water content of MCC

led to a reduced porosity and a faster approach to zero porosity at increasing pressure [44].

As the compressibility plot describes the change in porosity upon pressure, this variety can
also be applicable to the roll compaction process. The temperature was controlled at 23 °C.
However, air humidity was not controlled. In Fig. 2 d), the empty triangles were recorded
at 37% RH while the results plotted as empty circles were recorded at 50% RH. It is possible
that the monolayer water coverage was exceeded for parts or all of the material, however,
measurements were not performed. Therefore, in accordance with the research by Sun,
during the experiment at 50% RH, MCC was compressed to a ribbon showing less porosity
compared to the experiment conducted at 37% RH. The observed differences in resulting
granule sizes are then plausible [34]. For the results plotted as filled circles, the relative
humidity was not tracked. It is recommended to perform experiments in a temperature and
air humidity-controlled environment and track these values if they cannot be controlled.
For the research presented in this work, the results meant that absolute particle sizes
registered have to be analyzed in accordance with the day experiments were conducted.
Figure 2 c) shows the results for a formulation containing Diclofenac as API. The curves
have a similar shape as those of pure MCC. The values in Fig. 2 c¢) were, opposed to Fig. 2

a) and b), recorded on a single day.
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ANOVA was performed and results are shown in Table 1. For MCC compacted at 2 and 4
kN/cm trends were observed, but it could not be stated with statistical significance that the
impeller speed has any effect on granule size. For the Diclofenac formulation, all three
granule size values are significantly impacted by impeller speed. For individual
measurement runs (Fig. 4 d)) the statistical analysis could not be performed as individual
values of n =1 cannot be statistically analyzed comparably. The insufficient repeatability
for MCC compacted at 4 kN/cm has to be evaluated further in future research.

Table 1. Results of ANOVA for data shown in Fig. 2 a) — c). Diclo = Diclofenac formulation; DF = degrees of

freedom; SSQ = sum of squares; Mean Sq = mean sum of squares; F emp = calculated F-value; p
value = calculated p value

SCF Material | Dx | DF | SSQ Mean Sq F emp p value
[kN/cm] [um]

50 576.5 720.2 2.236 0.0745
2 75 19051.3 |23814 1.755 0.1531
90 9538.6 11923 1.515 0.2204
Mce 50 95 940.5 11992.6 1.775 0.1088
4 75 g |45001.6 |56252 0.315 0.9563
90 174373 |2179.7 0.193 0.9904

50 158 137.5 | 19767.2 13.626 <0.00001
7 Diclo 75 163 348.6 | 20 418.6 6.936 0.0007
90 359139 |4489.2 5.480 0.0023

For controlling the granule size by adjusting the impeller speed of the milling unit, a
direction of action has to be defined. Therefore, the impeller speed controller was limited
to either 100—400 rpm or 400-900 rpm and the direction (increasing or decreasing the
impeller speed at deviation from set-point) was defined by using a positive or a negative

Kc-value.

It can be seen in Fig. 2 that the impact of impeller speed on particle size is limited, as the
slopes of the increasing and decreasing part of the curve are small. As known from
literature, the CPPs SCF and gap width have an impact on the resulting granule sizes. In
scope of this work, the impact of both parameters on the resulting median particle size

(D50) was measured using in-line laser diffraction for MCC as excipient (Fig. 3).

-93 -



Implementing Feedback Granule Size Control in a Continuous Dry Granulation Line
Using Controlled Impeller Speed of the Granulation Unit, Compaction Force and Gap
Width

particle size [um]
[ ] £ o
o o o

e e o

particle size [um]
[~ B (=)}
o o o
c o o

2,

o=
o

g

3 4 5 6 % 15 20 25 30
SCF [kN/cm] gap width [mm]

(3%

Fig.3 Median particle size (D50) against a) SCF (constant roll speed =2 rpm, gap width=2.0 mm and
impeller speed = 800 rpm) and b) gap width (constant roll speed =2 rpm, SCF =4.0 kN/cm and impeller
speed = 800 rpm) for MCC. Each point n=1 X 72; mean + sd

In conclusion, impeller speed, gap width and SCF are CPP that impact the resulting granule
size. Based on these results, there needs to be a proof that this behavior can be used to
control a process in accordance with granule size. There was no impact of impeller speed
on the granule size at low SCF (2 kN/cm, see Table 1). At 4 kN/cm, the impact was visible
for individual measurement runs, however, insufficient repeatability impacts a general
conclusion. The decision, which process parameter is suited to control the granule size must

be evaluated carefully prior to implementing the control loop.
II1.2. Controlling a process with an unstable gap width — impeller speed controller

A change in gap width leads to a change in resulting particle size (Fig. 3 b). An unstable
gap can be the result of poorly flowing materials for which even feeding is difficult. It was
evaluated whether the control tool can counteract the changes in GSD caused by an unstable
gap. Therefore, in a reference experiment, MCC was compacted at 2 kN/cm SCF, 800 rpm
impeller speed and 2 mm gap width for 15 min. After 15 min the gap width was increased
to 2.5 mm at otherwise constant process parameters. Results can be seen in Fig. 4 a). As
expected, the D50 values that are registered dropped after an increase in gap width. During
the first 15 min, at 2.0 mm gap width, the average D50 value recorded was 440 pm.
Therefore, 440 pm was chosen as set-point for the experiments under controlled conditions
(horizontal dashed lines in Fig. 4). Figures 4 b) and c) show results of the same experimental
set-up but with a controlled impeller speed. The two experiments differ in the proportional
controller gain (Kc). The controller set at Kc =—1.0 is more aggressive than the one set at

Kc = _0.5.
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Fig. 4 Plot of D50 and impeller speed against time. a) uncontrolled process b) controlled at 440 pum,
K¢.=-0.5, Ti=10.0 s ¢) controlled at 440 um, K.=-1.0, T;=10.0 s d) D50 values of experiments a) — c)
combined. a) — ¢) black = D50, gray = impeller speed, horizontally dashed =440 um set-point, vertically

dashed = gap width change d) black =uncontrolled, dark gray = controlled, K.=-0.5, Ti=10.0 s, light
gray = controlled, Kc =—0.5, Ti=10.0 s. Each data point n= 1; in-line data

In both cases, the drop in particle size can be counteracted by the controller adjusting the
impeller speed (Fig. 4 d)). To evaluate the effect in more detail, the density against relative
particle size plot is shown in Fig. 5. In the uncontrolled process, the density curve shows a
bimodal shape indicating that two particle sizes are dominant. One is located at 1 (= 440
um) and the second one is located at about 0.86 (= 378 um). Based on the experimental
procedure and results (Fig. 4 a)) it is obvious that the first peak at 1 indicates the average
particle size at 2.0 mm gap width while the second peak can be attributed to compacting
the material at 2.5 mm gap width. When the process is controlled, the peak at 0.86 relative
particle size is no longer visible. The curves show a slightly different shape, as the more
aggressive controller tends to over- and under-shoot leading to a bimodal shape slightly
above and below 1. The less aggressive controller has a mono-modal curve shape centered
at 1, as desired. However, it has a broader distribution ranging from 0.85 to 1.13. The initial
drop in particle size that triggered the controller response can be seen approximately at 0.95

relative particle size.
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Fig.5 Density against relative particle size for the experiments shown in Fig. 4 a) — ¢). Each plot n=1; in-

line data

In Fig. 4 b) and c), the sieve speed drops to the minimum of 400 rpm on two occasions
each. This is a result of the experimental set-up (see section II.2. Continuous roll
compaction/dry granulation) and the collection vessel in which all material is collected. If
the fill level of the vessel reaches a threshold, the vessel is emptied. For this process, the
pneumatic transport of material is interrupted for approximately 10 s. Therefore, for two
individual measurements, no granule sizes can be measured, as no granules pass through
the laser beam. Unfortunately, on these occasions, a D50 value of 0 um is transmitted to
the SCADA server. The sudden decrease is D50 value leads to an increased error e and
triggers a large control signal c to the actuator. In this case, a sudden drop in impeller speed
occurs (see eq. 1). As pneumatic conveyance restarts after emptying of the vessel, the
impeller speed recovers. However, this sudden change in impeller speed can trigger a
change in particle size. Therefore, the system is not directly in equilibrium after conveyance
restarts. This issue was also addressed in previous research [33]. Programming the software
to transmit a blank value instead of 0 um when no particles were measured, a larger
collection vessel or implementing a rotary valve instead of the vessel are reasonable
adjustments that will solve the current issue and should be implemented in further

experiments.
II1.3. Controlling a process with an unstable gap width — SCF controller

It was assumed that an increase in gap width and the following drop in granule size can
also be counteracted by controlling the SCF. This was proven by repeating the experiments

as shown in section II.2 (Controlling a process with an unstable gap width — impeller speed
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controller) and utilizing an SCF controller instead of an impeller speed controller. The

impeller speed was constant at 800 rpm. Results are shown in Fig. 6.

As experiments were conducted on the same day, the same data for the uncontrolled process
could be used (Fig. 6 a) and Fig. 4 a)). As expected, after increasing the gap width, the SCF
of the systems needs to be increased in order to counteract the drop in granule size. The
effect of the controller is clearly visible (Fig. 6 b) - d)). As explained in the introduction,
changing the SCF during the process is not favorable. In this experiment, the SCF was
varied between approximately 4 and 5.8 kN/cm. This will impact other CQA of the

granules, which is not intended.
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Fig. 6 Plot of D50 and SCF against time. a) uncontrolled process b) controlled at 440 um, K.=0.001,
Ti=10.0 s ¢) D50 values of experiments a) and b) combined. d) density against relative particle size plot for
uncontrolled (gray) and SCF controlled (black) experiments a) and b) black = D50, gray = SCF, horizontally

dashed =440 um set-point, vertically dashed = gap width change. Each data point n = 1; in-line data

III.4. Controlling a process with an unstable SCF — gap width controller

To evaluate the gap width controller, the experiment had to be adjusted. In a similar manner
as discussed before, the SCF was changed after 15 min to stimulate a drop in particle size.
As the SCF is a tightly controlled CPP, a drop in SCF is unusual during granulation.
However, it was used in this case to generate a drop in granule size and to test the principle

of using a gap width controller to control the GSD. To evaluate the results in comparison
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with another control valve, the drop in SCF was also counteracted by using a impeller speed

controller as presented in section II1.2 (controlling a process with an unstable gap width —

impeller speed controller). Results are shown in Figs. 7 and 8.

Changing the SCF from 4 to 3.5 kN/cm led to a drop in the D50 parameter. However, the
drop was not as pronounced as in the previous experiments (median particle size decreased
from approximately 430 um to 400 pum). The density distribution of the uncontrolled
process (gray in Fig. 8 a) shows a peak at 1.0 relative particle size and then a crooked curve
along lower relative particle sizes but no sharp second peak. The controlled process was
able to produce granules with a mono-modal D50-density curve. Controlling the gap width
(Fig. 7 ¢) and d)) led to satisfying results using a controller with a K. value of —0.0003 and
Ti value of 10.0 s. The phase shift in reaction is visible in the D50/gap width against time
plot (Fig. 7 ¢) and d)). This shift is visible due to the comparably longer time the change in
gap width needs to have an effect on the D50 value. At more aggressive controller settings
(Ke =—0.0006 and T; = 10.0 s), this led to large over and undershoots of gap width and
particle size (Fig. 7 d) and a density curve that is similarly crooked than the uncontrolled

one (Fig. 8 b), medium gray curve).
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Fig. 7 Plot of D50 and impeller speed or gap width against time. a) uncontrolled process b) impeller speed

controlled at 440 pm, K.=-0.5, T;=10.0 s ¢) gap width controlled at 440 pm, K.=-—0.0003, T;=10.0 s d)

gap width controlled at 440 pm, K. =-0.0006, T; =10.0 s. black line = D50, a) and b) gray = impeller speed

¢) and d) gray = gap width, a) - d) black = D50, horizontal dashed line = set-point (440 um), vertical dashed
line = change in SCF (4 to 3.5 kN/cm). Each data point n=1; in-line data
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In principle, the gap width can be used to control the D50 parameter in continuous RCDG.
However, due to a long response time the controller settings must be carefully evaluated
and the risk of over and undershooting is potentially larger than for the impeller speed and
SCF controller. This is underlined by the fact that the impeller speed controller generates
D50-density curves with a monomodal shape that is distinctively narrower than both gap
width controllers. Furthermore, in controlling the SCF of the roller compactor, the gap
width is used as control valve (PID controller, Kc =0.0072, Ti = 2.0 s, T4 =0.007). Using
the gap width as a control valve for two parameters could lead to conflicts of interest
(setting the desired SCF and desired granule size at the same time). Based on this and the
results presented, it appears unfavorable to utilize the gap width as control valve albeit it

was proven that in principle it is possible.

ITIL.S. Controlling a process with a properly lubricated and an over-lubricated

excipient blend

It was previously reported that granulating an over-lubricated formulation significantly
decreases the particle size compared to the same formulation with proper lubrication [33].
Within the scope of this work, it was evaluated whether the controllers can counteract this
drop in particle size. Therefore, MCC was blended with 1% Magnesium-stearate, 3 min at
20 rpm to form a properly lubricated mixture and 20 min at 20 rpm to form an over-
lubricated mixture. The properly lubricated material was granulated first. Then, the over-
lubricated mixture was poured into the powder inlet unit. It was waited until the hopper

was almost completely empty and the feeding screw of the roll compactor was visible
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before the over-lubricated mixture was added. That way the extent of back-mixing between

two different materials was minimized.

Results are shown in Fig. 9. It is visible that shortly after the over-lubricated mixture was
poured into the roll compactor the D50 value decreased. If the impeller speed controller
was turned on, it reacted to the decreased particle size by lowering the impeller speed until
the minimum of 400 rpm was reached. For two SCFs, no effect of impeller speed on the
particle size could be registered. Therefore, in both cases, the impeller speed controller was
turned off and the SCF controller was turned on. It reacted to the difference between set-
point and current value by increasing the SCF. In both cases, the particle size then increased

(Table 2).
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Fig. 9 Plot of D50 (black), impeller speed (black dotted) and SCF (gray) against time. a) SCF =2 kN/cm b)
SCF =4 kN/cm. First vertical dashed line = addition of the over lubricated mixture, second vertical
line = the controller of the impeller speed was turned on, third vertical dashed line = the impeller speed

controller was turned off and the SCF controller was turned on. Each data point n = 1; in-line data

Table 2. D50-values during granulation of correct and over-lubricated MCC. n = 1; mean

SCF Average D50 with | Average D50 with | Max D50 at
correct lubrication | over-lubrification | increased SCF

2 kN/cm 313 pm 162 um 286 um / 8 kN/cm

4 kN/cm 429 pm 208 pm 246 um /7 kN/cm

In both cases, both controllers were unable to shift the granule size back to its original value
(Fig. 9 and Table 2). The impeller speed controller had no effect on the granule size of the
over-lubricated formulation. The effect of magnesium stearate in over-lubrication is well

described in literature, although to this day not fully understood [46,47,48]. During over-
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lubrication, its main effect is the formation of friable ribbons which show poor mechanical
strength and almost disintegrate to powder during milling. It is reasonable to assume that
the impeller speed has no effect on the particle size and that the over-lubrication in itself
determines the resulting particle size. At increased SCF, the ribbon itself is compacted
differently and thereby a certain effect on the resulting granule size is understandable. The

large increase of SCF needed to increase the D50-value relevantly underlines this.

Overall, granules that were produced from an over lubricated powder mixture will not be
suitable for further processing. The principle of using an SCF controller to counteract the
drop in particle size further proofs the controller principle. It also showed that not every
excipient and formulation can be controlled by adjusting the impeller speeds. Therefore,
recording the particle size at different impeller speeds (as shown in Fig. 2) is an important

preliminary experiment to determine a formulations suitability to be impeller-controlled.
IV.  Conclusions

CPP that have an effect on the GSD can be used to control the resulting granule size using
feedback control loops. The impeller speed is well suited to be used in control loops as it
can be directly set itself, independent from further process parameters and has limited effect
on further CQA apart from the granule size. SCF and gap width are parameters that, in
principle, can be used to control a granulation process. However, their impact on further
CQA and the fact that they are controlled themselves impede this usage. To determine,
whether a material can be controlled, it has to be checked, how sensitive the granule size
reacts to changes in the chosen control valve process parameter. Limits of this control
strategy include the large variability that was seen experimentally and the limited impact
of the impeller speed on the granule size. The impact of air humidity on various excipients
in the laser diffraction system should be evaluated. Additional experiments should be
conducted to evaluate, if there are additional factors that could lead to insufficient
reproducibility. Furthermore, advanced strategies to tune the controller should be
implemented to optimize the reaction and minimize material out of the desired

specification.
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Abstract

A key quality attribute for solid oral dosage forms is their hardness and ability to withstand
breaking or grinding. If the product is to be manufactured continuously, it can be of interest
to monitor the hardness of the material at different stages of manufacturing. Using the
controlled process parameters of roll compaction/dry granulation specific compaction
force, roll speed and gap width, hardness of the resulting ribbons and granules can be
predicted. For the first time, in this study two yield variables (corrected torque of the
granulation unit and throughput of material) are used to predict the granules failure load.
The increase in granule hardness was monitored in-line when the specific compaction force
was increased during the compaction process. This opens the way for in-line control of
material hardness, and its use for feedback and feedforward control loops for future

continuous manufacturing processes.
Keywords

Continuous manufacturing, roll compaction/dry granulation, microhardness, granule

strength / failure load, process monitoring, process analytical technologies
Abbreviations

CM - continuous manufacturing; CQA — critical quality attribute; RCDG — roll
compaction/dry granulation; MCC — microcrystalline cellulose; SCF — specific compaction

force; DCPA — dibasic calciumphosphate anhydrate
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1. Introduction

With recent advancements in implementing continuous manufacturing (CM) in
pharmaceutical production of solid oral dosage forms there is a need to continuously
monitor and control critical quality attributes (CQA) (Chatterjee, 2012; U.S. Food and Drug
Administration, 2017; Lee, 2016; Lee et al., 2015; U.S. Food and Drug Administration,
2019). Detailed process understanding is necessary to identify CQAs and their influencing
factors. A promising approach to continuous manufacturing, if direct compression is not
feasible, is roll compaction/dry granulation (RCDG). It is a well-established, fast,
comparably low-cost and, by nature, continuous granulation method, in which powder is
compacted to ribbons between two counter rotating rolls and these ribbons are afterwards
milled down to granules (Fonteyne et al., 2015; Kleinebudde, 2004; Shlieout et al., 2000).
A major CQA for the intermediate ribbon is the ribbon porosity/solid fraction as it impacts
the CQAs of the later produced granules, such as granule size distribution (Jaminet and
Hess, 1966; Kleinebudde, 2004). In-line methods to determine ribbon solid fraction have
been previously published (McAuliffe et al., 2015; Wiedey and Kleinebudde, 2018).
However, Gupta et al. showed that microcrystalline cellulose (MCC) ribbons of similar

density can vary in hardness (Gupta et al., 2005).

When looking at tablets as the final dosage form, mechanical strength is an essential CQA
as it prohibits breaking and grinding. On the other hand, early studies showed that if the

mechanical strength is increased dissolution can be impeded (Chowhan, 1979; Kitazawa et
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al., 1975). In 1985, Jetzer et al. correlated tensile strength with indentation hardness of

tablets and showed that the correlation is linear as long as fracture or capping at higher
pressure ranges is avoided (Jetzer et al., 1985). This is also backed by more recent work by
Patel and Sun, who found that an increase in tablet porosity will lead to a decrease in
hardness (Patel and Sun, 2016). Therefore, tablet hardness has similar informational value
as the more popular tensile strength and cannot be equated with tablet density (Gupta et al.,
2005). In a continuous manufacturing process, based on process understanding it is
valuable to track the development of hardness through all intermediates with the aim of

achieving optimal tablet hardness/tensile strength.

By definition, hardness is the surface property, which quantifies a materials resistance to a
permanent shape modification (Broitman, 2017; Walley, 2012). Its relation to further
mechanical properties of solid materials (e.g. strength and ductility) is the base for hardness
testing as a cheap and fast material quality control method (Broitman, 2017), as mechanical
strength is a critical factor for pharmaceutical manufacturing. In RCDG it is valuable
information to determine the hardness of ribbons and granules. Reported indentation
experiments for pharmaceutical applications are scarce (Hiestand et al., 1971; Jetzer et al.,
1985; Leuenberger, 1982; Leuenberger and Rohera, 1986; Rowe, 1976). However, Freitag
et al. reported the use of micro-indentation to determine ribbon hardness (Freitag et al.,
2004). An increase in the specific compaction force (SCF) during RCDG lead to harder
ribbons and, if granules are then tableted, to tablets with decreased tensile strength.
Determining granule hardness poses the issue of dealing with agglomerated product of
variate particle sizes. Adams et al. first published a confined uniaxial compression test to
determine granule strength, and its failure load, which also takes the particle size into
consideration (Adams et al., 1994). The method was recently transferred to a modern tablet
press (Arndt et al., 2018). Their study proved that increasing SCF leads to granules with

increased failure load and tablets with decreased tensile strength.

Studies on correlating the torque of the granulation unit of a roll compactor to ribbon
hardness were first published in 2012 (Miiller, 2012). A roll compactor including an
asymmetrical, oscillating sieve was used to granulate MCC and the clockwise and counter-
clockwise torque during granulation was recorded. Hardness of the resulting ribbons was
determined using a tablet drill. A correlation between the SCF, the torque values and the

drilling forces needed to drill a hole into the ribbon was found. Increasing roll speed
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increased the torque of the granulation unit while it did not affect the drilling forces.

Various aspects of the milling unit (e.g. size of sieve, erosion of the sieve, milling gap)
were found to influence the torque. The ribbon hardness was, in retrospective, determined
by recording the torque of the granulation unit and interpolation of the correlation between
the torque and the ribbon hardness. The throughput was found to have major impact on the
torque of the granulation unit, but for further experiments was regarded as a constant as
settings were not changed. In RCDG, the throughput can show relevant fluctuations (Wilms
et al., 2020), and this should be taken into consideration for in-line determination of CQAs.
No experiments were conducted to determine the impact of hardness on the torque
independent from the changing throughput as SCF is varied. Furthermore the relation of
the torque and hardness to varying process parameters should be analyzed for brittle
material and a pharmaceutical formulation as well. Granule hardness was not investigated.
For further processing, especially the granule characteristics are of high importance and a
method to predict granule characteristics based on ribbon mechanic properties would be

valuable.

The same group later focused on the development of using vibration- and acoustic pressure
in-line measurements to determine ribbon hardness in-line, which is promising but also
bears limitations as the system reacts sensitively to the attachment of the sensors and the

surrounding vibration/acoustic environment (Schorr, 2016).

For continuous manufacturing efforts it is of interest to re-evaluate the impact of controlled
process parameters (SCF, gap width, roll speed) on microhardness of ribbons and failure
load of granules with regards to the torque of the granulation unit (360° rotating conical
sieve) for different types of materials. For the first time, the quality parameter of granule
failure load was evaluated in conjunction to the torque of the granulation unit and
correlations were established for materials with different behavior upon compaction. A
correlation was established to predict hardness parameters based on the yield parameters
torque of the granulation unit and the throughput of material and the novel principle was
tested using real-time granulation data. The study was performed to establish these

correlations in order to progress in advanced process control for RCDG.
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2. Materials and methods
2.1. Materials

Dibasic calcium phosphate anhydrate (DCPA, Di-CaFos A150, Chemische Fabrik
Budenheim, Germany) was used as brittle model material. Microcrystalline Cellulose

(MCC, Vivapur 102, JRS Pharma, Germany) was used as plastic model material.

A formulation was also investigated. It consisted of 25% Diclofenac-sodium (Amoli
Organics Pvt. Ltd., India), 10% crosposvidone (Polyplasdone® XL, Ashland Industries
Europe GmbH, Switzerland) and 65% MCC (Vivapur® 102, JRS Pharma, Germany).

2.2. Methods
2.2.1. Roll compaction/dry granulation

All materials were processed on a development to small scale manufacturing roll compactor
(BRC 25, L.B. Bohle Maschinen + Verfahren GmbH, Germany) that was equipped with a
hybrid sealing system and a 360° rotating conical sieve (BTS100, L.B. Bohle Maschinen +
Verfahren GmbH, Germany). A 1.5 mm rasp sieve was used for all experiments. Depending
on the planned analytics, smooth or knurled rolls were used. The gap width was varied
between 1.5 and 2.5, the roll speed between 1 and 6 rpm and the SCF between 2 and 18
kN/cm. The specific process parameters are listed for each experiment in the results section.
The throughput of the process was determined using a lab scale balance (CPA5201,
Sartorius AG, Germany) that was placed underneath the outlet of the compactor. A
collection vessel was placed on the balance and a software (SartoConnect, Sartorius AG,

Germany) was used to track the mass every 10 s.

2.2.2. Determination of the torque, the corrected torque and the power of the

granulation unit

The torque of the granulation unit was tracked together with the process parameters of the
roll compactor in the compactor's software. The parameter is tracked every 10 s in the unit
of Nm. It is not the average over 10 s but the as-is value at the tracking time-point. The
torque of the granulation unit without material was tracked to determine the idle torque for

each impeller speed. Idle torque values are listed in Table 1.
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Table 1. Idle torque values at different impeller speeds.

Impeller speed [rpm] | Idle torque [Nm] Idle power consumption [W]
200 1.57 +£0.02 329+04
300 1.87 +£0.02 58.8+0.6
400 2.13+0.01 89.2+04

The idle torque values were deducted from the observed torque values to obtain the
corrected torque (corr. torque). For results shown in 3.2 Influence of SCF on torque of the
granulation unit and granule failure load, 3.3 Impact of SCF and roll speed on throughput,
3.4 Impact of roll speed on the torque of the granulation unit and granule failure load, 3.5
Prediction of hardness based on resulting process parameters, 3.6 Relevance for
pharmaceutical manufacturing — how do formulations behave?, impeller speeds of 200 rpm
were chosen. Therefore, the corrected torque is tracked in these experiments and it is not
necessary to convert the corrected torque to power consumption values. To compare
different impeller speeds, as needed in Section 3.1, the additional power consumption of

the granulation unit (apart from the idle power consumption) was calculated as shown in

Eq. (1).

power consumption = corr.torque * impeller speed * 2 x w [W] (1)

2.2.3. Determination of ribbon microhardness

Ribbon microhardness was determined using a microhardness system (Fischerscope
HM2000, Helmut Fischer, Sindelfingen, Germany). The system was equipped with a
vickers pyramid indenter which penetrated into ribbons. Penetration depth and indentation
load were recorded. A total of 150 data points were recorded in 15 s (10 Hz) for every
measurement. The initial 5 s were the loading phase, in which the force increased until 2000
mN were reached. This maximum load of 2000 mN (Fmax) was held for 5 s. Afterwards, for
5 s, the system was unloaded. The maximum penetration depth (hmax) at maximum
indentation load is used to calculate the Martens Hardness (HM) according to Eq. (2)
(Jennett, 2007).

HM = Epax/((26.43 X (hmax)z) [N/mmz] (2)
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To allow precise measurements, only ribbons with a smooth surface were used for
microhardness determination. A smooth surface allows the indenter to land on an even
surface and track penetration depth and indentation load. Ribbons are inhomogeneous
concerning their density (Wiedey and Kleinebudde, 2018). Therefore, indentation was only
performed in the center of the ribbon (determined with the measurement apparatuses
microscope). Measurement spots were 10 mm apart from each other (Fig. 1). Four

measurements were performed for each ribbon and averaged.

10 mm

N

Figure 1. Microindentation experimental procedure.
2.2.4. Determination of granule failure load

Determination of failure load/granule strength was performed based on an uniaxial
confined compression analysis. The granules were divided into the following size classes:
125-315 pm, 315-500 pm, 500—-800 um, 800—-1250 pum and 1250-1500 pm. Afterwards,
they were compressed using a Styl'One Evolution tablet press (Medelpharm S.A.S., France)
in a round die of 100 mm? base area and 10 mm height. The upper punch speed was set to
3.5 mm/min and the granule bed was compressed to a final height of 5 mm. Depending on

data variability, the test was repeated 3 to 6 times.

Analysis was performed according to Arndt et al. (Arndt et al., 2018) and is based on Egs.
(3), (4) (Adams et al., 1994). The compaction pressure P is calculated from the force and
the cross-sectional area of the punch. The natural strain € can be obtained using the current
and the initial difference in height of the punches. For large values of €, the relationship
described in Eq. (3) is linear (Adams et al., 1994). The slope and the y-intercept of the

linear equation are used to obtain the friction coefficient (o) and the cohesive strength (7).

To obtain the individual failure load, the mean value of the cohesive granule strength is

multiplied with the particles cross-sectional area. In this case, the cross-sectional area of a
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sphere with a diameter of the mean value of the sieve class (da) was used for the calculation

of each sieve class (see Eq. (4)).

InP =1n (%) + ae+1In(1—-e7%) (3)
md?Z (4)
Feaic = Tar

Afterwards, the weighted average failure load for a granule type was calculated by
cumulating all size classes' failure loads after multiplying them with their respective

relative mass fraction.
2.2.5. Design of experiments

Using MCC as excipient, a 2° full factorial experimental design was conducted to determine
the effect of the process parameters SCF, gap width and impeller speed on ribbon
microhardness and granule failure load as well as the torque of the granulation unit. Factors
and their levels are shown in Table 2.11 experiments were executed (the center point was
tested in threefold). The randomized plan for execution of experiments was given by the
software Modde Pro 11 (Umetrics, MKS Data Analytics Solutions, Sweden) and data

analysis was also performed using this software.

Table 2. Experimental overview

Factor level

SCF [kN/cm]

gap width [mm]

impeller speed [rpm]

1

2

1.5

200

+1

6

2.5

400
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3. Results and discussion

3.1. Effect of process parameters on ribbon microhardness, granule failure load,

torque of the granulation unit and throughput

Table 3 displays the results of the 2* full factorial experiment while Figure 2 shows the

resulting coefficient plots and Fig. 3 exemplary contour plots for varying gap width and

SCF.
Table 3. Results of the 23 full factorial experimental design, mw * sd.
Factors yield variables
SCF Gap Impeller Ribbon Granule failure | Corr. torque of | Additional sieve | Throughput
[kN/cm] | width | speed [rpm] | microhardness | load [N] the granulation | power [kg/h]
[mm] [N/mm?] unit [Nm] consumption [W]

n=4 n=3-6 n=18 n=18 n=3
2 L.5 200 18.1 +4.1 0.27+£0.03 0.67£0.09 140+1.9 2.92
6 1.5 200 60.8+12.0 | 0.95+0.10 1.11 £0.15 23.3+£3.1 4.35
2 2.5 200 17.3+£5.0 0.12 £0.01 0.42+£0.07 8.8+ 1.5 4.73
6 2.5 200 46.0 = 7.7 0.60 £0.02 1.37+0.41 28.7+8.6 6.84
2 1.5 400 182+£3.6 0.20+0.02 0.31+0.06 13.0+£2.5 2.82
6 1.5 400 69.0+11.6 | 0.80 £0.05 0.46+0.14 193+59 4.05
2 2.5 400 127+ 1.5 0.09 £0.01 0.51 £0.06 21.4+£2.5 4.89
6 2.5 400 52.0+4.7 0.48 £0.03 1.12+0.22 46.9+9.2 6.16
4 2 300 36.2+2.5 0.43+0.01 0.62+0.16 19.5+5.0 4.99
4 2 300 304+2.8 0.41 £0.02 0.69 = 0.09 21.7+2.8 5.06
4 2 300 26.1 £9.7 0.37£0.02 0.62+0.16 19.5+£5.0 5.68
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Figure 2. Coefficient plots. Effects on a) sieve power: additional power consumption of the granulation unit,
b) failure load and c) ribbon microhardness. Error bars indicating 95% confidence interval (sieve power R2:

0.98, Q2:0.85., failure load R2: 0.99, Q2: 0.95, ribbon microhardness R2: 0.96, Q2:0.74).
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Fig. 3. Contour plots. Effects on a) sieve power, b) failure load and ¢) ribbon microhardness. (sieve power

R2:0.98, Q2:0.85., failure load R2: 0.99, Q2: 0.95, ribbon microhardness R2: 0.96, Q2:0.74).

Increasing the SCF led to a significant increase in failure load of the granules, the ribbon
microhardness as well as the additional power consumption of the granulation unit. For all
output parameters the SCF showed the largest impact. As it is the dominant process
parameter in RCDG this is not surprising and in-line with published research (Arndt et al.,
2018; Freitag et al., 2004; Miiller, 2012). The increased ribbon hardness could lead to the
significant increase the SCF exerted on the additional power consumption of the
granulation unit. However, the impact of increased throughput at increased SCF has to be

kept in mind. This can be seen as the impact of the process parameter gap width is taken
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into consideration. At constant SCF but increased gap width, the SCF is exerted on more

material. Therefore, the material itself shows decreased granule failure load (Fig. 2 b) and
3 b)). However, while the hardness decreases, the additional power consumption of the
granulation unit increases significantly (Fig. 2 a) and 3 a)). This can be reasoned in the
increased throughput at larger gap widths. To no surprise, the interaction of increased SCF
and increased gap width increases the additional power consumption of the granulation unit

as well (Fig. 2 a) and 3 a)).

Ribbon microhardness significantly increases at increasing SCF (Fig. 2 ¢) and 3 c¢)). The
SCF is the only process parameter that has a significant impact on ribbon microhardness
(Fig. 2 ¢)). This can be due to the fact that ribbon microhardness characterizes the surface
of the ribbon. The surface is also the part of the ribbon on which the SCF is exerted on.
Effects of increasing the gap width on ribbon microhardness are not significant in contrast

to results of granule failure load.

By nature, adjusting the impeller speed affects the additional power consumption of the
granulation unit (Fig. 2 a), Eq. (1)). At an increased impeller speed, granules show a smaller
granule size (Mangal and Kleinebudde, 2018) and a slight decrease in failure load (Fig.
2b)). Since the impeller speed cannot influence the ribbon microhardness, this factor and

all its interactions show non-significant effects close to zero on ribbon microhardness (Fig.

20)).

As expected, the results of the experiments show that hardness of the ribbons and failure
load of the granules react similarly to changes of SCF. The torque of the granulation unit
reacts to the changes in process parameters as well but not in the same way as the hardness
does. Supposedly, this is based on the effect of the throughput and it has to be analyzed in
detail, whether a change in hardness itself has an impact on the torque of the granulation
unit. As an increase in SCF will increase the failure load of the granules (Arndt et al., 2018)
and similarly the ribbon microhardness (Freitag et al., 2004), only the granules failure load
was used for a more detailed analysis of impact on the additional power consumption of
the granulation unit. Its behavior can be correlated to the behavior we would expect from
ribbon microhardness. In the more detailed analysis, the sieve impeller speed will be kept
constant at 200 rpm, therefore it is not necessary to calculate the additional power
consumption of the granulation unit. The corrected torque of the granulation unit bears all

necessary information (see Eq. (1)).
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3.2. Influence of SCF on torque of the granulation unit and granule failure load

Fig. 4 shows the impact of SCF on the torque of the granulation unit and the failure load of
the resulting granules at otherwise constant controlled process parameters (2 mm gap width,
3 rpm roll speed for DCPA and 1 rpm roll speed for MCC). Similarly to the results in Fig.
2, increasing the SCF lead to an increase in the corrected torque of the granulation unit
(Fig. 4 a) and ¢)) and failure load of the resulting granules (Fig. 4 b) and d)). In both cases
a linear correlation describes the applied SCF and the resulting torque of the granulation

unit (Fig. 4 a) and ¢)).

Correlation of SCF and failure load (Fig. 4 b) and d)) works well for DCPA but shows a
lower coefficient of determination R? of 0.808 for MCC. Obtaining reproducible failure
load values for high SCF for MCC was challenging, as reproducible volumetric filling of
the die is more difficult, if the granule sizes are large. At 5 and 6 kN/cm, a large quantity
of material was in size classes of 850-1200 pm and 1200-1500 um. The impact of these
difficulties was larger, if more material was produced at these sizes as the weighted average
was calculated (see 2.2.4. Determination of granule failure load). Based on these

difficulties, linear correlation results for MCC are acceptable.

0.8 y=0.047x - 0.08 ° 1.0 y =0.043x - 0.083
0.7 RZ=0.999 R?=0.991
= p slope <5.3x 10° —. 081 p slope < 2.1 x 107 L]
z 08y ) Z
g 05] . 3 06 e
& =
8 044 : 2 04 Lo
C K3 2
5 0.3 L T o
0 0.2
021 o o
a) o4\, b) oo\ o
6 8 10 12 14 16 18 6 8 10 12 14 16 18
SCF [kN/cm] SCF [kN/cm]
1'0'r=0-120x+0-122 0.5, y=0.077x - 0.067
0.9{ R*=0.930 R? =0.808
'E‘ 0.8 p slope < 0.008 ‘ = 0.41 p slope < 0.024 . e
=3 e =
> 0.7 T 0.3
5 0.6] b 2
.9: 0.5 g 0.2 . °
= [ ] ® = "
g 0.4 - & -
S e 011 o
0.3] ¢
€) o2l : : : : d) ool ‘ : : .
2 3 4 5 6 2 3 4 5 6
SCF [kN/cm] SCF [kN/cm]

Figure 3. Plot of SCF against a) and c) the torque of the granulation unit (n = 3-7; mean % sd) and b) and d)
the failure load of the resulting granules (n = 5; mean * sd). a) and b) DCPA c) and d) MCC.
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It is therefore possible to predict the failure load of the granules based on linear correlation
when looking at the SCF at constant gap width and roll speed. The linear increase of the
torque of the granulation unit has to be further investigated, as the increase based on

increased hardness and increased throughput have to be differentiated.
3.3. Impact of SCF and roll speed on throughput

Fig. 5 shows the impact of the SCF and roll speed on the throughput of material for DCPA
(Fig. 5 a) and b)) and MCC (Fig. 5 ¢) and d)). As expected, the throughput increased at
increasing SCF and, for a constant SCF, increased at increasing roll speed. Compacting
MCC at 6 kN/cm and increasing the roll speed (Fig. 5 d), squares) did not lead to increasing
throughput at 4 rpm and above. There was a decrease of throughput at 5 rpm compared to
4 rpm. This can be reasoned, as during production, the milling unit filled up with material
when compacting at 6 kN/cm and above 3 rpm roll speed. Less material could be milled
down than was produced leading to an accumulation of material in the mill and a stagnant

throughput. In all other cases all material could be milled down.
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Fig. 5. Plots of a) and c) SCF against throughput, (n = 3—6; mean * sd) and b) and d) roll speed against
throughput for 2 kN/cm (circle), 4 kN/cm (unfilled square), 6 kN/cm (square), 12 kN/cm (diamond) and 18
kN/cm (triangle) (n = 3—6; mean * sd). a) and b) DCPA, c) and d) MCC. Gap width in all experiments: 2.0
mm.
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3.4. Impact of roll speed on the torque of the granulation unit and granule failure load

As mentioned in Section 3.2., the impact of throughput and hardness on the torque of the

granulation unit have to be differentiated.

At three SCFs, the speed of the compaction rolls was varied (1, 3 and 5 rpm for DCPA and
1,2, 3,4 and 5 rpm for MCC) to vary the throughput of material (Fig. 6 a) and c)). In all
cases, an increase in throughput lead to an increase in torque of the granulation unit. The
plot is an interaction plot of throughput on the torque of the granulation unit at varying
SCF. For both materials, an increase in SCF resulted in an increased slope of the throughput
— torque correlation. Therefore, the impact of the throughput is dependent on the applied
SCF. More specifically, at higher SCF the impact of throughput on the resulting torque of
the granulation unit will increase. This can be reasoned in the increasing hardness at

increasing SCF (Fig. 4 b) and d)).

Increasing roll speed reduces the dwell time in the compaction zone. Therefore, it had to
be tested, whether increasing the roll speed might decrease the hardness of the resulting
granules. For both materials, the failure load of granules produced at two SCFs (6 and 18
kN/cm for DCPA and 2 and 6 kN/cm for MCC, Fig. 6 b) and d)) were tested at varying
throughputs. Concerning DCPA, the probability of the slope being zero is above 79% at 18
kN/cm and above 29% at 6 kN/cm. The low percentage at 6 kN/cm is based on the low
standard deviations obtained in failure load measurements. No relevant trend in granule
hardness can be found for both of the SCF. Detailed values are included in the
supplementary material (see Table S1 for raw data DCPA and Table S2 for raw data MCC).
For MCC, obtaining reproducible failure load values at 6 kN/cm was challenging and thus,
relevant standard deviations were obtained. This can be reasoned in the previously
discussed lacking impact on throughput of increasing the roll speed above 4 rpm (see
Section 3.3.) resulting in a cluster of values located slightly below 8 kg/h. Furthermore, as
discussed in Section 3.2., it was difficult to obtain reproducible results of failure load due
to die filling issues. However, there is no visible trend to decreasing hardness at increased
roll speeds for both SCF. The probability of the slope equaling zero is above 87% and above
95% for 6 kN/cm and 2 kN/cm respectively. Therefore, the hardness values plotted in Fig.
4 b) and d) are the experimentally determined values for a certain SCF regardless of the

roll speed (see Tables S1 and S2).
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Fig. 6 a) and c) show the throughput — corr. torque of the granulation unit plots including
their linear correlation and correlation coefficients R. To evaluate the sole effect of SCF on
the torque of the granulation unit, the linear correlations were used to calculate torque
values at specific throughputs. The resulting plot (Fig. 7) is the interaction plot of SCF on
the corrected torque of the granulation unit depending on different throughputs. In all cases,
increasing the SCF at constant throughputs resulted in higher corrected torque values of the
granulation unit. While for MCC linear correlations show R-values of above 0.98 (Fig. 7
b)), this is not the case for DCPA (Fig. 7 a)). The data points seem as if, for the brittle
material, at increasing SCF the torque values could flatten while hardness still increases
linearly (Fig. 4 b)). This non-linearity is based on data shown in Fig. 6 a). The torque values

of the material produced at 12 kN/cm is not located centered between 6 and 18 kN/cm.
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Fig. 6. Plot of throughput against a) and c) the torque of the granulation unit (n = 1-6; mean % sd) b) and d)
the failure load of the resulting granules (n = 3-5; mean + sd). 2 kN/cm (unfilled circle), 4 kN/cm (unfilled
square), 6 kN/cm (square), 12 kN/cm (circle) and 18 kN/cm (triangle). a) and b) DCPA and c) and d) MCC.

Gap width in all experiments: 2.0 mm.

For both materials, the slope increases at increasing throughput proving that the impact of
SCF is more profound at higher throughputs and vice versa. This plot confirms that
independent from throughput, the SCF, and thus increasing hardness of the material, has

impact on the torque of the granulation unit.

It can be concluded that increasing the throughput by increasing compaction roll speed will

not affect the hardness of the resulting granules. Therefore, material of similar hardness
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will generate different torque values based on the current throughput. These torque values

increase steeper for harder materials. The effect of the hardness itself on the torque of the
granulation unit was proven. If the throughput of material is known, the hardness should

therefore be predictable by using the corrected torque of the granulation unit.
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Figure 7. Interaction plot of SCF against the torque of the granulation unit at varying throughputs for a)
DCPA; 6 kg/h (circle); 12 kg/h (square); 18 kg/h (triangle) and b) MCC; 4.0 kg/h (circle); 5.5 kg/h (square);
7.0 kg/h (triangle).

3.5. Prediction of hardness based on resulting process parameters

The prediction of granule hardness was tested by using data obtained by compacting DCPA
at 15 kN/cm and MCC at 5 kN/cm (see Table 4, Fig. 4 and Tables S1 and S2 in the
supplementary material). Based on the results discussed in 3.2 Influence of SCF on torque
of the granulation unit and granule failure load, 3.4 Impact of roll speed on the torque of

the granulation unit and granule failure load, two predictions can be made.

Firstly, based on the linear correlation of SCF and failure load (Fig. 4 b) and d)) the failure
load at a certain SCF can be calculated. This is shown in Table 4 as “failure load [N] —
calc”. Only the applied SCF is necessary for this calculation since it was determined that

roll speed does not influence the resulting granules failure load (Fig. 6 b) and d)).

-123 -



Towards better understanding of the influence of process parameters in roll

compaction/ dry granulation on throughput, ribbon microhardness and granule failure
load

Secondly, a prediction of granule failure load based on current throughput and corrected
torque can be made. The correlations shown in Fig. 6 a) and c¢) can be used to determine
the torque values expected for the current throughput at three different SCF. Since these
SCF linearly translate to granule failure load values (Fig. 4 b) and d)), a granule failure load
— corrected torque of the granulation unit plot can be derived (Fig. 8). Using the average
corrected torque that was registered during granulation, a predicted failure load value of
the resulting granules can then be calculated using the linear correlations shown in Fig. 8.

The result is listed as “failure load [N] — pred.” In Table 4.
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Figure 8. Plots of failure load against the torque of the granulation unit for throughputs of a) 15.89 kg/h
and b) 2.87 kg/h with a) DCPA and b) MCC.

These values can then be compared to the failure load measured (Table 4, “failure load [N]

—meas.”, data points plotted in Figure 4 b) and d)).

Table 4. SCF, torque of the granulation unit and throughput values for specific data points

DCPA
SCF Torque of | Throu | Failure | Failure load | Failure load
[KN/cm] the ghput | load [N] | [N] - calc. [N] — meas.
granulation | [kg/h] | —pred.
unit [Nm]
15 2.163 15.89 0.55 0.56 0.56
MCC
5 2.310 2.87 0.39 0.32 0.38

The variation between the measured and the calculated failure load can also be seen in Fig.
4 b) and d). They are described by the coefficient of variation R? (0.991 for DCPA and
0.808 for MCC). The value for DCPA (0.56 N), lies almost perfectly on the linear
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correlation plot whereas, in an overall less convincing correlation for MCC based on strong
fluctuations, the calculated failure load for 5 kN/cm deviates stronger from the measured
value (Fig. 4 d)). Therefore, the calculated and measured failure load for DCPA compacted
at 15 kN/cm are both 0.56 N while they differ (0.32 N to 0.38 N) for MCC.

The predicted failure load values deviate from the measured and calculated ones. For
DCPA, the predicted failure load is slightly below the measured failure load (0.55 N to 0.56
N), however this difference cannot be regarded as relevant. In conclusion, both methods to
determine the granule failure load in-line (based on SCF only and based on corrected torque
and throughput) can be regarded as equally suitable. For MCC, the prediction of granule
hardness based on the corrected torque and the throughput outshine the prediction based on
SCF alone. With only a slight deviation to the measured value (0.39 N to 0.38 N), there is
no relevant discrepancy in granule failure load using the real-time prediction based on
resulting process parameters. Therefore, the method has proven usable for real-time

hardness prediction.

Fig. 9 displays results of an experiment compacting DCPA. The process parameters SCF
and gap width are plotted against time. Furthermore, the predicted failure load is plotted in
black. It was predicted using real-time throughput and corrected torque data. The
throughput was determined every minute and a linear correlation between failure load and
torque was determined for every throughput. The current corrected torque values were then
used to determine the predicted failure load. The moving average over 2 min was plotted.
Gray areas highlight process parameters that were not in equilibrium, as a change in SCF
lead to a necessary adjustment in feeding screw speed and an instability in gap width. As
shown in Fig. 2 ¢), both of these process parameters have significant effects on the granules
failure load. Therefore, for each SCF the failure load values predicted in process
equilibrium should be evaluated. It can be seen that the failure load, despite being calculated
by using only the current throughput and torque values, reacted to changes in process

parameters. An increase in SCF lead to an increase in the granules failure load.
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Fig. 9 Plot of failure load (solid black), gap width (solid gray) and SCF (dotted black) against time. Gray
coloring highlights time periods of instable process conditions. DCPA as excipient. Failure load moving
average over 2 minutes. Gap width and SCF values every 10 seconds. Real-time data, n =1
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3.6. Relevance for pharmaceutical manufacturing — how do formulations behave?

To test whether the dependencies of torque, throughput and SCF are also valid for a mixture
of API and excipients, a formulation was prepared and granulated. Raw data is listed in

Table S3 in the supplementary material.

Fig. 10 shows plots for the formulation comparable to those previously shown for pure
excipients. It can be seen that the formulation behaves similarly to the pure excipients as

trends that were reported previously are found for the formulation as well.
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Fig 10. Plots of a) SCF against throughput b) roll speed against throughput at 2 kN/cm (circle), 4 kN/cm
(horizontal line), 6 kN/cm (square) c) throughput against corrected torque of the granulation unit d) SCF
against corrected torque of the granulation unit. n = 1-3; mean + sd.
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Analogous to Fig. 7 it is possible to plot the correlation of SCF and the torque of the

granulation unit independent from throughput (Fig. 11). Good linear correlations are

obtained for the two throughputs furthest apart that could be compared using interpolation.

It can be concluded that the behavior of the torque of the granulation unit while processing

a formulation is similar to pure excipients.
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Fig 11. Plot of SCF against the interpolated torque of the granulation unit at 3.5 kg/h (circle) and 8 kg/h
(square).

4. Conclusion

Linear correlations of SCF and failure load were established for two materials. It was
proven that failure load is independent from the chosen roll speed. Based on the torque of
the granulation unit that were measured for different SCF at varying throughputs, a
correlation was established that allows to evaluate the impact of the material hardness on
the torque of the granulation unit for a specific throughput at constant impeller speed. This
correlation was used to predict the granule hardness completely based on process
parameters. Therefore, the expected failure load of granules produced with controlled
process parameters e.g. SCF and gap width can be compared to the in-line predicted failure
load based on resulting process parameters (throughput and the corrected torque of the
granulation unit). This opens the possibility of a feedback control loop based on granule

failure load controlling the SCF.

Furthermore, if the current granule failure load can be predicted, the optimal compression
pressure to obtain tablets of a certain tensile strength could be calculated. This could lead
to an in-line determination of compression pressure that can be incorporated into a
feedforward control loop. This would allow varying the process parameter of compression

pressure in real-time in order to obtain in-specification tablets during the whole production
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run. More work and validation of the shown correlations is required in order to implement

these control loops.
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Supplementary material

Table S1. raw data DCPA

SCF rpm throughput corr. torque failure load
[kg/h] [Nm] [N]
n=3-6 n=3-6 n=>5
6 1 4.1+0.7 0.13 £0.02 0.20+0.01
6 3 11.+£0.5 0.29+0.12 0.17+0.01
6 5 193+1.0 0.34+0.10 0.17+0.01
12 1 47+0.2 0.41 £0.03 -
12 3 144+04 0.53 £0.06 -
12 5 23.0+0.1 0.79 £0.01 -
18 1 57+1.0 0.40 +0.05 0.78 £ 0.06
18 3 16.9+0.6 0.76 £0.01 0.79 +0.06
18 5 282+0.5 1.18£0.04 0.80 +0.05
9 3 133+04 0.34+0.10 0.31+£0.03
15 3 159+0.5 0.59 +0.08 0.56 +0.02
Table S2. raw data MCC
SCF rpm throughput corr. torque failure load
[ke/h] [Nm] [N]
n=1-3 n=1-3 n=3-5
2 1 24+0.3 0.45+0.15 0.08 +0.01
2 2 45+0.2 0.45+0.07 0.17 £0.02
2 3 6.8+0.1 0.60 £0.01 0.12+0.02
2 4 8.8+0.2 0.58 £ 0.06 0.10+0.01
2 5 11.0+0.0 0.75+0.00 0.10+0.01
4 1 29+0.1 0.64 +0.07
4 2 5.4+0.10 0.73
4 3 7.9 1.02
4 4 9.3 1.15
4 5 11.0 1.25
6 1 3.2%0.1 0.83+0.11 0.39+0.08
6 2 53 1.09 0.49+0.07
6 3 7.5 1.61 0.50 £ 0.05
6 4 7.6 1.57 0.56 £0.10
6 5 7.6 1.39 0.38+0.04
3 1 25+0.1 0.45 £ 0.06 0.21+0.02
5 1 29+0.2 0.74 £0.12 0.38£0.08
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Table S3. raw data formulation

SCF rpm throughput corr. torque
[kg/h] [Nm]
n=2-4 n=3-4
2 1 2.3+0.1 0.23 +0.01
2 3 6.6+0.18 0.25+0.01
2 5 10.7+0.6 0.25+0.01
4 1 3.1+04 0.31+0.00
4 3 8.1+0.2 0.37 £0.02
6 1 3.1£0.1 0.34 +0.01
6 5 134423 0.70 £0.02
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Studies on monitoring granule size distribution and granule hardness, controlling granule
size distribution, determination of residence time distribution and representative sampling

in continuous roll compaction/dry granulation are presented.

The granule size was determined using two different techniques, which are well-established
in size determination: dynamic image analysis and laser diffraction. In order to use real-
time dynamic image analysis in a dry granulation process, it was necessary to implement a
representative sampling method. Only a rotating tube sample divider could provide
representative samples. This sampling approach was so far not described in literature and
representative sampling of pharmaceutical granules was first proven in the scope of this
thesis. For future development of process analyzers, this sampling method can therefore be

implemented, if sampling is necessary.

Subsequently, dynamic laser diffraction was linked to the rotating tube sample dividing
approach. Thereby, granule size measurements were conducted and the shape of the
particles was assessed. For a first evaluation, this was done off-line using material that was
previously granulated. Differently sized granules were poured into the sample divider at
defined rates and analyzed. Back mixing in the sample divider was inhibited by the adding
procedure. The dynamic image analyzer itself included a vibration chute, which can result
in a time delay and potential for back mixing based on the time the material is transferred
on the vibration chute. This can be seen in the results as two to three minutes are needed
between addition of a new material type and a response particle size distribution in
equilibrium. The method was then transferred to a dry granulation process, in which the
principle was confirmed. Further research should aim at evaluating the sensitivity of the

method.

As a second technique, laser diffraction was used to determine the granule size distribution.
For implementing laser diffraction, a sufficient dispersion through the laser beam was
necessary. Pneumatic conveyance was used to transfer material from the granulator to a
collection vessel. The dispersion by the pneumatic conveyance was found to be sufficient
for laser diffraction. Therefore, in-line granule size determination was executed. The
granule size distribution was monitored at varying SCFs. Residence time between the
compaction gap and the measurement was short and can be attributed to mainly the time

the ribbons spend in the milling unit. Increasing the throughput to up to 16.6 kg/h led to a
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drop in transmission below 50 %. Low transmission can indicate insufficient dispersion.
Therefore, on-line laser diffraction was established to be able to measure granules at
throughputs up to 27.5 kg/h. The complete product stream was sampled by a tube that was
inserted in the main product stream and a venturi nozzle for additional dispersion. The
granule size distribution was also monitored at varying SCFs. Representative sampling
using the bypass was successful for small granule sizes but failed for larger particles.
Therefore, representative sampling in pneumatic conveyance must be improved further.
The in-line monitoring was tested by compacting a formulation and then replacing it by a
similar formulation which was over-lubricated with magnesium stearate. The monitoring
system was able to measure the drop in granule size triggered by the over-lubricated
formulation. The fast response time and the sensitivity to changes in process parameters

underlined the system’s ability to be used as a control tool in continuous dry granulation.

Therefore, laser diffraction was implemented in a feedback control loop. A PI-controller
was programmed to react to changes in particle size in adjusting one of the critical process
parameters SCF, gap width and sieve speed. Sieve speed was evaluated to be most suitable,
as it does not affect the ribbon properties itself. Changing the ribbon properties will also
lead to a change in hardness. Adjusting the sieve speed impacted the granule sizes of the
resulting granules. However, the impact is limited, and only small deviations can be
counteracted. Changing the gap width to imitate a fluctuating gap during a process could
be successfully counteracted by adjusting the sieve speed using a Pl-controller. In an
experiment similar to the one to test the monitoring strategy, an over-lubricated and a non
over-lubricated formulation were granulated. The drop in granule size was evident but
could not be counteracted by adjusting the sieve speed. Adjusting the SCF was successful
in adjusting the granule size distribution but was not sufficient to reach the level of the
properly lubricated formulation. The total value of the mean particle size at constant
material and process parameters fluctuated strongly throughout a two week period, in which
experiments were conducted. To develop a robust control strategy, influencing factors of
the granule size should be carefully evaluated and strategies to keep the absolute values

constant for certain process parameter settings should be developed.

Another critical quality attribute that was evaluated in the scope of this thesis was granule
hardness, characterized by granule failure load. In a statistical design of experiments the
impact of SCF, gap width and sieve speed on ribbon microhardness and granule strength

was evaluated. It was proven that ribbon microhardness and granule failure load react

-135-



Summary and Outlook

similarly to changes in SCF and gap width and can therefore be used interchangeably if
needed. The sieve speed could not impact ribbon hardness while it decreased the granule
failure load. This effect can be mainly attributed to a change in particle size at varying sieve
speeds. Subsequently, a material with brittle and a material with plastic deformation
behavior were dry granulated and the torque of the granulation unit and the throughput were
tracked. The impact of SCF and roll speed were evaluated at various levels. In conjunction
with granule failure load values, linear regression models were established. Using these, it
was feasible to estimate the resulting granule failure load by tracking the torque of the
granulation unit and the throughput in real-time. Based on those, the expected granule
failure load increased as the SCF was increased in an experiment. For future research, more
intricate models could be derived. The sensitivity and accuracy of the model could then be

improved and validated.

Finally, the knowledge about residence time distribution in continuous dry granulation was
broadened by characterizing the impact of the impeller in the powder inlet unit of the roll
compactor. Material was colored using wet granulation. This allowed a high intensity of
color that could be tracked readily using a camera and analytical software. At the same
time, the amount of colored tracer needed was low (0.21 m/m% in the final material) and
thereby the impact of tracer on material properties was kept low. This meant that a
comparably easy technique could be used to determine residence time in a dry granulation
line and the low amount of tracer also made this technique cost-efficient. The method also
proved to be robust as determinations carried out under varying lightning conditions
resulted in similar absolute intensity values. The exponential function of the calibration
curve between intensity of color and content of colored material was therefore
characterized by a small coefficient of variation. Absolute residence times, e.g. the time
needed to replace 95 % of the non-colored material with colored material, was significantly
decreased by increasing the roll speed and decreasing the impeller speed in the milling unit.
Therefore, the roll speed should be large and the impeller speed should be low for short and
narrow residence time between the powder inlet unit and the ribbon. In continuous
manufacturing, it is questionable whether this knowledge can be implemented as a high roll

speed also results in large throughputs which might not be desirable in many cases.

Based on the work presented in this thesis, monitoring of granule size and hardness can be
realized during continuous dry granulation. A control strategy approach for granule size

was presented and could be implemented in the installation of a continuous manufacturing
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line with a dry granulation unit. Characterization of the residence time in dry granulation
deepened the process understanding and can be used in the development of control
strategies as well. In conclusion, the understanding of continuous dry granulation was
advanced by the present investigations and the realization of a fully controlled

manufacturing line is coming closer.
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nicht vor dem Geridt. Die Tage der Promotion waren schoner, wenn wir sie mit einem
friihmorgendlichen Gespriach begonnen haben und Konferenzen waren schoner, wenn wir

dort gemeinsam angestof3en haben.

Allen nicht namentlich genannten Mitgliedern des Instituts danke ich ebenfalls fiir die

gemeinsame Zeit.

Meiner Familie danke ich fiir grenzenlose Unterstiitzung und Liebe.
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9 Eidesstattliche Erklarung

Ich versichere an Eides Statt, dass die Dissertation von mir selbstandig und ohne
unzulassige fremde Hilfe unter Beachtung der ,Grundsatze zur Sicherung guter
wissenschaftlicher Praxis an der Heinrich-Heine-Universitat Disseldorf” erstellt worden

ist.

Annika Wilms
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