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Abstract

To modernise manufacturing practices and standards, the pharmaceutical industry is
undergoing an evolutionary shift from batch processes to a continuous end-to-end
operation. Twin screw granulation (TSG) has gained a lot of attention as a viable continuous
alternative to traditional high shear mixing for wet granulation. Additionally, regulatory
guidelines have advocated the adoption of Quality by Design principles to develop a more
versatile operation to consistently deliver quality products. This includes dynamically
adjusting operational parameters within an established design space to accommodate

variability of input materials and yield a uniform output.

The variability of raw materials poses a threat to the Quality Target Product Profile of solid
dosages produced via continuous wet granulation. This work sought to assess particle size
as a Critical Material Attribute and barrel fill as a Critical Process Parameter by investigating
their effects on the Critical Quality Attributes of an immediate release tablet produced via
continuous wet granulation using TSG. A Quality by Design approach was taken to
characterise and document the progression of the variable raw materials from powders to
nuclei (in vitro and in vivo), from nuclei to granules, and from granules to tablets. Each step
sought to link the properties, performance and sensitivity of the material output to the initial

raw materials to determine criticality.

A novel method of engineering three distinct grades of commonly used excipients was used
to evaluate the effect of particle size variability. Single drop penetration tests on bimodal
formulation blends were analysed to discern the effect of particle size and packing on powder
wetting and granule formation. The engineered grades were then used to assess the effect
of variability on granule properties and tablet performance resulting from TSG. Whilst the

drastic particle size variability manifested differences between the granules formed from the



single drop tests, the tablets produced following TSG were all of acceptable quality.
Therefore, for the typical blend used, twin screw granulation proved to be robust enough to
mitigate input variability. However, a consistently high proportion of fines and oversized

granules highlighted a substantial yield inefficiency across all conditions.

Powder material residence time distribution was also characterised to explore the channel
fill within the barrel. The analysis demonstrated that by maintaining barrel conditions via
the material feed rate and screw speed, granule properties can be preserved whilst

increasing throughput as a method of scaling output.

This study highlighted that whilst material attributes and process parameters can be adjusted
to manipulate material output, fundamental features of the TSG design, such as short

residence time and liquid addition, limit production efficiency.
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mesh aperture through which the powder was first sieved; 1.4 mm, 750 and 500 pm,
respectively. (b) Images depicting 3D macro-void reconstruction resulting from X-ray
computed tomography (Davis et al., 2017). Pores of the same colour are connected.. 68
Figure 3.1 SEM images of various stock grades of LAC (top) and MCC (bottom) (Meggle
Pharma, 2019, ROWE €t al., 2002)..uueeiiiiiiiiiiieieeee ettt e e eeeetarae e e e e e e e enaaenes 72
Figure 3.2 Lactose sieve fractions of commercial grades (left) and sieve fractions of
reconstituted pseudo-grades (right). Each sieve fraction of the commercial grades was
divided into eight equal parts - represented here by individual blocks. These were then
reconstituted into the pseudo-grades, with colour representing the originating
commercial grade. Where fi(Inx) is the lognormal distribution of mass frequency (f) of
particles of diameter x in sieve fraction with size interval i. Note: y-axes are not equal.

Figure 3.3 Microcrystalline cellulose sieve fractions of commercial grades (left) and sieve
fractions of reconstituted pseudo-grades (right). Each sieve fraction of the commercial
grades was divided into eight equal parts - represented here by individual blocks. These
were then reconstituted into the pseudo-grades, with colour representing the
originating commercial grade. Where fi(Inx) is the lognormal distribution of mass
frequency (f) of particles of diameter x in sieve fraction with size interval i. Note: y-axes
Tl Yo A =Ye [U T | PR 75

Figure 3.4 Experimental setup for the droplet penetration tests.........cccceccvvveeeicveeeecnnnenn. 78

Figure 3.5 A representation of the treatment process by converting each image frame
(top) to 8-bit greyscale (middle) and then to 1-bit binary (bottom) for reproducible edge
(o 1=y =Tt 4 (o) o TSR 79

Figure 3.6 A representation of measurements obtained from image analysis (not-to-scale).
In practice each cross-sectional slice had a height of 1-pixel, corresponding to 16.2 um.

Figure 3.7 Sequential treatment process used to measure granule dimensions and area. (1)
initial image, (2) conversion to 8-bit greyscale image and gaussian blur to eliminate small
particles, (3) adjust threshold to mark structures, (4) label each structure to match
COrrespoNding MEASUIEMENTS. .. .uuiiiiiciiiieiiitee e cciree et e e ere e esee e e s ebe e e s e sbreeeesabaeeessnsenas 82

Figure 3.8 Radar chart comparing normalised powder properties for LAC (top) and MCC
(bottom) commercial grades and pseudo grades. Where (dso-d10)/dso is PSD span, ds is
Sauter mean diameter, AR is aspect ratio, poui is bulk density, prapped is tapped density, Cl
is compressibility index, FF is flow function, CFl is consolidation flow index, and BET-SA
IS SPECIfIC SUMACE @r€a. .iiiieiiieiciiee e e e s e e e e ae e e e nreeas 86

Figure 3.9 Particle size distribution of the stock grades (left) and pseudo grades (right) of
a-lactose monohydrate (top) and microcrystalline cellulose (bottom) as obtained via
QICPIC particle sizing (averaged from triplicate measurements). The shaded region and
accompanying tables indicate the PSD overlap between the various associated grades.
EQPC is the diameter of a circle with an equivalent projection area as the measured
o [ ol =SS UERRRNE 89

Figure 3.10 Particle size distribution and cumulative distribution of stock grades, pseudo-
grades and sieve fractions of a-lactose monohydrate (top) and microcrystalline cellulose
(bottom) as obtained via QICPIC particle sizing (averaged from triplicate measurements).
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EQPC is the diameter of a circle with an equivalent projection area as the measured

o T Lo [P 90
Figure 3.11 Compressibility index (mean +sd, n=3) of the stock grades, pseudo-grades and
sieve fractions of LAC (left) and MCC (Fight). ....ccccuveeieciiie e 92

Figure 3.12 Powder bed porosity (mean sd, n=3) of the stock grades, pseudo-grades and
sieve fractions of LAC (left) and MCC (right) when loosely consolidated following a FT4
conditioning cycle (blue) and when fully consolidated following tapping (orange). ....... 92

Figure 3.13 Flow function of the various grades of LAC (a & ¢) and MCC (b & d) resulting
from FT4 shear cell test, where FFc<1 is non-flowing; 1<FFc<2 is very cohesive; 2<FFc<4
is cohesive; 4<FFc<10 is easy-flowing; and 10<FFc is free-flowing. .......cccccvveevcrrreennnnn. 93

Figure 3.14 Compressibility index (top) and flow function (bottom) plotted against particle
size measurements of the various grades of LAC (left) and MCC (right) with
corresponding R-SQUAred ValUES. ......ccuueiiiiiiiie ettt e e e e e e 96

Figure 3.15 Properties of LAC:LAC (left) and LAC:MCC (right) binary mixtures; conditioned
and tapped porosity (a), compressibility index (b), and flow function (c) (mean tsd, n=3).

.......................................................................................................................................... 98
Figure 3.16 Time lapse of key moments during droplet penetration from impingement to
(oleYa 0¥ o] =] (= Tn 0] o 1 o114 o] s DUt 103

Figure 3.17 Time lapse depicts entrainment of particles to droplet surface during impact.
Arrows highlight entrained particles that eventually permeate into the droplet. A 0%
w/w HPMC droplet impinging on a loosely-consolidated LAC_70 Lo:LAC_30_Lo powder
oT<T o FR U U UPUPROt 104

Figure 3.18 Typical representation of the measurements obtained for the droplet contact
diameter (orange line), droplet height (grey line) and penetrated volume (blue line)
plotted as a function of time. Figure 2.21b is shown inset comparing the constant
drawing area and decreasing drawing area imbibition regimes with the experimental
FESUILS SUPEIIMPOSEU...ciiiiiiieiiiiiie e ccitee ettt e e e sbee e e s sbae e e ssabee e e e sabeeeeesnraeeesnseeas 106

Figure 3.19 Droplet contact diameter plotted as a function of time with key moments and
features highlighted: (1) Droplet contact, t0; (2) Inertial spreading; (3) Initial spread
diameter, di; (4) Energy dissipation; (5) Viscous spreading; (6) Maximum spread
diameter, dmax; (7) Constant diameter; (8) Droplet receding; and (9) Complete imbibition,

Figure 3.20 Examples of droplet height (solid line) and contact diameter (dashed line)
oscillating during energy dissipation. The oscillations are numbered and the frequency
T a7 a1 1F=d 0 (= PP PPP 109
Figure 3.21 Normalised contact diameter (d/d0) with (a-e) comparing the main effects of
each factor on energy dissipation and (f) comparing the shortest - Exp10 - and longest
penetration tests — Exp5 — with DoE centre point — EXp 25......ccccoeevieeieiiiee e, 111
Figure 3.22 Multiple linear regression coefficients pertaining to (i) the oscillation frequency
and (ii) duration required for energy dissipation for droplets deposited on LAC:LAC
powder beds. Significant coefficients (p<0.05) are coloured blue. ...........ccccuveeennneen. 114
Figure 3.23 Response surfaces illustrating the MLR models pertaining to the oscillation
frequency (left) and duration (right) required for energy dissipation for droplets
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Figure 3.40 Images of a PEG400 droplet deposited adjacent to pre-wetted lactose 200
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Figure 3.41 Images (top) and schematic (bottom) representing stages of droplet
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Figure 3.47 Granule diameter, dnucei, in relation to maximum droplet spread, dmax, for all
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MCC_30 are visually distinguished for comparison. The dashed lines represent the
extent of late-diffusive intra-spreading (dnuciei/ Omax). coeeeeereeeieeerieeeeirieenireeeereeeereeeeree e 152

Figure 3.48 MLR coefficients pertaining to (i) vertical aspect ratio, (ii) mass and (iii) porosity
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Figure 3.49 Response surfaces resulting from the MLR models for granule properties
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Figure 3.50 MLR coefficients pertaining to (i) vertical aspect ratio, (ii) mass and (iii)
porosity of granules resulting from LAC:MCC powder beds. Significant coefficients
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Figure 4.3 Schematic of the twin screw extruder’s modified setup for granulation studies.

Figure 4.4 Screw configuration for nucleation (top) and granulation (bottom)................ 171

Figure 4.5 Mechanics of conveying action and forces acting on a particle in a screw
conveyor (adapted from Roberts, 1999). VS is screw velocity (m/s), VA is absolute
velocity (m/s), VR is relative velocity (m/s), VL is conveying velocity component (m/s),
VLT is maximum theoretical conveying velocity (m/s), VT is rotating velocity component
(m/s), A is helix angle of particle (0), a is helix angle of screw (o), AFA is axial force due to
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Figure 4.19 Profiles (10-point moving average) comparing the effect of PSD on RTD during
nucleation (top) and granulation (bottom); PSD+1 (green), PSD-0.176 (amber) and PSD-1
=T ) S 193

Figure 4.20 Profiles (10-point moving average) comparing the effect of TVF on RTD during
granulation at comparable SS; TVF+1 (blue), TVFO (amber) and TVF-1 (grey). Note: It
was not possible to achieve all three TVF conditions at comparable SS with the
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Figure 4.21 Screw and barrel conditions following emergency stop mid-operation and
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Figure 4.22 Conveying efficiency, c,, in relation to screw speed for the nucleation setup
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Figure 4.23 Visual inspection of the channel fill during nucleation at various TVF values
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Figure 4.24 Comparison of size distribution of dry formulation (dotted line, --::), material
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Figure 4.25 Nuclei size distribution measured by sieve analysis following nucleation of PSD-
1 (red), PSD-0.176 (amber) and PSD+1 (green), at LSR=0.15 (top) and LSR=0.18 (bottom),
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Figure 4.26 Material resulting from the nucleation setup categorised into non-wetted
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Figure 4.27 MLR model — magnitude of each significant term influencing the size
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Figure 4.28 Normalised agglomeration (agglomerate dso/primary particle dso) as a function
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Figure 4.29 Samples of granules following granulation retained on 212-1400 pum sieve
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Figure 4.30 Size distribution measured by sieve analysis following granulation of PSD-1
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Figure 4.32 MLR model — magnitude of each significant term influencing the size
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1. Introduction

1.1.  Twin Screw Granulation

Granulation is ubiquitous in any industry processing fine powders and is the process of
agglomerating small particles into large ones. The purpose for this process of particle
enlargement is that granules possess more favourable properties than raw powders with
respect to homogeneity, flowability, compaction, dust emission and segregation. In the
pharmaceutical industry, wet granulation is the most common method of particle
enlargement and involves agitating the powder in the presence of a liquid binder. Cohesive
liquid bridges form between adjacent primary particles resulting in a larger particle known
as a granule. Several methods of wet granulation exist and are utilised by drug
manufacturers including high shear mixers, fluidised bed granulators and drum granulators.
Each of these are batch processes. More recently, twin screw granulators have gained
interest and coincide with industry ambitions of adopting continuous manufacturing. A basic
depiction of a twin screw granulator is shown in Figure 1.1 and consists of a dry powder blend
and liquid binder being continually introduced into a barrel housing two co-rotating screws.
The screws can be configured to include various elements to modulate compression and
shear forces. The material traverses the barrel within seconds and is discharged at the
opposite end in the form of wet granular material. Twin screw granulation not only offers
an opportunity for reduced processing time and easier scale-up, but also, greater operational
control (Dhenge et al., 2012a; Tu et al.,, 2013; V. Lute et al.,, 2016) to better meet the
requirements of quality risk management (ICH, 2005). However, the effects of variable raw

materials on granule quality has not been fully established in the literature.
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Formulation
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Figure 1.1 Basic diagram of a twin screw granulator in operation.

1.2. Research aims and objectives

The aim of the proposed research project is to investigate twin screw granulation’s ability to
accommodate variability of the raw material. Namely, to evaluate the effect of particle size
distribution of commonly used excipient powders on the properties of the resulting granules.
The criticality of particle size will be assessed at each stage of manufacture including powder

blend, nucleation, granulation and tableting.

It is hypothesised that varying the primary particle size will result in significant changes to
the granule properties because the short residence time places greater emphasis on particle
wetting during nucleation than conventional wet granulation via a high shear mixer, as there
is less time for mechanical dispersion of the liquid binder. It is believed that this will in turn,

have an impact on the performance of the final dosage form.

A secondary aim is to assess twin screw granulation’s ability to scale-up output by increasing

the material throughput whilst maintaining granule quality. It is hypothesised that granule
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quality can be preserved whilst increasing material throughput by adjusting process

parameters to maintain the barrel fill level.

To achieve these aims the following objectives will be performed:

1) Evaluate the current state of continuous twin screw granulation, as well as the Quality by

Design framework through which its application must be developed.

2) Use a novel method to engineer distinct grades of commonly used excipients, followed by

characterising their particle and powder properties and behaviours.

3) Study powder wetting in vitro by measuring the effects of formulation parameters on
droplet penetration and nuclei formation in a static powder bed and determine if in vitro

observations are informative to in vivo production.

4) Assess particle size distribution of commonly used excipients as Critical Material Attributes
by investigating the effect of variability on the properties of granules produced via twin screw

granulation, and performance of the subsequent tablets.

5) Develop a means of controlling barrel fill during twin screw granulation, and subsequently
assess barrel fill as a Critical Process Parameter by investigating the effect of various fill levels

on the properties of the resulting granules and the ensuing tablets.

6) Assess controlling barrel fill level as a means of increasing material throughput and scaling

up twin screw granulation production, whilst preserving granule quality.
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1.3.  Novelty of research

The novel aspects of this research include:

1) Generating distinct and normally distributed engineered grades of commonly used
excipients to investigate the influence of particle size distribution on powder wetting, nuclei

formation and twin screw granulation.

2) Developing understanding of powder wetting in a static powder bed by characterising and
linking droplet oscillation post-impact, energy dissipation, droplet spreading, droplet

imbibition, late-diffusive intra-spreading, and nuclei formation.

3) Assessing particle size distribution as a Critical Material Attribute and barrel fill level as a
Critical Process Parameter determining relationship between these variables and the Critical

Quality Attributes of the final tablet product.

3) Developing determination of total volumetric fraction by characterising residence time
distribution during twin screw granulation to incorporate conveying efficiency to better

control barrel fill level.

4) Evaluate the developed total volumetric fraction as a means of maintaining granule quality

whilst increasing material throughput.



2. Literature Review

2.1.  Pharma background — a changing environment

The pharmaceutical industry is one of the most regulated and research-intensive industries
worldwide (MclLaughlin et al.,, 2017; efpia, 2018). For their troubles, successful
pharmaceutical companies have become top staples of their respective securities exchanges.
With that said, revenue from prescription medicines has experienced modest growth in
recent years — 4 % from USD 558 billion in 2010 to USD 583 billion in 2017 — and yet, internal
and external pressures have seen the cost of innovation increase 28% over that same period

(EvaluatePharma, 2018).

Due to comprehensive clinical trials and high candidate attrition, estimates of the average
spending on research and development per successful new molecular entity (NME) have
risen from USD 1.7 billion to USD 3.9 billion and the total R&D costs amount to 20% of
prescription sales (Gilbert et al., 2003; Scannell et al., 2012; EvaluatePharma, 2018).
Additionally, the first decade of this millennium saw the number of NME approvals stagnate
at approximately 30 per annum despite an increase in the number of new drug applications
(EvaluatePharma, 2018; Scannell et al., 2012). Moreover, the industry faces value-based
pricing pressures from healthcare payers due to the rising incidence of costly chronic diseases
such as diabetes and Alzheimer’s, compounded by an aging population in most developed

countries (Mathers and Loncar, 2006; United Nations et al., 2015).

Demands for more targeted treatments with improved and verifiable outcomes continues to
stratify the market and has curtailed the product pipeline for blockbuster drugs (Gibson et
al., 2015). Further pressure is created by the lengthy clinical trials and approval process that
limit the length of patent protection for successful NMEs. It is during this protected period

that the majority of expenditure can be recouped before generic manufacturers file
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abbreviated new drug applications and offer more competitively priced bioequivalent

alternatives.

Therefore, as one of the last stages in the R&D process, the manufacturing operation is often
developed in haste to maximise sales during patent protection, as each day post-approval is
potentially worth millions of dollars in revenue (Suresh and Basu, 2008). As a result, a batch
failure rate of circa 16% (2.5 sigma) is considered acceptable within pharma and is
comparatively much higher than other manufacturing industries where operating above 5
sigma — 3.4 defects per million — is the standard (Bruttin and Dean, 2005; Blackburn et al.,
2011). This failure rate elicits extensive testing to identify defective batches, which are
reworked or disposed of in order to ensure a product output above 5 sigma, and hence, the
pejorative phrase “quality by testing” is commonly associated with the pharmaceutical
industry.  Some researchers have even estimated that the cumulated manufacturing
inefficiencies across the industry amount to USD 50 billion each year (Macher and Nickerson,

2006).

In the past, relatively high incidence rates of out-of-specification (OOS) batches have been
tolerated as high sales revenue has offset the cost of inefficiencies. Additionally, stringent
regulations - in the form of a Scale-up and Postapproval Changes application - provided little
incentive for pharma to innovate practices once a manufacturing processes had been
established. However, via quality guidelines published by the International Council for
Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH), global
regulators have collectively sought to discourage the traditional quality-by-testing approach
and instead promote and facilitate the adoption of quality-by-design (QbD) principles and
the incorporation of process-analytical-tools for real time release (International Conference

on Harmonisation, 2009).
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Additionally, in 2017, in an effort to support modernisation of the pharmaceutical industry,
the U.S. Food and Drug Administration (FDA) issued guidance on advancing the application
of emerging technologies in the manufacture of quality pharmaceutical products (Center for
Drug Evaluation and Research and US Food & Drug Administration, 2017). This was in
response to an ever-increasing number of drug shortages resulting from disruptions in
manufacture, which in turn jeopardise patient care. Hence, the FDA seeks to encourage and
facilitate “a more robust drug product design and improved manufacturing with better
process control, thereby leading to improved product quality and availability throughout a
product’s lifecycle.” (Center for Drug Evaluation and Research and US Food & Drug

Administration, 2017).

Subject to this internal and external scrutiny, the case is being made for moving away from
the conventional batch manufacture of drugs and towards a continuous operation. This is
spurred by an industry initiative to implement emerging technologies to build an agile,
efficient supply chain which brings pharma closer to the patient (Arlington, 2011). It is
evident that this paradigm shift is reliant on the process intensification capabilities of
continuous manufacturing, such as possessing a smaller plant footprint, reduced wastage,
greater equipment utilisation, reduced handling, improved safety, less idle inventory, more
flexible scalability, and a narrower scope for in-process variation. The subsequent supply
chain benefits include greater market dispersion, increased end-to-end responsiveness, less
capital frozen in large inventory, reduced transportation, lower capital requirements, and

greater supply chain control.

The sum of these efficiencies is expected to manifest as substantial financial gain and greater

quality control. However, the aforementioned industry pressures, amongst many others
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that have not been discussed here, have collectively contributed to the cultivation of a risk
averse climate that has stifled innovation that might unnerve shareholders and buttressed
adherence to conventional practices (Kaplan, 2004). Therefore, in pursuit of the rewards of
continuous manufacture and to alleviate anxieties, companies have sought to disperse the
risk by engaging in precompetitive collaborations that draw on the skills and expertise of
manufacturers, supply vendors, academia, regulators and governmental bodies (Florence,
2017). Not only do these collaborations seek to develop the understanding and technology
to make continuous manufacturing viable, but also to develop the skills and mind-set

necessary to champion the continual development of manufacturing in the future.

Examples of these strategic collaborations include the Center for Structured Organic
Particulate Systems (C-SOPs) which is headquartered at Rutgers University and involves three
other U.S. academic institutions and over 40 industrial consortium member companies (C-
SOPS, 2017); Research Centre Pharmaceutical Engineering GmbH (RCPE) located in Graz,
Austria (RCPE, 2018); the Novartis-MIT Center for Continuous Manufacturing based at
Massachusetts Institute of Technology (Novartis-MIT Center for Continuous Manufacturing,
2017); and the EPSRC Centre for Innovative Manufacturing for Continuous Manufacturing
and Crystallisation (CMAC) which comprises a hub at the University of Strathclyde, Glasgow,
six other UK universities and over 20 industry partners (CMAC, 2018). Additionally, between
2009 and 2013 Bayer Technology Services GmbH coordinated a project funded by the
European Commission to research and assess the viability of Flexible, Fast and Future
Production Processes (F* Factory) as a mode of manufacturing process intensification for
chemical industries (European Commission and Bayer Tehnology Services GmBH, 2013).
Further, a 2016 symposium co-hosted by CMAC and MIT resulted in a regulatory white paper

(Nasr et al., 2017). The funding and attention these groups have received is a testament to
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the importance of advancing manufacturing practices and its impact on the future of

healthcare.

2.1.1. Continuous manufacture

Due to little innovation to its batch operations in prior decades, the manufacture of
pharmaceuticals has long been surpassed by contemporary industries, such as those involved
in the manufacture of bulk chemicals and household commodities. Director of the US-based
Centre for Drug Evaluation and Research, Janet Woodcock, stated that “...manufacturing
experts from the 1950s would easily recognise the pharmaceutical manufacturing processes
of today,” (FDA, 2012). Yet, she continued to state that “...manufacturing will change in the
next 25 years as current manufacturing practices are abandoned in favour of cleaner, flexible,

(and) more efficient continuous manufacturing.”

A conceptual integrated continuous manufacturing process

Synthesis Crystallization Blending Granulation &Sizing Tablet press &Coating
b | PAT & Active T !
Process Control Systems
L At one site: (1) small equipment; (2) short supply chain. )

Ddys
A typical batch manufacturing process
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Figure 2.1 A conceptual fully integrated continuous manufacturing process (top). A typical
batch manufacturing process for tablets is also presented for comparison (bottom) (Lee et
al., 2015).
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In recent guidance issued by the FDA, continuous manufacture was defined as “a process in
which the input material(s) are continuously fed into and transformed within the process,
and the processed output materials are continuously removed from...an integrated process

that consists of a series of two or more unit operations” (CDER, 2019).

As contrasted in Figure 2.1, batch manufacturing involves discrete unit operations
punctuated by significant periods of idle inventory whilst subjected to extensive off-line
quality testing (CDER, 2004; Lee et al., 2015), and laborious material transfer (Kim and Lee,
1993; Gorsek and Glavic, 1997; Mascia et al., 2013). Other features characteristic of batch
manufacture includes a large equipment foot print (Lee et al.,, 2015), low equipment
utilisation (Tyson, 2019), significant operational start up and shut down, long production
schedules (Calabrese and Pissavini, 2011), labour intensive tasks (Gorsek and Glavic, 1997),

and arduous and inflexible scale-up capabilities (Faure et al., 2001; Leuenberger, 2001).

By moving away from processing large volumes of materials in segregated stages (e.g. large
vessel reactors and mixers), and instead, leaning towards perpetual material flow (e.g.
oscillatory flow reactors, twin-screw extruders and spray dryers), continuous manufacturing
represents a form of process intensification (Gutmann et al., 2015). The lower in-process
volume and greater process surface area involved allows for fewer dead spots and reduced
thermal lag, resulting in greater heat transfer uniformity (Gutmann et al., 2015).
Additionally, these features permit increased accessibility and closer monitoring, in addition
to greater opportunities for intervention and more precise control of key process parameters
such as temperature and moisture levels (Gutmann et al., 2015; Kockmann et al., 2008;
LaPorte and Wang, 2007; Van Arnum, 2013). This enhanced control can manifest as a
reduction in impurities and increase in product quality (Kockmann and Roberge, 2009;

Roberge et al., 2008).
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A further benefit of supplanting large volume processors that are disconnected with small
volume alternatives that are integrated, is that energetic chemistries and toxic compounds
can be handled on a smaller scale with less risk (LaPorte and Wang, 2007; Mascia et al., 2013).
Furthermore, end-to-end process integration diminishes the need for material transfer and
buffer inventory (Lee et al., 2015), and hence, can decrease the risk of contamination,

operator exposure and degradation of sensitive in-process material (Mascia et al., 2013).
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Figure 2.2 Anillustrative comparison of scale-up strategies to triple output. Batch
manufacture (top) involves capricious increases in equipment dimensions and operating
time. Continuous manufacture (bottom) can be achieved by (i) increasing flow-rate, (ii)
operating more lines in parallel, and/or (iii) extending operating time.

Another advantage of continuous processing pertains to scalability. In the past
manufacturers have struggled to predict a drug’s market size (Porath, 2018), which in turn

has limited their ability to forecast manufacturing requirements (Bauer and Fischer, 2000).
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With that said, it has been recognised that, in the post-blockbuster era, newer drugs targeting
increasingly stratified populations are more likely to be produced in smaller quantities
(Debnath et al., 2010). However, as often is the case, drugs can be repurposed and licenced
for new indications, subsequently increasing dramatically in demand (Nguyen et al., 2018;
Oprea et al.,, 2011). Alternatively, competitor “me-too” drugs can significantly reduce
market share (Lichtenberg and Philipson, 2002), as can greater-than-anticipated reporting of
adverse reactions during phase IV post-marketing surveillance (Siramshetty et al., 2016).
Conversely, a competitor may experience manufacturing issues and shortages, resulting in a
dramatic increase in demand for alternatives. Hence, production must possess the ability to
adapt to fluctuations in demand, without jeopardising significant capital investment and

product quality.

Scaling a batch process generally involves larger equipment, significant investment, and
complex geometric, dynamic and kinematic considerations (Agrawal and Pandey, 2015), and
is rarely a matter of proportionality (Levin, 2001; Muller and Latimer, 2009; Pandey and
Badawy, 2016). Contrastingly, continuous processes offer the flexibility of scaling-out i.e.
extending the duration of operation (Lee et al., 2015), scaling-throughput i.e. increasing the
processing flowrate i.e. (Mascia et al., 2013), or scaling-in-numbers i.e. multiplying the
number of lines operating in parallel (Allison et al., 2015; Gutmann et al., 2015), as illustrated

in Figure 2.2.

Coupled with greater scalability, production agility is further enhanced by shortened
production schedules. The FDA estimates that some drugs which normally take months to
produce using conventional batch processing, may only take one day to make using
continuous manufacturing (Lee, 2017). This enables a pharmaceutical product to be

produced just-in-time and in response to market demand rather than having to maintain
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large inventories internationally in case of regional surges in demand (National Academies of
Sciences, Engineering and Medicine et al.,, 2019).  Equally, manufacturers are better
positioned to respond rapidly to drug shortages with minimal latency in the lead time

(National Academies of Sciences, Engineering and Medicine et al., 2019).

Furthermore, continuous manufacturing’s intensification promises manufacturing sites that
occupy a smaller footprint, yield less waste (Leonard, 2019), and house fewer personnel,
thus, requiring less capital (Dream, 2017; Srai et al., 2015). This incentivises manufacturers
to build more production sites that are closer to their final markets, rather than current
practices that involve globally centralised manufacturing sites and extensive logistics
(Harrison et al., 2018). This not only results in a more environmentally friendly supply chain,
but by operating closer to the end-user, the bullwhip effect resulting from fluctuations in
demand is reduced, further realising lean manufacturing (Harrison et al., 2018; National
Academies of Sciences, Engineering and Medicine et al., 2019; Srai et al., 2015). Hence,
continuous manufacturing does not only add value during production, but has the potential
to benefit and revolutionise the entire supply network (Harrington et al., 2017; Srai et al.,

2016).

2.1.2. Technical challenges

Whilst extensive end-product testing is synonymous with batch manufacturing and pharma
(Uddin et al., 2015), continued reliance on this method of quality assurance will nullify many
of the efficiencies gained from continuous process (CDER, 2019). To realise real-time
release, data pertaining to the input material, process conditions, in-process material and
product properties must be attainable live and at-line (Coldn et al., 2017; ICH, 2009; Potter,
2009; Vargas et al., 2018). Therefore, utilising process analytical technology (PAT) is a

fundamental component to supporting active process control and real time parameter
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adjustment to respond to material variability and process disturbances (CDER, 2004; Lee et

al., 2015; Potter, 2009).

An adequate feedback control strategy during continuous manufacture warrants additional
characterisation and control of input material attributes beyond compendial standards (Lee
et al.,, 2015; Yu, 2008). To achieve continuous production during lengthy production
campaigns, different batches of raw feedstock must be continuously added to the feeder
system. As material attributes can vary between batches and even shift throughout a
product’s lifecycle, the effects of variability on process control, residence time distribution
and product functionality must be well characterised and incorporated into process design
(International Conference on Harmonisation, 2009; Narang, 2015; Su et al., 2019). In doing
so, input variability can be proactively identified and the impact on manufacture mitigated

(Yu, 2008).

Furthermore, due to the absence of discrete batches, continuous operations must possess
the capability of detecting and diverting materials that are OOS or materials that are
processed when out-of-range conditions occur, such as during start-up, shut-down and
temporary process disturbances (CDER, 2019). In order to adequately segregate the non-
conforming material downstream, PAT must be able to measure the duration and severity of
the disturbance and a comprehensive characterisation of the process residence time and
axial mixing is required to establish safety margins for diversion (CDER, 2019). Process
designers must seek to adequately segregate OOS material without affecting the rest of the

process and material flow (CDER, 2019).
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2.1.3. Regulatory challenges

In addition to technical challenges to implementing continuous manufacture, manufacturers
must also address regulatory considerations (CDER, 2019). Foremost, the ability to establish
a continuous analogue to the lot number used in batch manufacture. A lot number is unique
to a single batch and enables it to be identified with respect to its constituents, production
and supply. This is important for quality and safety purposes, for example in the event of a

product recall, of which 1,225 occurred in 2013 alone (Gaffney, 2014).

In batch manufacture a specific quantity of product, that is intended to have uniform quality
within specified limits, is produced according to a single manufacturing order during the
same cycle of manufacture. In continuous manufacture, this is not possible as there is no
definitive beginning or end once steady state is achieved. Hence, a lot number would relate
to an arbitrary unit of time or quantity and would not be dependent on equipment capacity
(Lee et al., 2015). An additional consideration pertaining to lot identification is that during
continuous operations, a single lot may include different batches of feed stock as a result of
axial back mixing, and thus, obscure the ability to identify the origins of each lot. As a result,
manufacturers must demonstrate a keen understanding of material mixing and propagation
throughout the manufacturing process (Kumar et al., 2015). These considerations, amongst
other regulatory concerns are likely to be addressed in an upcoming ICH guideline (Q13) that
will promote, facilitate and clarify regulatory involvement in the development of continuous

manufacturing (ICH, 2018).

The above discussion highlights some of the merits and challenges of continuous
manufacturing that are at the forefront of pharmaceutical innovation and are summarised in

Figure 2.3. Some cases of continuous manufacturing being actualised do exist; July 2015

11
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marked the first continuously manufactured drug to gain FDA approval, Vertex’'s Orkambi
(Pollack, 2015), followed by Symdeko in February 2018 (Davio, 2018) — both of which are
combination drugs for the treatment of cystic fibrosis. Additionally, in April 2016 Janssen
successfully transitioned the manufacture of its retroviral, Prezista, from batch to continuous
production (Marriott, 2017). Likewise, industry leaders are investing significant resources
into continuous manufacture R&D (Khinast, 2016) and an ever-increasing number of
companies “have engaged the FDA in their efforts to develop and implement CM processes”
(Gottlieb and Woodcock, 2019). This interest has drawn in equipment vendors, most notably
a GEA-Siemens collaboration resulting in the ConsiGma™ Continuous Tableting Line - a plug-
and-play modular platform capable of creating coated tablets from raw materials in a single

continuous production line (GEA-Siemens, 2020).

*  Greater automation +  Little idle inventory

*  End-to-end integration *  High equipment utilisation
*  Reduced handling and exposure *  Less labour intensive
*  Reduced energetics *  Reduced waste
*  Increased process control *  Low buffer stock
+ Improved mass and heat transfer *  Flexible scalahility
*  Greater at-line monitoring *  Short lead time
+  Only 005 diverted and rejected
Challenges

*  Lack of regulatary experience
*  Emerging technology *  Fouling and steady state shift
. Pre-cgmpetinve collaboration . Process and material trafeabi]it?
. Regulatory engagement - Product identification
«  Decentralised manufacture *  Economically viable drug candidates
s Real-time release *  Generic and CRO engagement
= QbDframework = Product lifecycle

Figure 2.3 Advantages, opportunities and challenges associated with continuous drug
manufacture. This list is not exhaustive.
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2.1.4. Quality by Design

To gain regulatory approval, drug manufacturers must comply with Current Good
Manufacturing Practice (cGMP) (Eudralex, 2011). These regulations stipulate that
pharmaceutical products are subject to stringent specifications. In the third module of the
Common Technical Document (CTD), section 3.2.P.3.3. titled “Description of the
Manufacturing Process and Process Controls” manufacturers must detail information

pertaining to all aspects of drug production (ICH, 2003):

e Manufacturing site locations

e APl characterisation

e Dosage form composition

e Raw materials

e Product characterisation

e Process development

e Manufacturing process

e Analytical methods

e Specification testing of raw materials

e In-process materials and product

e Container and closure systems

e Stability testing data

e Release testing data

13
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Traditionally, once licensing is granted, the manufacturing process becomes fixed, whereby
any changes must first gain approval from a Scale-up and Post Approval Changes expert
working group following submission of supplemental documentation (CDER, 1995). Hence,

in the absence of regulatory permission, any deviation from the approved method is invalid.

One such problem arising from this rigid approach, is that lot-to-lot variability is inherent to
many of the raw materials used in drug formulation due to their agricultural and natural
origins (Dave et al., 2015; IPEC, 2008). Additionally, in the absence of an excipient industry
solely serving pharma, the specification of bulk raw materials is broad and beyond the control
of drug manufacturers (Dave et al., 2015; Schoneker, 2008). Therefore, a variable output is

often the consequence of feeding a variable input into a fixed and unforgiving process.

A more versatile and flexible response to variability is offered by the implementation of
Quality by Design (QbD) principles. A shift towards this paradigm is being advocated by
regulatory bodies, most notably in a series of quality guidelines issued by the International
Council for Harmonisation (ICH, 2012, 2009, 2008, 2005). In ICH Q8(R2) regulators affirmed
that “the aim of pharmaceutical development is to design a quality product and its
manufacturing process to consistently deliver the intended performance of the product”
(ICH, 2009). Q10 posits a shift towards a QbD paradigm would allow for predetermined
process adjustments to accommodate variability with the objective of producing a uniform

product (ICH, 2008).

QbD is a systematic approach to process development, and it incorporates a fundamental
and scientific understanding of material and process variables into quality risk management

(ICH, 2009). By identifying the greatest sources of risk to the desired product properties,

14
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then steps can be taken to mitigate those risks (ICH, 2005). Hence, quality is built into the

product rather than resorting to testing the defects out.

By beginning with the patient in mind, the QbD approach first seeks to establish a quality
target product profile (QTPP). QTPP is defined as “a prospective summary of the quality
characteristics of a drug product that ideally will be achieved to ensure the desired quality,
taking into account safety and efficacy” (ICH, 2009). Example profile targets include the
route of administration, dosage strength and release profile of the drug as they pertain to

clinical performance.

From the QTPP, attributes that are critical to the quality (CQA) of processed material can be
identified. CQAs are characteristics of the final product or in-process material that must be
within an appropriate limit, range or distribution to ensure the desired quality and
performance of the product (ICH, 2009). This includes physical and chemical properties such

as purity, tensile strength, content uniformity, and disintegration time.

Any material attributes or process parameter that can potentially influence the identified
CQA, and are likely to exist as a range, must be studied to determine the effects of their
variation (Kushner et al., 2011, 2014; Kushner, 2013; Narang, 2015; Dave et al., 2015;
Maguire and Peng, 2015). Design of experiments (DoE) and multivariate data analysis
methodology have been advocated to elucidate the functional relationship between material
attributes and process parameters, and the CQAs (ICH, 2009). Where possible, variables
should be evaluated simultaneously so that interactions can be quantified and assessed for
criticality (ICH, 2009). Properties that are found to have a significant influence on CQAs, and
in turn jeopardise the QTPP, are considered to be critical material attributes (CMA) and

critical process parameters (CPP), and must be incorporated into a robust control strategy,
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as outlined in Figure 2.4 (ICH, 2009, 2005). Conversely, attributes that have no detrimental
influence on processing or product quality are tolerable, necessitating fewer monitoring and
control requirements (ICH, 2009).  Collectively, the multidimensional combination of
material and process limits within which successful manufacturing and product quality is
assured is known as a design space (ICH, 2009). These demonstrate the effect of material
attributes and process parameters on CQAs.

(a) Low Risk to Quality = Non-critical

Can the COA be No or low potential

impacted by >
formulation and
process variables?

Is variable Does studied
Yes shown to be No range capture | Yes*
*| or likely to be | intended ———
practically variability?
significant?
No
—
Yes a

* Changes to the range may impact criticality and need to be re-assessed!
High Risk to Quality = Critical

(b) l CTPSVL
CMAs Pharmacgutlcal CQAs
_—> Unit
Input Operation Output
Materials Materials or
Product

CQAs =f (CPPy, CPP; , CPP; ...CMA|, CMA;, CMA;...)

Figure 2.4 (a) Schematic flow diagram for identification of CMAs & CPPs (Maguire and
Peng, 2015). (b) Link between input critical material attributes (CMAs) and critical process
parameters (CPPs) to output critical quality attributes (CQAs) for a unit operation (Yu et al.,
2014).
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Real-time monitoring capabilities and scientific understanding of CMAs and CPPs allows
downstream parameters to be adjusted within a pre-approved design space, so that the
process can adapt to the incoming variability (ICH, 2009). Alternatively, upstream process
parameters can be adjusted based on data resulting from PAT located at the sites of output
material (ICH, 2009). These feedback and feed forward loops do not represent a departure
from a state of control, and enable the manufacturing process to be dynamic and flexible
without the need for regulatory notification (ICH, 2009). The design of such a quantitative
and predictive control system, based within a QbD framework, minimises the risk of
producing OO0S product and enables real-time release, and forms the foundation of a Quality

by Control strategy, outlined in Figure 2.5 (ICH, 2009; Su et al., 2019).

With that said, the scientific knowledge space surrounding the product quality, material
attributes and process parameters should continue to expand and be used to improve the
process design throughout the lifecycle of the product with reduced post-approval
submissions (ICH, 2008). In the event of any failings, a root-cause analysis should be
conducted, so that the findings can inform future design and development (ICH, 2005).
Hence, as part of Quality Risk Management and lifecycle management, the inclusion of an
up-to-date design space pertaining to excipient specification and manufacturing controls in

the Common Technical Document is recommended (ICH, 2009, 2008).
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Real-time
automaticcontrol +
Flexible process
parameters to respond to
variability inthe input material
attributes
Level 1 — Quality by Control

Reduced end product testing +
Flexible critical material attributes and critical process
parameters within design space

Level 2 — Quality by Design

End product testing +
Tightly constrained material attributes and process parameters

Level 3 — Quality by Testing

Figure 2.5 Control strategy implementation options (adapted from Yu et al., 2014)

To summarise, process development within a QbD framework is advantageous to regulators
and manufacturers alike. Opportunities for “more flexible regulatory approaches” stipulate
that manufacturers “demonstrate an enhanced knowledge of the product performance over
a range of material attributes, manufacturing process options and process parameters” (ICH,
2009). Quality should primarily relate to product performance and product design, and
development should be approached systematically to improve process capability with
reduced product variability that often leads to defects, rejections and recalls. A robust
quality control strategy can be considered as a process whereby (1) all critical sources of
variability are identified and explained, (2) variability is managed, (3) product quality

attributes can be accurately predicted, and (4) product quality can be reliably produced.
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2.1.5. Conclusion

The pharmaceutical industry is under growing financial and regulatory pressure to abandon
conventional manufacturing practices for the design and development of more efficient and
contemporary approaches. Process intensification in the form of continuous manufacture
offers numerous benefits and the potential to revolutionise the entire pharmaceutical supply
chain. Evidence of this shift is currently present in the form of substantial investment,

significant regulatory engagement and unprecedented cross-sector collaboration.

Technical and regulatory challenges exist as established discrete processes are replaced with
the complexity of operating multiple processes simultaneously and in series. Additionally,
the industry’s current quality management strategy is to be reformed as the cost of quality
by testing is no longer tolerable. To address both of these concurrently, it is necessary to
develop a robust control strategy comprising the integration of emerging continuous
technologies that offer greater control, in combination with PATs that offer increased

monitoring capabilities, outlined in Figure 2.6.

To successfully incorporate real time adjustments to process conditions in accordance with
live data, then quality by design principles must form the basis of the process development.
Process designers must develop an in-depth understanding of material and process
variability and how they pertain to product quality. From this, manufacturers can better
predict the parameters for acceptable product quality and in doing so, inspire greater

regulatory confidence.

Automated quality control involves the management of variability and process disturbances
by way of feedback and feed forward loops, as well as the diversion of O0S materials. To

achieve this, manufacturers must possess an in-depth knowledge of material progression and
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mixing, and thereby demonstrating the ability to identify the origins of each product at each

step of manufacture and distribution. It is therefore evident, that in order to achieve the

aforementioned goals of continuous manufacture then variability of material attributes,

process parameters and residence time distributions must all be investigated and

characterised in tandem.

Drug quality in development stages

Smart manufacturing
* Operational excellence

. * Predictive analytics for robust
operations

. Continuous manufacturing
* Integrated unit operations
* Steady state manufacturin,

Batch manufacturing

@ - Individual unit operations ch

* Batch-to-batch variation

Quality-by-Control

* Quantitative and predictive
understanding leveraged for
integrated active process control with
robust process design and operation

QbD

Quality-by-Design

R * Product and process understanding
Quality-by-Testing for systematic design of operating
* Quality based on end testing  space using mechanistic models
and DoE

Product and process knowledge

Figure 2.6 The systematic progression in quality assurance via QbT, QbD, and QbC (Su et

al., 2019)
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2.2.  Solid dosage forms, excipients and manufacture

Oral administration is the most common route of drug delivery and often first choice for
patients and prescribers. Compared to alternative drug delivery devices, solid dosage forms
demonstrate greater stability, easier packaging and transport, convenient administration,
improved patient adherence, and are formulated to possess different strengths,
appearances, and release profiles (Conway and Gad, 2007). Solid dosage forms that are
swallowed and make the active pharmaceutical ingredient (API) available for absorption
during transit along the gastrointestinal tract constitute the majority of orally administered

medication, of which tablets are the most frequently prescribed (Niazi, 2009).

Commercial tablets are the result of applying a compression force via a high-speed tablet
press to either a powder blend of raw materials — known as direct compression - or to a
collection of multi-component granules. These granules can be the result of dry granulation,
whereby rollers compact a powder blend into a ribbon that is then milled into granules, or
most commonly the result of wet granulation. Wet granulation involves agitating
heterogeneous particles in the presence of a liquid binder. This results in cohesive forces
arising from the liquid bridges between primary particles causing them to agglomerate and

form granules that are subsequently compacted into tablets once dried.

Tablets, as with all pharmaceutical products, are subject to stringent regulatory scrutiny to
ensure that they reliably deliver the right drug, the right dose, and with the right release
profile. Hence, tablets must repeatedly demonstrate stability, integrity, content uniformity
and drug release in accordance with the product specification (The British Pharmacopoeia

Commission, 2017).
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APIs seldom possess properties that facilitate the tablet production or performance, such as
desirable flowability, wettability, solubility and compressibility.  Efforts to improve API
properties and developability in the areas of crystal and particle engineering are currently
underway (Ahmed et al., 2019; Blagden et al., 2007; Brown et al., 2018; Datta and Grant,
2004; El-Zhry El-Yafi and El-Zein, 2015; Mirza et al., 2009; Turner et al., 2019; York, 1992), but
until these endeavours come to fruition the conventional approach involves combining the
API with other inactive ingredients that carry out a function to aid production and/or tablet
performance (Vemavarapu et al., 2009). These functional ingredients are known as

excipients and, despite being considered inert, are crucial to drug efficacy.

An example of an excipient is a disintegrant that swells upon contact with gastrointestinal
fluid to subsequently rupture the dosage form and increase the liquid-solid contact area for
the API to dissolve and become available for absorption through the gastro-intestinal tract.
By neglecting disintegrant considerations, it is possible that the tablet would insufficiently
disintegrate within the transit time of the gut, resulting in minimal API dissolution and an
ineffective treatment dose. Other commonly used excipients include diluents that improve
the handling and administration of the dosage form, as well as facilitate content uniformity;
glidants that improve powder flow during processing; lubricants that mitigate surface friction
during compression and ejection; binders that enhance tablet integrity and tensile strength;
preservatives to prolong the potency and purity of the API; colours to enhance identification
and appearance; sorbents to minimise APl exposure to moisture; surfactants to facilitate
wetting; sweeteners and flavouring to mask the taste of chewable tablets; and coating agents

to aid palatability and provide protection (Gamble et al., 2010).
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Excipient properties have been the subject of a plethora of studies in the literature;
investigations seeking to better understand the role and properties that enable an excipient’s
functionality. As highlighted in Table 1, many excipients are by-products of other industries
and are not exclusively used in the pharmaceutical industry (Carlin, 2009; IPEC, 2008). In
fact, in comparison to the chemicals, cosmetic and food industry, drug manufacture forms
only a small fraction of the recipient market (Sturtevant, 2013). Therefore, excipient
specifications are driven by the needs of the larger markets and few purveyors specifically
cater to the pharmaceutical industry, in that the excipients are not tailored to drug

manufacturing (Carlin, 2009).

The consequence of the food and cosmetic manufacture being less regulated than
pharmaceuticals manifests as broad product specifications that tolerate significant variability
in terms of particle size, moisture content, crystallinity etc (Ticehurst et al., 1996; Chamarthy
et al., 2009; Dave et al., 2015). A significant source of this variability is the natural origin
from which many excipients are derived (Landin et al., 1993), including animal by-products
(such as lactose and gelatin), vegetation (such as cellulose, stearic acid and carrageenan
derivatives), and minerals (dicalcium phosphate derivatives). As a result, excipient
properties are susceptible to changes in climate, location, processing and other agricultural

considerations (IPEC, 2008).

Several investigations have highlighted the consequences of batch-to-batch variability on
manufacturing (Gamble et al., 2010; Kushner et al., 2011; Zarmpi et al., 2017). As eliminating
variability at the source is near impossible, then a management approach is required.
Therefore, extensive understanding of the effects of variability are necessary for the

implementation of a robust control strategy (Ruban et al., 2018).
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Table 1 Details of commonly used excipients featured in this study.
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2.2.1.  Wet granulation

Powders are ubiquitous in the production of pharmaceuticals and pose a multitude of
complex challenges throughout. The simplicity of direct compression makes it the preferred
method of tablet production, but API considerations deem it impractical for production more
often than not. Wide-ranging physicochemical and mechanical properties can lead to
problems such as poor flow, constituent segregation, poor compaction performance, and
dust emission during downstream processing. Wet granulation is employed to mitigate
these issues by modifying the powder blend to have a more workable size distribution,

morphology, porosity and constituent distribution.
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Figure 2.7 Schematic of the three rate processes of the modern approach to wet

granulation, adapted from Perry and Green (1997).

Particle enlargement is achieved by agitating the dry powder blend in the presence of a liquid
binder, causing the primary particles to agglomerate into granules. The mechanisms through

which granules form have been the focus of countless studies (Kristensen and Schaefer, 1987;
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Iveson et al., 2001; Hapgood et al., 2003; Kayrak-Talay and Litster, 2011; Pohlman and Litster,
2015; J. B. Wade et al., 2015). It is widely accepted that the initial wetting of the powder
bed results in primary particles agglomerating into nuclei. These nuclei then undergo three
concurrent mechanisms: (i) growth via layering and coalescence, (ii) consolidation and
deformation, and (iii) breakage by fragmentation and attrition (lveson et al., 2001). These
mechanisms are illustrated in Figure 2.7. The relative magnitude of each mechanism
determines the development, and subsequent properties, of the granular material (Hapgood
etal., 2003). Regime maps have been proposed that outline these relationships as a function
of the deformability and pore saturation (Figure 2.8), which are in turn a product of shear

and impact forces, as well as liquid viscosity and concentration (Ilveson and Litster, 1998a).
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Figure 2.8 Growth regime map proposed by Iveson and Litster (1998) shows the effect on
granule consolidation rate and liquid content on granulation behaviour.

Particles are primarily bound together by the attractive force of capillary bridges (Figure 2.9).
To obtain viable granules post drying, a soluble component of the powder bulk must dissolve

into the capillary bridge and re-crystallise upon evaporation to form a solid bridge. This can
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be facilitated by including a highly-soluble binder excipient in the powder formulation or
expedite the dissolution process by adding the binder directly to the granulation liquid prior
to powder bed wetting. Ideal granulation conditions involve steady growth that produces a
narrow granule size distribution. For this to occur the granulation liquid must be evenly
distributed throughout the powder bed (Hapgood et al., 2010). It is, therefore, imperative
to understand how the granulation liquid interacts with and infiltrates the powder bed, and

what role each variable parameter might have on liquid dispersion.

=0
O
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Figure 2.9 Schematic representation of a capillary bridge between two similar sized
particles and its role in agglomeration at the pendular stage of wet granulation.

In the manufacture of pharmaceuticals, wet granulation has traditionally involved a large
stainless-steel vessel, known as a high shear mixer (HSM) (Figure 2.10), within which a
powder bed is agitated via a horizontally rotating impeller. During operation, a
predetermined volume of binding liquid is sprayed onto the powder blend at a controlled
rate. The liquid binder causes the powder particles to agglomerate whilst the rotating
impeller promotes coalescence and densification. In addition to granule growth, breakage

and attrition occur simultaneously, resulting in particle size reduction. An additional wall
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mounted vertical impeller, known as a chopper, is often employed to reduce the size of

oversized agglomerates.

Total operational time is in the magnitude of minutes, after which the granulated material is
discharged from the batch vessel and dried. Itisvery important to determine the granulation
endpoint as granules can become over-granulated resulting in them becoming overly dense,
or oversized, or even a wet mass if over wetted - all of which can compromise tablet
manufacture and performance. Several methods have been employed to determine the
granulation end-point, including acoustic emissions (Whitaker et al., 2000; Rudd, 2004;
Gamble et al., 2009; Watson et al., 2014), power consumption and torque rheometry (Holm
et al., 2001; Chitu et al., 2011; Dave et al., 2012), near-infrared spectroscopy (Miwa et al.,
2000; Otsuka et al., 2003), and even a hand squeeze test (Pandey and Badawy, 2016; Sakr et

al., 2012).

Charging Binder liquid
inlet Compressed air

Sampling
port

Observation
part

Chopper

@ Impeller
)

Discharging
outlet

C

Motor with
torque transducer

Figure 2.10 Schematic of high shear planetary mixer used for batch wet granulation.
Industrial operating capacity can range from 60 to 1400L with approximate bowl
dimensions (LxWxH) up to 1600x1600x900mm (GEA, 2015).
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Due to the dimensions of the batch vessel and the concentric agitating method,
heterogeneous regions of mass transfer and kinetic forces exist.  This results in a
heterogeneous output. Additionally, the dependence on distance from the impeller tip,
where rotational velocity is greatest, further complicates considerations during operational

scale up (Oldshue, 1985; Horsthuis et al., 1993; Rekhi et al., 1996).

A further limitation is that HSM involves a relatively long down-time when compared to
operational time. This is because charging the vessel before and after operation, and
thoroughly cleaning between operations are labour intensive procedures and occupy a
significant proportion of a production campaign. These limitations, in addition to those

discussed in section 2.1.2, have stimulated interest in alternative wet granulation techniques.

2.2.2.  Twin screw granulation

Twin screw granulation (TSG) has gained much attention as a potential continuous substitute
to the conventional means of particle enlargement, namely high shear mixer granulation
(HSM) and fluidised bed granulation (FBG). TSG was first reported for the production of
paracetamol extrudates (Gamlen and Eardley, 1986), and developed from the modification
of a twin-screw hot melt extruder, namely, by removing the extrusion die at the barrel outlet

(Keleb et al., 2002; E. I. Keleb et al., 2004; Lindberg et al., 1987, 1988a, 1988b; Shah, 2005).

A schematic of a typical TSG setup is shown in Figure 2.11 and features an elongated barrel
with a motor at one end and the discharge outlet at the other; multiple inlets for powder and
liquid feed along the upper barrel; two identical highly modifiable intermeshed co-rotating
screws providing material transport and shear forces; and a short residence time in the range
of seconds. When correctly characterised, the unidirectional trajectory of the in-process

material presents a system whereby the material can be identified and manipulated as a
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function of location and time (Tu et al., 2013; V. Lute et al., 2016), offering insights into
granule formation (Dhenge et al., 2012a). Predicated on Archimedes’ screw, the rotating
helical surface propels the material along the horizontal barrel with limited back mixing.
Hence, TSG’s predominant first-in-first-out continuous flow permits it to be integrated into a
continuous production line, as is the case with the ConsiGma™ Continuous Tableting Line.

Control
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Figure 2.11 A schematic of a hot melt extruder modified for twin screw granulation (TSG).
Production scale TSGs have screw diameters ranging between 16 to 25mm and extruder
dimensions (LxWxH) up to 2000x320x550mm. Throughput can reach up to 70 kg/hr,
formulation dependent (Thermo Fisher Scientific, 2018).

Since the early studies, TSG has been the subject of numerous published works investigating
several operational aspects, including process parameters such as the influence of screw
elements and screw configuration (Djuric and Kleinebudde, 2010; Pradhan et al., 2017; Sayin
et al., 2015; Thompson and Sun, 2009; Van Melkebeke et al., 2008; Vercruysse et al., 2015),
screw speed (Djuric et al., 2009; Lee et al., 2013), and material feed rate (Dhenge et al., 2011;
Djuric et al., 2009; Djuric and Kleinebudde, 2010). Input parameters examined include the
concentration and properties of the liquid binder (Dhenge et al., 2010; El Hagrasy et al.,
2013a), binder addition methods (Thompson et al.,, 2012; Van Melkebeke et al., 2008;
Vercruysse et al., 2014; Weatherley et al., 2013) binder viscosity (Dhenge et al., 2012a,
2012b, 2013; Mu and Thompson, 2012), and formulation composition (El Hagrasy et al.,

2013b; Fonteyne et al., 2014b; Meier et al., 2015; Vanhoorne et al., 2016; S. Yu et al., 2014).
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Additionally, studies have sought to correlate process parameters and granule properties to
process conditions such as residence time distribution (Dhenge et al., 2010; A. El Hagrasy and
Litster, 2013; Kumar et al., 2014a, 2015, 2016b; Mu and Thompson, 2012; T Lee et al., 2012;
Vercruysse et al., 2014) and barrel occupancy fill level (Chan Seem et al., 2016; Gorringe et

al., 2017; Lute et al., 2018a; Meier et al., 2017a; T Lee et al., 2012; Vercruysse et al., 2014).

Other studies have been conducted to assess TSG applicability by comparing it with HSM
(Beer et al., 2014; Keleb et al., 2002; Lee et al., 2013; Tu et al., 2013), evaluating stability and
viability (Vercruysse et al., 2013), appraising process analytical techniques (El Hagrasy et al.,
2013a; Fonteyne et al., 2013, 2012; Kumar et al., 2015; Sayin et al., 2015; Vercruysse et al.,
2014), and determining scale up considerations (Djuric and Kleinebudde, 2010; H. Liu et al.,

2017a; Lute et al., 2018a; J. E. G. Osorio et al., 2017).

Previous reports have highlighted the significance of raw material attributes on HSM (S.
Badawy et al., 2000; Badawy and Hussain, 2004; Kato et al., 2006; Mackaplow et al., 1997)
and other wet massing operations (Alvarez et al., 2002; Soh et al., 2008), and hence, some
studies have sought to understand the influence of extrinsic material attributes on the TSG
process, granule properties and tablet performance, and ultimately evaluate criticality.
Fonteyne et al. (2014a) examined the influence of material properties and lot-to-lot
variability of six samples taken from different batches of Avicel PH101 (30% w/w) on TSG.
Small differences in extrinsic particle properties (PSD) and bulk properties (densities and
flowability) were found between samples but were believed to be insubstantial on TSG.
Differences observed in granule size distribution, resulting from the six samples, were
attributed to intrinsic differences i.e. water binding capacity as a function of the degree of
crystallinity.  Hence, this study warrants further investigation of the resulting tablet

performance (QTPP) to determine if granule size distribution is a critical quality attribute
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(CQA) and if MCC crystallinity within the typical range of variability is a critical material

attribute (CMA).

El Hagrasy et al. (2013b) investigated the influence of three commercially available stock
grades of a-lactose monohydrate (73.5% w/w) within a multicomponent formulation at
variable liquid-to-solid ratios (LSR). Granule porosity was found to be dependent on lactose
grade, however, overall the authors concluded that TSG was a robust process in response to
changes in formulation properties as no significant variation in other granule properties could
be ascertained as a result of different grades. To eliminate lactose particle size distribution,
within the studied range, as a CMA, then the resulting granule porosity range must be shown

to have no detrimental effect on the QTPP, and hence not a CQA.

In another study, Fonteyne et al. (2014b) utilised multivariate analysis techniques to compare
the influence of seven different commercially available stock grades of theophylline
anhydrous (30% w/w) on granule properties, tablet properties, and process behaviour. It
was concluded that the particle size distribution of theophylline was a CMA as it had a
significant influence on the density, porosity, and size distribution of the granules produced,

as well as, tablet strength and process behaviour.

In all of the TSG studies in which the granule size distribution (GSD) was analysed, a broad
and often multimodal size distribution was reported, particularly at low-to-moderate values
of LSR (Dhenge et al., 2010; El Hagrasy et al., 2013a; Kumar et al., 2015; Vercruysse et al.,
2014). This was attributed to heterogenous liquid distribution resulting in larger granules
with a high liquid concentration, and fines that had little-to-no contact with the liquid binder
(EI Hagrasy et al., 2013a; Kumar et al., 2015; Sayin et al., 2015). Other studies have detailed

the effects of granule size distribution on tablet production and quality (Johansson et al.,
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1998; Riepma et al., 1993; Wikberg and Alderborn, 1990a; Zuurman et al., 1994), in turn, this
highlights the criticality of any material attribute or process parameter that influences liquid

distribution during granulation, and subsequently granule size.

Material attributes can influence the properties of granules and tablets resulting from TSG,
and may arise from material-specific attributes. Many of the aforementioned studies each
investigated the influence of only a single formulation component at a time. Further studies
are required to investigate the effect of material attribute variation of multiple components
simultaneously, in the presence of variable manufacturing parameters, to discern the
presence and magnitude of interactions and to contribute to insightful formulation
development (Moreton, 2009). With its short residence time, TSG lends itself to QbD as
material and process variables can be assessed more efficiently than HSM with respect to
time and material. This is particularly true at production scale, whereby an excess of 1000
kg of formulation mixture may be required to test one experimental condition in a batch
HSM, thus limiting the resulting knowledge space. In contrast, TSG may only require 15 kg,

permitting for more sophisticated and greater utilisation of DoEs.

2.2.3.  Conclusion

Excipients are often the most common ingredients in the formulation of solid dosage forms,
and thus, their properties can greatly influence the manufacture and performance of the final
product. Excipient functionality has been shown to vary between batches due to the natural
sources from which they originate, as well as variation in subsequent preparation methods.
Relating excipient variability to QTPP is a vital component of developing a robust quality

control strategy.
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Twin screw granulation has emerged as a viable continuous alternative to traditional high
shear batch granulation. As a result of the brief time the material spends within a TSG then
the opportunity for liquid distribution is limited. This manifests as a broad GSD composed
of large granules and small primary particles. This can prove problematic, as a bimodal
granule output can lead to a non-homogenous API distribution, non-uniform drying and
granule segregation during downstream operations. Although milling or sieving can narrow
the GSD, these corrective operations introduce additional processing considerations and

inefficiencies, thus avoiding them is desirable.

Liquid distribution has been investigated in relation to shear forces and liquid addition
methods, however, an in-depth analysis of the wetting mechanics within the barrel as it
pertains to powder properties and consolidation is required. From this, it can be determined
if excipient variability has a significant influence on liquid distribution and what extent of

variability is tolerable.
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2.3. Powder wetting and nucleation

2.3.1. Wetting phenomenon

Characterising droplet behaviour and wetting phenomena has been the focus of immense
scientific attention for over two centuries (Laplace, 1805; Young, 1805). This has only
intensified in recent decades with the advent of high-speed cameras opening new avenues
to empirically investigate a droplet’s spatio-temporal development. Droplet behaviour is of
significant practical application in a wide range of industries, such as administering
insecticides in agriculture, developing water repellent fabrics in textiles, ink-jet printing, and
wet granulation in pharmaceutical manufacture. Despite its common occurrence, droplet

dynamics are complex and multiscale with many aspects yet to be fully understood.

When it comes to droplet behaviour, wettability is the most determinant physicochemical
property and is often associated with, albeit separate to, solubility. It pertains to the balance
of surface tensions, y, between the liquid, solid and vapour phases and relates to a droplet’s
contact area via the spreading coefficient, S. Equation 2.1 presents spreading to be
thermodynamically favourable (5>0) when the solid-vapour interface, ysv, can be replaced by
the solid-liquid, ysi, and liquid-vapour, pvy, interfaces. If itis, then the cohesive forces within
the liquid droplet are overcome by the adhesive forces at the solid-liquid interface and the
droplet contact area increases. Most often, wettability and the balance of interfacial
tensions is measured and represented as the contact angle at equilibrium, 8eq. That is the
angle formed by the apparent macroscopic triple-phase contact line when an equilibrated
liquid is in contact with a substrate, as per the Young equation (Equation 2.2). A low contact

angle (8.4<90°) forms when wetting is favourable, whereas a high contact angle (8,>90°)
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indicates a low degree of wetting (Figure 2.12). A droplet placed on a completely wetting

substrate (B8.,=0°) will spread to a layer of molecular thickness.
S =Y — a1 + V) Equation 2.1
Ysv = Vst + Vv - €COSOeq Equation 2.2

Equation 2.1 and Equation 2.2 can be rewritten to relate the equilibrium contact angle to S

cosbpq =1+ yi Equation 2.3
v

Optically measuring the contact angle of a static sessile drop is relatively straightforward
when the substrate of interest can be studied as an impermeable smooth surface. From
Equation 2.3 it is evident from the relationship between cosBq and S, and by extension that
of the contact angle and contact diameter, is inversely related; a droplet possessing a low
contact angle will have a larger contact diameter than a comparable droplet with a high
contact angle. However, many other factors other than wettability influence the manner in

which droplet spreading occurs, some of which will be discussed here.

YsL Ysv
Yiv
0>90° (iii)
YsL Ysv 0->0°
N ————##66iasiiin 2
Ysi Ysv

Figure 2.12 Schematics of a droplet system that is (i) non-wetting, (ii) partially wetting and
(iii) completely wetting. The contact angle of the three-phase point is dictated by the
balance of surface tensions (orange arrows).
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2.3.2. Droplet spreading

When a droplet impacts upon a dry and partially wettable surface (0°<6.,<90°), and
considering kinetic energy from impact to be unsubstantial (Antonini et al., 2012), the droplet
will undergo two consecutive regimes of radial spreading. Initially the contact area spreads
quickly resulting in the droplet taking the shape of a spherical cap within a relatively short
time frame (<20 ms). This is known as the inertial spreading regime and is capillary-driven,
whereby the small meniscus connecting the droplet to the substrate is extremely small and
induces a large gradient of Laplace pressure inside the droplet on account of the strong
curvature. Therefore, liquid flows from the bulk of the droplet to the surface, resulting in a
rapidly expanding contact area, manifesting as a capillary wave (Biance et al., 2004; Bird et

al., 2008; Chen and Bonaccurso, 2014a). An example of this is depicted Figure 2.13b-g.
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Figure 2.13 (a) Example measurements of the contact radius during early spreading of
droplets of varying size. (b-g) An example of a water-glycerin droplet (n=220+5 mPa-s)
undergoing inertial spreading following impact (Eddi et al., 2013).
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Throughout spreading, the edge of the macroscopic portion of the droplet, visible as a
spherical cap, is preceded by a microscopic precursor film at the triple-phase contact line (de
Gennes, 1985), and in essence, the bulk of the droplet is spreading over an extremely thin
layer of itself. This is represented in Figure 2.14. The precursor film is present throughout
spreading but gradually slows until it is eventually overtaken by the spherical cap as the
droplet approaches its maximum diameter spread (Wang et al., 2009a). The presence of a
precursor film indicates that the B¢q is not in fact the true angle of the triple-phase contact
line but representative of the apparent contact angle 6,p, measured from the angle formed

by the macroscopic droplet with the surface.
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Figure 2. 14 (a) Schematlc drawmg of a I|qU|d droplet at eqU|I|br|um restlng on an inert, flat
substrate. The inset magnifies the three-phase contact line and emphasises the
mesoscopic ‘foot’ region connecting the macroscopic spherical cap to the surface. (b)

Schematic of a droplet impinging and spreading on an inert, flat and impermeable surface.
The inset shows the precursor film emerging during spreading (Popescu, 2012).

The rate of inertial spreading is determined by balancing the capillary pressure, p. — given
by ~ywro/r?, where ro is droplet radius before impact and ri is droplet spreading contact
radius at time t — with the liquid inertia resisting drop deformation, ~piq(Ar/At)? — where piq
denotes liquid density (Winkels et al., 2012). The spreading radius, r:, of a completely

wetting system can be scaled as the square root of time, t, with Equation 2.4.

o \1/%
Ty ~ (0_}’117) . t1/2 Equation 2.4
Pliq
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There is consensus on the scaling of the spreading radius on a completely wetting surface
(Beq=0°) being equal to r~t" where n=0.5 (Biance et al., 2004; Mitra and Mitra, 2016;
Stapelbroek et al., 2014). With that said, it has been reported that in the very early finite
moments after droplet contact (t<10 ms) then the n-exponent is higher 0.5<n<1.0 (Mitra and
Mitra, 2016). However, some conflicting conclusions exist in the literature with regards to
the universality of the exponent of n=0.5 for partially wetting systems. Some researchers
have found the inertial power law n=0.5 to be independent of wettability (Carlson et al.,
2012; Eddi et al., 2013; Grewal et al., 2015; Rioboo et al., 2002; Sikalo et al., 2002b; Tang et
al., 2017). However, others have reported a decreasing value of n with increasing B4 (Bird
et al., 2008; Chen et al., 2011; Chen and Bonaccurso, 2014a). Winkels et al. (2012) explained
that even with decreased wettability, the n=0.5 power law of inertial spreading is initially
obeyed but transitions to a viscous regime (discussed below) earlier and more gradually than

perfectly wetting surfaces.

This highlights another limiting factor other than exponent n in inertial spreading; that is, the
duration of the inertial regime, . The characteristic inertial time scale t;, given by (oro*/y)Y?,
can approximate the inertial time scale as t=U-t;, where U is an experimentally determined
coefficient (Chen et al., 2011; Chen and Bonaccurso, 2014a). Bird et al. (2008) proposed that
T was equal to the propagation time of the capillary wave across the drop. Hence, tscales
the inertial time scale as the periodic motion of mass ~pr; on a spring of stiffness y (Lamb,
1945), and U accounts for the effect of viscous damping of the capillary wave (Chen et al.,
2011). The duration of inertial spreading has been shown to be dependent on droplet size
(Biance et al., 2004; Bird et al., 2008; Eddi et al., 2013), viscosity (Biance et al., 2004; Carlson
etal., 2012; Chen and Bonaccurso, 2014a; Eddi et al., 2013), substrate surface softness (Chen

et al., 2011), substrate surface microstructure (Grewal et al., 2015; Yang and Xu, 2017), liquid
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surface tension (Chen et al., 2011), and impact velocity (Sikalo et al., 2002a; Tang et al., 2017;
Wang et al., 2009a), but independent of wettability (Bird et al., 2008; Chen and Bonaccurso,

2014a).

Work by Chen and Bonaccurso (2014a) highlighted that droplet spreading may cease with
the inertial regime for systems with a 6.4 above a critical angle, particularly for droplets of
low viscosity. For wetting systems below this critical angle, the droplet continues to spread
beyond the inertial regime, albeit at a considerably lower spreading velocity i.e. n<0.5. As
the inertial forces decrease, viscous dissipation at the contact line becomes the dominant
force to resist droplet spreading. Concurrently, the driving force is no longer the result of
the Laplace pressure differential inside the drop, but instead the second regime is driven by

either gravitational forces or available surface energy acting upon the droplet.

If the characteristic droplet length, in this case do, is greater than the capillary length, [, as
determined by Equation 2.5, then surface tension and contact line dynamics have little
influence on spreading (Bonn et al., 2009). Instead, spreading is gravity driven, whereby
r~t® as a consequence of the balance of gravity dissipation in the bulk and viscosity

dissipation at the contact line (Cazabat and Cohen-Stuart, 1986; Lopez et al., 1976).

le =\vw/(p-9) Equation 2.5

where g is acceleration due to gravity (9.81 m/s?).

If the droplet is small (do<lc), then the effect of gravity is negligible and the viscous regime is
dominant whereby only capillary forces arising from the available surface energy at the
contact line continues to propagate the precursor film ahead of the spherical drop (Cazabat
and Cohen-Stuart, 1986; Lopez et al., 1976). Assuming a conservation of volume, the viscous

regime is known to obey Tanner’s law presented in Equation 2.6 (Tanner, 1979).
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1/10

. RIS
r, = [m (ﬂ) : t] Equation 2.6
9-q-u s

where g is a non-dimensional constant set by microscopic effects like slip, long ranged forces,
or a diffuse interface, and is given by g=In(r/2e?L) where e is base of the natural logarithm
and L is a characteristic length. To highlight the relationship between the liquid properties

this can be simplified to Equation 2.7.

+\1/10
. (n—"t) Equation 2.7

To Wt
where r/ro represents non-dimensional droplet spreading.

The power law r~t™ where m=0.1 of the viscous regime has been well corroborated (Cazabat
and Cohen-Stuart, 1986; Mitra and Mitra, 2016; Singh et al., 2013; Starov et al., 2002), as the
droplet radius scales with time as a balance of the available capillary forces and resistive
viscous dissipation at the contact line. As the m exponent suggests, droplet spreading is
finite and stops once the droplet reaches an equilibrium with the opposing viscous force, to

form a static contact angle with the surface.

2.3.3.  Surface roughness

Considering the aforementioned principles pertaining to ideal surfaces, it is necessary to
consider that most surfaces typically are non-ideal, possessing a myriad of defects, asperities
and pores. The effects of surface roughness on wettability and droplet spreading have been
subject to much investigation (Quéré, 2005), with a focus on two widely accepted droplet
states, represented in Figure 2.15. The first of these is the Wenzel state (Wenzel, 1936),
whereby the drop penetrates and wets the grooves in the surface and the net energy
decrease upon wetting is related to the total area under the sessile drop (Li et al., 2013). The

Wenzel equation gives:
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coslupp = R+ oS Oyt Equation 2.8

where B,pp in this case is the Wenzel-derived apparent contact angle and 6. is the actual
contact angle. The roughness factor, R, is the ratio between the true surface area and the

projected surface area and thus, is always >1.

Wenzel state

... .

Cassie-Baxter state

ob)

Figure 2.15 lllustrations of the various states a non-wetting droplet (left) and a partial
wetting droplet (right) may assume on non-ideal surfaces and the effect of the wetting.

Consequently, a roughened surface emphasises the intrinsic wetting properties of the solid;
increasing surface roughness for a wettable system enhances wetting and the 8.4<90° is
further reduced. Conversely, the 8.,>90° of a non-wetting system is further increased with
increased surface roughness (Li et al., 2013). This principle is the basis of fractal structural
modification utilised to produce super-hydrophobic materials (Onda et al., 1996; Shibuichi et

al., 1998).

The second state a droplet can assume was outlined by Cassie and Baxter (1944) and
considers the rough surface to be chemically heterogeneous. The droplet spreads and rests

upon the peaks of the asperities along with the trapped pockets of air occupying the troughs
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i.e. the droplet does not penetrate and wet the grooves. Hence, the contact angle of the
composite consists of the solid fraction, f;, with contact angle 8; and a second fraction of air

foore=1-fs with contact angle 8,

oS Ogpp = fs €05 Os + (1 — f) * coS Oy Equation 2.9
Considering the contact angle of air to be 180° to give cos6=-1 then this can be rewritten as
c0S8app = fs* (cosOs) — (1 — f5) Equation 2.10

whereby, a greater air fraction reduces wettability and results in a larger contact angle,
regardless of wettability upon an ideal surface of the same material. This was demonstrated

by Kashaninejad et al. (2012) as shown in Figure 2.16.

Wenzel’s R-ratio may be used in conjunction with Cassie’s f-fractions to give a modified

Wenzel-Cassie equation (Jarnstrém et al., 2010):

c0s8app = fs - (COZGS) -(1+71) Equation 2.11

In addition to affecting the droplet state at equilibrium, surface topography has been found
to influence droplet spreading. Spreading during the inertial regime is unencumbered by
surface topography as the initial motion of r: is not governed by the contact line but rather
by the transport of liquid from the centre of the drop to the wetted region in the form of a
capillary wave (Sikalo et al., 2002a; Stapelbroek et al., 2014; Tang et al., 2017). The induced
Laplace pressure is easily able to drive the liquid over the topographical variations. However,
observations by Wang et al. (2015) dispute this; by increasing the roughness R-ratio of the
surface, the exponent n of the inertial regime decreased. Contact line friction was credited

to be the determining factor, as the inherent roughness of the surface on which the drop
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spreads slows down the drop compared to one spreading on a smooth substrate (Marston

et al., 2013).

(a) 6, = 65°

Figure 2.16 Example of the equilibrium contact angle of a static water droplet varying
with the increased spatial heterogeneity. As the surface fraction of grooves increased
from a smooth surface (a) to a micropatterned silicon surface (b-d) the droplet spread
decreased and the contact angle increased (Kashaninejad et al., 2012).

The subsequent gravity or viscous spreading regime has also been found to deviate from the
established power laws as a result of topographical variation. Cazabat and Cohen-Stuart
(1986) concluded that droplet spreading on a rough surface is not governed by the advancing
contact angle and internal capillary force, as is the case for smooth surfaces. Instead, it was
observed that whilst the bulk of the droplet was spreading at the rate of the gravity driven
regime (ri~t"®), a transition period was observed whereby the rate of spreading significantly
increased. After several seconds a liquid film emerged and preceded the spherical cap as it
advanced through the “canals” in depolished glass as a result of capillary action where
exponent n of re~t" ranged between ~1/2 and ~1/4. The central droplet behaved as a

reservoir feeding the advancing liquid front whilst simultaneously spreading, until the rate of

44



2. Literature review

spreading slowed down and eventually stopped as the totality of the droplet’s volume was
consumed by the topographical defects. This capillary flow was further corroborated by
Apel-Paz and Marmur (1999) at low viscosity, and similarly, droplet diameter and exponent
n were found to decrease with reduced glass roughness from n~1/2 to n~1/4. Other
researchers have also made similar observations, albeit using etched silicon surfaces (Bico et
al., 2001; Ishino et al., 2007; McHale et al., 2004; Yuan and Zhao, 2013). In those studies,
the advancing contact line was propagated ahead of the bulk by the excess surface energy
provided by the array of etched pillars. Bico et al. (2001) reported that a critical B4 existed
below which the contact line propagated between the microtexture of a silicon surface at a
rate of ~t¥2. For surfaces with a B¢ above the critical value, the contact line became pinned
and the droplet adopted a Wenzel state, with no infiltration of the microtexture. The critical
Beq Was determined by the surface roughness and the surface solid fraction. Ishino et al.
(2007) too found droplet spreading on etched silicon to scale with the Washburn equation
(discussed below) at r~t¥2. The spreading coefficient was found to increase with pillar height
until flow was balanced by friction arising from liquid viscosity and the increased contact
area. Topography-driven spreading has also been demonstrated using woven fabric,

whereby flow is parallel to the direction of the fibres (Arora et al., 2006).

For surface roughness to facilitate spreading then the droplet must wet the grooves, and
hence, assume a Wenzel state. Some researchers found that greater roughness of wettable
surfaces led to slower spreading and a smaller dmax (Kashaninejad et al., 2012; Sikalo et al.,
2002a; Tang et al., 2017). A visual example of this is shown in Figure 2.16. Tang et al. (2017)
attributed this to the droplet adopting a Cassie regime at a low Weber number resulting from

a low impact velocity, causing the droplet to spread across the peaks of the substrate.
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This is in agreement with work by Vaikuntanathan and Sivakumar (2014, 2016) involving a
droplet impacting on a groove-textured surface; at a low Weber number the depth of the
grooves did not influence droplet spreading (Vaikuntanathan and Sivakumar, 2016) but the
spacing of the grooves did (Vaikuntanathan and Sivakumar, 2014). This was not the case at
higher Weber numbers as increased velocity caused the droplet to penetrate and wet the
grooves, and so the Wenzel state was the dominant form of spreading (Tang et al., 2017;
Vaikuntanathan and Sivakumar, 2016). However, the droplet diameter during impact
deformation decreased with the decreased wettability resulting from increased roughness
(Lietal.,2013). Itistherefore apparent, that at higher Weber numbers or following external
stimuli the droplet can transition from a Cassie regime to a Wenzel regime (Li et al., 2013;
Tang et al., 2017; Vaikuntanathan and Sivakumar, 2016). A temporal image sequence of this
is depicted in Figure 2.17. It was also observed that spreading was dependent on the
direction of the grooves, as spreading was restricted in the direction perpendicular to the

grooves resulting in anisotropic coverage (Vaikuntanathan and Sivakumar, 2016).

Therefore, it is apparent that a surface’s physical and chemical composition are important to
wetting. The discussion until now has outlined droplet spreading on ideal and non-ideal
impermeable surfaces. However, droplet behaviour and wettability measurements are
further complicated by porous substrates whereby the droplet never equilibrates to form a
static contact diameter or angle due to the concomitant commencement of imbibition into

the substrate.
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Drop spreading process

>

Prior to impact tincreases Maximum spread

2mm
Figure 2.17 Image sequence depicting droplet impact and the subsequent spreading
states. Cassie-Baxter spreading (top) is characterised by no groove penetration, whereas
Wenzel spreading (bottom) involves groove penetration and results in a greater spreading
diameter (Vaikuntanathan and Sivakumar, 2016).

2.3.4. Droplet imbibition and the Washburn Capillary Rise Method

A porous material such as a powder bed introduces additional complexity to the wetting
phenomenon, particularly when attempting to directly measure the Young’s contact angle.
The contact angle of a partially wetting system (8.4<90°) never completely equilibrates on a
powder bed. Instead, the droplet is in a constant state of flux as the triple-line contact angle
advances during spreading until droplet imbibition nears completion and causes the contact
line to rapidly recede (Prestidge and Tsatouhas, 2000). In addition to this, the surface is
spatially heterogeneous (rough) and so gives rise to an angle at the three-phase contact line
that varies locally depending on the orientation of the particles and pores (Muster and

Prestidge, 2002).

All powders are inherently porous as air permeates the bulk to form a matrix of particles and
voids. Pores can be characterised in terms of size (e.g. micro-, meso- and macro-pores),
formation (intra- or inter-particle), and configuration (open and interconnected or closed and

secluded). The cumulative volume of these pores constitutes a powder’s porosity, €, which
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is expressed as a percentage and is derived from the disparity between the density of the

powder bed, pouk, and the intrinsic density of the material, pwye (Equation 2.12).

€= (1 - M) 100 Equation 2.12

Ptrue

The powder bed of fine and elongated particles is more likely to possess a higher porosity
than a coarse powder (Lowell and Shields, 1991; Yu et al., 1997, 1996). This is because the
smaller and irregular particles possess a greater surface area-to-mass ratio, and therefore,
are more susceptible to a greater number of frictional and cohesive forces - namely van der
Waals - arising at the particle-particle interfaces (Hamaker, 1937; Israelachvili, 1989). The
effect of these forces diminishes with increasing particle size because the influence of
gravitational forces acting on the individual particles is substantially greater, on account of
their larger mass. Moreover, there is lower potential for particle-particle interactions due
to possessing a smaller surface area (Israelachvili, 1989). Hence, coarse particles pack into
a more efficient arrangement, resulting in greater air displacement and a lower porosity.
With that said, a coarse powder with a narrow size distribution will always maintain a
network of voids; the interstitial volume between particles will remain present, increasing
proportionally with particle size, even when densely packed (Gauss, 1831). Mechanical
interlocking of elongated particles can also impede efficient particle packing and is relatively

independent of gravity (Wouters and Geldart, 1996).

The prevalence and size distribution of pores is not only dependent on particle properties,
but also on externally applied forces during handling history that influence consolidation
(Davis et al., 2017). The application of a normal stress in the form of a compression force
will initially overcome cohesive and frictional forces to break agglomerates resulting in

particle reorientation and a more efficient particle arrangement. However, if further
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compression is not reciprocated with improved packing efficiency, then the powder may
experience particle deformation (if the material has plastic properties) and/or fragmentation
(if the material’s ultimate tensile strength is exceeded), as is the case during tablet
compaction. Applying limited shear stress between particles in confined conditions — during
tapping for example - can also promote consolidation of the powder bed by overcoming
intermolecular forces. However, in unconfined conditions, extensive shear can dilate the
powder bed to incorporate a greater volume of air into the bulk and increase porosity — for

example, during low shear mixing (Fagih et al., 2006; Reynolds, 1885).

To overcome the complications that porosity introduces to the sessile drop method,
attempts have been made to minimise its influence. An approach has been taken to make
contact angle measurements of powders more feasible by compressing a sample to form a
compact or disc of diminished surface roughness and powder porosity, thereby impeding
droplet absorption (Buckton and Newton, 1986; Holm et al., 2016). However, the results are
often inaccurate and difficult to replicate (Lazghab et al., 2005; Muster and Prestidge, 2005).
Additionally, it is tricky to correlate the test to granulation conditions, as particle
fragmentation, deformation and bonding fundamentally transform the material’s
microstructure and bulk properties (Alghunaim et al., 2016; Buckton, 1990; Mangwandi et
al., 2015; Muster and Prestidge, 2005). Further, several authors have reported efforts to
prevent droplet penetration to be futile, as absolute droplet equilibrium proved unattainable
(Karde and Ghoroi, 2014; Prestidge and Tsatouhas, 2000). In addition, powder
hygroscopicity causes the droplet to eventually be absorbed regardless, albeit, at a slower

rate than pore penetration.

For these reasons it is not possible to directly measure the actual contact angle formed

between a liquid and pharmaceutical powder. Consequently, alternative methods of
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inferring the apparent contact angle of porous material are the subject of many studies
(Alghunaim et al., 2016; Depalo and Santomaso, 2013; Galet et al., 2010; Kiesvaara and
Yliruusi, 1993; Link and Schliinder, 1996; Z. Liu et al., 2017; Popovich et al., 1999; Susana et
al., 2012; Wanget al., 2018; Yuan and Lee, 2013). One such method known as the Washburn
capillary rise method (WCR) is extensively used in the pharmaceutical industry for wettability
studies (Buckton and Newton, 1986, 1985). WCR involves measuring the rate at which the
liquid front of the test liquid rises through a powder-packed column (Figure 2.18) and
comparing it to a reference liquid that completely wets the powder, 8¢4=0° (Bruil and van
Aartsen, 1974). This permits wettability to be uncoupled from the pore structure of the
powder bed, so that the contact angle of the test liquid can be estimated using Washburn’s

equation (Washburn, 1921):

Tpore'tp Vi €OSO ;
1., = % Equation 2.13

where Ly is the depth of intrusion, yi is the liquid-vapour surface tension, 0 is the contact
angle to be derived, 1 is the liquid viscosity, t; is the penetration time, and ryore represents

the average pore radius.

To understand the Washburn equation, it helps to see how it is derived from Poiseuille’s law
(Equation 2.14), which gives the pressure drop of fluids in laminar flow flowing through a

long cylindrical pipe of constant cross section.

Equation 2.14

where Q is volume flow rate given by AV/At, and in turn AV=nr?l. Ap. is capillary pressure

derived from the Young-Laplace equation

__ 2-y-cos(8)
- r

Ap, Equation 2.15
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Hence, together and rearranging to make infiltration rate, Al/At, the subject gives

dl _ 1 ry-cosé
at = 4 wl

Equation 2.16

Therefore, by measuring the depth of infiltration as a function of time for a completely
wetting reference liquid (cos6=1) of known surface tension and viscosity, it is possible to
determine the pore radius for a given packed-powder column. As a result, the apparent
contact angle can be determined by repeating the capillary rise with the test liquid to
establish cos8pp.

(a) (b) 4

Al/At=0
Late viscous
regime

Advancing Washburn's
liquid P regime
front, [,

Filter

T T T T T Test liquid

>

Figure 2.18 Schematic of (a) Washburn capillary rise setup and (b) plotted measurements
of the advancing liquid front as a function of time to derive the contact angle from the
linear Washburn portion of the curve.

In the absence of shear and compressive forces to mechanically distribute the granulation
liquid, capillary action is the cardinal means by which the liquid is dispersed throughout the
bulk of a static powder bed. Therefore, as the Washburn equation indicates, penetration is
driven by the liquid’s interfacial properties, L/t ~ycos6, and flow is resisted by viscous

dissipation, L/t~1/n. The role of pore geometry, represented by ryore, during imbibition is
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complex but generally rpore must be sufficiently narrow, typically with a Bond number below
1, for surface tension to dominate and for dynamic pressure to be maintained. With that
said, the rate of infiltration is modelled with respect to a constant pore radius and therefore
penetration scales with pore radius, l?/t™rpore. However, Schoelkopf et al. (2002) and Alava
et al. (2004) highlighted that liquid imbibition was not always faster in larger pores. This was
attributed to the effects of inertia at the initial moments of liquid penetration, whereby
hydrostatic forces favour smaller pore geometry. In analysis of liquid flow through serial
heterogenous capillary doublets, work by Chatzis and Dullien (1983) was followed up by, and
in agreement with, Sorbie et al. (1995), where it was found that at high Reynold’s number,
indicating dominant inertial forces, the imbibing liquid favoured the smallest capillaries. This
is represented by Jurin’s law shown in Equation 2.17 (Jurin, 1719), whereby liquid
propagation /; resulting from hydrostatic induced capillary pressure p. is inversely

proportional to pore radius, /~1/rpore.

2-y-cos 6
lj = YR Equation 2.17
TPlig'g

where J; is the elevation of the liquid column, piq is the liquid density and g is acceleration

due to gravity.

These contradictory relations to rpore can be understood by considering that the scaling
regime along a capillary tube during imbibition changes with the applicability of each model,
as shown in Figure 2.18b. Initially, the inertial regime (I~t) resulting from the hydrostatic
pressure at the opening of the entry pores is dominant and viscous resistance is negligible,
and so Jurin’s law is applicable. The Washburn equation better explains the subsequent

early viscous regime (lw~t"/?), whereby the liquid propagates along the capillary and inertial
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effects are negligible. During the final /ate viscous regime, resistive forces — gravitational

and/or viscous - become dominant and infiltration slows to a halt (Alw/At=0).

Therefore, by only factoring a single value for the pore radius, the Washburn equation
ignores acceleration resulting from inertia based on the assumption that it is only present
during the initial stages of pore entry and is otherwise negligible for much of penetration in
comparison to the velocity resulting from surface tension (Bosanquet, 1923). However, a
porous medium consists of a network of interconnected voids, whereby the path of the
penetrating liquid is characterised by a non-uniform radius. Therefore, the velocity of the
imbibing liquid likely fluctuates as the liquid front accelerates when passing through a narrow
pore radius and decelerates when navigating a large pore radius. As a result of the potential
summing effect of inertia in the interconnected void network, the value of exponent n of /~t"
is likely to deviate from 0.5, as originally highlighted by Bell and Cameron (1906). According
to Bosanquet’s modifications to the Washburn equation, which incorporates inertial flow, /
is directly proportional to t i.e. n=1 (Ridgway et al., 2002), which is in line with Jurin’s law.
With that said, over the years the Washburn equation square-root time dependency has
proven effective (Yang et al.,, 1988), but this does not nullify the role of inertial flow

(Schoelkopf et al., 2002).

Furthermore, the role of pore radius is also dependent on wetting dynamics, namely
viscosity, whereby imbibition of relatively inviscid liquids increases with narrower pores,
whereas the flow of viscous liquids benefits from larger pore radii. In this regard, Chen et al.
(2017) concluded that a substrate with a broad multiscale pore distribution observed faster
wicking than a narrow uniform pore distribution, as the size distribution was able to provide
a fraction of pores of an optimal size that promoted capillary pressure with minimal viscous

friction.

53



2. Literature review

2.3.5. Droplet penetration method

Another commonly reported technique for measuring powder wettability is the droplet
penetration method (DPM). DPM involves depositing a single droplet onto the surface of a
powder bed and analysing droplet absorption. Work by Denesuk et al. (1993) and
Middleman (1995) produced an equation that applied Washburn principles of interfacial-
driven flow resisted by viscous dissipation (Equation 2.18). It was able to estimate the
contact angle (B.pp) from the time required for complete penetration (t,) of a droplet of
known volume Vo?3, viscosity n and surface tension py, in addition to the porosity of the

powder bed, €.

22 g

£2:Rpore YLy COSO

tCDA = 1.35 .

Equation 2.18

where CDA denotes a constant drawing area imbibition regime (see below), and Rpore is the
estimated average pore radius. Rpore Can be estimated from the surface area, porosity and
density of the powder bed using the Kozeny equation (Hapgood et al., 2002; Sweeney and

Mayo, 1999)

2 .
Rpore = m Equatlon 2.19

where SAq is the specific surface area and puwui is the powder bed density.

A limitation of the Denesuk-Middleman equation is that it models the porous substrate as a
collection of vertically orientated capillary tubes of equal distance and constant radius. A
powder bed consists of a collection of particles that form a network of interconnected voids
of variable size, with larger voids impeding, or even preventing, liquid flow (Kaye, 1998).
Bernadiner (1998) studied liquid flow in glass structures consisting of homogenous and

random micro-capillaries. The homogenous model propagated the liquid uniformly and
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filled evenly. For the random model, narrower capillaries filled first and filled faster while
larger capillaries were by-passed and remained unfilled under conditions of limited supply
volumes of fluid. That is to say, that a preferential flow pathway exists within the
interconnected glass capillaries. This preferential flow was later shown to be true for
interconnected pores within a powder bed (Borjesson et al., 2017, 2014; Hapgood et al.,

2002; Law et al., 2013).

(a) (b)

Encapsulation of air due
to formation of dead-
end structures in the
powder bed

Encapsulation of air
resulting from local
variation in the wetting
rate in the powder bed

Encapsulation of air
resulting from pinch-off
due to film flow and
coalescence in narrow
pore necks

.----------)

Figure 2.19 Schematic (a) illustrates the effect of pore diameter on flow velocity, whereby
dark grey spheres represent particles in agglomerates and light grey spheres are single
primary particles in the powder bed (Borjesson et al., 2016). Schematic (b) illustrates some
of the possible phenomena causing air to become trapped during liquid imbibition of a
powder bed. The dashed arrow indicates the direction of liquid flow (Borjesson et al.,
2017).

Law et al. (2013) investigated the influence of non-uniform liquid penetration in a powder
bed, as well as the prevalence of inaccessible voids. It was shown that aggregates resulting
from cohesive fine particles were not penetrated by the imbibing liquid. Similarly, in a series
of studies, Borjesson et al. (2017, 2014) distinguished between large secluded spaces within
a powder bed that had a limited effect on liquid flow but a large effect on porosity, as well

as narrow channels that were believed to have had a substantial effect on liquid flow but
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contributed little to porosity (Figure 2.19). In one study, up to 75% of the total void space
did not take part in liquid imbibition as a result of inefficient particle packing (Borjesson et

al., 2017).

Hapgood et al. (2002) coined pores that did not contribute to liquid flow as macrovoids

(Figure 2.20), and sought to eliminate their fraction of porosity, Emacrovoids, from penetration

calculations
Emacrovoids = €bulk ~ Etap Equation 2.20
Eeff = gtap-(l — Emacrovoids) = Stap-(l — Epuik T gtap) Equation 2.21

where gpuik and ¢ are the bulk and tapped porosity of the powder bed, respectively.

The resulting effective porosity €.+ was then used, along with the Sauter mean diameter ds,

and particle shape factor ¢, to obtain the effective pore radius Res

_ ¢d3z  Eeff .
Repr = T3 ey Equation 2.22
Given that,
44 .
Q= @)t Equation 2.23

where A is the projected surface area of a nominal particle and dw. is the maximum Feret’s

diameter.

In an extensive study, Hapgood et al. (2002) showed that by adjusting the Denesuk-

Middleman model for €. and Res, the time for droplet absorption was better estimated

va/? n

e2ff'Reff YLy-cost

tepa = 1.35- Equation 2.24
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Cl%=0 Cl%>0

Macro
void

e

Figure 2.20 (a) Capillarity and liquid flow are relatively uninhibited through a powder bed
with efficient particle packing. (b) A powder bed with inefficient particle packing and a
heterogenous pore structure containing macrovoids will tend to halt liquid flow when the
pore radius increases suddenly. The macrovoid does not contribute to the effective
capillary volume or surface area (Hapgood et al., 2002).

As the penetration time is significantly shorter than dissolution times (Liu et al., 2017),
Equation 2.24 assumes that the liquid properties and powder bed microstructure remain
unchanged throughout the penetration. Additionally, Marmur (1988) detailed two
penetration regimes with respect to the temporal development of the droplet contact angle
and contact diameter (Figure 2.21). The constant drawing area (CDA) regime involves a
droplet radius that remains relatively unchanged for much of penetration whilst the contact
angle gradually approaches zero. The decreasing drawing area (DDA) regime exhibits a

continually receding contact line whilst the contact angle is relatively constant.
These regimes were later modelled by Denesuk et al. (1993) from the complete penetration
time, tcpa OF tppa, and droplet diameter, do

1

3
d(t) =d,- (1 — tC;) Equation 2.25
d(t) =d,- (1 — tDi)A) Equation 2.26
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From the above power law disparity, it is evident that the CDA is the faster of the two
regimes. Also, from the literature it appears that CDA is most applicable and is observed

more often than DDA, and hence it is used in the Denesuk-Middleman model.
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Figure 2.21 (a) Schematics of the temporal development of a droplet’s contact diameter
and contact angle during imbibition as proposed by Marmur (1998). (b) The contact
diameter modelled as a function of time by Denesuk et al. (1993) for both regimes using
Equation 2.25 & 2.26. Models are shown with normalised time inset to assist profile
comparison.

Following the empirical work of Holman et al. (2002) and Clarke et al. (2002), Hilpert and Ben-
David (2009) recognised that the CDA and DDA models failed to account for droplet
spreading, and therefore, proposed an additional increasing drawing area regime (IDA).
Further, it was shown that IDA, CDA and DDA are not mutually exclusive regimes, but rather,

sequential regimes of the same penetration process (Hilpert and Ben-David, 2009).
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By implementing temporal image analysis, Liu et al. (2017) and Wang et al. (2018) developed
an alternative method to characterise powder wettability based on the penetrated volume
profile and did not require complete absorption. Much like the WCR method, the contact
angle measurements were decoupled from the powder bed microstructure by performing
supplementary experiments with a reference liquid that completely wets the powder

substrate.

However, for the purposes of this work and continuing from the above discussion, it is
evident that the microstructure of the powder bed is fundamental to droplet penetration
and, by extension wet granulation, where rapid imbibition is desirable (Hapgood et al., 2003;
Schaafsma et al., 2000). It is therefore pertinent to relate the droplet flow rate, Q, through

the powder bed to the microstructure via Darcy’s law

AV kAAP
oAt 7L

Q

Equation 2.27

where k corresponds to the intrinsic permeability of the powder bed, A is the cross-sectional

area to flow and L is the length over which the pressure drops AP.

Permeability represents a substrates viscous resistance to flow. Several approaches exist for
estimating permeability of a porous substrate, the most notable of these being the Kozeny-
Carman formula (Carman, 1937; Kozeny, 1927) which relates permeability to porosity,
specific surface area and tortuosity. A representation of the formula adapted by Arns et al.

(2005) is shown below

2
_ fpore'(Vpore/SApore)
2'a

k

Equation 2.28

where V, and SAgore represent the volume and internal surface area of the pore space,

respectively, and the ratio V,/SApore provides an estimate of the pore size comparable to ryore.
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foore is the surface fraction of pores and a represents pore tortuosity (Grzelakowski et al.,

2009).

Tortuosity is used to describe how twisted and convoluted the path of travel is during liquid
penetration. In its simplest form it is a ratio between the length of interconnected pores
between two points and the absolute displacement. It can be estimated from the nominal
median particle size, dsq, specific surface area , SAo, and porosity, €, with Equation 2.29

adapted from Matyka et al. (2008)

dso . SAO
4 &

a—1x Equation 2.29

Tortuosity is the product of the number and size of the inflections encountered by the
penetrating liquid which increases with particles size and surface area, but it is inversely

proportional to porosity.

As a core feature of imbibition models, particle properties have been investigated in both
WCR (Galet et al., 2010; Kiesvaara and Yliruusi, 1993; Kirchberg et al., 2011) and DPM studies
(Charles-Williams et al., 2011; Hapgood et al., 2009; Holman et al., 2002; Nguyen et al., 2009)
with mixed results. Hapgood et al. (2009, 2002) found that droplet penetration time
decreased with increased particle size for lactose monohydrate and glass ballotini. Charles-
Williams et al. (2011) recorded a decrease in penetration time of liquid binders with
increased lactose grade, as did Nguyen et al. (2009) for lactose and salicylic acid. Kirchberg
et al. (2011) observed a linear increase in liquid penetration during WCR tests of iron silicon
and magnetite powders with increased size fraction. Additionally, Yang et al. (1988) found
the same trend with siliconized beads, whereby the rate of penetration increased with

increased particle size.
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In other studies, the trend between particle size and penetration has been less linear.
Kiesvaara and Yliruusi (1992) found that a significant increase in the liquid penetration rate
in lactose was observed by increasing the sieve fraction from <106 um to 106-212 um,
whereas only a modest increase in penetration was observed with a further increase to >212
pum. These findings are similar to those by Yang et al. (2014) for molybdenite powder;
decreasing the particle size below 20 um was found to decrease penetration but particle size

change above 20 um had little influence on the rate of penetration.

Conversely, Galet et al. (2010) was not able to identify any affirmative relationship between
particle size and liquid penetration in WCR experiments. However, in that study, the reason
for a lack of trend is not given and may be the result of the particle shape and surface area

of each grade — which were not reported - not correlating with the particle size.

Porosity is also expected to influence imbibition. Siebold et al. (1997) critically analysed WCR
methodology and demonstrated the importance of controlling particle packing during liquid
penetration tests, due to its impact on flow rate. Yang and Xu (2017) investigated DPM of
macro-porous sintered copper substrates and found that penetration time decreased with
increased porosity. Galet et al. (2010) utilised centrifugal forces as a method to ensure
reproducible and controllable particle packing. In that study, it was shown that the liquid
penetration of talc powder increased with decreasing porosity, however, the same was not
observed for calcium carbonate powder. Hapgood et al. (2002) investigated DPM involving
numerous powder-liquid combinations and found that decreased porosity increased
penetration rate of inviscid liquids (water) but decreased the penetration rate of viscous
liquids (PEG 600). The effect of porosity on the penetration time of droplets of moderate

viscosity (PEG 200) was dependent on particle properties.
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The relationship between contact area and imbibition is not fully characterised by Darcy’s
law as it does not account for simultaneous spreading and infiltration. As imbibition and
spreading occur on a similar time frame and have competing mechanisms it is necessary to
consider one in conjunction with the other (Charles-Williams et al., 2011; Grzelakowski et al.,
2009; Haidara et al., 2008; Holman et al., 2002; Mundozah et al., 2018). Holman et al. (2002)
recognised that rapid infiltration allowed less time for the droplet spreading to occur, limiting
its maximum spread. Grzelakowski et al. (2009) identified that increased tortuosity and
narrower pores impeded droplet imbibition but facilitated spreading. It has been proposed
that hydrostatic forces generated within the droplet cause the droplet to depress and
capillary forces from the surface pores “pin” the contact line to impede further spreading
(Haidara et al., 2008). As a result, droplet spreading over a porous substrate during the
viscous regime have been observed to scale well below the expected Tanner’s law of n~0.1,
with higher imbibition rates resulting in greater spreading suppression (Grzelakowski et al.,
2009; Haidara et al., 2008). Hydrostatic depression of the contact line is a separate but
compounding mechanism to that described by Vaikuntanathan and Sivakumar (2014) and
Bico et al. (2001), whereby the droplet became pinned on rough surfaces in a Wenzel state
due to the contact line being unable to surmount the asperities or due to a loss of surface
energy at the droplet edge (Li et al., 2017) (Figure 2.22). It stands to reason that the higher
capillary-induced hydrostatic pressure in the body of the remaining drop could make the

contact line more sensitive to topographical variation (Charles-Williams et al., 2011).

Furthermore, according to Charles-Williams et al. (2011), droplet spreading peaked within
one-tenth of the total penetration time and corresponded with a critical imbibed volume

fraction of the droplet (Vi=[Vo-V(t)]/Vo).  This threshold was shown to be inversely
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proportional to liquid viscosity, as it was observed that high viscosity binders were able to

spread further than less viscous liquids but were pinned at a lower volume fraction, V.

Therefore, it is important to consider the evolving droplet contact area in relation to volume
depletion.  Experimentally, Darcy’s flow rate can be profiled throughout imbibition as

Vimb(Darcy) (in m-s?) by measuring the temporal change in volume [(Vo-V(t))/t] through the

contact area ("/o-d(t)?):
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Figure 2.22 (a) Overhead images presenting examples of droplets experiencing directional pinning at the
contact line due to the properties of the micro-textured silicon surface arising from the dimensions of the
arrayed micro-pillars (Li et al., 2013). (b) Schematic of pinning at the contact line due to spatial heterogeneity
resulting in an insurmountable asperity (top) or because of a lack of surface energy beyond the asperity
(bottom) (adapted from Li et al., 2017).

Grzelakowski et al. (2009) modified Equation 2.30 to present and compare Darcy’s flow rate

as a dimensionless parameter by relating the imbibed volume fraction [(Vo-V(t))/ V6] and the

normalised spread area (d(t)/do)? at time t. This was termed the Darcy adimensional

imbibition rate, Vimp(adim):

) [(Vo-V(8))/Vo] Imbibed volume fraction per second
Vimp (adim)~ ~ -
d(t)/dg)?t Normalised contact area

Equation 2.31
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The resulting Vimp(adim)-versus-time profile can then be scaled as ~Bt™, where the coefficient
B and exponent m can be related to microstructure properties.  With permeability
proportional to pore radius, kXrpore, Darcy’s law rearranges to an inverse approximation of
the Washburn equation, and it is expected that droplet penetration scales as Vimp™Vt
accordingly (Schoelkopf et al., 2002). However, Liu et al. (2017) obtained Vim,~t°® which
highlighted the limitations of traditional DPM analysis derived from the Washburn equation,
in which the penetration process is approximated in one dimension. The root dependency
of t for imbibition during WCR is a factor of the linear direction of liquid penetration.
Although, this further conflicts with findings that droplet penetration originating from a

single source point imbibes radially as Vinp,~t*? (Xiao et al., 2012).

2.3.6.  Granule formation

Droplet penetration into a powder bed typically results in particle agglomeration and the
formation of a nuclei. Following evaporation, the morphological attributes of the resulting
granule further provide information pertaining to the droplet penetration process (Alkhatib,
2015; Emady et al., 2011, 201343, 2013b; Lee and Sojka, 2012; Marston et al., 2010; Mundozah
et al., 2018). Emady et al. (2011, 2013a) developed a regime map, shown in Figure 2.233,
whereby a granule’s diameter-to-height aspect ratio could be related to the imbibition
mechanism, which in turn, was largely governed by the particle size-derived bond number,
Bo; (Equation 2.32). For drop penetration tests (DPT) involving a fine powder and
Bog >65,000, a tunnelling process was observed, which featured limited droplet spreading
and a protracted penetration. The resulting granule was spherical with an aspect ratio close

to unity. Coarse powders with a Bo,'<65,000 demonstrated a spreading mechanism,
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whereby the droplet spread extensively during penetration, resulting in a shallow disk-

shaped granule with a high vertical aspect ratio (VAR).
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Figure 2.23 (a) A regime map for nucleation by drop impact on powder beds relating the granule formation
mechanism to the powder bed properties (Emady et al., 2013). (b) Schematic of the tunnelling and spreading
droplet penetration methods resulting in spherical and disk-shaped granules, respectively (Emady et al., 2011). (c)
Schematic of late-diffusive intra-spreading resulting in a mushroom-shaped granule composed of a saturated core
and unsaturated outer layer, adapted from Nguyen et al. (2009).
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Bog represents a balance between the adhesion tension, ycos8, of the capillary force acting
on a particle (of order dsycos®) and the gravitational force acting on the particle (of order
ds2’pweeg).  Thus, here the Bond number is a measure of the relative magnitude of the

cohesive force acting on the particle due to liquid bridges (Emady et al., 2013b).

In addition to the spherical and disk-shaped granules, mushroom-like granules with distinct
“stalk” and “cap” features have also been reported (Davis et al., 2017; Emady et al., 2011,
2013b, 2013a; Hapgood, 2000; Nguyen et al., 2009). These granules result from nucleation
of powders at the transitional boundary between the tunnelling and spreading mechanism
and is also promoted by greater impact velocity upon coarse particles resulting in a crater
formation mechanism (Emady et al., 2011). Nguyen et al. (2009) describes the origin of the
mushroom shape from two distinct regions during penetration; the saturated core during
droplet penetration forms the stalk, and the semi-saturated outer layer resulting from radial

diffusion forms the cap. These penetration mechanisms are illustrated in Figure 2.23b.

Using X-ray computed tomography (XRCT), Davis et al. (2017) analysed the microstructure of
granules resulting from droplet penetration on alumina powders of varying particle size
distributions (Figure 2.24). Granules manifested as spherical, mushroom shaped and disk-
shaped corresponding to fine (0.5 and 5 um), medium (25 um) and coarse (108 um) powder
grades, respectively (Figure 2.24a). XRCT revealed the frequency of macrovoids to be
inversely related to particle size (Figure 2.24b). Moreover, by sieving the fine powder and
breaking up cohesive aggregates, the size of the pores significantly decreased. This
observation indicates that macrovoids in granules are attributed to the powder bed
microstructure prior to imbibition and not due to particle migration during liquid evaporation

(Davis et al., 2017), as previously reported (Pagnoux et al., 2009).
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Mundozah et al. (2018) found the effects of powder hydrophobicity to be analogous to those
reported by Emady et al. (2011, 2013) with respect to particle size. At elevated
concentrations of magnesium stearate, droplet spreading was increasingly restricted, as was
the case during the tunnelling mechanism. The subsequent lactose granules decreased in
diameter and increased in height to exhibit a diameter-to-height ratio of approximately 1. In
addition, by comparing the granule diameter with the footprint of the droplet upon complete
imbibition, it was revealed that late-diffusive intra-spreading occurred, whereby the liquid

continued to radially infiltrate the powder bed following imbibition (Figure 2.23c)

Late-diffusive intra-spreading is responsible for observations made by Nguyen et al. (2009,
2010), whereby granules formed from increasingly hydrophobic formulations could be
separated according to their formation mechanism. The semi-saturated outer layer was
weak due to limited liquid diffusion and hence, it detached from the stronger saturated core.
Further, with increased fraction of the hydrophobic component (salicylic acid) the granule
decreased in size and strength as the hydrophobic particles impeded liquid penetration and

liquid bridge formation (Nguyen et al., 2009).
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1000 pm

1000 pm

Figure 2.24 (a) Microscopic images of alumina granules whereby A, B, C and D correspond to powder grades of
d50=0.5, 5, 25 and 108 um, respectively. 1, 2 and 3 represent the mesh aperture through which the powder
was first sieved; 1.4 mm, 750 and 500 um, respectively. (b) Images depicting 3D macro-void reconstruction
resulting from X-ray computed tomography (Davis et al., 2017). Pores of the same colour are connected.
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2.3.7. Conclusion

Liquid distribution during wet granulation has been identified to be highly determinative on
the resulting granule size distribution. A disparity in liquid concentration throughout the
powder bulk results in an undesirable multimodal size distribution; oversized granules
resulting from regions of high concentration, and fine granules or ungranulated powder
resulting from regions of low liquid concentration. Homogenous liquid distribution results in
a narrow granule size distribution (GSD) that has more favourable properties for tablet

manufacture.

Liquid distribution is impeded by materials with poor wetting properties, however, powder
wettability has proven a difficult quality to quantify. Droplet spreading and penetration have
been shown to be useful metrics for quantifying the interaction between a liquid binder and
a powder bed. However, liquid-powder interactions are further complicated by surface
roughness, surface pore fraction, and capillarity, which are in turn affected by particle size
distribution and particle packing. In the bulk, the powder bed microstructure also
contributes to liquid propagation beneath the surface resulting in drastically different

granule morphologies.

Droplet penetration tests and nuclei formation are yet to be investigated with respect to
bimodal raw materials. This has the potential to manipulate the particle packing and porosity
of a powder bed by supplementing the bulk constituent with another grade with a
complementary PSD. Additionally, little work has been conducted using multi-component
powders, as would be typical in formulations used in wet granulation. Furthermore, the

literature possesses a distinct absence of hygroscopic powders.
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3.1. Research focus

From a deep body of published work, it is abundantly apparent that the microstructure of
the powder bed is of great influence on the nucleation process. A powder bed’s
microstructure is complex to define and quantify, but manifests as the cumulative effect of
surface chemistry, particle shape, size distribution and packing. Operationally, this is further
complicated by particle movement during mixing and transport. As a result, well

characterised powder properties are fundamental to nucleation control.

The literature features a limited number of powder materials in drop penetration studies,
and there exists a noticeable absence of hygroscopic materials. Considering that cellulose-
derived powders are significantly hygroscopic and some of the most used excipients in drug

formulation, there exists a gap in the fundamental understanding of nucleation.

Many excipients commonly used in wet granulation are derived from animal and plant
sources, such as lactose monohydrate and cellulose derivatives (IPEC, 2008). Consequently,
the particle properties of these excipients are susceptible to lot-to-lot variability (Dave et al.,
2015; IPEC, 2008). Additionally, the PSD specification of commercially available grades are
typically broad with only two not-more-than or not-less-than size limits, and hence, are
capable of accommodating a significant degree of variability (Carlson and Hancock, 2006).
Moreover, treatment of bulk powders during production, storage, handling, and transport

can be inconsistent, invoking further variability.

Therefore, the influence and associated risk of variance on product manufacture and product

performance should be understood and managed, as per the QbD guidelines outlined in ICH
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Q8(R2) and ICH Q9. It is necessary to investigate variability of all factors simultaneously
within the operational space to elucidate an understanding of secondary interactions and

compounded variance (L. X. Yu et al., 2014).

In this study, the influence of powder bed microstructure on drop penetration and resulting
nuclei morphology will be manipulated and assessed by varying the particle size distribution
and doping the main constituent with a second constituent of varying PSD. Furthermore,
the porosity of the multi-component wet granulation formulation will be varied to simulate

potential consolidation conditions in a continuous twin screw granulator.
3.2. Aims and objectives

The aim of this chapter is to manipulate the microstructure arising from the particle size
distribution and consolidation of a multi-component powder bed in order to determine their

influence on wetting phenomena and nuclei formation.

3.3.  Materials

Two commonly used excipients were used in this investigation: three grades of a-lactose
monohydrate (Granulac 70, 140 and 230, Meggle, Germany) and three grades of
microcrystalline cellulose (Avicel PH200, PH105 and PH101, FMCBiopolymer, USA), shown in
Figure 3.1. a-Lactose monohydrate, LAC, is a soluble sugar derived from dairy and is utilised
as a diluent with brittle fragmentation properties (Al-lbraheemi et al.,, 2013).
Microcrystalline cellulose, MCC, is an insoluble polymerised cellulose derivative commonly
used in solid dosage formulation for its wicking and plastic deformation properties

(Lahdenpaa et al., 1997).

Each excipient was sieved and then re-constituted into three pseudo-grades termed Lo, Med

71



3. The Effects of Powder Microstructure on Droplet Penetration and Static Nucleation

and Hi—as detailed in the method below. These pseudo-grades were used to prepare binary
mixtures with a 70:30 composition ratio. The inclusion of diluent 70% w/w in prior wet
granulation studies forms the rationale for this ratio (Chan Seem et al., 2016; Dhenge et al.,
2011; El Hagrasy et al., 2013b; Gorringe et al., 2017; Lee et al., 2012; J. G. Osorio et al., 2017,
Saleh et al., 2015; Sayin et al., 2015). Furthermore, as established in the literature, this ratio
allows for the greatest particle packing for multi-component powder beds (Aghajan et al.,
2019; Bai et al., 2017; Borjesson et al., 2014; Kouraytem et al., 2016; Lam and Nakagawa,
1994; McGeary, 1961; Nordstrom et al., 2018; Rassouly, 1999; Santiso and Miiller, 2002; Ye
etal., 2018; Yerazunis et al., 1965; Yu and Standish, 1993)., and hence, allows for the greatest

manipulation and experimental range.

Avicel PH= 200

Figure 3.1 SEM images of various stock grades of LAC (top) and MCC (bottom) (Meggle Pharma, 2019, Rowe et
al., 2012).

Hypromellose (Pharmacoat 603, Shit-Etsu, Japan), HPMC, solutions were prepared at
concentrations of 0 (water), 2.5 and 5% w/v and were used as the penetrating liquid binder.
First, a 5% w/v solution was prepared by solubilising 10 g HPMC into 200 mL purified water
(Milli-Q Water Purification System, Merck Millipore, USA) using a magnetic stirrer and
hotplate heated to 50°C. After 12 hours, 100 mL was removed and cooled, whilst the

remaining solution was diluted to 2.5% w/v with the addition of 100 mL purified water and
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further heated and stirred. The solution was covered throughout preparation and storage

to prevent evaporation.

3.4. Method

3.4.1. Pseudo-grade creation and formulation

The commercial grades of LAC and MCC were sieved across a nest of ten 400 mm sieves
consisting of R40/3 meshes (25, 38, 45, 53, 63, 75, 90, 106, 125 and 150 pum, FRITSCH GmbH,
Germany) using an electromagnetic driven sieve shaker (Titan 450, Endecotts, UK), resulting
in 11 size fractions. Each fraction was divided into eight equal parts using a rotary sample
divider (LABORETTE 27, FRITSCH GmbH, Germany). The eighths were then reconstituted to
create three pseudo-grades, denoted Hi, Med and Lo. This is shown in Figure 3.2 for LAC

and Figure 3.3 for MCC.

Each formulation consisted of a binary A:B mixture with a 70:30 weighting. Ingredient A was
always one of the three LAC pseudo-grades, whilst B was either a LAC pseudo-grade or a MCC
pseudo-grade. Each mixture consisted of one pseudo-grade being “doped” with another
pseudo-grade, resulting in a unimodal PSD if the two pseudo-grades matched or a bimodal

PSD if the two pseudo-grades differed.

The naming convention used henceforth consists of the excipient, followed by the
concentration and pseudo-grade. For example, a formulation composed of the coarse
pseudo-grade, Hi, of LAC doped with the fine pseudo-grade, Lo, of MCC will be referred to as
LAC_70 Hi:MCC _30_Lo. Where absolute specificity is not necessary, or no ambiguity exists,

an abbreviation of this format may be used for expedience.

Batches were prepared as 300 g batches and blended for 15 minutes in a 1 L cone vessel with

a tumble speed of 15 rpm and agitator speed of 200 rpm (AgiBlend AB-015, Pharmatech, UK).
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Figure 3.2 Lactose sieve fractions of commercial grades (left) and sieve fractions of reconstituted pseudo-grades

(right).

Each sieve fraction of the commercial grades was divided into eight equal parts - represented here by

individual blocks. These were then reconstituted into the pseudo-grades, with colour representing the originating

fi(Inx) is the lognormal distribution of mass frequency (f) of particles of diameter x in

commercial grade. Where
sieve fraction with size interval i.

Note: y-axes are not equal.
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Figure 3.3 Microcrystalline cellulose sieve fractions of commercial grades (left) and sieve fractions of

reconstituted pseudo-grades (right).

Each sieve fraction of the commercial grades was divided into eight equal

parts - represented here by individual blocks. These were then reconstituted into the pseudo-grades, with
colour representing the originating commercial grade. Where fi(Inx) is the lognormal distribution of mass

frequency (f) of particles of diameter x in sieve fraction with size interval i.

Note: y-axes are not equal.
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3.4.2. Material characterisation

The particle and powder properties of each ingredient, grade and formulation permutation
were characterised. The particle size and shape distribution were measured in triplicate
using a QICPIC with the RODOS dispersing system (Sympatec GmbH, Germany). An FT4
Powder Rheometer (Freeman Technology, USA) was used to measure the flow function, FF,,
of each sample using the 25 mm setup. Additionally, the powder rheometer was used to
measure the bulk density following a conditioning cycle, as described - and verified to be
comparable to the USP method - elsewhere (Hughes et al., 2014). Tapped density was
measured using automated tapping apparatus (Autotap, Quantachrome, UK) in accordance
with USP 616 (United States Pharmacopeial Convention, 2015). The true particle density
was obtained from 10 measurements using helium displacement (Accupyc Il 1340
Pycnometer, Micromeritics, USA). The BET specific surface area was measured from
nitrogen adsorption isotherms obtained using gas sorption analysis (Autosorb iQ,

Quantachrome, UK).

After calculating the density of each test liquid (pig=m/V), the viscosity, n, was determined
experimentally using the Hoppler principle utilising a falling sphere setup and Equation 3.1.
The time, t, for a chrome steel ball bearing (d=15 mm) to sink through a constant length of
descent (l4=400 mm) of test liquid in a measuring cylinder was recorded to determine the

sphere’s descent velocity (u=/4/t).

— 2'(psph_pliq)'g'rsph2
9u

n Equation 3.1

where pspn and piiq are the respective densities of the test sphere and liquid, g is acceleration
due to gravity, and rsn is the radius of the test sphere. Even though HPMC does possess

non-Newtonian properties, the falling sphere test was chosen to determine viscosity for its
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simplicity, instead of profiling viscosity as a function of temperature and shear using a
rheometer. Further, HPMC demonstrates Newtonian behaviour at low concentrations
(£10%) and relatively low temperatures (<70°C) (Silva et al.,, 2008), which meets the
conditions of the droplet penetration test. The properties of the test liquids are listed in
Table 2.

Table 2 Measurements of the physical properties of the test liquids.
HPMCconc. Density, Viscosity, Surface tension, Drop diameter, Capillarylength, Weber number,

(%w/w)  pgy (g/ml) p(mPass) y(mN/m) d, (mm) I (mm) we ()
0 0.997 1.01 72.59* 2.21 2.72 8.21
2.5 1.003 4.27 16.4%* 2.03 2.17 9.13
5 1.011 14.33 46.3% 2.11 2.16 4.10

*Values taken from literature.
3.4.3. Drop penetration test
Drop penetration tests, DPT, were performed for each of the formulation permutations. This
involved a single droplet being dropped from a small height onto the surface of a static
powder bed whilst being recorded via high-speed image capture. This allowed the
movement, dimensions, contact angle and imbibition of the droplet to be measured as a

function of time.

The powder bed of each ingredient and formulation was tested at three consolidation

conditions (PBD): loosely consolidated (bulk density, pwuk), fully-consolidated (tapped

density, pwp) and semi-consolidated (2ta2—Pbutk

+ Ppuik)- As in other studies (Emady et al.,
2013a; Z. Liu et al., 2017), the FT4 Powder Rheometer — with the 23.5 mm blade setup — was
used to ensure the powder bed densities were reproducible. To prepare the loose

consolidation condition each powder bed was subjected to a conditioning cycle, whereby the

rotating blade repeatedly traversed up and down the powder bed until no further changes in
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rotational torque were detected. For fully-consolidated conditions the powder bed was
tapped 2000 times, or until no further decrease in volume was observed. To produce the
semi-consolidated condition the powder bed was first conditioned and then subjected to
gradual tapping. The number of taps administered to the conditioned powder bed was
incrementally increased until a density equidistant from the bulk and fully-consolidated

density was achieved.

[

- Syringe
Light — = Background
source L[IJ
Droplet —
D e ,
High ——
acquisition — 25 mm
camera —_ split
—_ vessel

Figure 3.4 Experimental setup for the droplet penetration tests.

The FT4’s split vessel (25 mm x 25 ml) was used to contain the powder bed as the splitting
mechanism allowed a smooth surface to be revealed with minimal disturbance to the bulk,
as previously described (Emady et al., 2013a; Wang et al., 2018). The mass of the powder bed
was then measured, and the density calculated.

A vertically orientated syringe discharged a droplet of liquid binder from a height of 5+0.5
mm above the powder bed surface and off-centre. After each test the FT4 vessel was rotated

approximately 70° and the test was repeated to obtain a total of five tests per prepared
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powder bed (n=5, except for the centre points n=9 - see section 3.4.5 Experimental Design

below). This was repeated three times resulting in 15 granules per experimental condition.

To obtain droplets of approximately 10 pL a 30-G needle was used for water and a 28-G
needle was used for the HPMC liquids (BD Micro-Fine Plus 0.5ml, Becton Dickinson, USA). A
digital camera with 40x slow motion capabilities (Sony DSC-RX100 V, Sony Corporation,
Japan) was positioned level with the powder bed surface and recorded each DPT at an image
acquisition rate of 960 frames per second. This allowed a temporal accuracy to £1.04 ms. A
schematic of the DPT setup is shown in Figure 3.4. Only one DPT was recorded and analysed

per experiment condition.

The impact velocity, u;, was calculated from the image sequence prior to impact and was
found to be approximately 0.792+0.079 m/s, 0.712+0.073 m/s and 0.679+0.068 m/s for O,

2.5 and 5% w/w HPMC, respectively.

Figure 3.5 A representation of the treatment process by converting each image frame (top) to 8-bit greyscale
(middle) and then to 1-bit binary (bottom) for reproducible edge detection.

Each frame from the video footage was extracted into individual images (VideoPad Video
Editor v4.30, NCH Software, Australia) and analysed using image processing software (Image)

1.51j8, National Institute of Health, USA). By transforming each image into a binary black
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and white image in accordance with a predetermined threshold value (170), it ensured that
edge detection was consistent for all images and tests (Figure 3.5). A macro was created to
treat and segment each frame into a series of horizontal slices, one pixel in height, and the
droplet diameter (d;) within each horizontal slice was measured (Figure 3.6). The spatial

resolution was 16.2 um per pixel.

In the literature, it is common for the volume of the droplet fraction yet to be imbibed at
time t to be estimated from d(t) and h(t) by assuming it to be a spherical cap and using

Equation 3.2 (Berthier, 2013).
vV, = %- h; - (3d? + h?) Equation 3.2

In the current study, the droplet often did not immediately assume a spherical cap shape,
and Equation 2.2 was found to underestimate the volume during the early stages of
imbibition, particularly for experimental conditions involving higher viscosities and fine
pseudo-grades. Therefore, an alternative approach was employed in this work. Assuming
the droplet was axisymmetric and circular, the droplet volume yet to be absorbed at time t
was estimated to be the cumulative volume of a series of stacked cylinders, each one pixel in
height (0.0162 mm), using Equation 3.3. The contact area of the droplet-surface interface

was determined from the diameter of the bottom-most slice (Figure 3.6).

2
v =3n - (%) ‘h Equation 3.3
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Cross-sectional
slices

Height, h(t)

Contact diameter,
d(t)

_ !

Figure 3.6 A representation of measurements obtained from image analysis (not-to-scale). In practice each
cross-sectional slice had a height of 1-pixel, corresponding to 16.2 um.
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3.4.4. Granule characterisation

Following imbibition, the subsequent powder bed was left to dry at ambient conditions for
72 hours before being gently sieved using a 500 um mesh sieve to retain the nuclei. The
mass of each individual nucleus was recorded, and the overhead and side profile projection
area of each nucleus was measured from digital photographs taken from a fixed distance
against a contrasting surface. Imagel software was used to isolate each nucleus and measure
the corresponding area, as shown in Figure 3.7. From this, the diameter of a circle of

equivalent projection area (EQPC) was calculated.

2
@ ¢ | 0 g 0°

Fie Edt Font Results
lLabel ~ |Area  Mean |Feret "
ExpF15.jpg 120025 230.966 413.484 7
ExpF15.jpg 115038 209.537 420.529 2(
ExpF15.jpg 96488 214.095 374.733 1¢
ExpF15.jpg 96063 213.698 373.636 2
ExpF15.jpg 135540 227.515 436.468 5°
9 ExpF15.jpg 96985 217.107 370.163 1¢
10 ExpF15jpg 113819 226.896 399.441 1°
11 ExpF15.jpg 104671 215.728 400.746 1t
12 ExpF15.jpg 102201 207.719 391.164 2-
13 ExpF15.jpg 91322 227.352 368.611 5¢
14 ExpF15.jpg 101145 211.175 381.177 1-
15 ExpF15.jpg 111095 205.443 406.415 1¢
16 ExpF15.jpg 89526 216.586 366.153 6(
17 ExpF15.jpg 98036 199.742 394.808 1¢
18 ExpF15.jpg 119271 199.385 418.007 2
\ / ) { D
Figure 3.7 Sequential treatment process used to measure granule dimensions and area. (1) initial image, (2)
conversion to 8-bit greyscale image and gaussian blur to eliminate small particles, (3) adjust threshold to mark

structures, (4) label each structure to match corresponding measurements.

® ~N o O

Archimedes’ principle was used to measure the envelope volume of the nuclei. The envelope
volume corresponded to the granule exterior, so that the internal pores and fractures were
included. The volume of 150 g of free-flowing glass ballotini (dso=27.3 um, SiLibead, Sigmund

Lindner GmbH, Germany) was measured after 100 taps in a 250 mL glass measuring cylinder.
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This was then gently poured over a sample of 15 granules in a second 250 mL glass measuring
cylinder. This was then tapped 100 times and the increase in volume was recorded. This
was used to calculate the mean average envelope volume. The mass was then gently sieved
using the 500 um aperture mesh to retrieve the granules. The measured mass and volume

were used to calculate the mean nuclei density and porosity.

3.4.5. Experimental design and analysis

Each powder consisting of a single excipient and grade was characterised. To evaluate the
70:30 binary mixtures, a full factorial design of experiments was used to evaluate the
influence of PSD on the flow and packing properties of each formulation combination. This
involved 9 experimental conditions for each blend of two pseudo grades as LAC:LAC or
LAC:MCC, as outlined in section 2.3 and presented in Table 3. As the d;; of LAC_Med and
MCC_Med were not equidistant between the Lo and Hi pseudo-grades, a non-zero value was
assigned as the medium level accordingly i.e. -0.16 and -0.32 for the medium grades of LAC

and MCC, respectively.

83



3. The Effects of Powder Microstructure on Droplet Penetration and Static Nucleation

Table 3 Full factorial DoE of binary mixtures consisting of two pseudo-grades to evaluate
powder properties. The levels correspond to the values listed beneath.

LAC 70 LAC 30 MCC 30
1 -1 -1 -
2 -1 -0.16 -
3 -1 -
4 -0.16 -1 -
5 -0.16 -0.16 -
6 -0.16 -
7 -1 -
8 -0.16 -
9 -
10 -1 - -1
11 -1 - -0.32
12 -1 -
13 -0.16 - -1
14 -0.16 - -0.32
15 -0.16 -
16 - -1
17 - -0.32
18 -
LAC, ds,> (um) MCC, dz,> (um)
114.7 206.8
-0.16 68.9 -0.32 93.4
-1 37.7 -1 39.3

For the drop penetration tests and nucleus formation, two sets of central composite face-
centred designs, involving 27 experimental conditions each (including three repeated centre
points) were performed to evaluate the main and secondary effects of each factor (LAC_70
PSD, LAC/MCC_30PSD, HPMC and PBD). One setincluded LAC_30 as the secondary “doping”
component and the other set included MCC_30. The design of experiments is outlined in

Table 4.

Multiple linear regression (MLR) models were derived from the data set for each response
and are presented as coefficient plots and response surfaces (RSM). A confidence level of

95% was applied throughout to determine statistical significance, and coefficient (Q?).
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The experimental design and analysis were performed using Modde 12.1 (Umetrics, Sartorius

AG, Sweden).

Table 4 Central composite face-centred DoE including repeated centre points -
experiments 25, 26 and 27. The levels for each variable correspond to the values listed

beneath.
LAC_70 LAC_30 or MCC_30 HPMC PBD
1 -1 -1 -1 -1
2 -1 -1 -1
3 -1 t -1 -1
4 +1 -1 -1
5 -1 -1 -1
6 -1 -1
7 -1 +] -1
8 } -1
9 -1 -1 -1 +
10 -1 -1
11 -1 f -1
12 + -1
13 -1 -1
14 -1
15 -1 ;
16 i
17 -1
18
19 -1
20 i
21 -1
22
23 -1
24 1
25
26
27
LAC, ds2 (um) MCC, ds2 (um) HPMC {%w/w) PBD (packing)
+] 114.7 206.8 +1 5 Full
68.9 93.4 2.5 Semi
-1 37.7 -1 393 -1 0 -1 Loose
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3.5. Results

3.5.1. Excipient characterisation

The measurements obtained from dynamic particle sizing, powder rheometry, gas sorption
and pycnometry are outlined in Table 5. Figure 3.8 shows that the powder properties that
were most sensitive to PSD were bulk density, surface area, flow function and compressibility
index, whereas aspect ratio and tapped density were less dependent. From Figure 3.9,
particle size distributions of the pseudo-grades were characterised by a more normal

distribution, narrower span, and reduced overlap than their stock grade counterparts.

(d90-d10)/d50

Granulac 70

Granulac 140

CFI AR Granulac 230
LAC_Hi
LAC Med
----- LAC Lo
FFc pbulk
Y/
Cl p(tapped) (d90-d10)/d50
d3,2
Avicel PH200
Avicel PH101
AR
Avicel PH105
MCC_Hi
MCC_Med
----- MCC_Lo pbulk

cl p(tapped)

Figure 3.8 Radar chart comparing normalised powder properties for LAC (top) and MCC (bottom) commercial
grades and pseudo grades. Where (dgo-d10)/dso is PSD span, ds3 ; is Sauter mean diameter, AR is aspect ratio, pouik
is bulk density, prapped is tapped density, Cl is compressibility index, FF. is flow function, CFl is consolidation flow
index, and BET-SA is specific surface area.
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Table 5 Measurements of the physical properties of the stock grades, pseudo-grades and sieve fractions of LAC and MCC.

QICPIC Accupyc FT4 Rheometer Autosorb
True Bulk  Tapped Multi-point Average
dpy  dyy  dy dgosfmn SMDd,, Aspect densitay denSi? densit;/ Compressibility ~ BET surf:)ce Total pore  pore radius
(wm)  (um) (um) /el (um)  ratio  (g/em’)  (g/em’) (g/cm’)  index(%)  area(m’/g) volume (u/g)  (nm)
Granulac 70 413 1273 2231 1.43 129.9 0.81 1.545 0.71 0.90 211 0.22 1.159 14.87
Granulac 140 24.3 68.5 155.3 191 78.2 0.72 - 0.62 0.87 28.7 0.42 2.344 11.42
Granulac 230 18.8 40.4 67.4 1.20 42.2 0.71 - 0.42 0.74 43.2 0.69 4.534 9.80
LAC Hi 87.4 168.2 248.7 0.96 114.7 0.84 - 0.76 0.89 14.6 0.16 1.090 14.95
LAC Med 37.2 63.2 93.2 0.89 68.9 0.74 - 0.65 0.85 235 0.41 2171 10.99
LAC Lo 17.9 28.3 41.6 0.84 37.7 0.68 - 0.41 0.70 41.4 0.93 4.880 7.29
LAC 106-125 pm 117.9 142.3 226.5 0.34 151.1 0.81 - 0.78 0.87 10.3 0.15 0.988 14.58
LAC 53-63 pm 46.7 62.1 78.0 0.52 712.2 0.76 - 0.68 0.80 15.0 0.39 2.051 11.51
LAC 25-38 pm 22.6 34.2 43.8 0.62 41.7 0.77 - 0.44 0.69 36.2 0.78 4.492 7.98
Avicel PH200 87.2 204.7 366.3 1.37 180.4 0.78 1.591 0.38 0.47 19.1 1.01 5.419 9.51
Avicel PH101 34.9 704 1379 1.47 76.5 0.63 - 0.32 0.43 25.5 1.16 6.012 11.52
Avicel PH105 16.6 311 49.5 1.06 321 0.61 - 0.28 0.39 28.2 1.54 13.819 13.03
MCC Hi 1704 286.6 421.3 0.87 206.6 0.82 - 0.4 0.46 13.0 0.94 5.359 9.66
MCC Med 50.3 92.3 13838 0.97 93.3 0.68 - 0.33 0.42 21.4 1.13 5.968 11.48
MCC Lo 14.7 274 39.7 0.93 393 0.55 - 0.28 0.39 29.7 1.62 12.720 14.83
MCC 125-150 pm 2225 1289.6 4258 0.70 281.5 0.86 - 0.41 0.45 8.8 0.91 5.223 9.72
MCC 53-63 pm 58.5 87.1 1021 0.51 91.2 0.64 - 0.35 0.41 14.6 1.13 5931 11.85
MCC 25-38 um 19.7 33.2 46.9 0.82 37.6 0.48 - 0.27 0.38 28.9 1.56 12.852 13.29
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An analysis of variance (ANOVA) shows that pseudo-grade PSDs possessed lower variance
values (sd?) than the stock grades. However, only LAC_Med was significantly different
statistically from Granulac 140 (p=0.002), whereas LAC_Hi and LAC_Lo were statistically
insignificant from their stock counterparts (p=0.381 and p= 0.217, respectively). With that
said, the differences between LAC_Hi and LAC_Med, and LAC_Med and LAC_Lo were
statistically significant (p<0.01) whereas the difference between Granulac 70 and Granulac

140 was not (p=0.135).

Although pseudo-grades MCC_Hi, MCC_Med and MCC_Lo had lower variance values, they
were not statistically different from Avicel PH200 (p=0.368), Avicel PH101 (p=0.368), and
PH105 (p=0.258), respectively. The difference between the three pseudo-grades was

significant (p<0.001).

MCC had a significantly greater surface area and porosity than LAC despite a comparable
PSD. By considering the method of manufacture and the scanning electron microscope
(SEM) images shown in Figure 3.1, the source of these differences becomes apparent; a-
lactose monohydrate particles resulted from crystallisation and are tomahawk-shaped (Edge
et al., 2006), whereas MCC was prepared via spray drying and present as elongated fibres
(Galichet, 2006). Consequently, MCC had a significantly more porous structure than LAC
with the vast majority of the measured surface area being internal (Doelker, 1993). Hence,
the surface area of MCC was not solely dependent on the PSD as was the case for LAC
(Gamble et al., 2011). This was because MCC's coarser particles were in fact, a collection of

tightly aggregated smaller primary particles (Gamble et al., 2011).
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Figure 3.9 Particle size distribution of the stock grades (left) and pseudo grades (right) of a-lactose
monohydrate (top) and microcrystalline cellulose (bottom) as obtained via QICPIC particle sizing (averaged from
triplicate measurements). The shaded region and accompanying tables indicate the PSD overlap between the
various associated grades. EQPC is the diameter of a circle with an equivalent projection area as the measured

particle.

Typical particle size related behaviours were observed, such as lower flow function (FF¢) and

increased compressibility index (Cl%) with decreasing particle size (Figure 2.11 and Figure

2.12, respectively), indicating reduced flowability (K6hler and Schubert, 1991; Liu et al., 2008,

2015; Ouchiyama and Tanaka, 1986). The increase in shear yield strength and decrease in

packing efficiency was the result of increased area-to-mass ratio with decreasing particle size,
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as particles smaller than 100 um typically have a greater potential for cohesive inter-particle
interactions to arise and were less susceptible to gravitational and shear forces (Israelachvili,
1989; Visser, 1989). Hence, PSD measurements have been the basis of models used to
predict flow behaviour of new powdered pharmaceutical materials (Leyva and Mullarney,
2009), along with particle shape (Yu et al., 2011), surface area and surface energy (Barjat et

al., 2020).
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Figure 3.10 Particle size distribution and cumulative distribution of stock grades, pseudo-grades and sieve
fractions of a-lactose monohydrate (top) and microcrystalline cellulose (bottom) as obtained via QICPIC particle
sizing (averaged from triplicate measurements). EQPC is the diameter of a circle with an equivalent projection
area as the measured particle.
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2.5.2 Effect of PSD span

Figure 3.10 compares the PSD of the stock grades, pseudo-grades and sieve fractions. By
comparing the porosity of the stock grades, pseudo-grades and sieve fractions with
comparable dso, the effect of the size distribution span [(dso-d10)/ds0] on particle packing
became apparent (Table 5). Generally, with decreasing span (stock grade>pseudo-
grade>sieve fraction) the conditioned bulk density increased, and powder porosity
decreased. This indicates that a broader size distribution promoted the presence of macro-
voids within the bulk of a loose powder bed (Hapgood et al., 2002). This was likely because
of the presence of finer particles within the distribution that were cohesive and
agglomerated to form larger pores within the powder bed when loosely packed. However,
when the powder bed was consolidated following extensive tapping, these multi-particle
agglomerates were broken up and the smaller particles percolated into, and occupied, the
voids created in between adjacent larger particles (Lam and Nakagawa, 1994; Zou et al.,
2011). Consequently, when compared to the pseudo-grades and sieve fractions, the broader
size distribution of the stock grades demonstrated a lower bulk density following the FT4
conditioning cycle and lower porosity after tapping (Figure 3.11). This was also reflected by
higher compressibility indices (Figure 3.12). These findings concur with those of Kudo et al.
(2019), whereby sieved samples of granulated lactose resulted in a lower angle of repose and
Cl% than the commercially-available original grade. Likewise, Liu et al. (2008) found that
sieved ibuprofen fractions possessed lower compressibility yet a higher flower function than

the original ibuprofen powder that had a much broader PSD.
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Figure 3.11 Compressibility index (mean tsd, n=3) of the stock grades, pseudo-grades and sieve fractions of LAC
(left) and MCC (right).
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Figure 3.12 Powder bed porosity (mean tsd, n=3) of the stock grades, pseudo-grades and sieve fractions of LAC
(left) and MCC (right) when loosely consolidated following a FT4 conditioning cycle (blue) and when fully
consolidated following tapping (orange).

It should be noted that the fine MCC sample grades (Avicel PH105, MCC_Lo and MCC 25-38
pum) did not follow this trend. Despite efforts to manipulate the PSD, very little reduction
in PSD span was measured between the samples (p=0.354), therefore, the differences
between the particle packing and compressibility observed were statistically insignificant

(p=0.471).
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Figure 3.13 Flow function of the various grades of LAC (a & c) and MCC (b & d) resulting from FT4 shear cell
test, where FFc<1 is non-flowing; 1<FFc<2 is very cohesive; 2<FFc<4 is cohesive; 4<FFc<10 is easy-flowing; and
10<FFc is free-flowing.
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Narrowing the particle size span of the various LAC and MCC grades resulted in higher FF.
values, as shown in Figure 3.13. Similarly, Kurz and Miinz (1975) observed the flow function
of limestone samples with narrow PSDs to be greater than those with broad PSDs despite

possessing comparable average particle diameters.

Figure 3.14 shows compressibility index and flow function plotted against PSD measurements
dho, dso and dgo. With R-squared values of 0.872 and 0.914 for LAC and MCC, respectively, it
is evident that dio is a significant and strong predictor variable of CI% (p<0.01).
Measurements dso and dsg presented significant (p<0.05) but weaker correlations with Cl%.
Moreover, dio returned even higher R-squared values for FF. for LAC and MCC (0.961 and
0.984, respectively; p<0.01). This further supports the conclusion that the presence of fine
particles is the most determinative factor on particle packing and powder flow on account of
cohesive interparticle forces, namely van der Waals, being dominant over particle weight and
gravitational forces (Podczeck, 1998). Goh et al. (2018) and Kudo et al. (2019) too found that
the di value of granulated material was the single most important property affecting flow

parameters.

Interestingly, although LAC dy was statistically significant (p<0.05), it did not correlate
strongly with CI% and FF. (R>=0.517 and 0.505, respectively). Hence, the larger particles of
a distribution are a weaker predictor of the smaller particles. With that said, MCC dso was
found to still correlate well with CI% (R?= 0.711; p<0.01) and FF. (R>= 0.903; p<0.01).
However, the reason for this difference between LAC and MCC is not apparent in this

investigation.

If the compressibility index were to be used as an indicator of a powder's sensitivity to

handling and storage conditions, it is evident that the microstructure of the powder bulk
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becomes more sensitive to handling and storage conditions as the PSD broadens and with
the presence of finer particles as the compressibility index increases (Figure 3.12). Narrower
size distributions are likely to pack more uniformly in the absence of consolidating forces (e.g.
vibrations and movement) whereas, powders possessing a broader PSDs . Particle packing
and consolidation of powders are dictated by the cohesive interactions of fine particles -
typically <100 um (Israelachvili, 1989; Visser, 1989). Hence, PSD modification methods, such
as sieving and granulation, allow fine particles to be removed or minimised, offering powders
with more favourable processing properties. An alternative solution is the addition of a flow
aid that coats the fine particles to form a monolayer that disrupts van der Waals forces and
subsequently interparticle adhesion. These additives include talc, fumed silica and
magnesium stearates (Fulchini et al., 2017; Gold et al., 1966; Liu et al., 2008; Mazumder et
al., 1997; Pingali et al., 2011; Podczeck, 1998; Tomas and Kleinschmidt, 2009; Yang et al.,

2005).
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Figure 3.14 Compressibility index (top) and flow function (bottom) plotted against particle size measurements
of the various grades of LAC (left) and MCC (right) with corresponding R-squared values.

96



3. The Effects of Powder Microstructure on Droplet Penetration and Static Nucleation

2.5.3 Binary formulation mixture characterisation

The bulk properties of the binary LAC:LAC pseudo-grade permutations are represented
graphically in Figure 3.15. Overall, the grade of LAC_70 - Lo, Med or Hi - had the greatest
influence on the powder bed porosity but the grade of LAC_30 also had a significant, albeit
smaller, effect on particle packing. Following the work of Furnas (1931, 1930) and Westman
and Hugill (1930), it is widely accepted that the packing density of a bimodal mixture is
greater than that of either single grade. That is evidenced here, as the tapped powder
density, prap, increased and powder porosity decreased, €wp. Numerous studies have shown
that maximum particle packing is achieved when the large particles constitute 60-80% of the
mixture (Aghajan et al., 2019; Bai et al., 2017; Borjesson et al., 2014; Kouraytem et al., 2016;
Lam and Nakagawa, 1994; McGeary, 1961; Nordstrém et al., 2018; Rassouly, 1999; Santiso

and Miiller, 2002; Ye et al., 2018; Yerazunis et al., 1965; Yu and Standish, 1993).

Hence, LAC_70_Hi:LAC_30_Lo (pwp=0.93 g/cm3?) possessed a greater density than
LAC_70_Lo:LAC_30_Hi (pwp=0.74 g/cm3). This was because the smaller particles of LAC_Lo
occupied the voids in-between larger particles that would otherwise be vacant in a unitary
powder bed consisting of only LAC_Hi (Westman and Hugill, 1930). Further, as the diameter
ratio, DR - listed in Table 6, between the two grades increased so did the packing density,
hence, LAC_Hi:LAC_ Lo (DR=6.00) had a more dense particle packing than LAC_Hi:LAC_Med
(DR=2.25) and LAC_Med:LAC Lo (DR=2.67). This relationship has been shown to be true
across a number of materials (Fedors and Landel, 1979; Kouraytem et al., 2016; McGeary,
1961; Rassouly, 1999; Westman and Hugill, 1930; Yerazunis et al., 1965; Zheng et al., 1995).
Therefore, it is believed that tapped bimodal mixtures possessed a narrower and more

uniform pore structure, than their tapped unimodal counterparts.
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However, the above trends did not apply to conditioned loose mixtures; the powder bed
became more porous as particle size decreased and as the proportion of smaller particles
increased, irrespective of LAC_70 and diameter ratio. Inthe absence of shear forces induced
during tapping to disrupt interparticle cohesion and promote particle rearrangement, then
the fine particles of LAC_Lo exist as loose aggregates and are unable to percolate into the
voids in-between the larger particles of LAC_Hi and LAC_Med, as similarly reported in the
literature (Soppela et al., 2010; Thalberg et al.,, 2004). Therefore, the bulk porosity of
LAC_70 Hiincreased with the doping of LAC_30_Lo despite decreasing the tapped porosity.
As previously discussed, by including the fine particles of LAC_Lo into a powder mixture then
the compressibility index increased, indicating that the mixture was more sensitive to

handling and storage conditions.

Table 6 Nominal diameter ratio, DR, between particles in binary mixtures.

70 %w/w 30 %w/w Diameter Ratio, DR
LAC_ Hi : LAC_Med 2.25
LAC Hi : LAC Lo 6.00

LAC Med : LAC Lo 2.67
LAC_Hi : MCC_Hi 0.59
LAC Hi : MCC _Med 1.83
LAC Hi : MCC Lo 6.22

LAC Med : MCC_Hi 0.22

LAC_Med : MCC_Med 0.68

LAC_Med : MCC_Lo 2.33
LAC Lo : MCC_Hi 0.1
LAC lo : MCC_Med 0.3
LAC Lo : MCC Lo 1.04
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Moreover, the flow function derived from the powder rheometer shear tests, indicate that
the inclusion of LAC Lo always resulted in a greater resistance to shear. This can be
attributed to the greater surface area and higher potential for cohesive forces. This
increased resistance to shear was indicative of the greater tendency for a heterogeneous
pore structure in the absence of consolidation; particles were more likely to inefficiently
adhere to adjacent particles because of van der Waals forces instead of reorienting and
percolating homogenously as a consequence of gravitational forces. Thalberg et al. (2004)
reported a similar impediment to flow when micronised lactose and fine lactose were added
to a coarse lactose grade. Comparably, Kaerger et al. (2004) and Soppela et al. (2010) both
studied the flow properties of binary mixtures of paracetamol and MCC. Despite an increase
in tapped density, the authors observed a similar reduction in flow with increasing
concentrations of the fine paracetamol particles. Similar to previous reports, the inclusion
of a fine powder, in this case LAC_30_Lo, diminished the effect of LAC_70 and dominated the
flow properties of the bulk powder even though it was the minority component (Soppela et

al., 2010).

The bulk properties of the LAC:MCC mixtures demonstrated similar trends to that of LAC:LAC,
however, the porosity was generally higher due to MCC particles being more porous and

possessing a larger aspect ratio than LAC particles (see Table 5).

3.6. Conclusion

Commercially available stock grades of a-lactose monohydrate and microcrystalline cellulose
were fractionated and reconstituted into pseudo-grades with narrower and more distinct
normally distributed particle size distributions. This was intended to offer a more precise

opportunity to examine the effects of PSD on powder behaviour, however, only LAC_Med
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was deemed statistically significant from its GranulLac 140 counterpart (p<0.01). In addition
to this, the PSD span and modality were varied by permuting a binary mixture of two pseudo-
grades so that the microstructure of a powder bed could be manipulated in conjunction with

the consolidation conditions.

Increasing PSD and consolidation resulted in a powder bed with a more homogeneous and
smaller pore size distribution. Increasing the bimodality, and span, of the powder bed
decreased the average pore size when consolidated but also increased the heterogeneity
when loosely consolidated. Thus, it was evident that increased PSD span caused the powder
bed to become more sensitive to handling and consolidation conditions. Conversely, a

coarse PSD with a narrow span proved to be least sensitive to consolidation.

Varying the properties of the binary mixture and degree of consolidation allowed a larger
range of powder properties and behaviours to be examined, offering greater insight into

excipient selection and formulation.

101



3. The Effects of Powder Microstructure on Droplet Penetration and Static Nucleation

3.7. Drop penetration method

3.7.1. Qualitative features

Images depicting the development of a typical droplet penetration test can be seen in Figure
3.16. Due to the short descent and low impact velocity, no lamella projection, splashing,
bounce or satellite droplet detachment was observed. The pinch-off of a daughter droplet
did manifest for some of the tests with water and 2.5% w/w HPMC. Similarly, there was no
evidence of significant surface deformation or crater formation as a result of impingement.
The minimal discharge height and low impact velocity did allow for some droplets to roll

laterally prior to coming to rest, particularly for fine PSD formulations.

Additionally, when deposited on a fine powder bed consisting of LAC_Lo, the portion of the
droplet that came into contact with the surface during impact deformation, rapidly became
coated with particles (Figure 3.16). The entrained particles then went on to migrate to the
top of the droplet resulting in complete coverage. This was not observed for LAC_Hi,
indicating that fine particles demonstrate a similar phenomenon to that observed during the
early stages of marble formation with hydrophobic powders (Eshtiaghi et al., 2009; Hapgood
and Khanmohammadi, 2009; Marston et al., 2010; McEleney et al., 2009; Nguyen et al., 2009;
Supakar et al., 2016). However, unlike those studies, the particles then permeated through
the surface of the droplet and into the bulk. The particles were still visibly intact inside the

droplet indicating that permeation was not a consequence of dissolution.
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1. Impact, ¢, 3. Energy dissipation 4. Initial diameter, d,

t=0.000 s t=0.023 s t=0.398 s

2. Inertial spreading 5. Max diameter, d,,,
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Figure 3.16 Time lapse of key moments during droplet penetration from impingement to complete imbibition.
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Figure 3.17 Time lapse depicts entrainment of particles to droplet surface during impact.
Arrows highlight entrained particles that eventually permeate into the droplet. A 0% w/w
HPMC droplet impinging on a loosely-consolidated LAC_70 Lo:LAC 30 _Lo powder bed.

Throughout droplet penetration several droplet properties were measured including contact
diameter, height, and apparent volume (Equation 3.2). A typical representation of these
measurements is depicted concurrently in Figure 3.18 with key features highlighted in Figure
3.19. The imbibed volume was calculated by deducting the apparent volume (calculated
using Equation 3.2) at time, t, from the initial droplet volume from dj at to (Table 2). Upon
impact the droplet’s contact line spread rapidly, indicative of inertial spreading, and the
progression of the capillary wave is visible for the least viscous test liquids. This diameter
spreading is a consequence of the opposing gravitational and normal forces causing the
droplet to radially deform (Yang et al., 2019). The droplet’s viscoelastic properties caused it
to recoil, and the diameter and height continued to oscillate between local maxima and
minima with decreasing amplitude as the kinetic energy dissipated due to the dampening
effect of viscous friction and surface energy conversion (Banks et al., 2014; Lin et al., 2018).

This is highlighted in the inset of Figure 3.19.

104



3. The Effects of Powder Microstructure on Droplet Penetration and Static Nucleation

As the droplet ceased to reverberate, it formed a quasi-equilibrium spherical cap, of diameter
d;, comparable to a droplet on a non-porous surface. In some cases, the apparent contact
angle was visibly greater than 90° during the early moments of penetration, as seen in Figure
3.17, indicating a hydrophobic interface despite using a formulation composed of hydrophilic

excipients.

During the subsequent quiescent period the contact diameter slowly spread until reaching
the maximum droplet spread, dmax, demonstrating an increasing drawing area regime, IDA.
For some experimental conditions, a period of constant drawing area, CDA, was apparent as
the contact diameter remained relatively constant. This was followed by a decreasing
drawing area, DDA, featuring rapid droplet recession, as imbibition approached completion.
The droplet height and volume exhibited a linear relationship throughout most of the
imbibition, albeit the gradient decreased dramatically as imbibition approached completion.
It can be seen from the inset of Figure 3.18, that the contact diameter-time curves correlate

better with the CDA regime of Equation 2.25 than the DDA regime of Equation 2.26
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Figure 3.18 Typical representation of the measurements obtained for the droplet contact diameter (orange line), droplet height (grey line) and
penetrated volume (blue line) plotted as a function of time. Figure 2.21b is shown inset comparing the constant drawing area and decreasing
drawing area imbibition regimes with the experimental results superimposed.
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Figure 3.19 Droplet contact diameter plotted as a function of time with key moments and features highlighted: (1) Droplet contact, t0; (2) Inertial
spreading; (3) Initial spread diameter, di; (4) Energy dissipation; (5) Viscous spreading; (6) Maximum spread diameter, dmax; (7) Constant diameter;
(8) Droplet receding; and (9) Complete imbibition, tp.
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3.7.2. Energy dissipation

As the height of impact was controlled the kinetic energy incurred during droplet
impingement was kept reasonably consistent, and so the duration of energy dissipation and
the number of oscillations were indicative of the surface wettability and liquid properties

(Banks et al., 2014). Examples of energy dissipation are shown in Figure 3.20.

Some distortion during the first oscillation was the result of difficulties measuring the droplet
height due to droplet deposition and pinch off. The oscillations of the height and contact
diameter are of the same frequency but are opposite in phase. The amplitude of the contact
diameter is smaller than that of height and dissipates earlier. This is likely due to droplet
height, h(t), being measured at the vertical maxima, whereas the contact diameter, d(t), was
measured at the base of the droplet and not the horizontal maxima, where displacement was
greatest. Furthermore, the amplitude of the vertical oscillations generally increased with
decreased contact diameter due to the inverse relationship between contact diameter and
droplet height. A taller droplet had greater vertical freedom, and hence a larger range of
motion and amplitude, during oscillation. Figure 3.21 compares the effect of each variable
on droplet oscillation and energy dissipation. It is evident from Figure 3.21 that droplet
spreading is taking place concurrently, as the contact diameter trends upwards throughout

the energy dissipation period.

As can be seen the kinetic energy dissipation process varied between experimental
conditions. The number of oscillations ranged from 3 to 19, and the time for the droplet to
come to “rest” was between 0.256 and 0.681 s. The coefficients of the multiple linear
regression models (MLR) and response surfaces (RSM) for energy dissipation on LAC:LAC

powder beds are presented in Figure 2.22 and Figure 2.23, respectively.
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Figure 3.20 Examples of droplet height (solid line) and contact diameter (dashed line)
oscillating during energy dissipation. The oscillations are numbered and the frequency is
highlighted.

From top to bottom: Exp8 - LAC_Hi:LAC_Hi, 5% w/w HPMC, loose; Exp16 - LAC_Hi:LAC_Hi,
5% w/w HPMC, fully consolidated; Exp24 - LAC_Med:LAC_Med, 2.5% w/w HPMC, fully
consolidated; Exp11 - LAC_Hi:LAC_Lo, 0% w/w HPMC, fully consolidated; Exp12 -
LAC_Hi:LAC_Hi, 0% w/w HPMC, fully-consolidated.
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Droplet viscosity had the greatest influence on the oscillation frequency and duration of
oscillation for the range of conditions studied — as the viscosity increased, the kinetic energy
dissipated faster with slower oscillations. This observation confirms previous studies (Banks
et al., 2014; Katsuragi, 2011; Lin et al., 2018; Manglik et al., 2013), although Katsuragi (2011)
found no obvious trend between viscosity and oscillation time for droplets deposited on 50
pum glass beads. Additionally, the amplitude of the oscillations decreased with increased

viscosity, as the internal friction resisted droplet motion (Leblanc et al., 1999).

Increasing the particle size distribution of LAC_70 resulted in shorter oscillation durations
and a higher frequency, as well as hastening energy dissipation. Katsuragi (2011) reported
similar observations for droplets of low viscosity deposited on powder beds of silicon carbide
and glass beads. This is likely due to a smaller surface pore fraction and decreased surface
roughness resulting in higher surface energy and increasing kinetic energy conversion

(Boinovich and Emelyanenko, 2008; Crick and Parkin, 2010).

The significance of LAC_70*HPMC (p<0.05) indicates an interaction, and as the response
surface illustrates, the effect of LAC_70 on energy dissipation diminishes as HPMC increases.
This interaction between viscosity and particle size has been reported elsewhere (Katsuragi,
2011), whereby the effect of particle size on oscillation duration diminished with increased
viscosity. This suggests that the effect of powder wettability on energy dissipation has a

dependence on low liquid viscosity (Banks et al., 2014; Manglik et al., 2013).

Varying the PSD of LAC_30 proved to be insignificant as a main effect with regards to droplet
oscillation, as it had no discernible effect on LAC_70_Hi and LAC_70_Med. However, an
interaction with LAC_70_Hi was significant (LAC_70*LAC_30 p<0.05); decreasing the PSD of

LAC_30 in the presence of LAC_70_Hi resulted in a higher oscillation frequency and slightly

110



3. The Effects of Powder Microstructure on Droplet Penetration and Static Nucleation

shorter duration of oscillation. Again, this can be attributed to a reduction in powder

porosity and surface pore fraction.
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Figure 3.21 Normalised contact diameter (d/d0) with (a-e) comparing the main effects of
each factor on energy dissipation and (f) comparing the shortest - Exp10 - and longest
penetration tests — Exp5 — with DoE centre point — Exp 25.
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The particle size distribution and inclusion of MCC_30 resulted in similar trends observed for
LAC_30 (MLR coefficients and response surfaces not shown). However, a slight overall
reduction in oscillations and dissipation duration was observed for coarser MCC pseudo-

grades indicating greater wettability.

Increasing the extent of consolidation and powder bed density (PBD) of all powder mixtures
resulted in an increase in oscillation frequency and shortened the duration of oscillation. The
reduction in porosity decreased the hydrophobic pore fraction. PBD also demonstrated a
significant interaction with LAC_70 (LAC_70*PBD, p<0.05). Interestingly, oscillation
frequency was more sensitive to changes in PBD for LAC_70_Hi than for LAC_70_Lo; this is
despite LAC_Hi exhibiting a smaller range of density (0.76-0.89 g/mL) than LAC Lo (0.41-0.70
g/mL). Contrastingly, the opposite relationship was observed for oscillation duration, in that
LAC_70_Lo was more sensitive to PBD than LAC_70_Hi. Inthis present study no reason could

be identified to explain these conflicting relationships.

Based on these results, a potential hypothesis is that droplet oscillation may further be
influenced by consolidation, as a loose powder bed would dampen the impact of the droplet
and absorb some of the kinetic energy, resulting in a smaller amplitude and shorter
oscillation duration. In contrast, a tapped powder bed would present a more rigid surface
and offer less damping, resulting in a longer oscillation duration.  This is hypothesised
because of work by Mangili et al. (2012 ) and Chen et al. (2016) whereby softer surfaces
resulted in a less pronounced droplet recoil following impact and a significantly shorter
duration of oscillation. In the case of this study, it is difficult to differentiate the effects of
surface softness and the effects of porosity, as both are a function of consolidation.

However, Chen et al. (2016) reported surface softness had no significant effect on droplet
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oscillation at low impact velocity (0.5 m/s), which is in the region of this study, and hence it

is assumed that the effects of surface softness on droplet oscillation were negligible.

In summary, increasing particle size, bimodality and consolidation all contributed to reduced
porosity, and consequently, reduced oscillation duration. Several authors have correlated
shorter oscillating times to increased wettability (Banks et al., 2014; Lin et al., 2018; Wang et
al., 2009b) and others have correlated wettability to porosity (Holm et al., 2016; Lee et al.,
2016a; Vu et al., 2011; Yang and Xu, 2017) and surface pore fraction (Jopp et al., 2004,
Murakami et al., 2014; Yang et al., 2008). In that regard, decreasing porosity increased
wettability and resulted in greater surface energy conversion due to greater spreading
(Ukiwe et al., 2005) as per section 3.6.4, and greater viscous energy dissipation because of
longer oscillating motion (Banks et al., 2014; Lin et al., 2018). In contrast, increasing porosity
reduced wettability and resulted in reduced surface energy conversion because of a smaller
contact area, and less viscous dissipation from a shorter oscillating motion. It is therefore
reasonable to suggest that increasing the particle size of LAC_70, increasing the bimodality
via LAC_30 and increasing particle packing efficiency via PBD consolidation improved
wettability by decreasing the porosity, and in turn, the fraction of hydrophobic air-filled pores

in the powder bed surface.

With that said, porosity alone does not explain the variability in oscillation behaviour. The
powder beds of experiment 9 (LAC_Lo:LAC Lo fully consolidated), experiment 21
(LAC_Med:LAC_Med semi-consolidated), and experiment 4 (LAC Hi:LAC Hi loosely
consolidated) had comparable porosities of 54.7, 51.5 and 50.8%, respectively. Despite this,
the oscillation process still exhibited differences in duration and frequency. This is indicative
that surface roughness, arising from surface area, contributed to droplet oscillation post-

impact. Hence, assuming a Cassie spreading regime during the initial moments following
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drop impact, then the area available for surface energy dissipation and spreading was greater
(Murakami et al., 2014). If the droplet had assumed a Wenzel state during impact due to a
higher velocity, it is likely that the larger surface area of a more porous surface would have
quickened dissipation, rather than prolonging it (Vaikuntanathan and Sivakumar, 2014).
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Figure 3.22 Multiple linear regression coefficients pertaining to (i) the oscillation frequency
and (ii) duration required for energy dissipation for droplets deposited on LAC:LAC powder
beds. Significant coefficients (p<0.05) are coloured blue.
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Figure 3.23 Response surfaces illustrating the MLR models pertaining to the oscillation
frequency (left) and duration (right) required for energy dissipation for droplets deposited
on LAC:LAC powder beds. The -1 to +1 range across the x- and y-axes corresponds to the

experimental DoE levels outlined in Table 4.

As the oscillations of the droplet follow a damped harmonic motion, some authors (Manglik
et al. 2013; Banks et al. 2014) have sought to model droplet oscillation as a function of the
damping ratio (derived from the viscous damping coefficient) and the undamped angular

frequency (derived from the characteristic mass and spring constant). These elements have
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been demonstrated to scale with the droplet viscosity, surface tension and velocity (Manglik
et al. 2013; Banks et al. 2014). However, to date no attempts have been made to use the
damped harmonic oscillator to model droplet oscillations as a function of the surface
properties. Although this is beyond the scope of this study, deriving these parameters to

represent powder properties is worthy of further investigation.
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3.7.3. Penetration time

The penetration time is representative of overall wettability and permeability of a powder
bed (Hapgood et al., 2002). All the experimental conditions tested demonstrated complete
imbibition. Figure 3.24 compares the main effects on droplet penetration. The times ranged
from 0.885s indicating rapid penetration, to 7.728s for the least wetting conditions (Figure
3.24f). This illustrates an almost 9-fold difference arising from the variation in physical

properties despite the materials possessing the same chemical properties.
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Figure 3.24 Droplet contact diameter plotted as a function of time (10-point moving
average). Graphs (a-e) compare the main effects of each factor. Graph (f) displays the
fastest — Exp10 - and slowest penetration tests — Exp5 - with DoE centre point — Exp 25.

117



3. The Effects of Powder Microstructure on Droplet Penetration and Static Nucleation

For the LAC:LAC formulations, it is evident that the particle size distribution of the LAC_70
pseudo-grade, HPMC concentration and powder bed consolidation all had a significant
influence on penetration time (Figure 3.25a). The effect of LAC_30 on the penetration time

was dependent on LAC_70, hence the significance of the LAC_70*LAC_30 term in the MLR.
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Figure 3.25 MLR coefficients pertaining to complete penetration time, t,, for (a) LAC:LAC
powder beds and (b) LAC:MCC powder beds. Significant coefficients (p<0.05) are coloured
blue.
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The effect of particle size distribution of LAC_70 on penetration time is visually presented as
sequential time images in Figure 3.26. Increasing the PSD of LAC_70 decreased the
penetration time. Previous studies have reported similar observations for drop penetration
tests involving lactose (Charles-Williams et al., 2011; Han, 2017; Hapgood et al., 2009, 2002;
Nguyen et al., 2009), glass ballotini beads (Hapgood et al., 2009), siliconised beads (Katsuragi,
2011), starch (Oostveen et al., 2015) and sintered copper (Yang and Xu, 2017). Wettability
studies using Washburn capillary rise method have also demonstrated faster rates of
penetration with increased particle size (Depalo and Santomaso, 2013; Kiesvaara and
Yliruusi, 1993; Kirchberg et al., 2011; Yang et al., 1988). However, other wettability studies
have not observed a relationship between particle size and liquid penetration (Galet et al.,

2010; Schoelkopf et al., 2002; Subrahmanyam et al., 1999, 1996; Yang et al., 2014).

The cohesive quality of LAC_Lo caused it to agglomerate and create a broad pore size
distribution, including prominent macrovoids, as previously described in the literature
(Hapgood et al., 2002; Zou et al., 2011). It has previously been demonstrated that large
pores contribute to overall porosity but do not contribute to liquid imbibition (Borjesson et
al., 2017; Hapgood et al., 2002). Following sessile drop tests on porous stones, Lee et al.
(2016a) explained that only narrow pores induced capillary action at the surface, whereas air
became trapped in larger pores and did not contribute to penetration. These were visible

as entrapped air bubbles in the base of the spherical cap (Lee et al., 2016a).

As mentioned above, experiments 4, 9, and 21 had comparable porosity (50.8-54.7%) but
differed in PSD. This allowed the effect of PSD to be studied independently from other
factors contributing to microstructure. The penetration time still increased with decreased
PSD. Yangand Xu (2017) and Hapgood et al. (2009) reported similar observations when the

porosity was controlled independently of the PSD of sintered copper and ballotini beads,
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respectively. This slower imbibition was likely due to LAC_Lo possessing a more tortuous
pore network and larger internal surface area (Grzelakowski et al., 2009). By considering
Darcy’s law in Equation 1.27 and the Kozeny-Carmen formula in Equation 2.28, it is evident
that the increased specific surface area, reduced pore diameter and tortuosity arising from
LAC Lo resulted in reduced permeability (Fu et al., 2012; Le et al., 2010; Matyka et al., 2008),

and in turn slower imbibition (Clarke et al., 2002).

Figure 3.26 Time lapse of a 2.5% w/w HPMC droplet imbibing into a semi-consolidated powder bed consisting
of LAC_Hi:LAC_Med (Left), LAC_Med:LAC_Med (centre), and LAC_Lo:LAC_Med (right) mixtures. Left-to-right:
Exp 18, 25 and 17.

120



3. The Effects of Powder Microstructure on Droplet Penetration and Static Nucleation

Figure 3.27 Time lapse of an aqueous droplet consisting of 5% w/w HPMC (left), 2.5% w/w HPMC (centre), and
0% w/w HPMC (right) imbibing into a semi-consolidated powder bed made up of LAC_Med:LAC_Med. Left-to-
right: Exp 22, 25 and 21.

The effect of HPMC concentration on penetration time is visually presented as sequential
time images in Figure 3.27. Increasing the viscosity of the liquid droplet by increasing the
concentration of HPMC was found to increase the penetration time in all instances. This is
in agreement with the literature examining liquid penetration of powders (Hapgood et al.,
2009, 2002; Katsuragi, 2011; Mundozah et al., 2018) and nano-porous alumina membranes

(Grzelakowski et al., 2009; Haidara et al., 2008). Increasing HPMC concentration increased
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penetration time non-linearly (HPMC*HPMC p<0.05), as increasing the concentration from
0% w/w to 2.5% w/w resulted in a greater increase in penetration time than the increase
from 2.5% w/w to 5% w/w. This did not correspond with the non-linear increase in viscosity
(1.01, 4.27 and 14.33 mPas, respectively) or the direct proportionality reported by others
(Haidara et al., 2008; Hapgood et al., 2002). An interaction between LAC_70 and HPMC was
evident (LAC_70*HPMC p<0.05) as the use of HPMC 5% w/w diminished the influence of
LAC_70 PSD, whereas, HPMC 0% w/w was highly dependent on the LAC_70 pseudo-grade

(Figure 3.28).

LAC 30 pseudo-grade had a significant influence on the penetration time only when
bimodality was achieved (LAC_70*LAC_30 p<0.05) and the powder bed was consolidated
(LAC_30*PBD p<0.05). That is to say, changing from a unimodal powder bed (LAC_Hi:LAC_Hi
or LAC_Lo:LAC _Lo) to a bimodal (LAC_Hi:LAC Lo or LAC_Lo:LAC_Hi) consolidated powder
bed resulted in a reduction in penetration time. Varying LAC 30 in the presence of
LAC_70_Med had little influence on the penetration time, due to limited bimodality. Asseen
above, bimodality has the potential to narrow pores as smaller particles occupy voids
between larger particles, and in turn induces greater capillary forces. Hapgood et al. (2002)
found the droplet penetration time of unfractionated lactose to be longer than a fractionated
grade of similar mean diameter. Likewise, Kirchberg et al. (2011), Kirdponpattara et al.
(2013), and Dang-Vu & Hupka (2005) observed unsieved powders with a broad PSD to result
in a reduced and uneven penetration rate during WCR tests. However, these studies did not
study the effects of binary PSD mixtures on liquid penetration. As presented earlier (see
section 3.5.3), a larger size ratio between the fine and coarse particles and an approximate

30:70 packing fraction results in greater packing density, whereas a large PSD span resulted
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in less efficient packing. Therefore, the bimodal mixtures resulted in a more homogenous

pore distribution which increased the rate of penetration in this current study.
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Figure 3.28 Response surfaces illustrating the MLR models (above) and pertaining to the time for complete
penetration for LAC:LAC powder beds (left) and LAC:MCC powder beds (right).
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Work by Oostveen et al. (2015), Galet et al. (2010) and Hapgood et al. (2002) showed that
decreasing the porosity of a powder bed resulted in faster liquid penetration.
Correspondingly, increasing the PBD resulted in a decrease in penetration time for all LAC_70
pseudo-grades, however, this effect was more pronounced for LAC_ Lo than for LAC_Hi
(LAC_70*PBD p<0.05), likely due to a larger Cl%. This relationship was only evident at 0%
w/w and 2.5% w/w HPMC, whereas increases in PBD when using 5% w/w HPMC resulted in
anincreased penetration time (HPMC*PBD p<0.05). The penetration time of water and 2.5%
w/w HPMC in relation to consolidation and bimodality is indicative of increased capillarity
and Poiseuille flow with decreased porosity on account of a smaller and narrower pore
distribution. Whereas, the behaviour of 5% w/w HPMC is due to increased resistive viscous
flow as a result of smaller pores at increased consolidation. Similarly, Hapgood et al. (2002)
described penetration time of a water droplet to decrease with decreased porosity, but
penetration of a viscous PEG600 droplet increased. Comparably, Galet et al. (2010) observed
material dependent effects, as decreased porosity of talc resulted in faster capillary action
during WCR tests. However, in that study the authors could not delineate between the

capillary rise kinetics and the porosity of calcium carbonate powder.

In contrast with results above, Schoelkopf et al. (2002) reported penetration rates of calcium
carbonate powder to be independent of particle size and to increase with increased porosity.
However, the authors applied compressive forces to their samples to study porosity at a
lower range (20-40%) than those cited above (Galet et al., 2010; Hapgood et al., 2002;
Oostveen et al., 2015) and this present study (240%). This deviation form Poiseuille flow
indicates that reduction below a porosity threshold results in a net loss of penetrability owing
to insufficient viable pathways for liquid to navigate, despite increased fluid acceleration

(Schoelkopf et al., 2002).
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When MCC_30 was included as the second component then the penetration times were
generally shorter than those obtained for the LAC:LAC mixtures under the same conditions.
This is attributable to MCC's vigorous wicking action (Desai et al., 2012; Lerk et al., 1979) and
was most evident for water as increasing the HPMC concentration diminished the influence
of MCC_30. Further, decreasing the PSD of MCC_30 resulted in a shorter penetration time.
This was likely because MCC’s highly hygroscopic properties were accentuated by the
significantly larger surface area offered by MCC_Lo (Desai et al., 2014, 2012; Rojas et al.,
2012; Spence et al., 2005). Hence, the finer MCC_Lo particles were more widely distributed,

and therefore, more accessible to the imbibing liquid (Rojas et al., 2012).

Like LAC_30, the effect of MCC_30 on the penetration time was dependent on the LAC_70
PSD but this was not due to bimodality, as was the case for LAC_30. Varying MCC PSD had
a greater effect when included in a mixture with LAC_70_Hi than LAC_70_Lo. This was likely
due to the stronger capillarity transport of LAC_70_Hi resulting in distributing the imbibing
liquid to a greater number of MCC particles (Zhao and Augsburger, 2006), and better
elucidating the difference in surface-area controlled absorption rates (Rojas et al., 2012).
Similarly, increasing PBD further highlighted the effects of varying the PSD of MCC_30 on
penetration time (MCC_30*PBD p<0.05). Under fully consolidated conditions and in the

presence of HPMC 0% w/w, the effect of varying MCC_30 PSD was most evident.
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3.7.4. Spreading analysis - Inertial spreading regime and initial diameter spread

Early droplet spreading was assessed and categorised into two regimes. The first regime
involved inertial spreading between droplet impact, to, and the first recoil. As the radius of
the droplets were smaller than the capillary length, I, the inertial spreading regime
transitioned to a viscous spreading regime and the effects of gravity on the spreading process
were assumed to be negligible. This transition from the inertial regime to the viscous regime
was identifiable by a significant reduction in the rate of spreading. Key measurements are

depicted in Figure 3.29.
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Figure 3.29 Super-imposed images (left) and schematic (right) of droplet measurements
during impingement and surface spreading: droplet diameter at impact, do; droplet contact
diameter following inertial spreading, di; and droplet contact diameter following viscous
spreading, dmax. The extent of viscous spreading is represented by d..

A typical sequence depicting all the frames pertaining to inertial spreading and the
propagation of the capillary wave is shown in Figure 3.30. As the droplet came into contact
with the surface it rapidly spread radially. This is plotted graphically for all test conditions in
Figure 3.31. Due to the image acquisition capabilities of the camera used in this study, only
a limited number of measurements — 11 to 14 images — could be made during the inertial

period allowing for a 7.1-9.0% temporal error. With that said, the measurements obtained
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appear to be sufficient for the purposes of discerning the values of the C-coefficient and n-

exponent of d(t)~Ct" from the resulting diameter-time curves.

During the initial moments of spreading (<12 ms), the power law d(t)~t"? held true for the
majority of experimental conditions. However, deviations from n=0.5 were evident for 5%
w/w HPMC and LAC_70 Lo, as the inertial spreading was observed to transition to the
viscous regime earlier and more gradually than other experimental conditions. Hence, low
viscosity and large PSD resulted in values of n approaching 0.5, however, at high viscosity and

decreased PSD n decreased to values as low as 0.339.

k\uu&.‘ m_ LAY -

Figure 3.30 Sequential images depicting the propagation of the capillary wave and inertial
spreading during droplet deposition. The time interval between two successive images is
~1.05 ms.

These observations conflict with the universality of n=0.5 claimed by earlier studies (Biance

et al., 2004; Carlson et al., 2012; Chen and Bonaccurso, 2014b; Eddi et al., 2013; Grewal et
al., 2015; Rioboo et al., 2002; Sikalo et al., 2002a; Stapelbroek et al., 2014; Winkels et al.,
2012; Wu et al., 2004), as well as, the proposed theory that the Laplace pressure from the
capillary induced wave overcomes surface topography and heterogeneity unimpeded (Eddi
et al., 2013; Stapelbroek et al., 2014). Further, others reported that the power law was
insensitive to liquid properties (Chen et al., 2011; Chen and Bonaccurso, 2014b).
Nevertheless, these observations are consistent with other experimental studies that have

shown the n-exponent of the inertial regime to be dependent on the substrate properties
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(Bird et al., 2008; Chamakos et al., 2016; Chen et al., 2011; Wang et al., 2015; Yang and Xu,

2017), as well as numerical solutions (Das et al., 2018; Frank et al., 2015; Milacic et al., 2019).

10 . .
Inertial regime

Viscous regime

=

&
€ &
£ n+0.499 9
— | 7 . ~l
b=} . ]
E‘ L] ' .=
£ Lo
a- L]

Z P T
T o —
S . Lo m=0.078-0102
o . : | 1
i o
- 1 1
: 1 1
% i n=0.339 o
= . 1 1
CIJ 1 1
E H 7,~0.0116-0.0168 s
In 1 1 1]
&J H 1 1
1 1
1 . .
0.001 0.01 01

Time, t(s)

Figure 3.31 Log-log plot of the contact diameter during the first 0.5 s of droplet spreading following impact for
all the experimental tests. Colouring is for purposes of distinguishing experiments from one another but not for
identification purposes.

The range of C-coefficient, n-exponent and inertial time (t) are highlighted for the inertial regime. The B-
coefficient and m-exponent are highlighted for the viscous regime.

Following tests on a variety of substrates, Winkels et al. (2012) and Stapelbroek et al. (2014)
noted that initially all wetting conditions exhibited n=0.5, but with decreased substrate
wettability, the transition of droplet spreading to the viscous regime (n=0.1) commenced
earlier. It is possible that this was the case in this study, however, the limited number of
measurements during the inertial spreading phase (10-12 frames) restricted the ability to
discern within the inertial time when the deviation from n=0.5 occurred. Instead the value

of the n-exponent was calculated from the inertial spreading duration in its entirety.

Eddi et al. (2013) considered the spreading exponent to decrease throughout spreading, and

an increased contact angle prompted an earlier departure from the inertial power law,
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whereas increased viscosity resulted in a later and more gradual transition to the viscous
regime. The powder grade was found to have no discernible effect on the inertial time t,
whereas increased viscosity did delay the onset of the viscous regime. The inertial regime
lasted 11.6+1.04 ms for water (n=9) and 16.8+2.08 ms for 5% w/w HPMC (n=9), which are
comparable to the estimated inertial times using ti=(pro/y)*? (Biance et al., 2004), which are
14.2 and 17.9 ms, respectively. This is consistent with findings by Chen and Bonaccurso
(2014b), whereby surface wettability had no influence on the inertial duration, but viscosity
extended it substantially. Yet there is no consensus, as Biance et al. (2004) found the

duration of the inertial regime decreased with increased liquid viscosity.

Frank et al. (2015) proposed that the reduced n-exponent to be a result of slowed spreading.
To overcome the energy barriers in the presence of topographic or chemical patterns that
lead to a spatial variation of the local surface energy, an additional source of energy is
required in the vicinity of the contact line. This energy must come from the kinetic energy of
the flow inside the droplet but was limited due to the low impact velocity. Similarly, Lee et
al. (2016a) explained using porous stones, that air became trapped beneath the droplet

during spreading causing hydrophobic non-wetting behaviour.

Figure 3.32a-e compares the main effect of all the factors on inertial spreading, as well as
inertial spread during the fastest and slowest tests (Figure 2.31f). The C-coefficient ranged
from 12.3 to 46.48, and was found to decrease with increased viscosity and decreasing
powder grade, and is in agreement with the literature (Bird et al., 2008; Das et al., 2018; Eddi
etal.,2013; Frank et al., 2015; Winkels et al., 2012; Yang and Xu, 2017). However, the effects
of particle size appeared to diminish with increased viscosity, i.e. the C-coefficient resulting

from 5% w/w HPMC was insensitive to particle size, as was the case in prior studies (Bird et
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al., 2008; Chen and Bonaccurso, 2014b).

Conversely, Wu et al. (2004) experimentally

demonstrated the C-coefficient to be independent of liquid properties.
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Figure 3.32 Graphs (a-e) compare the effect of varying each factor on inertial spreading. Graph (f) compares
the inertial spreading of fastest -Exp10 - and slowest penetration tests — Exp5, as well as the DoE centre point-
Exp26.
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There was no evidence of the excipient nor the pseudo-grade of the second component, be
it MCC_30 or LAC_30, having any significant influence on inertial spreading (Figure 3.33).
Inertial spreading was also found to be independent of powder bed consolidation. With that
said, it should be noted that due to the significant temporal error introduced by the limited
frame rate, it is difficult to determine anything but the most significant and influential trends

during inertial spreading from the current data.

The initial diameter spread, d;, was the diameter of the droplet following inertial spread and
ranged from 2.88 to 5.32 mm. d; was the result of both C-coefficient and n-exponent, and
therefore, only LAC_70 and HPMC were discerned to influence di, whereby a finer pseudo-
grade and a greater viscosity resulted in a smaller footprint. Additionally, an interaction
between these two factors was observed (LAC_70*HPMC p<0.05), as increased HPMC

diminished the influence of LAC_70 PSD, as evidenced from Figure 3.34.
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Figure 3.33 MLR coefficients pertaining to (i) the n-exponent during inertial spreading and (ii) the initial
spread diameter, d;, following inertial spread on LAC:LAC powder beds. Significant coefficients (p<0.05) are
coloured blue.
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droplet spread, di (right) on LAC:LAC powder beds.
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3.7.5. Spreading analysis - Viscous spreading regime and maximum diameter

Measuring the power law of the viscous regime following transition from inertial spreading
was difficult, as the initial fluctuation arising from droplet impact and the corresponding
deformation obscured the trend. Additionally, for some experimental conditions that
resulted in rapid absorption, there is little to no distinction between the energy dissipating
fluctuations and the recession of the droplet - that is to say, no linear region was visible.
Therefore, when necessary a line of best fit has been inferred from the fluctuations of the

contact diameter.

Figure 3.35 presents the MLR coefficients for the m-exponent and viscous spread and Figure
2.36 shows the corresponding response surfaces. For the majority of experimental
conditions, the viscous regime scaled according to Tanner’s law and obeyed d(t)~Bt™, where
m approximated 0.1 and B ranged between 4.34 to 7.72. As a result, droplet spreading
beyond the inertial regime, d,=dmax-di, was proportional to the duration of the viscous regime.
However, for droplet conditions that induced rapid penetration (e.g. Exp10), the exponent m
was suppressed as low as 0.078. This can be ascribed to hydrostatic pressure arising within
the droplet of the imbibing liquid and causing the contact line of the droplet to be pinned to
the porous surface, thereby impeding viscous spreading (Charles-Williams et al., 2011;
Haidara et al., 2008). Liquid flow into the surface pores became more favourable than liquid
flow at the three-phase contact line and across the heterogenous powder surface, indicating
that viscous spreading and imbibition were competing droplet behaviours (Mundozah et al.,
2018). Therefore, for conditions that resulted in a short penetration time, the spreading
potential during the viscous regime was limited by rapid imbibition. For example, a water
droplet impinging on LAC_70_Hi resulted in a short viscous regime, as the contact diameter

demonstrated a quick transition to a decreasing drawing area. With that said, conditions
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that resulted in longer penetration times did not necessarily cause viscous spreading to

continue for longer. LAC_70_Lo was responsible for some of the longest penetration times,

however, droplet spreading quickly transitioned from the viscous regime to a constant

drawing area, i.e. a static footprint. This is likely due to the greater roughness and porosity

at the powder surface (Marston et al.,, 2013), and hence, insufficient adhesive forces to

overcome liquid adhesion in the bulk of the droplet to thermodynamically promote further

extension at the contact line (Cazabat and Cohen-Stuart, 1986; Leese et al., 2013; Lopez et

al., 1976).
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Figure 3.35 MLR coefficients pertaining to (i) the m-exponent for the viscous spreading regime and (ii) the
viscous spread diameter, d,, on LAC:LAC powder beds. Significant coefficients (p<0.05) are coloured blue.
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The effect of PSD on spreading can be further understood by considering the capillary forces
induced by the powder bed following impingement. The pore network of LAC_Hi
transported the imbibing liquid radially away from the droplet-surface contact area
(Borjesson et al., 2017; Lee et al., 2016b). As the surface adjacent to the contact line became
wetted it facilitated spreading of the macroscopic bulk (Apel-Paz and Marmur, 1999; Cazabat
and Cohen-Stuart, 1986). The lack of capillary action in the LAC_Lo resulted in the droplet
being absorbed into the powder bed as a function of gravity with limited radial imbibition.
This is consistent with conclusions made from examining nuclei morphology by Emady et al.

(2011), even though no measurements of droplet spreading were made.

Therefore, by considering that LAC_70_Med prolonged viscous spreading when compared to
LAC_70 Hiand LAC 70 Lo, itis evident that the PSD of LAC_70 had a non-linear relationship
with viscous spreading (LAC*LAC p<0.05). This was because LAC_70 Med provided a
compromise to promote viscous spreading; viscous spreading was impeded less by
imbibition-induced hydrostatic forces and rapid absorption, as was the case with LAC_70_Hi;
and viscous spreading was less hindered by surface non-wettability arising from a high

surface pore fraction, as was the case with LAC_70_Lo.

After the pseudo-grade of LAC_70, liquid viscosity was the second most influential variable
and inversely correlated on viscous spreading (Mundozah et al., 2018; Werner et al., 2007).
With increased HPMC concentration the influence of the other variables diminished, as the
viscous regime became less sensitive to powder bed conditions. Although increased HPMC
concentration prolonged penetration time, it shortened the duration of the viscous regime,
transitioning to a constant drawing area sooner on account of the increased viscous friction
resisting spreading (Grewal et al., 2015). Further, the suppression of the m-exponent that

was observed for water droplets was not observed for 5% w/w HPMC when penetrating into

135



3. The Effects of Powder Microstructure on Droplet Penetration and Static Nucleation

identical powder bed conditions. This indicates that viscous spreading at the three-phase

contact line was not hindered by capillarity-induced hydrostatic forces.

The influence of the LAC_30 pseudo-grade on viscous spreading was significant but small.
Interestingly, the effect of PSD of LAC_30 on viscous spreading did not correspond to
bimodality and instead, increasing the PSD of LAC_30 increased d, only in the presence of
LAC_70_Lo and to a lesser extent, LAC_70_Med. This further supports the conclusion that

reducing the surface area, and therefore the roughness factor r, increased the extent of

viscous spreading (Marston et al., 2010).
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Figure 3.36 Response surfaces illustrating the MLR models pertaining to the m-exponent (left) and viscous
droplet spread, dv, (right) on LAC:LAC powder beds.

136



3. The Effects of Powder Microstructure on Droplet Penetration and Static Nucleation

(i) 0% R2=0.626
0008 Q2 =0.550
0.004

— 0.002

- & | [T L |

S 1 l |

S -0.002

o

% -0.004

€ -0.006
-0.008
-0.01
-0.012

D ,,)0 & Q’Q ,\Q ,,J() o Q;Q ,.,JQ o <§) ) Q§) %Q
\?g,/ @(5,/ @(J& ] ,\G\' 6"\& g Qg‘!‘\ R 6@ ; Qg“\ /\*Q . Qg@ ,,,6& C&
& NS Q'@c, & P < &0 & ng“
= (i) °* R2=0.737
5 o3 Q2 =0.607
=

I 0.2

=

1 -

@

3

s  -01 T T * T

<

5 02

2

< -03

I . SRR~ C® O © @ O
SO c‘ﬁz@ s g@b o GQS@ $ &
& YT Y Y e Yol

Figure 3.37 MLR coefficients pertaining to (i) the m-exponent for the viscous spreading regime and (ii) the
viscous spread diameter, dv, on LAC:MCC powder beds. Significant coefficients (p<0.05) are coloured blue.

The effect of powder bed consolidation on d, was also found to be significant with a
dependency on LAC 70 pseudo-grade (LAC_70*PBD p<0.05). Despite decreasing the
penetration time, increasing the state of consolidation of a LAC_70 Lo powder bed
promoted viscous spreading and increased d,. However, the decreased penetration time
resulting from increased consolidation reduced the duration of viscous spreading of
LAC_70_Med, as well as suppressing exponent m below 0.1. As LAC_70_Hi exhibited very
little spreading after the inertial regime, the consolidation state had no discernible effect on

dv.
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Figure 3.37 and Figure 3.38 respectively show the MLR coefficients and response surfaces for
LAC:MCC formulations. The addition of MCC_30 decreased the duration of viscous spreading
when compared to like-for-like LAC_30 conditions. This can be expected as the inclusion of
MCC_30 in the binary mixture decreased the penetration time. The hygroscopic properties
of MCC promoted imbibition and pinned the contact line to suppress exponent m below 0.1.
Increasing the PSD of MCC_30 was observed to permit greater viscous spreading when

compared to MCC_30_Lo, as evidenced by a larger d,. Unlike LAC_30, this was irrespective

of the LAC_70 pseudo-grade.

These observations are attributable to larger MCC particles

occupying a smaller surface fraction than MCC_Lo particles, and less able to suppress m.
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Figure 3.38 Response surfaces illustrating the MLR models pertaining to the m-exponent (left) and viscous
droplet spread, dv, (right) on LAC:MCC powder beds.
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3.7.6. Imbibition analysis
Figure 3.39 shows various normalised droplet measurements as functions of time. The
imbibed volume and rate are normalised with respect to the droplet impingement volume,

Vo; and the contact area is normalised with respect to the droplet cross sectional area, do?.

Interestingly, the imbibed volume-time curve is similar to that obtained from WCR tests
(Figure 2.18b), whereby the rate of absorption initially increases exponentially, followed by
a linear portion before plateauing as droplet penetration approaches completion. Previously
it has been reported that droplet spreading represents a rate limiting factor in imbibition, as
the contact area determines the number of entry pores in the substrate’s surface accessible
to the imbibing liquid (Grzelakowski et al., 2009). Therefore, when comparing the time-
profile of the imbibed volume to that of the contact area, it would be expected that the
imbibition flow rate (AV/At) would increase with increased contact area during viscous
spreading. This does not seem to be the case as the imbibition rate (redline in Figure 3.39)
remains relatively constant, albeit with a gradual decline, throughout droplet spreading

despite an increase in contact area during viscous spreading — up to 35 % - leading up to dmax.

Additionally, the imbibition flow rate would also be expected to decrease in line with the
receding contact area during the final stage of the penetration test. The droplet spreading
reached dmax When approximately 60% of the water droplet had been absorbed, however,
despite the reduction in contact area that immediately followed, the imbibition rate did not
decrease until approximately 80% of the droplet had been imbibed. These discrepancies
between the imbibition rate and the contact area allude to an alternative or additional rate
limiting factor to contact area lone. This can be better illustrated by the Darcy adimensional

imbibition rate, Vims(adim) (green line in Figure 3.39).
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Figure 3.39 Normalised imbibed volume, [Vo-V(t)]/Vo (blue line), normalised contact area, [d(t)/do]? (orange line), normalised imbibition rate, ([Vo-V(t)1/Vo)/t (red line) and Darcy’s
adimensional imbibition rate, ([Vo-V(t)]/Vo)/([d(t)/do]?t) (green line) plotted concurrently as a function of time.
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As can be seen, the imbibition rate per unit area decreased with the commencement of
droplet viscous spreading, before reverting to an increased rate once the contact area
receded below di. This implies the imbibition rate of the imbibing liquid per unit area
decreased as the overall flow rate was relatively constant even though the contact area
increased. These findings suggest very limited imbibition actually occurred through the dry
entry pores located within the area that became accessible during viscous spreading, d..
These results contrast with the conclusion drawn by Grzelakowski et al. (2009), whereby it
was reported that the Darcy adimensional imbibition rate of a droplet in a nano-porous
alumina membrane increased during penetration with increased spreading. One possible
explanation for this is related to observations made by Hapgood et al. (2009) and Marston et
al. (2013). In those studies, it was demonstrated that liquid droplets more readily and
preferentially penetrated into a pre-wetted powder than a dry powder because of the
deposition of the precursor film on the inside of the surface entry pores, resulting in shorter
penetration times. What's more, Hapgood et al. (2009) described a phenomenon whereby
if a droplet was simultaneously in contact with two adjacent regions of powder that had
different moisture concentrations, i.e. one dry and one wet, then the imbalanced Laplace
pressure would result in the droplet being drawn into the wetted region and not penetrate

the dry region (Figure 3.40).
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Figure 3.40 Images of a PEG400 droplet deposited adjacent to pre-wetted lactose 200 mesh powder (top) and
schematic diagram (bottom) depicting lateral drop motion due to Laplace pressure imbalance (Hapgood et al.,
2009).

It therefore stands to reason, that as the droplet expanded radially across the powder bed
surface during the viscous spreading regime, flow through the newly accessible dry entry
pores was slower (or non-existent) than flow through the already wetted pores that were
available at t=d; following inertial spreading, as illustrated in Figure 3.41. Hence, the flow
through the newly accessible dry pores contributed less to the overall flow rate than flow
through the original entry pores. In other words, the pores resulting from viscous spreading
were not observed to influence the imbibition flow rate. This is further evidenced by the
flow rate during droplet recession, whereby only once the contact area had receded below
the pre-viscous spreading contact diameter, d(t)<d;, did the overall flow rate substantially
decrease. This phenomenon may explain the conflicting results with Grzelakowski et al.
(2009); in that instance, the completely wetting properties of the silicone oil droplet (8¢4=0°)
could have lessened the Laplace pressure imbalance induced by the presence of a precursor

film.
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Figure 3.41 Images (top) and schematic (bottom) representing stages of droplet imbibition. Yellow arrows
indicate the suspected liquid flow of penetrating droplet at the various stages of droplet penetration.

In addition to this, the hydrostatic pressure at the periphery of the droplet contact area could
be lower than that at the centre of the droplet. Therefore, the pressure from the droplet at
the periphery may be below a critical threshold to overcome the surface tension and force
required for pore entry. This phenomenon was explored by Hosseini (2015) using a series of
transparent parallel pores upon which a droplet was deposited. A representation of this is
presented in Figure 3.42 and it can be clearly seen that the droplet does not penetrate the
pores uniformly, as the pores towards the centre are penetrated to a greater extent than the

peripheral pores.
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Figure 3.42 Pressure gradient on the substrate across the droplet during spreading (Hosseini, 2015).

The power law Vimp(adim)~A’t", quantified the relationship between the contact area and
flow rate for the duration of viscous spreading. The A’-coefficient ranged from 0.066,
indicating a slow rate of imbibition, to 0.483, resulting from rapid imbibition. The k-exponent
ranged from -0.0044, indicating minimal reduction in Vims(adim) due to negligible spreading,
and -0.371 resulting from significant viscous spreading. Hence, the negative values of the k-
exponent indicate that in none of the experimental conditions did the pores beneath d,
contribute to imbibition proportionally. The more negative values indicate that a greater
viscous spreading rate was not accompanied by an increased flow rate. These results are
more in agreement with Mundozah et al. (2018) than Grzelakowski et al. (2009), as they too
reported negative k values that decreased in magnitude with increased wettability and

viscosity.

Figures 3.43 compares the main effect of each variable. The significant coefficients included
in the MLR models (Figure 2.44) indicate that larger LAC_70 particles, greater HPMC
concentration, increased consolidation, and the inclusion of MCC_30 decreased Vimp(adim)
at t=dmax. Increasing the bimodality of the PSD via LAC_30 also increased k (LAC_70*LAC_30

p<0.05).
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Figure 3.43 Comparison of the main effect of each variable on Darcy’s imbibition rate plotted against time. All
other variables were at the medium level.
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Another observation related to a phenomenon identified by Charles-Williams et al. (2011),
whereby the maximum spreading diameter, dma, corresponded to an infiltrated volume
fraction, and was viscosity dependent. This was true for this study, in that the dmax of water
on a LAC:LAC powder bed was achieved when circa 60% of the droplet volume had been
imbibed for multiple powder bed conditions. This decreased to ~45% and ~40% for the 2.5%
w/w and 5% w/w HPMC droplets, respectively. These values were lower and less defined
for LAC:MCC powder beds, likely due to MCC’s hygroscopic properties. Charles-Williams et
al. (2011) attributed this phenomenon to hydrostatic pressure in the body of the droplet
pinning the three-phase contact line, and potentially increasing its sensitivity to
topographical variation. Other authors have speculatively cited this pinning theory following
observations of arrested spread prior to imbibition completion (Grzelakowski et al., 2009;
Haidara et al., 2008; Lee et al., 2016b; Mundozah et al., 2018). However, in light of the above
discussion, it is possible that hydrostatic pressure within the droplet opposed lateral
expansion of the outer rim, rather than capillarity-induced forces pinning the contact line to

the surface.

To determine whether the size of the contact area resulting from inertial spreading, di, was
a limiting factor we must further consider Vimp(adim) and its A'-coefficient. The A’-coefficient
represented the overall liquid velocity through the d; entry pores. A low A’-coefficient value
indicated a lack of capillary action from the powder bed and that the microstructure
restricted penetration despite a large contact area resulting from significant inertial
spreading (di/do>>1). Conversely, a high value was the result of strong capillary forces arising
from the powder bed to promote a high imbibition rate despite a small contact area due to

limited spreading (di/do<1). Hence, similar trends to those observed for penetration times
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were also evident for coefficient A’; decreased viscosity, increased LAC_70 pseudo-grade,

increased powder bed consolidation and the inclusion of MCC_30 all elevated coefficient A’.
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Figure 3.44 MLR coefficients pertaining to Darcy’s adimensional imbibition rate for (i) LAC:LAC powder beds
and (ii) LAC:MCC powder beds. Significant coefficients (p<0.05) are coloured blue.
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Figure 3.45 Surface response surfaces pertaining to Darcy’s adimensional imbibition rate for LAC:LAC powder
beds (left) and LAC:MCC powder beds (right).
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3.7.7. Granule morphology

Once dried, the physical properties of the resulting nuclei were assessed.  Nucleation
resulted in three distinct granule morphologies, of which typical representations are shown
in Figure 3.46. As can be seen, these morphologies included small spherical granules with
exterior protrusions (Figure 3.46a); mushroom-shaped granules with distinctive “stalk and

cap” features (Figure 3.46b); and shallow disk-like granules (Figure 3.46c).

These morphologies are in accordance with those previously described in the literature
(Davis et al., 2017; Emady et al., 2011; Nguyen et al., 2009). Emady et al. (2011) attributed
the formation of small spherical granules to a tunnelling mechanism resulting from fine and
cohesive particles, whereby the surface tension driven cohesive forces exceeded the weight
of the surface particles causing them to be drawn first to the droplet’s surface, and then into
the bulk, as observed and described in the current study (section 3.6.1). Disk-shaped
granules were attributed to a spreading mechanism resulting from coarse, freely-flowing
particles, where, as the name would suggest, the droplet extensively spreads across the

powder surface resulting in shallow capillary penetration.
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Figure 3.46 Example nuclei resulting from (a) LAC_Lo induced tunnelling, (b) LAC_Med induced late—diffusive intra-spreading and (c) LAC_Hi induced surface spreading.
Measurements taken from overhead (top) and side profile (bottom) image analysis.
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In a regime map outlined by Emady et al. (2013b), the determinative mechanism is
predicated on the powder attributes represented by the Bond number, Bog*. A Bond
number above 65,000 resulted in tunnelling, whereas a smaller Bond number produced
spreading. True to that study, in this current work LAC_Hi, LAC_Med and LAC_Lo had
respective Bond numbers of circa 34,000, 58,000 and 105,000 in relation to water. Tests
involving LAC_Med confirm observations made by Emady et al. (2013b), whereby granules
resulting from powders with a Bond number close to 65,000 possess transitional properties.
Nguyen et al. (2009) and Mundozah et al. (2018) described how this morphology resulted
from imbibition of a droplet forming a saturated core within the powder bed, followed by
liquid diffusion, resulting in a mushroom-shaped morphology. This mechanism was coined
late-diffusive intra-spreading (Mundozah et al., 2018) and both studies used 200 mesh
lactose with an estimated bond number of 54,000-59,000 which is within the vicinity of the
transitional threshold. This morphology was observed only for LAC_70_Med formulations

in this study.

As a consequence of the random topography of the powder bed and the subsequent isotropic
radial spreading and infiltration, the majority of the granules had a circular and axisymmetric
overhead projection, with an aspect ratio of approximately 1. However, some of the
granules resulting from the spreading mechanism were not circular, exhibiting skewed
projections and aspect ratios well below 1. This is attributable to defects in the powder bed
surface coercing liquid flow during droplet spreading in a particular direction. These granules

were omitted from further analysis.

A correlation between dnudei and dmax Was evident (Figure 3.47), and generally dnucei exceeded
dmax due to late-diffuse intra-spreading taking place. However, dnucei did not exceed dmay in

all cases. This is because, experimental conditions that involved 5% w/w HPMC or
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3. The Effects of Powder Microstructure on Droplet Penetration and Static Nucleation

LAC_70_Lo, intra-spreading was minimal and surface spreading was limited, and resulted in
small spherical granules whereby dnuiei Was approximately equal to dmax. Mundozah et al.
(2018) observed that the diameter of the nuclei, dnucei Was always larger than dmax,. However,
those observations resulted from a droplet release height ten-fold greater than this study.
Hence, the droplet’s kinetic energy and subsequent impact deformation accounted for the
contact diameter with little spreading taking place. Granule morphology is indicative of the
mechanism by which the imbibing liquid penetrates the powder bed. Naturally, granule
height, hnucei, Was inversely proportional to dnuciei, as extensive droplet spreading distributed

the droplet volume laterally with limited liquid available for vertical imbibition.
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Figure 3.47 Granule diameter, dnycei, in relation to maximum droplet spread, dmay, for all experimental
conditions. All DoE permutations are displayed but only LAC_30 and MCC_30 are visually distinguished for
comparison. The dashed lines represent the extent of late-diffusive intra-spreading (dnuciei/dmax)-

The particle size distribution of LAC_70 was the most determinant factor with regards to
granule morphology, with each pseudo-grade resulting almost exclusively in one of the
aforementioned granule morphologies. On account of limited spreading and capillary

action, LAC_70_Lo resulted in the small spherical granules with a vertical aspect ratio close
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3. The Effects of Powder Microstructure on Droplet Penetration and Static Nucleation

to unity, VAR=1, and dnucei=dmax=do. This not only shows that very little spreading occurred
at the surface, but also, negligible intra-spreading occurred beneath the surface and that the
resulting granule represents the saturated core. This was likely due to low permeability
arising from wide pores and limited capillary action, in addition to a high surface area and
tortuosity, all of which impeded infiltration. The combination of high saturation and large
surface area increased the number of liquid bridges between particles, resulting in granules
that were robust and durable. The protrusions at the surface of the granules were
attributable to particles and particle aggregates at the edge of the saturated core only being

partially wetted, but sufficiently wetted to be incorporated into the granule structure.

The coarse particles of LAC_70_Hi resulted in the shallow disk-shaped granules with a
dhucei/ dmax>1 and a significantly greater VAR, than LAC_70_Lo. The combination of extensive
droplet spreading, low surface area, high permeability and strong capillary action resulted in
substantial radial infiltration but limited the liquid volume available for vertical penetration.
Therefore, the granules presented with a level top and rounded underside. However, as a
result of the limited surface area, the particles were bound by fewer liquid bridges following
penetration, resulting in fewer solid bridges once dried. This manifested as fragile granules
that often crumbled when handled. Therefore, particular care was taken, and handling was

kept to a minimum during characterisation.

The mushroom-shaped granules resulted from LAC_70_Med. With a dnycei between LAC_Lo
and LAC_Hi, LAC_Med granule morphology fittingly demonstrated characteristics of both
pseudo-grades. The “stalk” feature was a result of limited surface spreading, yet reasonably
fast imbibition. Once the liquid had imbibed vertically to form a saturated core, it then
proceeded to infiltrate radially beneath the surface in the bulk of the powder bed resulting

in the “cap”. Therefore, the diameter of the “stalk” correlated closely to the droplet surface
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3. The Effects of Powder Microstructure on Droplet Penetration and Static Nucleation

footprint, dstak=dmax, Whereas the difference between the nuclei “cap” diameter and droplet
spread, dep>dmax, Was indicative of late-diffuse intra-spreading (Mundozah et al., 2018;
Nguyen et al., 2009). Also, the granule mass was found to decrease with decreasing pseudo-
grade PSD as less particle mass was incorporated into each granule by the imbibing liquid
due to the reduced capillary action and resultant infiltration. The increased void volume of
LAC Lo entrapped a greater volume of liquid that did not contribute to liquid bridge
formation, whereas the decreased void space of LAC_Hi enabled the liquid to increase

particle surface coverage.

The influence of powder bed consolidation on granule properties was identified to be
dependent on the LAC_70 pseudo grade. Increased consolidation of mixtures containing
LAC 70 Lo and LAC_70_Med increased the mass and dimensions (dnucei and hnucei) of the
resulting granules. This can be attributed to the increased consolidation resulting in a
reduced porosity on account of the increased packing and diminished macrovoids. The
resultant increase in capillary action propagated the imbibing liquid further, allowing more
particles to be wetted and incorporated into the granule than their loosely consolidated
counterparts. As seen above, the increased consolidation of LAC_70_Lo and LAC_70_Med
increased droplet spreading due to a smaller fraction of the surface being occupied by air.
Consequently, dnucei increased to a greater extent than hnuei, and therefore, the vertical
aspect ratio (VAR=dnuciei/ hnuciei) increased slightly with increased consolidation, as previously
reported (Emady et al., 2013b). With regards to LAC_70_Hi, prolonged tapping had little
effect on the packing efficiency, as indicated by the 10-20% compressibility index, and thus,
the liquid front was not likely to advance significantly further than in the loose powder bed.

Hence, the morphological properties of granules composed of LAC_70_Hi were independent
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3. The Effects of Powder Microstructure on Droplet Penetration and Static Nucleation

of consolidation state.

It can therefore be concluded that the sensitivity of the granule

morphology to powder bed consolidation increased with decreased LAC_70 pseudo grade.
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from LAC:LAC powder beds. Significant coefficients (p<0.05) are coloured blue.
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The concentration of HPMC also had a significant influence on the granule properties.
Increasing HPMC resulted in a decrease in dnucei, Which corresponded to the limited
spreading. However, diameter sensitivity to HPMC concentration decreased with decreased
LAC_70 particle size and in most cases dnuei of LAC_70 Lo was independent of liquid
properties. In accordance with the overall reduction in wetted particles as a result of
diminished infiltration, the granule mass also decreased with increased HPMC. Furthermore,
it was observed that with increased HPMC, sensitivity to the microstructure of the powder
bed decreased, as the effects of LAC_70 and consolidation were greatly muted for 5% w/w
HPMC when compared to water. This is because the more viscous HPMC solution was less
susceptible to the capillary action induced by pore width and was influenced more by viscous
friction.  This was most evident for LAC_70 Med, as the late-diffusive infiltration was
opposed by viscous friction, and the “cap” was almost indistinguishable from the “stalk”
when 5% w/w HPMC was used. This is supported by Mundozah et al. (2018), whereby the
mass of the nuclei decreased with increased viscosity. Further, the hnycei generally decreased
with increased viscosity, indicating decreased infiltration, and resulted in increased VAR.

Although some of Emady et al. (2013b) results indicated this, the trend was less general.

The effect of the LAC 30 pseudo-grade was dependent on both LAC 70 and HPMC
concentration. Increasing the bimodality of the particle size distribution of the powder bed,
i.e. a combination of LAC_Lo:LAC_Hi or LAC_Hi:LAC_Lo, resulted in the infiltration of water
increasing and the dimensions and mass of the granule were greater than their respective
unimodal PSD. However, the reduction in porosity associated with the bimodal mixtures
resulted in a small decrease in the infiltration of the 5% w/w HPMC solution, resulting in a

smaller dnucei and mass than their unimodal counterparts.
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The inclusion of MCC_30 as the secondary component resulted in a notable reduction in hnyclei
for all of the formulations, and therefore resulted in an increased VAR. This is attributable
to MCC’s hygroscopic properties, thereby absorbing the imbibing liquid close to the surface
and impeding further penetration. Although the moisture retention capacity of MCC is
dependent on the proportion of the amorphous region (Mihranyan et al., 2004), generally
MCC has demonstrated an ability to retain approximately 50% of its weight in water despite
exhibiting limited swelling (Desai et al., 2012; Tomer et al., 2001). This coupled with MCC'’s
intense wicking properties (Desai et al.,, 2012), caused the imbibing liquid to be
disproportionately concentrated in the MCC particles. This effect on hnycei Was most evident
for MCC_30 Lo and least pronounced for MCC_30_Hi. It is likely that the fine MCC Lo
particles were more accessible to the penetrating liquid than the coarse particles of MCC_Hi,
on account of the significantly larger surface area (Koo and Heng, 2001). Overall, the dry
granules that nucleated from LAC:MCC weighed less than those composed of LAC:LAC
mixtures. This was because less of the imbibing liquid was available for infiltration and the

formation of inter-particle liquid bridges.

3.7.8. Granule porosity

Archimedes principle was used to estimate the envelope volume of the granules, from which
the average nuclei density was calculated. The data from the nuclei density correlated
closely to that of the powder bed density, and hence, the pseudo-grade combination of the
A:B mixture and the extent of consolidation determined the density of the granules. It can
be concluded that the imbibing liquid did not significantly alter the porosity of the powder
bed when binding particles together and forming the granules. However, the microstructure
is likely to have reconfigured as the lactose particles partially dissolved into liquid bridges and

recrystallised to form solid bridges.

158



3. The Effects of Powder Microstructure on Droplet Penetration and Static Nucleation

. 0.8
(i) R2=0.719
0.6
o Q2=0.664
% 0.4
E 0.2
8 - - + é 1 ﬁ - T 1
S ’ 1 F - 11
E 0.2
-0.4
-0.6
(_,/)0 (_,?0 LOQD QQJQ *\"\0 5 %Q \zg'é\ ¥R *Q‘?JQ Q®(J .&QQ Q@g *QQ &Q%Q
\y O @D \»,\Q ”30 (j I ,\Q 6@2\ Qa;‘?‘ S @L
X & q?“\ R MO RO
e lo
(if) R2 = 0.879

Q2=0.748

Granule mass
o] [=a} =Y %] [e=] =] =Y [=a} o]
\9 "
1
_|

V‘(J/ (-'(J/ (-'L O * * *‘23 QD
(iii) ®
R2 =0.702
° Q2 =0.599

Granule porosity

S

—
;-
-

—

— B
,_I
]

Figure 3.50 MLR coefficients pertaining to (i) vertical aspect ratio, (ii) mass and (iii)
porosity of granules resulting from LAC:MCC powder beds. Significant coefficients (p<0.05)
are coloured blue.

159



3. The Effects of Powder Microstructure on Droplet Penetration and Static Nucleation

Vertical aspect ratio [-] Granule mass [mg] Granule porosity [3]

H E B
E s S
E E E
E| - 2\ — 2| -
o e o]
= = - g -
-1 -08 -06 -04 -02 0 0.2 04 06 08 1 -1 -08 -06 -04 -02 0 02 04 06 08 1 -1 -08 -06 -04 -02 O 02 04 06 08 1
LAC_70 [microns] LAC_70 [microns] LAC_70 [microns]
Vertical aspect ratio [-] Granule mass [mg] Granule porosity [3]
2 £ £
" o u
c c f=
o o k=3
g S S
o o b=
= - = - = -
o o o
T . T T
-1 -08 -06 -04 -02 0 02 04 06 08 1 -1 -0.8 -06 -04 -02 0 02 04 08 08 1 -1 -08 -06 -04 -02 0 02 04 06 08 1
LAC_T0 [microns] LAC 70 [microns] LAC 70 [microns]
Vertical aspect ratic [-] Granule mass [mg] Granule porosity [3]
E E T
3 3 3
g. g- g-
41 08 -06 -04 02 0 02 04 06 08 1 -1 0% 06 -04 -02 0 02 04 086 08 1 -1 08 06 04 02 0 02 04 06 08 1
LAC_70 [microns]

LAC_70 [microns]

LAC_70 [microns]
Figure 3.51 Response surfaces resulting from the MLR models for granule properties resulting from LAC:MCC powder beds; V.A.R (left), granule

mass (centre), and granule porosity (right).

160



3.8. Conclusion

An in-depth analysis of droplet penetration tests was performed to elucidate the role of
powder bed microstructure on powder wetting and granule formation. In this study, a
powder’s microstructure was taken to be the sum total of the particle size distribution and
consolidation.  Fine cohesive particles with a large surface area agglomerated to form
macrovoids and a heterogenous pore distribution, contributing to an overall greater porosity.
This was somewhat reduced by increasing consolidation in the form of tapping, and thus,
large CI% values were obtained. Conversely, coarse particles were able to pack more
efficiently, even in the absence of consolidating forces (C1%<20), resulting in a more uniform
and smaller pore size distribution, and overall lower porosity. Particle packing was further
enhanced by increasing the bimodality of the PSD, as fine particles were able to percolate in

between coarse particles.

The surface of the powder bed represented a cross section of the bulk. Hence, a powder
possessing greater porosity resulted in a larger surface pore fraction, which in turn increased
the non-wetting component, air, of the powder surface. Powder beds primarily composed
of the fine LAC pseudo-grades prolonged energy dissipation and impeded surface spreading;
behaviour consistent with a hydrophobic surface. The coarse LAC pseudo-grade
demonstrated faster energy dissipation and greater spreading as surface pores were less
prominent. Hence, despite both powders possessing the same intrinsic chemical properties,
divergent wettability was observed by virtue of differing PSDs and consolidation.
Additionally, these observations were evidence that inertial spreading assumed a Cassie-

Baxter regime, as a greater surface area did not enhance wetting.
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Further, it was shown that the inertial regime accounted for the majority of the droplet
maximum footprint (>67 %), and consequently, dictated granule properties (dnucei and VAR).
Due to an imbalance in Laplace pressure, the droplet liquid is believed to have preferentially
imbibed via the surface pores wetted during inertial spreading rather than the surface pores

acquired during viscous spreading.

Droplet penetration reflected droplet spreading, in that the presence of heterogenous
macrovoids impeded liquid infiltration throughout the bulk. Therefore, it was observed that
powder beds composed of fine particles resulted in prolonged imbibition and limited late-
diffusive intra-spreading. These observations were attributed to increased tortuosity. A
small quasi-spherical granule produced from a saturated core was demonstrative of limited
liquid distribution. Extensive tapping resulted in a small increase in dnucei, @ small decrease

in hnuclei and an increase granule mass.

Uniform and narrow pores resulting from larger particles elicited stronger capillary forces, as
demonstrated by rapid penetration and extensive liquid distribution. Therefore, droplet

penetration into the coarse LAC pseudo-grade manifested as large disc shaped nuclei.

The intermediate LAC pseudo-grade demonstrated limited inertial spreading but substantial
viscous spreading, accompanied by an intermediate penetration time. Upon visually
examining the resulting granules, it was evident that significant late-diffusive intra-spreading

occurred as the saturated “stalk” was encapsulated by a diffuse “cap”. Increased

consolidation emphasised the size discrepancy between these two features.

Modulating the LAC:LAC formulation to possess a bimodal PSD resulted in improved liquid

distribution. However, this was only observed when the powder bed was fully consolidated.
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The inclusion of MCC negated any bimodal effect on liquid distribution. Instead, MCC’s
hygroscopic properties resulted in an increased penetration rate but decreased liquid
distribution, as evidence by smaller nuclei dimensions. This can be attributed to its
hygroscopic properties, which appear to have been enhanced with particle size reduction

due to an increase in surface area.

The above observations were made when the droplet was composed of an inviscid liquid.
Increasing the concentration of HPMC diminished the effect of the considerations previously
mentioned. This was because surface spreading and capillary action were opposed by
viscous friction. As a result, all of the granules produced from HPMC 5% w/w exhibited small

dimensions, indicative of restricted liquid distribution.

This in-depth study has shown the effects of varying particle size, a dominant powder
property, on powder wetting. A change in particle size can influence droplet-surface
interaction, penetration and infiltration, all of which can impact liquid distribution. Doping
the bulk with a minority component or manipulating process parameters to vary channel fill
and consolidation present options for upstream intervention during powder processing to

mitigate input variability.

In HSM granulation, to obtain a narrower, and more workable, granule size distribution then
drop-controlled immersion nucleation must be achieved (Hapgood et al., 2003). This
nucleation regime is dependent on rapid penetration of each droplet into the powder bed
(Hapgood et al., 2003). During TSG, greater liquid distribution manifests as a more uniform
granule size distribution. This experimental work shows that conditions resulting in a

decrease in droplet penetration time (larger particle size, greater consolidation, less viscous
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liquid droplet) also resulted in greater energy dissipation and improved wettability, whereby
larger nuclei - consisting of a greater number of primary particles - manifested from liquid
droplets of equal volume and is indicative of greater liquid distribution. Therefore, in the
following experimental work, it is to be determined if powder properties can be used to
promote a more desirable granule size distribution. Further, this methodology can be
replicated to inform the particle engineering process for new APIs of the preferable particle
profile, as well as during formulation development to establish powders and properties that

facilitate penetration and improve liquid distribution.
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4.  The Effects of Powder Properties and Channel Fill on Twin

Screw Wet Granulation

4.1. Aims and objectives

The aim of this chapter is to determine the effects that powder properties, namely particle
size distribution (PSD), and barrel fill conditions have on twin screw wet granulation (TSG)
and granule properties. In turn, this study is intended to elucidate the sensitivity of TSG to
raw material variability and the role of total volumetric fraction (TVF) in a risk management
strategy. Additionally, the residence time will be evaluated for material diversion and lot

identification considerations.
4.2. Materials

For this study, three commercial grades of a-lactose monohydrate (LAC; Granulac 70, 140
and 230, Meggle, Germany) and three commercial grades of microcrystalline cellulose (MCC;
Avicel PH101, PH105 and PH200, FMC Biopolymer, USA) were used to generate three

pseudo-grades - Lo, Med and Hi - using the aforementioned method (section 2.4.1).

In addition, Hypromellose (HPMC; Pharmacoat 603, Shin-Etsu, Japan) and croscarmellose
sodium (CCS; Ac-Di-Sol SD-711, FMC BioPolymer, USA) were included in the formulation
blend, as per Table 7. This mixture is typical of a wet granulation formulation and is similar
to blends used in studies previously published in the literature (Chan Seem et al. 2016; R. M.
Dhenge et al. 2011; A. El Hagrasy, Hennenkamp, et al. 2013; Gorringe et al. 2017; K. T. Lee,

Ingram, and Rowson 2012; J. G. Osorio et al. 2017; Saleh et al. 2015; Sayin et al. 2015). A
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75-125 um sieve fraction of theophylline anhydrate (THP; Alfa Aesar, Thermo Fischer
Scientific, USA) was included at 5% w/w concentration as a model compound for granule
inhomogeneity and tablet release studies. THP belongs to Biopharmaceutical Classification
System | possessing high solubility (Somani et al. 2016), and hence, any difference in
dissolution is attributable to tablet properties. THP is a bronchodilator routinely used in
therapy for respiratory diseases such as chronic obstructive pulmonary disorder and asthma

(MHRA & EMA 2017).

Purified water (Milli-Q Water Purification System, Merck Millipore, USA) was used as the
liquid binder. Patent V Blue dye (Sigma-Aldrich, Merck Group, USA) was used as a tracer to
profile the residence time distribution (RTD) within the TSG. Magnesium stearate (MgSt;
Parteck LUB MST, Merck Millipore, USA) was added extra-granularly prior to tableting to

reduce friction between the powder compact and the punch and die wall.
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Table 7 TSG formulation composition

Mass
Material Functional catego Brand Manufacturer
i uncti gory u (% w/w)
-] 4
a-lactose Diluent Granulac 70, 140 Meggle 20
monochydrate* and 230
Microcrystalline Dil t and bind Avicel PH200, PH101 FMC 20
iluent and binder .
cellulose* and PH105 Biopolymer
Th hylli
cophyfine API : Alfa Aesar 5
anhydrate
Hypromellose Binder Pharmacoat 603 Shin-Etsu 3.5
Croscarmellose FMC
, Disintegrant Ac-Di-Sol SD-711 . 1.5
sodium Biopolymer
Magnesium . Merck
8 5 Lubricant Parteck LUB MST . 0.5
stearate Millipore

*Commercial stock grades were first modified into pseudo-grades
**added extra-granularly prior to tablet compaction

4.3. Method

4.3.1. Formulation preparation and characterisation

LAC and MCC were varied across the three pseudo-grades to create three blends of distinct
PSD. Three batches of 1.5 kg blends were prepared for each combination and were blended
for 30 minutes in a 5 L cone vessel with a tumbling speed of 20 rpm and agitator speed of

300 rpm (AgiBlend AB-015, Pharmatech, UK).
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The physical properties of each blend were then characterised. The true density was taken
from ten measurements using gas displacement pycnometry (Accupyc Il 1340 Pycnometer,
Micromeritics, USA). The PSD of each of the formulation blends was measured using sieve
analysis (FRITSCH GmbH, Germany; Titan 450 Sieve Shaker, Endecotts, UK). The conditioned
bulk density and flow properties of the individual grades and the formulation powder blends
were measured using a FT4 Powder Rheometer (Freeman Technology, UK). The tapped

density was measured after 2000 taps (Autotap, Quantachrome, USA).
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Figure 4.1 Schematic of TSG setup
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4.3.2. Twin screw wet granulation
TSG was performed using a modified 11mm twin screw hot melt extruder (Process 11 Twin-
screw Extruder, Thermo Fisher Scientific, USA) with a 40:1 barrel length-to-width ratio. The

general setup is presented in Figure 4.1.

Discharge Wetting and nucleation
zone Liquid Powder
inlet inlet
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Direction of material flow
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Z4 I|e 8 Zone 7 Zone 6 Zone 5

11 mm 40:1L/D

Figure 4.2 Schematic of the twin screw extruder’s modified setup for nucleation studies.

To evaluate nucleation, the setup of the TSG was such that the dry material inlet was located
at the penultimate inlet (zone 6) and the liquid inlet was fitted at the final inlet (zone 7), as
shown in Figure 4.2. This was so that the material collected at the outlet resembled material
that would otherwise be transported into the kneading region of a typical TSG setup
following wetting and nucleation. The liquid inlet features a single nozzle located above the
centre of the intermeshing region of the co-rotating screws. The configuration of the
functional portion of the screw featured only helical conveying elements - 13*CE(1D) - with

a 0.5D pitch.
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For the granulation studies, the barrel was set up so that the powder inlet was located at
zone 5 and the liquid inlet at zone 6 (Figure 4.3). The active screw configuration included a
single block of seven bilobe kneading elements (KE) arranged at a 60° forwarding angle:
13*CE(1D)-7*KE(0.25D)60°f-3*CE(1D). The active section of the screw was preceded by
22*CE(1D) and 1*KE(0.25D) for spacer purposes. The two screw configurations are

compared in Figure 4.4.
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Figure 4.3 Schematic of the twin screw extruder’s modified setup for granulation studies.
For both studies, the liquid-to-solid ratio (LSR) was varied between either 0.15 or 0.18 by
changing the settings of the syringe pump (PHD ULTRA, Harvard Apparatus, USA). The screw

speed (SS) was varied to achieve a TVF of approximately 0.2, 0.5 or 0.8 (see section 4.3.3).

To determine the effects of LSR, PSD and TVF the material feed rate (MFR) was initially
maintained at 0.8 kg-hr! using a loss-in-weight gravimetric feeder (MT-S LIW, Brabender
Technologie GmbH & Co. KG, Germany). The TVF was then evaluated across a larger MFR
and SS operating space at LSR=0.18 (see section 4.4.9). The operating space was limited by
the maximum MFR at which the gravimetric feeder was stable for each formulation,
flowability permitting: 1.2, 1.8 and 2.0 kg-hr! for PSD Lo (-1), Med (-0.176) and Hi (+1),

respectively.
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Figure 4.4 Screw configuration for nucleation (top) and granulatlon (bottom)

After allowing 10 minutes for the system to achieve steady state, and confirmed by stable
torque, material was collected from the outlet for a further ten minutes. The collected
material was dried in an open tray for 72 hours at ambient conditions before

characterisation.
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4.3.3. Total volumetric fraction, TVF

Various methods of measuring the barrel fill level have been presented in the literature, and
include visual inspection (Thompson and Sun 2010), positron emission particle tracking (K. T.
Lee, Ingram, and Rowson 2012), and volumetric calculations (Gorringe et al. 2017; Lute,
Dhenge, and Salman 2018a; Robin Meier et al. 2017b; J. G. Osorio et al. 2017). TVF is a
dimensionless number and is defined as the fraction of the occupied volume of the available
volume within the channels of the conveying elements. In this study, TVF was considered to

be a function of volumetric efficiency (n.) and modified to include conveying efficiency (c).

The ny is a dimensionless parameter equal to the ratio between the material’s measured
volumetric flow rate, Q,, and the screw’s theoretical volumetric flow rate, Q; (Srivastava et
al. 2006; Miao et al. 2014). The theoretical volumetric flow rate was calculated from the
free conveyor volume of the screw, V4, screw lead, S, screw length composed of conveying

elements, L, and the screw speed, N (Equation 4.1).

In this study, the Vs was calculated by deducting the volume of the active screw configuration
— determined using Archimedes principle of displacement — from the volume of the barrel -
calculated geometrically. The V¢ was 10.25 ¢cm?® and 17.34 cm? for the nucleation and

granulation configurations, respectively.

Qe(m3/s) =V - (STL) ‘N (m3-=-s71 Equation 4.1

313

In reality, powder porosity and limited consolidation reduce the volumetric throughput of
the conveying screw elements. Therefore, the material’s actual volumetric flow rate Q, was

estimated from the mass flow rate, m (kg s?), and the powder density, p (kg m?3):

3 _m (kg/s) )
Qqa(m>/s) = > (kg/m3) Equation 4.2
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Hence, the volumetric efficiency n, is derived from:

m Qq (m3/s)
Ny = =

= = Equation 4.3
p-Vf-STL-N Q¢ (m3/s) q

Osorio et al. (2017) sought to evaluate a dimensionless powder feed number derived from n,
for scaling between different sized TSGs. The powder feed number was found to have minor
significance on the GSD resulting from a screw configuration composed of only CEs and a

distributive feed screw.

Figure 4.5 Mechanics of conveying action and forces acting on a particle in a screw conveyor (adapted from
Roberts, 1999). VS is screw velocity (m/s), VA is absolute velocity (m/s), VR is relative velocity (m/s), VLis
conveying velocity component (m/s), VLT is maximum theoretical conveying velocity (m/s), VT is rotating velocity
component (m/s), A is helix angle of particle (0), a is helix angle of screw (o), AFA is axial force due to particle
weight (N), AFD is frictional drag force due to sliding against casing (N), and AFR is resultant force due to sliding
on screw surface (N).

Gorringe et al. (2017) presented n, as the total volumetric fraction of conveying element
channels filled with powder. In that study the assumption that the conveying efficiency was
constant and independent of screw configuration, formulation, screw speed and powder
feed rate was experimentally verified. However, in that study, ¢, was assumed to be 1 which

might explain why the maximum value of n, achieved was approximately half of the

theoretical maximum.
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Empirically, the conveying efficiency, c,, is less than 1 as the relative velocity of particles
within a twin screw granulator vary and is lower than the velocity of the conveying screw.
Roberts (1999) attributed this divergence to the vortex motion of particle material. The
vortex motion of grain in an auger conveyor was modelled as a function of various forces
acting upon the particles including internal shear between concentric layers, frictional drag
forces between the powder and screw/wall surface, and centrifugal force which determines
the helical path of the particles (Figure 4.5). In TSG, particle axial velocity is further retarded
by the inclusion of non-conveying elements in the kneading block as transport becomes
dependent on pressure from material build up rather than screw conveyance (K. T. Lee,
Ingram, and Rowson 2012). Additionally, it has been observed that particles can temporarily
accumulate in an immobile layer of wetted material in the clearance between the screw and
the barrel wall, as well as along the screw surface (K. T. Lee, Ingram, and Rowson 2012).
Thus, the reality of a ¢, being less than 1 results in axial mixing and a distribution in particle
residence time (Ashish Kumar, Vercruysse, Toiviainen, et al. 2014) rather than a perfect pulse
and plug flow. For these reasons, Roberts (1999) considered conveying ‘fullness’ to be a

function of both the volumetric efficiency and the “vortex’ conveying efficiency (Figure 4.6).

A

Maximumtheoretical

throughput, Q

= ¥olumetric inefficiency, 1-n,
+

Conveying inefficiency, 1-c,

Material throughput, m {kg-hr?)

Actual throughput, Q,

Screw speed, N (rpm)
Figure 4.6 Throughput of an enclosed screw conveyor (adapted from Roberts, 1999).
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In this study, ¢, was determined experimentally and evaluated as a dimensionless ratio
between the experimentally measured mean residence time, tn, and the theoretical
residence time, t:. The theoretical residence time can be described as the time taken for
the number of screw rotations to generate an axial displacement equal to the length of the
barrel navigated by the material, L. The axial displacement of the screw surface per
revolution is known as the screw lead, S;, and is equivalent to D. Hence, t: was calculated

using

m

t(s) = ;—L-N (m - s‘l) Equation 4.4
From which the conveying efficiency was derived as

Cy = tm (5) Equation 4.5
Hence, the proposed estimate for TVF in this study was deduced as

TVF =1 Equation 4.6

Cy

The maximum achievable value of TVF was determined practically for each formulation by
gradually decreasing the screw speed until a build-up of powder was observable at the
powder inlet for the nucleation setup (Figure 4.7) or until the torque sharply increased and
exceeded 70 % during granulation runs (Figure 4.8). From either of these observations it

was inferred that the screw channels were fully occupied.
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Figure 4.8 Material build-up at powder inlet due to screws becoming flooded in the
nucleation setup.
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Figure 4.7 Torque (blue line) charted as a function of screw speed (orange line) and time.

To determine the maximum TVF in the granulation setup, TSG was stopped when the

torque suddenly rose above 70%. LSR=0.18, PSD=-0.176 and MFR=1.2 kg-hr.

4.3.4. Residence time distribution, RTD

Screw speed (rpm)

To estimate TVF, the conveying efficiency, ¢, was assessed with respect to the process

parameters. To do so, residence time distribution, RTD, studies were performed over a range

of screw speeds, SS, for each formulation and for both TSG setups.
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The time and profile of the material to traverse the barrel of the twin-screw extruder was
studied by implementing a photometric imaging technique similar to those used in previously
published investigations (Fogler 2006; Ajay Kumar et al. 2006; Mu and Thompson 2012). A
shot of Patent Blue V dye equivalent to 1% w/w of the material throughput per second was
manually introduced into the powder inlet port mid-operation. For the purposes of this
study, the input pulse was assumed to be perfect and the tracer was assumed to have no

influence on the granulation process.

A video of the processed material exiting the barrel via the outlet was recorded at 25 fps for
90 seconds (Sony DSC-RX100 V, Sony Corporation, Japan), and later each frame was
converted into an image (VideoPad Video Editor v4.30, NCH Software, Canberra, Australia).
A chute fitted to the outlet was created in-house to concentrate the granules exiting the
barrel into a narrower stream of limited depth. The chute was coloured red to better
contrast the colour intensity of the blue dye. A schematic of the setup is shown in Figure

4.1.

Photometric imaging software (Imagel, National Institute of Health, USA) was utilised to
perform digital colorimetry, quantifying the colour intensity of each image (Figure 4.9), which
was proportional to the concentration of dye. Hence, by plotting the colour intensity as a

function of time the distribution of dye could be quantified.

The colour intensity of the chute was also recorded and analysed, and the subsequent
measurements were used to cancel out background noise originating from variations in

lighting and shadows, as well as vibrations of the chute.
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Figure 4.9 Still image from footage of granular outlet captured and analysed: noise from
background region of interest (blue) was removed from concentration measurements of
granular output (yellow) to produce residence time profile (red).

The resulting concentration distribution profile was normalised to the area under the curve

as the residence time distribution function, E(t), was calculated (Equation 4.7). From this,
the residence time distribution for each blend was characterised in the form of the mean
residence time, tm, and the residence time variance, o2, calculated using Equation 4.8 and

Equation 4.9, respectively.

—_c® :
E(t) = O Equation 4.7

Where ((t)-6t is the concentration of the dye between time t and t+6t.

ty = fooo t-E(t): 6t Equation 4.8
0% = fooo(t —0)2%-E(t) 6t Equation 4.9

After determining t and o2, the dimensionless Péclet number, Pe, was calculated using
Equation 4.10. Pe can be defined as a ratio between the mass transfer resulting from
advective transport and the mass transfer resulting from diffusive transport, indicating the
extent of axial mixing (Fogler 2006). Hence, powder transport increasingly approaches plug

flow conditions as o? approaches zero and Pe approaches infinity.
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Figure 4.10 Example residence time profiles: RTD resulting from the nucleation setup
(top) and the granulation setup (bottom) were captured under identical conditions: PSD=-
0.176, MFR=0.8 kg-hr-1, SS=200 rpm, LSR=0.18. The theoretical residence time (TRT), first
detection time (FDT) and mean residence time (MRT) are highlighted.

The time at which the blue dye was first detected (t:4) was plotted against t: and tm. tq Was
taken to be the time for particles to navigate the barrel with the least retention. Example

RTD profiles are shown in Figure 3410 to highlight the key measurements.

Preliminary RTD experiments were conducted to calculate the conveying efficiency at various
operating conditions. By estimating ¢, from the RTD curves, and by calculating n,, an
operating space was produced whereby the necessary values of SS could be estimated to
approximate TVF values (¢) of 0.2, 0.5 and 0.8 at variable MFR for all three formulations and

both TSG setups (Figure 4.11).
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Figure 4.11 Experimental space and the dashed lines indicate the material feed rate, MFR, and screw speed, SS, process conditions to achieve the
desired total volumetric fraction, TVF (¢), for both TSG setups and for each formulation (based on Equations 3.3 to Equation 3.6 using the
empirically estimated mean residence time). The experimental conditions are marked as ® and are approximate to the TVF value. The initial
experimental conditions used to compare the effects of TVF, liquid-solid ratio, LSR, and particle size distribution, PSD, at MFR=0.8 kg-hr! are
marked with an “X”.
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4.3.5. Granule characterisation

Sub-samples of granular material used for characterisation were obtained using a rotary

sample divider (Laborette 27, FRITSCH GmbH, Germany) to ensure accurate representation.

4.3.6. Granule size distribution, GSD

A 40+0.1 g sample of the granulated material from each experimental condition was sieved
across a R20/3 nest of ten 200 mm stainless steel sieves (FRITSCH GmbH, Germany) at an
amplitude of 2.5 mm in repeated 5-minute intervals until not more than 3% change in mass

was observed. The mass of material retained on each mesh was recorded.

The normalised mass frequency (f) with respect to the logarithm of particle size was

calculated using:

(Inx) = —2L Equation 4.11
fi(Inx) n (xl/xi_l) q

where y;is the mass fraction in size interval i and x; is the upper limit of the size interval (Allen

2003).

4.3.7. Granule porosity distribution

Equation 4.12 was used to determine the porosity of each sieve fraction. The tapped density,
Ptap, Was measured from the volume of 2010.1 g of granules after 2000 taps. The true density
of the granules, pirue, Was the average of 10 measurements using gas pycnometry (Accupyc |l

1340, Micromeritics, USA).

€ (%) =100- (1 - ptﬂ) Equation 4.12

Ptrue

181



4. The Effects of Powder Properties and Channel Fill on Twin Screw Wet Granulation

This method did not distinguish between intra-granular pores and inter-granular voids, and
hence the intra-granular porosity of larger granules was likely to be overestimated

(Verstraeten et al. 2017).

4.3.8. Theophylline, THP, distribution
To determine granule inhomogeneity, a 1+0.01 g sample from each sieve fraction was added
to 500 mL of purified water and heated to 37+0.5 °C. The sample was covered and placed

on a hotplate magnetic stirrer for approximately 1 hour.

UV-Vis spectrophotometry (ALS SP700 UV Spectrophotometer, Automated Lab Systems, UK)
was used to measure the absorbance at a wavelength of 272 nm through a 10 mm quartz
cuvette. The concentration was determined using a calibration curve previously established
via serial dilution up to a THP concentration of 55 pg/ml (Figure 4.12). Linearity was

observed up to 14 pg/ml.

THP distribution was expressed in terms of relative standard deviation (RSD) using:

g .
RSD = z 100% Equation 4.13
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Figure 4.12 UV-Vis at 272 nm of THP absorbance correlated to concentration in
demineralised water heated to 37.0 £+0.5 °C

182



4. The Effects of Powder Properties and Channel Fill on Twin Screw Wet Granulation

4.3.9. Tablet production

Attempts to tablet the entire TSG output (0-1400 um) resulted in erratic tablet production
during preliminary studies due to inconsistent die filling. Hence, only the 212--850 um sieve
fractions of granular material were used for tablet production. The individual sieve fractions
were reconstituted and blended with 0.5% w/w magnesium stearate for one minute at 10
rpm to gently lubricate the granules. The blend was then transferred to the hopper of a
single punch tablet press (Korsch XP1, Korsch AG, Germany) to produce flat-faced bevel-
edged tablets in a 9 mm diameter die at a rate of 10 min. The fill-die position was calibrated
for each blend to produce tablets with a target weight of 200+5 mg. The compression force

and tablet mass were recorded following the production of each tablet.

4.3.10. Tablet strength
Tablet hardness was determined via the application of a compressive load in the form of a
unidirectional stainless-steel platen across the tablet diameter (Tablet Hardness Tester HC

6.2, Kraemer Elektronik GmbH, Germany). The force at failure (P) was recorded.

Prior to testing but a minimum of 24 hours post compaction, the diameter (d), height (h) and
wall height (w) of each tablet was measured (Figure 4.13), so that the tensile strength (TS) of
each tablet could be calculated via Equation 3.14 (Pitt et al. 1989). The tensile strength
represents an intensive property, as it normalises the failure force against the tablet
dimensions, and hence, the strength of tablets of different shapes and sizes can be directly

compared.

TS = 2. _10F _ Equation 4.14
3 T[-dz(2.84-5—0.126-W+3.15-E+0.01)
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Twenty-five tablets were produced with compression forces ranging between 5 and 35 kN,
and the corresponding tensile strength was used to produce a tabletability profile for each
of the TSG conditions. A further 10 tablets at a compressive force of 25+1 kN were produced,

and their hardness was subsequently tested.

Figure 4.13 Dimensions of a flat-faced bevel-edged tablet used in Equation 3.14 to
determine density and tensile strength.

The punch and die displacement during compaction were recorded and used to calculate the
pre-compaction and in-die thickness (Hmin) of each tablet, to be compared with the out-of-
die thickness (Hmax) — measured immediately after compaction, and again at least 24 hours
later - to determine elastic recovery (ER%) using Equation 4.15 (Armstrong and Haines-Nutt,

1974).

ER% = Hmax=Hmin) 1 Equation 4.15

min
Tablet porosity (€twb) Was calculated from the tablet mass and dimensions, and the weighted

true density of the formulation (1.578 g/cm?3).

4.3.11. Tablet drug release profile

To obtain the THP release profile, UV-Vis spectrophotometry (ALS SP700 UV

Spectrophotometer, Automated Lab Systems UK) and the aforementioned absorbance-
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concentration curve, were used to measure the dissolved THP as a function of time. Six
tablets produced at 25+0.5 kN were evaluated for each TSG condition. Each tablet was
introduced into a glass vessel filled with 900 mL of demineralised water heated to 37+£0.5 °C
with rotating paddles operating at 50 rpm (ADT8 Dissolution Bath, Automated Lab System:s,
Wokingham, UK), in accordance with apparatus 2 dissolution testing of the US Pharmacopeia
(United States Pharmacopeial Convention 2016). Absorbance at a wavelength of 272 nm
was measured through a 10 mm quartz cuvette every 2 minutes in a closed loop system for

30 minutes for each tablet.

Input variables

Formulation Total volumetric fraction [ Liquid-to-solid ratio ]
Particle size distribution MFR and SS

Shear granulation ] \

I

oalescence and Iayering]

C
Nucleation [ Attrition and breakage

Processes

Wetting

Total volume
channel fill

Compaction
Output
utpu v
Aggregates Granules Tablets
Analysis

THP Tensile ||Dissolution|| Weight
distribution| |strength rate uniformity

Figure 4.14 Flow diagram outlining the scope of the current study.

Residence time Granule size
distribution distribution

4.3.12. Data analysis
Figure 4.14 outlines the scope of this study. As the PSD levels of the pseudo-grades were
not equidistant and the LSR was only varied between two levels, neither a fractional nor

abbreviated factorial experimental design were suitable. Hence, a full factorial design of
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experiments was performed for both TSG setups, shown in Table 8. The PSD of the medium
blend was assigned a level of -0.176, reflecting its ds; value in relation to the high (PSD +1)

and low (PSD -1) blends.

Table 8 Experimental design repeated for both the nucleation setup and the granulation
setup. The levels for each variable correspond to the values listed beneath.

LSR TVF PSD

1 +1 +1 -1

2 +1 -1

3 +1 -1 -1

4 +1 +1

5 +1

6 +1 -1

7 +1 +1 +1

& +1 +1

9 +1 -1 +1
10 -1 +1 -1
11 -1 -1
12 -1 -1 -1
13 -1 +1
14 -1
15 -1 -1
le -1 +1 +1
17 -1 +1
18 -1 -1 +1

LSR(-) TVF, ¢ () PSD, d3; (um)
+1 0.18 +1 0.8 +1 123.37
- 0.5 65.53

-1 0.15 -1 0.2 -1 28.12

The measured responses were analysed using Modde 10.12 (Umetrics, Sweden).

Multivariate linear regression (MLR) was used to fit the regression models resulting from the
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TSG results as no covariance between variables was anticipated (L. Eriksson et al. 2008).
Model terms were refined to maximise the predictive cross-validation coefficient (Q?) and a
95% confidence level was applied in all models. Response surfaces are presented toillustrate

non-linear effects and secondary interactions.

4.4. Results

4.4.1. Residence time distribution, RTD, and conveying efficiency, cv

To establish the conveying efficiency, the RTD was assessed for a range of experimental
conditions for both TSG setups. Figure 4.10 depicts typical RTD profiles both setups. Each
comprises of a peak followed by a tail, a profile common to TSG (R. Dhenge, Cartwright, J.
Hounslow, et al. 2012; R. M. Dhenge et al. 2011; A. El Hagrasy, Hennenkamp, et al. 2013;
Ashish Kumar, Alakarjula, et al. 2016; Ashish Kumar, Vercruysse, Toiviainen, et al. 2014; K. T.
Lee, Ingram, and Rowson 2012; Y. Liu et al. 2016; Mu and Thompson 2012; Shirazian et al.

2018). The peak-to-tail ratio is indicative of the extent of retention and axial mixing (Ashish
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Figure 4.15 MLR coefficients pertaining to RTD from the granulation setup.
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Kumar, Alakarjula, et al. 2016). The conveying-element-only screw configuration of the
nucleation setup resulted in a prominent peak and a short tail, indicative of limited axial
mixing. Contrastingly, the low conveying capacity of the kneading block in the granulation
setup resulted in a smaller peak and a longer tail. This is reflected by a lower conveying
efficiency and smaller Peclet number. These observations were consistent with other
studies that have found RTD to lengthen and MRT to increase with the addition of kneading
blocks (Ashish Kumar, Alakarjula, et al. 2016; Ashish Kumar, Vercruysse, Toiviainen, et al.

2014; Mu and Thompson 2012; Shirazian et al. 2018).

188



4. The Effects of Powder Properties and Channel Fill on Twin Screw Wet Granulation

TRT MRT

FDT — 75 rpm

MRT=21.3s

Pe=24.11
C,=0.432

Normalised RTD, E(t)

— — - = — = -
-—— o wm s

1 , i hadh

=]

10
TRT

20 40

— 100 rpm
MRT=17.85

Pe=33.84
€,=0.409

Mormalised RTD, E{t}

— e = e e == o

— 200 rpm
MRT=9.55
Pe=40.98
C,=0413

MNormalised RTD, E(t)

- "™ A " i

30 40

=]
[
o
P
=]

e 300 rpm
MRT=7.85s

Pe=45.13
€,=0.363

Normalised RTD, E{t}

" -~ A

10 20 30 40

(=]

— 400 rpm
MRT=5.6s

Pe=49.07
C,=0.334

MNormalised RTD, E{t}

" | A

0 10 20 30 40
Time, t (s)

Figure 4.16 Profiles (10-point moving average) comparing the effect of SS on RTD during
nucleation. MFR=0.8kghr-1, PSD=-0.176, LSR=0.18.
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Figure 4.17 Profiles comparing the effect of SS on RTD during granulation. MFR=0.8kghr-
1, PSD=-0.176, LSR=0.18.
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From the MLR coefficients shown in Figure 4.15, it is evident the MRT was primarily
determined by, and was inversely correlated to, screw speed. The effect of SS on RTD is
shown in Figure 4.16 for nucleation and Figure 4.17 for granulation. The dominance of SS
was to be expected as screw speed determines the rate of axial transport (Lute, Dhenge, and
Salman 2018a; Shirazian et al. 2018). However, for both setups the relationship was non-
linear as the MRT's rate of decrease declined with increased SS, hence the significance of the
SS*SS term in the MLR model (p<0.05). Both non-linear (Lute, Dhenge, and Salman 2018a)
and linear (Ashish Kumar, Alakarjula, et al. 2016; Ashish Kumar, Vercruysse, Toiviainen, et al.

2014; Robin Meier et al. 2017b) relationships have previously been reported.

The disparity between theoretical residence time, TRT, and the measured MRT was greater
with the inclusion of the kneading elements (Figure 4.18) due to their near-neutral conveying
geometry. However, the ratio between first detection time, FDT, and TRT was independent
of screw speed for both setups indicating that a fraction of the tracer was able to traverse
the kneading block largely unimpeded. For the nucleation setup, the conveying efficiency
(c,=TRT/MRT) decreased from 0.476 to 0.297 as the SS increased from 75 rpm to 400 rpm
(Figure 4.22). For the granulation setup, the ¢, decreased from 0.272 to 0.118 as the SS

increased from 100 rpm to 550 rpm.
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Figure 4.18 RTD measurements resulting from the nucleation setup (left) and the
granulation setup (right) as a function of screw speed.

With increased SS the difference between the FDT and the MRT increased and was more
evident for the granulation setup. This is indicative of increased axial mixing and correlates
with the decreasing Peclet number. Additionally, the Peclet MLR model indicates that the
increased axial mixing resulting from increased blend PSD was significant (p<0.05), albeit
small (Figure 4.15). The flow function coefficient measured by the FT4 rotational shear tests
(Figure 3.12) may explain this observation; the concentric layers of PSD+1 were able to
radially shear freely (FFc>10) whereas PSD-1 exhibited restrained shearing (FFc<4) on
account of cohesive forces and poor flow properties. Hence, for PSD+1 sufficient relative
motion between particles produced a broader particle velocity distribution, facilitating axial
mixing, as shown in Figure 4.19. Itis assumed that this disparity in particle velocity occurred
only between dry particles and it is difficult to determine the role of PSD and flow properties

on axial mixing of wetted particles that had begun to agglomerate.
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Figure 4.19 Profiles (10-point moving average) comparing the effect of PSD on RTD during
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By only changing the MFR, the effects of the fill level on RTD were studied at similar rotations
per minute, independent of SS, as shown in Fig 4.20. As reported by Dhenge et al. (2010), a
small reduction in MRT was observed with increased MFR, and was likely a result of increased
TVF. Kumar et al. (2014) report lower axial mixing was observed at higher fill levels as the

degree of backflow was restricted, resulting in a higher value of Pe.
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Figure 4.21 Screw and barrel conditions following emergency stop mid-operation and
removing the upper barrel casing. TVF=0.204.

It can be deduced that at low SS and low PSD the material transport approached plug flow
under nucleation conditions. In contrast, a low Peclet number was obtained for all the RTD
resulting from the granulation setup, indicating significant axial mixing. The low conveying
capacity of the successive kneading elements resulted in a dependence on the upstream
conveying elements for material transport as a build-up of pressure was required to push the
material through the kneading block. This created uneven flow and promoted axial mixing.
This bottle neck effect was evidenced by observing flooded channels in the conveying
elements immediately upstream of the kneading block, whereas the channels downstream

of the kneading block were “starved”, as shown in Figure 4.21.
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Figure 4.22 Conveying efficiency, c,, in relation to screw speed for the nucleation setup
(left) and the granulation setup (right). MFR=0.8 kg-hr!, LSR=0.18.

From the range of TRT and measured MRT the conveying efficiency trend was established as
regression equations and found to decrease with increased screw speed under both setups
(Figure 4.22). This endorses Roberts’ findings that the disparity between particle speed and
impeller speed increased at higher impeller speed (Roberts and Willis 1962).  Under
nucleation conditions the rate of decrease in efficiency was linear with respect to SS and the
gradient increased with increased PSD. Under granulation conditions the decrease in
conveying efficiency was non-linear and independent of PSD The regression equations had
high R?values and were used to estimate the conveying efficiency as a function of screw

speed, formulation PSD and TSG setup for the TVF studies.
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4.4.2. Determining maximum TVF

To ascertain if the experimental maximum channel fill conditions approached TVF=1.0, the
screw speed was gradually decreased at a constant MFR. With the nucleation setup (1.3
kg-hr?, PSD-0.176) the torque never rose sharply or above 30% despite operating at low SS.
However, at 59 rpm raw formulation began to build up at the powder inlet indicating that
the channels of the conveying elements directly downstream of the inlet were volumetrically
fully occupied and unable to accommodate more material, resulting in a visible overflow
(figure 4.7). According to Equation 4.1 to 4.6, the value of TVF at these conditions was

calculated to be 0.917 (Figure 4.23).

TVF=0.200
./299 rpnl

Figure 4.23 Visual inspection of the channel fill during nucleation at various TVF values
following an emergency shutdown mid-operation and removing the upper barrel casing.

MFR=0.8 kg-hr ', PSD=-0.176.

With the granulation setup (1.2 kg-hr?, PSD-0.176) the torque rose sharply above 70% when
the SS was decreased to 69 rpm (Figure 4.8). The value of TVF at these conditions was
calculated to be 0.934. Hence, it is evident that by deriving TVF from both the calculated
volumetric efficiency and the experimentally determined conveying efficiency, a more

representative value of the conveying channel fill fraction can be determined than using the
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volumetric efficiency equation (Equation 4.1) alone. In doing so, the maximum calculated

channel fill tested by Gorringe et al. (2017) was less than 0.5.

Note the asymmetric distribution of material between the two screws shown in Figures 4.21
and 4.23. The channels of the top/right screw had a higher fill level than the bottom screw.
Chan Seem et al. (2016) experimentally determined that under starved conditions the
top/right screw conveys the majority of the material, as the bottom screw loads material
onto the top/right driving screw. The authors attributed this asymmetry to gravity, barrel
and screw dimensions, and the direction of screw rotation; the loading screw transfers
material to the driving screw below the screw, whereas the driving screw transfers material
above the screw, hence, gravity favours material passed to the driving screw. With increased
barrel fill levels this disparity lessens as gravity becomes less of a factor and the material was
more constrained (Figure 4.23).
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Figure 4.24 Comparison of size distribution of dry formulation (dotted line, ----), material following nucleation
(dashed line,- - - - ), and material following granulation (solid line, —) of PSD-1 (left, red), PSD-0.176 (middle,
amber) and PSD+1 (right, green) at LSR=0.15 (top) and LSR=0.18 (bottom). MFR and TVF were maintained at 0.8
kg-hr't and ~0.5, respectively. Each curve is a mean average, n=3.
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4.4.3. Nuclei size distribution, NSD, following twin screw nucleation

To assess the influence of the twin screw granulation (TSG) setup, liquid-solid ratio (LSR),
total volumetric fill (TVF) and particle size distribution (PSD) on the nuclei size distribution
(NSD), the material feed rate (MFR) was initially maintained at 0.8 kg-hrl. To simulate
nucleation under granulation conditions, the same TVF values were targeted for both TSG
setups. Screw speed (SS) was varied to achieve a TVF of circa 0.2, 0.5 and 0.8 in accordance
with Equations 4.1 to 4.6. Figure 4.24 illustrates the evolution of the size distribution of the
powder material during size enlargement. The narrow unimodal peak representing the dry
formulation became broad and multimodal. The significant overlap between the nucleated
material and dry formulation indicates that a significant portion of the powder experienced

no wetting or negligible agglomeration.

The NSDs obtained from sieve analysis of the nuclei are shown in Figure 4.25 and all depict a
bimodal curve. To fully evaluate the role of each factor, the processed material was classified
as fines and non-wetted material (<212 um), small agglomerates (212-850 um) and large
agglomerates (>850 um) and displayed in Figure 4.26. The granule size distributions (GSD)

resulting from granulation are discussed in section 4.4.4.

The proportion of non-wetted material ranged between 29.5 and 52.5% and was assumed to
be inversely proportional to liquid distribution (Chan Seem et al. 2016; A. El Hagrasy,
Hennenkamp, et al. 2013; J. G. Osorio et al. 2017; Sayin et al. 2015; Verstraeten et al. 2017).
This high proportion of fines was a result of the limited shear forces exerted by the conveying
elements to promote liquid distribution, and the brief period for liquid distribution to occur
(<20s). Expectedly, the proportion of non-wetted material decreased with increased LSR as

the potential for inter-particle liquid bridges increased as a result of liquid droplets being
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introduced into the barrel more frequently via the syringe pump (V. Lute, Dhenge, and J.
Hounslow & Agba D. Salman 2016). Hence, LSR was the most significant factor for
determining the proportion of non-wetted material (Figure 4.27). However, LSR had no
statistically significant effect on proportion of small agglomerates (Figure 4.27); as well as
resulting in a reduction in non-wetted material, increased LSR also manifested as an increase

in large agglomerates, producing little net change in small agglomerates.
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Figure 4.25 Nuclei size distribution measured by sieve analysis following nucleation of PSD-1 (red), PSD-0.176 (amber) and PSD+1 (green), at
LSR=0.15 (top) and LSR=0.18 (bottom), and TVF=0.2 (left), TVF=0.5 (middle) and TVF=0.8 (right). MFR was kept constant at 0.8 kg-hr. Each curve is
a mean average, n=3.
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Figure 4.27 MLR model — magnitude of each significant term influencing the size distribution of material
following nucleation. Statistically insignificant terms (p>0.05) are highlighted in red.

The proportion of non-wetted material decreased and large agglomerates increased with
increased formulation PSD for all conditions. At LSR=0.15 the proportion of small
agglomerates increased with increased PSD at all TVF conditions. However, at LSR=0.18 this
trend was not evident, hence the significance of the PSD*LSR term (p<0.05) in the MLR
model. Mackaplow et al. (2000) compared nucleation of coarse, medium and fine grades of
lactose in a high shear granulator; two minutes after adding the granulating liquid, a
significantly higher proportion of the coarse grade had nucleated into large agglomerates
than the fine grade. However, when the size of the nucleated material was considered
relative to the starting powder i.e. agglomerate-to-particle size ratio, Badawy and Hussain
(2004) found that a fine sieve fraction of lactose anhydrous underwent greater
agglomeration growth than a coarse sieve fraction. This study observed similar behaviour,
as the normalised agglomeration growth (agglomerate dso/primary particle dso) was greatest

for PSD-1 and least for PSD+1 (Figure 3.28).
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Figure 4.28 Normalised agglomeration (agglomerate dso/primary particle dso) as a function
of formulation PSD and LSR. The line represents value obtained at TVF=0.5 and the plus
and minus error bars correspond to TVF=0.8 and TVF=0.2, respectively.

In this regard, excipient PSD variation had little effect on the nucleation size distribution. The
median diameter of a PSD+1 primary particle was over three times larger than that of PSD-1
but the influence on the nucleation size distribution was only modest (less than 50%).

Therefore, the NSD was dominated by other factors including LSR and mechanical forces.

Increasing TVF was found to facilitate liquid distribution in most cases, as the proportion of
non-wetted material decreased. Although not explicitly measuring the channel fill, Lute et
al. (2016) found that by reducing the screw speed at constant feed rate, and in effect
increasing channel fill, the proportion of fines decreased and agglomeration increased in a
conveying only screw configuration - 2*CE(2D)-4*CE(1D). Yet, Dhenge et al. (2013) reported
anincrease in fines and decreased agglomeration with increased feed rate at constant screw
speed. In that study, however, nucleation took place over the full length of the barrel i.e.
2*CE(2D)-16*CE(1D), and therefore, was subject to greater shear over a longer duration.

Dhenge et al. (2012), too, tried to simulate nucleation and found increased feed rate at
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constant screw speed to increase the median particle size of the nucleated material. Asonly
the dso value was reported, it is unclear whether more particles became wetted and
underwent modest agglomeration, or whether nuclei excessively agglomerated to skew the

median particle size.

TVF was the only significant coefficient in the small agglomerate MLR, as increasing TVF
resulted in a greater proportion of small agglomerates between 212 and 850 um. It is
possible that the constrained conditions at higher TVF and confined barrel dimensions limited

the agglomeration of large nuclei.

Within TSG, nucleation occurred by the immersion mechanism as the droplet emitted from
the liquid port was significantly larger than the primary powder particles (Scheefer and
Mathiesen 1996). This mechanism has been shown to result in inefficient liquid distribution
and less controlled nucleation when compared to a spraying distribution mechanism (Kayrak-
Talay and Litster 2011). The droplet emerging at the inlet was routinely wiped by a fresh
collection of dry primary particles traversing across the intermeshing region beneath. This
resulted in a saturated mass of powder, from which excess liquid infiltrated to the
surrounding powder bulk. This infiltration was the function of minimal shear forces inflicted
by the conveying elements and capillary action. As discussed in Chapter 3, a larger particle
size and lower surface area resulted in a less tortuous pore network and a smaller effective
contact angle, and ultimately, facilitated liquid intrusion within a powder bulk (Depalo and
Santomaso 2013; Kiesvaara and Yliruusi 1993; Kirchberg, Abdin, and Ziegmann 2011; Y.-W.
Yang, Zografi, and Miller 1988). At increased TVF, the barrel conditions were more
constrained and particle packing became more consolidated, which again, was shown to
improve liquid penetration in Chapter 3 and previously (Siebold et al., 1997; Hapgood et al.,
2002; Galet et al., 2010; Yang and Xu, 2017). As can be seen in Figure 4.23 at TVF=0.8 the

204



4. The Effects of Powder Properties and Channel Fill on Twin Screw Wet Granulation

powder within the barrel forms a continuous mass with very little of the screw channel
visible. Therefore, the liquid had a less fragmented pore network to navigate, allowing more
particles to be wetted. Additionally, the constrained conditions at high TVF limit pore size
within which binder liquid can accumulate without contributing to wetting and nucleation.
With decreasing TVF the screw channel became more visible and the powder bulk more
disconnected, hence, more of the channel could be occupied by free liquid with fewer liquid-

particle interactions.

Further, increased consolidation owing to higher TVF resulted in a greater proportion of large
agglomerates (>850 um). This was possibly due to a greater number of successful particle
coalescence as a result of closer contact (S. Iveson et al. 2001); or due to a larger number of
particles coming into contact with the initial droplet due to a greater particle density within
the barrel (Schaefer and Worts 1978); or a combination of both. Another explanation for
greater wetting and agglomeration at higher TVF, was because the lower screw speed
resulted in a longer MRT, allowing for a greater period of time for liquid distribution to occur.
Conversely, Dhenge et al. (2013) reported that at lower SS the specific mechanical energy -
an indication of shear forces inflicted on the material - was lower and likely to contribute to
mechanical liquid dispersion less. However, it is not possible to compare the independent
magnitude or contribution each of these factors made to liquid distribution and nucleation

in this present study.

Due to the zero-sum relationship between the size categories it is difficult to relate the
proportion of small agglomerates directly to any of the factors. That is to say, small
agglomerates can be the result of (i) limited agglomeration of primary particles or (ii) size
reduction of large agglomerates via breakage. The MLR model and response surface cannot

determine which mechanism was dominant.

205



4. The Effects of Powder Properties and Channel Fill on Twin Screw Wet Granulation

This study has attempted to simulate nucleation in a TSG barrel in the absence of a kneading
block by maintaining the channel fill.  Previous studies have attempted to investigate
nucleation by translocating the powder and liquid inlet towards the barrel outlet (R. Dhenge,
Cartwright, ) Hounslow, et al. 2012; V. Lute, Dhenge, and J. Hounslow & Agba D. Salman
2016). However, by not adjusting the MFR and SS accordingly, these studies did not account
for the increased barrel fill resulting from the loss of conveyance with the inclusion of the
kneading block. Therefore, the conditions did not simulate nucleation under typical TSG

conditions with a screw configuration consisting of one or more kneading zones.

4.4.4. Granule size distribution, GSD, following twin screw granulation

Figure 4.29 shows a sample of granules in each sieve fraction following granulation
(experiment 15). The resulting GSDs at 0.8 kg-hr? are displayed in Figure 4.30. As above,
the granulated material was divided into fines (<212 um), small granules (212-850 um) and
large granules (>850 um) as displayed in Figure 3.31. Typically, small granules would be
considered the yield, as they possess desirable properties for tablet production (Forlano and
Chavkin 1960; Marks and Sciarra 1968; Santl et al. 2012; Yajima et al. 1996). The presence
of large granules and fines impede tablet production and uniformity, and are therefore,
removed to be milled or reworked, respectively. Hence, a higher proportion of small

granules was indicative of greater granulation efficiency.

The resulting GSDs were broad and skewed towards larger granules and possessed fewer
fines than the size distributions obtained following nucleation. This was because the rotating
kneading lobes promoted liquid distribution and agglomeration as the shear forces squeezed
liquid from saturated voids to non-wetted regions, whereby it contributed to granule growth

via coalescence and layering (A. S. El Hagrasy and Litster 2013).
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Figure 4.29 Samples of granules following granulation retained on 212-1400 um sieve
meshes (left to right) from experiment 15. No visual differences were observed between
experiments.

The presence of fines indicated that granulation was incomplete under all conditions (A. El
Hagrasy, Hennenkamp, et al. 2013) as a result of insufficient mechanical dispersion. Previous
studies suggest that liquid distribution to non-wetted particles could have been enhanced by
including an additional kneading block (Mu and Thompson 2012; Shirazian et al. 2018; Jurgen
Vercruysse et al. 2015; Verstraeten et al. 2017), by increasing the stagger angle of the
kneading elements, or by reversing the direction of the kneading element configuration
(Dejan Djuric and Kleinebudde 2008; A. S. El Hagrasy and Litster 2013), although a smaller
fraction of fine material may have still remained. As observed elsewhere, increasing LSR
results in a decrease in fines (R. M. Dhenge et al. 2010; J. G. Osorio et al. 2017; Verstraeten
et al. 2017), with complete granulation occurring at substantially higher LSR levels than those

used in this study (A. El Hagrasy, Hennenkamp, et al. 2013; Verstraeten et al. 2017).
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Figure 4.32 MLR model — magnitude of each significant term influencing the size
distribution of material following granulation. Statistically insignificant terms (p>0.05) have
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Itis well established in the literature that an increase in LSR results in an increased proportion
of large granules, accompanied by a decrease in fines (A. El Hagrasy, Cruise, et al. 2013; Seem
et al. 2015; Thompson 2015; Verstraeten et al. 2017). As shown in the MLR models, this too
was the case in the current study (Figure 4.32). Naturally, the higher liquid concentration
resulted in greater particle coverage and more liquid bridges forming. It also increased the

deformability of granules facilitating successful coalescence following granule collisions.

At LSR=0.15, increasing the formulation PSD demonstrated a reduction in fines, however, this
trend was not observed at LSR=0.18. This indicates that the influence of PSD on fines
diminished with increased LSR - hence the significance of LSR*PSD (p<0.05). This is possibly
due to elevated liquid concentration increasingly mitigating the difference in powder surface

area as has been reported elsewhere (Knight et al. 1998; Schaefer, Holm, and Kristensen
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1992; Schaefer 1996). However, as only two levels of LSR were tested within a limited range,

then it is not possible to delineate this relationship beyond speculation.

During nucleation, PSD+1 facilitated liquid distribution and agglomeration. However, during
granulation, the proportion of large granules was inversely proportional to PSD. The low
surface area of PSD+1 limited the strength and number of interfacial capillary bridges
between particles. Hence, large agglomerates did not possess sufficient tensile strength to
withstand the compressive and shear forces inflicted by the rotating kneading elements
(Vonk et al. 1997). Keningley et al. (1997) concluded that higher viscosities are required for
larger primary particles to mitigate excessive breakage in HSM. Further, Lute et al. (2016)
demonstrated that granule size reduction, as well as granule growth, can occur within the
kneading block. Consequently, in the absence of a more viscous binder, large granules
composed of PSD+1 underwent substantial breakage, and the proportion of small granules
increased as the proportion of large granules decreased. However, a limitation of this study

was that the extent of breakage during handling and sieving was not accounted for.

Conversely, PSD-1 produced the greatest proportion of large granules following granulation
under all conditions. On account of a greater surface-to-mass ratio, and subsequent greater
inter-particle contact, PSD-1 particles were more resistant to shear forces and more
susceptible to cohesive capillary forces (Keningley, Knight, and Marson 1997). Therefore,
granules composed of PSD-1 proved more robust and suffered less breakage, and instead,

demonstrated greater overall granule growth following granulation.

These findings are consistent with HSM findings by van den Dries and Vromans (2002),
whereby finer grades of lactose demonstrated steady growth, whereas granules composed

of a coarse lactose grade underwent significant breakage. In another HSM study, Badawy
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and Hussain (2004) showed that lactose particles within a 40-75 pum size fraction resulted in
greater growth than those of a 212-250 um sieve fraction. Likewise, Keleb et al. (2004)
reported the proportion of large granules to increase with decreasing lactose grade during

twin-screw extrusion granulation.

The greater growth capacity of PSD-1 resulted in a smaller proportion of small granules (34.3-
49.8%) than PSD+1 (53.5-57.4%), therefore, in this respect PSD-1 reduced granulation
efficiency. These fractions are similar to studies by Djuric & Kleinebudde (2008) and
Vercruysse et al. (2012), in which similar screw configurations resulted in a yield fraction
(125-1250 pm and 150-1400 pum, respectively) circa 50-55% from a 200M grade of lactose
powder. A study by Kumar et al. (2014) yielded comparatively low proportions (<25%) of
suitable granules (150-1000 um) and high proportions (35-55%) of fines (<150 um), however,
significantly lower LSR values were used (0.045-0.07). Generally, this current study
demonstrated that the broad GSD resulting from TSG produced a yield significantly lower

than HSM (~80%) (K. T. Lee, Ingram, and Rowson 2013).

El Hagrasy et al. (2013; 2013) compared the granule properties resulting from three different
grades of lactose. The GSD curves did vary between the grades and they demonstrated
different sensitivities to high LSR levels, however, the median particle size (dso) values were
similar. Likewise, in the current study the effect of formulation PSD on median granule size
was significant but small considering a three-fold difference in mean diameter (Figure 4.33).
The combination of the liquid, mechanical and dimensional parameters permitted PSD-1 to
granulate to 10-14 times the size of original primary particle, whereas PSD+1 was only able
to granulate to 2-4 times on average. A further factor highlighted by Abberger et al. (2003)
is that with large droplet sizes, agglomerate formation results from the immersion

mechanism which minimised the effect of powder particle size, compared to the distribution
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mechanism resulting from small droplets. The culmination of these considerations indicates

that twin screw granulation represents a robust process in response to drastically variable

raw material.
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Figure 4.33 Normalised granulation (granule dso/primary particle dso) as a function of
formulation PSD and LSR. The line represents values obtained at TVF=0.5 and the plus and
minus error bars correspond to TVF=0.8 and TVF=0.2, respectively.

Increased TVF resulted in a small, yet significant, decrease in fines and large granules, and an
increase in small granules. From this, it can be inferred that the binder liquid was more
uniformly distributed at high TVF than at low TVF. By measuring moisture loss on drying of
different sieve fractions, Chan Seem et al. (2016) reported similar findings. Visual
examination of the barrel following an emergency stop showed that the kneading block and
the channels of the conveying elements immediately upstream of the kneading block were
nearing maximum fill under all conditions on account of its limited conveying capacity (Figure
4.4). This was confirmed experimentally by Lee et al. (2012). Hence, all material
experienced the same conditions within the kneading block irrespective of TVF level, and any

variation in GSD arising from changes in TVF was a result of differences in liquid distribution
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during the wetting and nucleation portion of the barrel. Chan Seem et al. (2016)
demonstrated size segregation occurring within the TSG at low fill level and hypothesised
that large agglomerates, resulting from wetting at the site of liquid injection, may possess a
separate flow stream from that of dry fines, and therefore, reduce their interaction and liquid
redistribution. Hence, at high TVF segregation was minimised resulting in greater liquid
distribution and a larger proportion of small granules. Additionally, at higher fill level the
compaction and consolidation of agglomerates increased, and granules were restricted in
size as a result of the reduced free volume and were abraded through greater shear and
collisions with other granules (Chan Seem et al. 2016).  Figure 4.29 further shows
implications of the geometrical dimensions of the TSG; most granules are non-spherical and
irregular with an aspect ratio approaching 1. However, material retained on the 850 and
1000 um meshes show the presences of some elongated granules in contrast to the granule
majority. These are likely the result of wetted material undergoing extrusion-like
deformation through the kneading block but escaping or resisting the shear forces of the
rotating kneading elements which normally result in granule cleavage into smaller granules.
Similar granule morphology has been observed and reported elsewhere (Thompson and Sun
2010; Jurgen Vercruysse et al. 2012; R. Dhenge, Cartwright, J. Hounslow, et al. 2012;
Verstraeten et al. 2017), with the inclusion of further kneading blocks or a chopper screw
element reducing the presence of elongated granules (Verstraeten et al. 2017).
Incorporating more kneading elements/blocks and higher levels of LSR have also been shown
to increase granule smooth and sphericity as a result of greater deformability and particle

layering (Thompson and Sun 2010; Verstraeten et al. 2017).
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4.4.5. Granule porosity

The porosity of each sieve fraction was derived from the true and tapped density, in
accordance with Equation 4.12, and are depicted in Figure 4.34 and Figure 4.36 The porosity
measurements were stratified by sieve fraction in order to normalise inter-granular void
volume and uncouple the influence of packing efficiency from the effects of LSR, PSD and TVF
on intra-granular porosity. Stratification also mitigates the influence of the granule size
distribution on granule packing, and hence, the tapped density. As seen from section 3,
under consolidated conditions obtained from repeated tapping, a broader size distribution

would yield a higher density due to smaller particles filling the voids between larger particles.

Expectedly, the porosity of the non-wetted material (<212 um) was similar to the porosity of
the initial blend (ca. 50-63 %). Following nucleation and granulation, porosity generally
decreased with increased nuclei/granule size. This was because packing efficiency increased
as particles became more free-flowing with particle enlargement and intra-agglomerate
pores were compressed due to shear and compressive forces applied in the kneading block.
Although these results were comparable to those reported by Dai et al. (2008) following
HSM, they were in direct contradiction to Verstraeten et al. (2017), whereby porosity
increased with granule size following TSG. This is possibly due to the bulk density being used
to calculate porosity using Equation 4.12, as opposed to the tapped density as is the case in
this study. This would have resulted in the granule porosity being overestimated further due
to the inter-granular voids, particularly for larger granules. Alternative methods employed
for measuring granule porosity include X-ray computed tomography (Davis et al. 2017) and
X-ray microtomography ((R. M. Dhenge et al. 2013), however, these are resource intensive,
and do not lend themselves to measuring a sufficient number of granules to a provide a

representative sample of the output material. El Hagrasy et al. (2013) used Geopyc to
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measure granule porosity which utilises a similar principle to that used in section 2 for
measuring the nuclei envelope volume thereby mitigating inter-granular voids, however, its

accuracy is limited to larger granules.

The effects of primary particle size on the porosity of granules resulting from TSG have
previously been studied (A. El Hagrasy, Hennenkamp, et al. 2013; Lute, Dhenge, and Salman
2018b), however, in those studies the different grades possessed considerably different
particle morphology as a result of their production processes —i.e. spray drying, granulated.
Thus, delineating the effect of primary particle size on porosity from the effect of primary
particle structure was not possible. In this study, the main components of all the grades
were crystalline a-lactose monohydrate and partially crystalline MCC fibrils, and therefore,

possessed the same intrinsic properties.
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Following nucleation, blend PSD was the most determinative factor for agglomerate porosity
(Figure 4.35). Agglomerates resulting from PSD-1 possessed the greatest porosity, as the
primary particles were least efficient at consolidating during nucleation. Nuclei composed
of PSD+1 had the lowest porosity, as a result of greater densification. This relationship is
common to HSM observations (S. M. lveson and Litster 1998b; M. B. Mackaplow, Rosen, and
Michaels 2000). A lower surface area enabled greater particle mobility and allowed PSD+1
particles to come into closer contact on account of fewer electrostatic and frictional forces
(S. M. lveson and Litster 1998b). In contrast, Fonteyne et al. (2014) reported that finer
grades of lactose resulted in granulated material of a higher density than coarse lactose
grades. However, in that study the density was measured from the entire GSD, rather than
individual sieve fractions as is the case in this study. Therefore, the density was more
reflective of particle packing of a broad multimodal size distribution than the particle packing
within individual granules. Under most nucleation conditions, the porosity of the nucleated
PSD-0.176 was more comparable to PSD-1 and significantly dissimilar to that of PSD+1.
Hence, this non-linear relationship between PSD and porosity manifested as the significance

of the PSD*PSD term in the porosity MLR model (Figure 4.35).

Increased TVF facilitated consolidation and caused nuclei porosity to generally decrease (R.
M. Dhenge et al. 2011; Dejan Djuric and Kleinebudde 2010). This was likely due to the
increasingly constrained conditions and increased particle collisions (Keleb et al. 2004a). This
response was dependent on PSD blend (TVF*PSD, p<0.05) as PSD-1 was most sensitive to
changes in TVF, accounting for approximately 10% decrease in porosity of the agglomerated
material. Conversely, varying TVF during nucleation of the PSD+1 blend yielded a negligible

change in nuclei porosity.
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Additionally, increasing LSR reduced porosity as the liquid layer increased the mobility of
particles and enhanced plasticity and malleability of agglomerates to further facilitate
densification, as previously reported (A. El Hagrasy, Hennenkamp, et al. 2013; lJiayu Li,
Pradhan, and Wassgren 2019; Lute, Dhenge, and Salman 2018b; Matsui et al. 2019; J. G.
Osorio et al. 2017; Pradhan et al. 2017; Sayin et al. 2015; Verstraeten et al. 2017; Jonathan
B. Wade, Martin, and Long 2015). Interestingly, increasing LSR reduced PSD-1’s sensitivity
to TVF from approximately 10% to ~4%, whereas, PSD+1’s response to TVF increased from
having a negligible effect to ~6%. Lute et al. (2018b) too, found the effect of particle

properties on porosity to diminish with increased LSR.

The PSD-1 nuclei produced at TVF-1 were noteworthy, as the porosity of much of the
agglomerated material did not substantially decrease below that of the original powder
blend. One possible explanation for this observation, is that even though the inter-
agglomerate voids decreased as a result of more efficient packing, the intra-agglomerate
pores may not have markedly decreased below that of the powder bed due to the presence

of cohesive particle structures during nucleation.
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Figure 4.35 MLR coefficients depicting the effect of each factor on the porosity of nuclei
following nucleation (left) and granules following granulation (right).
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Following granulation, the average porosity of worked material decreased from 68% to 47%
as a result of greater consolidation (Figure 4.36). Similar to nucleation, increased LSR, TVF
and PSD resulted in denser granules on account of the increased deformability (S. M. lveson
and Litster 1998b), consolidation, and shear (Dejan Djuric and Kleinebudde 2010). The
influence of PSD and TVF decreased as the shear forces became the primary driver for
densification. Additionally, the influence of PSD further diminished at high TVF, as did the

influence of LSR.

220



4. The Effects of Powder Properties and Channel Fill on Twin Screw Wet Granulation

TVF=0.2 TVF=0.5 TVF=0.8
70 70 70

60 60 60

50

LSR=0.15
Porosity, € (%)
e i
(=] (=]
Porosity, € (%)
=) i
(=] (=]
Porosity, € (%

40
30 30 30
— PSD-1;55=53rpm ——— PSD-1;$5=134 rpm ——— PSD-1; §5=598 rpm
— PSD-0.176;55=43rpm = PSD-0.176; 55=100 rpm ——— PSD-0.176; 55=516 rpm
o — PSD+1; $5=39 rpm 9g L= PSD+1;55=89 rpm 50 L———PSD+1;55=449 rpm
10 100 1000 10000 10 100 1000 10000 10 100 1000 10000
Particle size {(um) Particle size (um) Particle size (um)
70 70 70

60 60 60

30 30 30

LSR=0.18
Porosity, € (%)
I Ul
(=) (=)
Porosity, € (%)
e %3]
(=] (=]
Porosity, € (%)
I (%3]
(=) (=)

20 20 20
10 100 1000 10000 10 100 1000 10000 10 100 1000 10000

Particle size (um) Particle size (um) Particle size (um)
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4.4.6. Theophylline, THP, distribution

To evaluate the distribution of theophylline anhydrate, THP, the concentration in each
granule size fraction was measured via UV-vis absorbance. THP was chosen as it is
hydrophilic and has similar wettability to LAC (Kiesvaara, Yliruusi, and Ahomaki 1993;
Kiesvaara and Yliruusi 1993). Hence, inhomogeneity can be attributed to segregation via

physical properties as opposed to physicochemical properties.

To assess the overall granule inhomogeneity of each experimental condition, the demixing
potential (DP%) was calculated using Equation 4.16 (Thiel and Nguyen 1982). The DP%
specifies the coefficient of variation of THP in the different size fractions as a quantification

of the latent ability to segregate.
DP% = —- 21%0 (» — D)? Equation 4.16

Where p is the proportion of THP in size fraction of weight w, and p is the mean average
proportion of THP in all the size fraction i.e. 5% w/w. A higher DP% value indicates a less

homogenous THP distribution.

Granule uniformity has been the subject of many studies, with the vast majority pertaining
to HSM. From these, two mechanisms of segregation have become prevalent; Van den Dries
and Vromans (K. van den Dries and Vromans 2002) postulated that granule breakage
continually exposes new surfaces for coalescence to incorporate new particles. This dynamic
exchange of primary particles results in a more homogenous distribution. However, when
granule strength exceeds the shear forces, granules will not break, and the dynamic exchange
is minimal. Instead, strong granules grow predominantly via layering, whereby densification

causes liquid from voids to be squeezed to the surface for fresh particles to attach. It has
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been suggested that smaller particles have a higher affinity for layering than larger particles,
and hence, this preferential layering can cause granule inhomogeneity to arise from blends

with a broad and multimodal size distribution.

Figure 4.37 shows the concentration of THP in each sieve fraction following nucleation.
Segregation did occur as a function of particle size as significant discrepancies between the
blend concentration of THP and granule concentration were evident. As established in the
literature, small particles are more likely to nucleate into larger agglomerates than coarse
particles. Due to their smaller mass, fine particles require lower saturation levels to
successfully adhere than coarser particles. This is particularly important at the outer surface
of agglomerates where liquid saturation is low. Further, it has also been postulated that
finer particles can better access the binder liquid within surface pores, whereas asperities
geometrically restrict larger primary particles (Kaspar van den Dries and Vromans 2003).
Therefore, smaller particles are disproportionately represented in larger agglomerates. By
considering the THP size disparity in each of the blends (Figure 4.38) it becomes apparent
why the large agglomerates resulting from nucleation of PSD+1 were super-potent (>50
mg/g) and the non-wetted material was sub-potent (<50 mg/g) — the smaller THP particles
preferentially nucleated than the larger excipient particles. Conversely, the finer particles
of PSD-1 preferentially nucleated over THP particles to result in sub-potent agglomerates.
PSD-0.176 resulted in the least inhomogeneity, as indicated by the significance of the
PSD*PSD term (p<0.05). This was because PSD-0.176 had the least particle size disparity
with THP. However, PSD-0.176 still resulted in non-uniform THP distribution, attributable to
its broader PSD than THP’s narrow 75-125 um sieve fraction. Thus, the presence of finer

excipient primary particles skewed THP particles towards non-wetted material.
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Figure 4.37 THP concentration as a function of granule size following nucleation. The horizontal dashed line at 50 mg/g represents the nominal THP

concentration.



4. The Effects of Powder Properties and Channel Fill on Twin Screw Wet Granulation

THP 75-125um HPMC CCs
110
LAC-0.148 LAC+1

100 .
B—? MCC-0.275 MCC+1
— 90
m
j=x
= 80
k— I |
Z
g 70
=]
c
S &0
=
3
2 50
o]
T 40
[+8]
2
& 30
=
E 2
3
L]

10

0 22 =l

1 10 100 1000 1 10 100 1000 1 10 100 1000
Particle size {(um) Particle size (um) Particle size (um)

Figure 4.38 Particle size distribution of each ingredient in each blend measured via QICPIC;
PSD-1 (left), PSD-0.176 (centre) and PSD+1 (right).

From Figure 4.39 it can be seen that the DP% during nucleation was generally low (<14.33%)
due to the limited shear and time for segregation to occur. The immersion mechanism, by
which the powder was wetted, resulted in regions of high liquid saturation which nucleated
under limited shear forces within a matter of seconds. The high concentration of binder
liguid was enough to bind larger particles and mitigated much of the preferential
agglomeration of smaller particles. Work by Pradhan et al. (Pradhan et al. 2017), showed
very little breakage occurs within the channels of conveying elements in TSG. Therefore, the
little segregation that did occur during nucleation could not be offset by the dynamic particle

exchange that occurs during breakage and coalescence.

From the MLR model (Figure 4.40), both the LSR and TVF were significant factors and
inversely correlated to DP%. As it is believed that preferential particle adhesion is the
product of contact surfaces with low liquid concentration binding smaller particles but
incapable of binding larger particles, it stands to reason that increased LSR improved content

uniformity. Further, increasing TVF further reduced granule inhomogeneity as the powder
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matrix within the channels was more restricted in concentric movement and hence, the flux
of smaller particles contacting the outer region of the wetted area was reduced, limiting the

potential for preferential layering.
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Figure 4.39 Comparison of the effects of LSR, TVF and PSD on the demixing potential of THP
during nucleation (left) and granulation (right). MFR=0.18 kg-hrl. Mean #sd, n=3.

Following granulation, the DP% significantly increased up to 28.73% (Figure 4.39) despite the
mixing and distributive capability of the kneading block. The THP concentration in each sieve
fraction is shown in Figure 4.41, with greater divergence from the nominal concentration
than nucleation. The significant terms in the MLR model for DP% are the same as those
resulting from nucleation, albeit, the magnitude of each term is greater (Figure 4.40).
Additionally, the relationship between PSD and THP concentration is similar, in that PSD+1
resulted in large granules that were super-potent, and PSD-1 and PSD-0.176 resulted in sub-
potent large granules, although PSD-0.176 resulted in the lowest values of DP% (6.26-
14.43%). This is because the combination of the kneading block’s shear forces and retentive

flow capacity, promoted liquid distribution resulting in greater areas of low liquid saturation.
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Figure 4.40 MLR model coefficients for the demixing potential for nucleation (left) and
granulation (right). The statistically insignificant coefficients (p>0.05) are coloured red.

As discussed, areas of low liquid saturation disproportionately bind finer particles rather than
coarse particles, due to lower capillary force requirements. As a result, preferential layering
occurred to a greater extent during granulation than nucleation; the fine excipient particles
of PSD-1 and PSD-0.176 preferentially granulated into large granules, whereas THP particles

were disproportionately represented in large granules when included in the PSD+1 blend.

Although the PSD-1 and PSD+1 excipient blends had similar size disparity ratios with THP
particles (PSD-1/THP=0.38 and THP/PSD+1=0.36, respectively), PSD-1 resulted in greater
values of DP%. This was likely to be because as the size of the primary particles becomes
larger, then the effect of preferential layering diminishes as overall adherence becomes less
favourable. Additionally, the granules composed of PSD+1 were weaker and underwent
significant breakage (Kaspar van den Dries and Vromans 2003), resulting in the
aforementioned dynamic particle exchange as surfaces of higher liquid saturation were

exposed, further improving granule uniformity.
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This relationship between PSD and APl homogeneity conflicts with observations by Fonteyne
et al. (Fonteyne, Wickstrom, et al. 2014), whereby paracetamol was found in higher
concentration in larger granules irrespective of whether the coinciding lactose grade
consisted of smaller or larger particles. This is possibly due to paracetamol possessing
greater wetting properties than lactose monohydrate (Heng and Williams, 2006; Heng et al.

2006).

It is worth noting that, as Figure 4.38 suggests, THP is not the only ingredient to possess a
size disparity within the blend. Therefore, it is plausible that granule inhomogeneity not only
pertains to the API but other excipients, but unfortunately, this was not within the scope of

this current investigation. Although non-uniform excipient distribution is likely to effect
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Figure 4.42 Tabletability profiles comparing the effects of formulation PSD, TVF, and LSR

on tablet tensile strength. Refer to Figure 3.43 for direct comparison following 25+0.5 kN

compaction.
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granule properties, few studies have been performed to determine the possible influence on

the final dosage form, and therefore, if excipient inhomogeneity could be considered a CQA.

4.4.7. Tablet tensile strength

Following granulation, the granules within the 210-850 um sieve fractions were lubricated
with MgSt and compacted to produce 200+5 mg tablets. Fines and large granules were
excluded from tableting as their respective cohesive and bulky physical properties impeded
homogenous packing and die fill uniformity (Ewsuk 2001; Zakhvatayeva et al. 2018).
Additionally, sieving the GSD normalised the influence of MgSt, as fines are less sensitive to
lubrication than large granules on account of a larger surface area (Almaya and Aburub 2008;
Bos, Vromans, and Lerk 1991). MgSt’s physicochemical properties are known to disrupt
interparticle bonding (Cabiscol et al. 2018), facilitate elastic recovery (Zuurman, Van der

Voort Maarschalk, and Bolhuis 1999) and impede wetting (M. E. Johansson and Nicklasson
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Figure 4.43 Tensile strength of 20045 mg tablets following 25+0.5 kN compaction
produced from each TSG condition and formulation. Mean #sd, n=10.
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1986; Keleb et al. 2004b), resulting in weaker and less soluble tablets (Vromans et al. 1987;
Jennifer Wang, Wen, and Desai 2010). Further, normalising the GSD between the
experiments was important as granule size has been shown to directly influence tablet

performance (Sherif I.F. Badawy et al. 2012; Santl et al. 2012).

The tabletability plot in Figure 4.42 depicts tablet tensile strength as a function of increasing
compaction force. To compare the effects of granulation conditions on granule compaction,
the tensile strength was derived from the dimensions and hardness of 10 tablets produced
at 25+0.5 kN. The range of tensile strengths achieved within the design space was between
3.52 and 6.17 MPa (Figure 4.43). Although pharmacopeial standards for Tablet Breaking
Force set no limits for tensile strength (The United States Pharmacopeial Convention 2011a),
tablets should be sufficiently strong to maintain their dosage integrity during packaging,
transport and handling, for which friability testing is a more representative assessment. It
has been shown that tablet friability and tensile strength are closely correlated (Osei-Yeboah
and Sun 2015) and tablets with a tensile strength greater than 2 MPa exhibit friability weight

loss of less than 1% (Paul and Sun 2017). Hence, the physical robustness of all the tablets
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Figure 4.44 MLR coefficients for tablet tensile strength. Insignificant terms are coloured
red.
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produced was considered acceptable. Based on this, an operating range of 15 to 20 kN
compaction force within a design space would yield sufficiently strong tablets whilst

minimising energy wastage and wear & tear to the tablet press.

From the MLR (Figure 4.44), it is evident that primary particle size has the greatest influence
on tablet strength, followed by TVF and LSR. Tablet tensile strength was inversely influenced
by PSD, TVF and LSR, and directly correlated with granule porosity (R=0.848), as shown in
Figure 4.45. It is widely reported that more porous granules improve compactability, whilst
stronger granules compromise tablet tensile strength (Arndt et al. 2018; S. Badawy and
Hussain 2004; Sherif I. Farag Badawy et al. 2000; Horisawa, Danjo, and Sunada 2000; H. Liu
et al. 2017b; T. H. Nguyen, Morton, and Hapgood 2015; Nordstrom and Alderborn 2015;
Wikberg and Alderborn 1991). As discussed in section 4.4.5, granule densification increased
with LSR, due to greater granule deformability and lubricated particle mobility during HSM
(Sherif I.F. Badawy et al. 2012; Matsui et al. 2019; T. H. Nguyen, Morton, and Hapgood 2015;
Salman et al. 2007) and TSG (Robin Meier et al. 2017a; R. Meier et al. 2015). Contrary to
this, however, Liu et al. (H. Liu et al. 2017b) found increasing LSR during TSG to result in
stronger tablets. The authors suggested that the existence of high liquid bridges produced
more porous granules but this conflicts with the findings of this current study and others (A.
El Hagrasy, Hennenkamp, et al. 2013; Jiayu Li, Pradhan, and Wassgren 2019; Lute, Dhenge,
and Salman 2018a; Matsui et al. 2019; J. G. Osorio et al. 2017; Pradhan et al. 2017; Sayin et

al. 2015; Verstraeten et al. 2017; J. B. Wade, Martin, and Long 2015).
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In accordance with Dhenge et al. (2011), Liu et al. (2017b) and Lute et al. (2018b), greater
channel fill resulted in lower granule porosity on account of increased shear forces from
constrained conditions. Dhenge et al. (2010) showed that increasing the MFR, of a
formulation similar to this study, resulted in stronger granules. Similarly, increasing the shear
intensity by increasing the impeller speed (Sherif I.F. Badawy et al. 2012; Sherif |. Farag
Badawy, Gray, and Hussain 2006) and prolonging the wet massing time in HSM (Sherif I.F.
Badawy et al. 2012; Sherif I. Farag Badawy, Gray, and Hussain 2006; Sherif I. Farag Badawy
et al. 2000; T. H. Nguyen, Morton, and Hapgood 2015) or increasing the number of kneading
elements in TSG (Dejan Djuric and Kleinebudde 2008; Jurgen Vercruysse et al. 2012) resulted
in denser and stronger granules that hindered tablet strength. Yet, conflictingly, Thapa et
al. (2019) found that denser granules resulting from increased impeller speed and increased

wet massing time during HSM resulted in stronger tablets. Also, Lute et al. (2018a) reported

233



4. The Effects of Powder Properties and Channel Fill on Twin Screw Wet Granulation

barrel fill level during TSG had no significant impact on the tensile strength of granules

produced from LAC and MCC in contrast to this study.

The larger particles of PSD+1 resulted in less porous granules, as they were more mobile and
less hindered by cohesive forces acting across a smaller surface area, and so could
agglomerate more closely to produce denser granules and weaker tablets, as reported
following similar investigations (Sherif |. Farag Badawy et al. 2000; H. G. Kristensen, Holm,
and Schaefer 1985). Additionally, granules first fracture along the solid bridges resulting
from granulation, before the fragmentation of the original primary particles (Nordstrém and
Alderborn 2015). Hence, PSD-1 granules collapsed into a larger surface area for contact
bonding.  The relationship between surface area and tablet tensile strength is well
established in the literature (A. Adolfsson, Gustafsson, and Nystrom 1999). Yet, Lute et al.
(2018b) reported that the primary particle size of LAC and mannitol had little influence on
tablet strength as they both undergo extensive fragmentation. Further considerations
specific to the excipient material properties may have played a role on granule compaction.
MCC’s intrinsic porosity has been shown to diminish following wet granulation (Sherif |. Farag
Badawy, Gray, and Hussain 2006; Westermarck et al. 1999) and negatively impact tensile
strength (B. Johansson, Nicklasson, and Alderborn 1998; Staniforth et al. 1988; Sun 2008).
Balaxi et al. (2009) reported that MCC particles increased in plasticity during granulation in
the presence of higher liquid concentrations, resulting in less porous granules that resisted
deformation during tablet compaction. Also, Sun et al. (2008) and Badawy et al. (2006)
showed MCC increasingly loses its ability to deform once dried following wetting. These
effects are further compounded as MCC has a greater contribution to tablet tensile strength
than LAC (A. Adolfsson, Gustafsson, and Nystrém 1999; Cabiscol et al. 2018), and MCC'’s

binding functionality is derived from its ability to plastically deform and interlock particles.
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Furthermore, Horisawa et al. (2000) concluded that due to LAC’s propensity to undergo
brittle fracture, tablet tensile strength was largely unaffected by the porosity of lactose
granules. Although some studies have shown that MCC’s binding ability is unaffected by
primary particle size (A. Adolfsson, Gustafsson, and Nystrom 1999; Mckenna and Mccafferty
1982; 1982), it is likely that the plastic deformation of larger MCC particles was restricted and
limited as they were included in denser and stronger granules that were more resistant to

compaction.

As observed by Van den Ban and Goodwin (2017) following an in-depth analysis of the effects
of granule density on tablet properties following HSM, more porous granules produced less
porous and stronger tablets. Nordstrom et al. (2013) arrived at a similar conclusion,
following the tableting of high porosity pellets and low porosity pellets. Lee et al. (2013)
showed that granules produced via HSM were less porous and stronger than TSG granules,
resulting in a significantly lower tablet tensile strength. More porous granules resisted
compaction to a lesser extent to reveal a larger surface area for inter-particle bonding
(Nordstrom and Alderborn 2015). Dense granules with low porosity were more resistant to
compaction, hence weakening inter-particle bonds (van den Ban and Goodwin 2017).
Moreover, greater resistance to compaction limited deformation of binder particles,
resulting in less particle interlocking and further weakening tablets (Wikberg and Alderborn
1990b; Zuurman et al. 1994). Additionally, as more porous granules had a higher propensity
to fragment, they would more readily reveal clean surfaces not compromised by MgSt (M.
Eriksson and Alderborn 1995). Furthermore, Riepma et al. (1991) showed that dense and
intimate contact between particles, as was the case in the least porous granules, resisted

compaction as there was limited free volume for particles to deform or fragment into.
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As with granules, tablet strength is largely a function of porosity (Dejan Djuric and
Kleinebudde 2008; Riippi et al. 1998), and is plotted as a compactability profile (not shown).
Porosity depends on the area of intimate contact between particles and the attractive forces
over the entire contacting area (Esezobo and Pilpel 1976; Kurup and Pilpel 1977). These

attractive forces are exponentially dependent on distance. During tableting, the compaction
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Figure 4.46 An example profile of tablet thickness as a function of 25.4 kN compaction force
taken from experiment 12 (PSD-1, TVF=0.2, LSR=0.15). The ER% immediately post-
compaction is highlighted green.
force brings particles into closer proximity to one another, and the reduced distance
facilitates the creation and strength of intermolecular forces, mechanical interlocking and

solid bridges (Olsson and Nystrom 2001). The relationship between tablet porosity and

compaction pressure is known as the compressibility profile and can be presented graphically

(not shown).

Paradoxically, less porous granules resulted in more porous tablets, and vice versa. Elastic
recovery, ER%, following decompression was a prominent contributor to tablet porosity and
weaker tablets. Figure 4.46 shows a typical elastic recovery curve. ER% was the result of

excess compaction energy that did not contribute to particle fragmentation or plastic
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deformation, and thus was stored as elastic energy (A. Adolfsson and Nystrém 1996). As
denser granules were less likely to yield under compaction forces, a greater proportion of the
compaction energy was stored as elastic energy. As the compaction load was removed,
compressed powder particles and air pockets relaxed to occupy a greater volume and

increase porosity, subsequently weakening inter-particle bonds.
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Figure 4.47 Comparison of ER% for 20015 mg tablets compacted at 2511 kN resulting from
each granulation condition. Mean #sd, n=10.

The majority of ER% occurred immediately following decompression, however, further
relaxation occurred over the following 24 hours (Haware, Tho, and Bauer-Brandl 2010).
Studies by Kachrimanis and Malamataris (2004) and Haware et al. (2010) showed that
particle size of plastically deforming MCC to positively correlate with elastic recovery,
whereas the elastic recovery of a brittle excipient (calcium hydrogen phosphate dihydrate)
was independent of particle size. Hence, it is likely that the role of PSD on elastic recovery,
and its hinderance on tablet strength, was predominantly the product of MCC, rather than
LAC. The extent of ER% ranged from 9.3 to 16.2% (Figure 4.47) with greater ER% resulting

from denser granules and resulting in weaker tablets, and vice versa.
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4.4.8. Tablet content uniformity and dissolution

Pharmacopoeial chapters outline requirements for manufacturers to sample and assay at
least ten, and up to 30, individual dosage units from each batch (The United States
Pharmacopeial Convention 2011b). The acceptance value (AV) for the active ingredient,
calculated from Equation 4.17, must be within 15% of the claimed dosage and the range of
all dosage units must be within 25%. This corresponds to 8.5-11.5 mg and 7.5-12.5 mg of

THP, respectively.

=[M—-X]+k-sd Equation 4.17

Where M is the dosage claim, X is the mean dosage of the individual dosage units, k is the
acceptability constant - equal to 2.4 when the sample size is 10, and 2 when the sample size

is 30 - and sd is the sample standard deviation.
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Figure 4.48 Content uniformity of 20045 mg tablets produced under each TSG condition and formulation. The
dashed lines represent the acceptance limit (<15%) of the claimed dose (10 mg). Mean AV, n=10.
The assay showed all but one (Exp 12) of the experimental conditions to result in tablets
within the acceptance limit (Figure 4.48). This uniformity can be attributed to the exclusion

of fines and large granules that were most affected by inhomogeneous THP distribution, as

detailed in section 4.4.6. In a commercial manufacturing environment, excluding a
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substantial portion of granulated material only to be reworked would demonstrate an
inefficient and convoluted process.  Despite the potential advantages of continuous
granulation, traditional HSM would present a more feasible option unless the bimodal
granule size distribution is resolved into a more uniform composition that can be directly

tableted.

It should be noted that the acceptance value of experiment 12 (PSD-1, TVF=0.2, LSR=0.15)
exceeded the acceptance limit as four of the 10 assayed tablets possessed dosages below 8.5
mg. This can be attributed to the higher demixing potential of the conditions that

experiment 12 created.

Figure 4.49 presents the dissolution profiles resulting from every TSG experiment. The time
for 80% of the total THP to be released (tso) was used to compare the dissolution profiles of
tablets resulting from each experimental condition. Despite a hydrophilic formulation and
inclusion of a super-disintegrant (croscarmellose sodium), varying the LSR, TVF and PSD
within the design space resulted in tgo ranging from 5:14 to 17:26 mm:ss. These times are
well within the FDA’s Guidance for Industry, advising that 80% of highly soluble API
formulated into an immediate release dosage form dissolve within 60 minutes or less (Food

and Drug Administration 1997).

239



LSR=0.15
THP release (%)

LSR=0.18

4. The Effects of Powder Properties and Channel Fill on Twin Screw Wet Granulation

120

100

(0]
(=]

120

100

THP release (%)
= [=x) 0]
o o (=)

]
(=]

Figure 4.49 Comparison of THP release profiles during tablet dissolution in 37.5 °C purified water. Mean #sd, n=6.
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With that said, substantial differences in dissolution profiles manifest when varying
formulation PSD, TVF and LSR. These are highlighted by using a model independent
approach to compare dissolution profiles (Food and Drug Administration 1997; Stevens et al.

2015).

The difference factor, fi, calculates the percentage difference between curves at each time

point and is the measurement of the relative error between the two curves:

where n is the number of time points, A: is the dissolution value of experiment A at time t

and B is the dissolution value of experiment B at time t.

The similarity factor, f,, is a logarithmic reciprocal square root transformation of the sum of
squared error and is a measurement of the similarity in the percent (%) dissolution between

the two curves:
n -0.5
f, =50- {[1 + (1/n)2t=1(At — Bt)z] . 100} Equation 4.19

For curves to be considered sufficiently similar to support a SUPAC-IR application f; should
be close to zero and f; should be close to 100. Generally, f; values up to 15 and f, values

greater than 50 ensure equivalence of the two curves.

The f; and f; values were calculated for curves resulting from experimental conditions that
differ by a single factor and single level step change e.g. PSD-1 to PSD-0.176 or TVF=0.5 to
TVF=0.8. Of the 33 comparisons shown in Table 9, only 8 demonstrated equivalence as
defined by the aforementioned criteria. This demonstrates that each parameter can

introduce variability that is beyond what regulators consider acceptable. Further, this
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variability could be amplified for a less soluble drug of BCS class Il or IV and cause it to take

longer than 60 minutes for 80% of the dose to dissolve.

Table 9 Difference factor, f1, and similarity factor, f2, calculated from the dissolution
profiles for each single variable single level step change. Values coloured green, amber and
red indicate equivalence (f1<15, f,>50), borderline equivalence (15<f1<20, 45>f,>50) and
non-equivalence (f;>20, f,<45), respectively.

LSR=0.15 LSR=0.15 L5R=0.15 LSR=0.15 LSR=0.15 L5R=0.15
TVF=0.2 TVF=0.2 TVF=0.5 TVF=0.5 TVF=0.8 TVF=0.8
Step PSD-1 PSD-0.176 PSD-1 PSD-0.176 PSD-1 PSD-0.176
change |PSD-0.176 PSD+1 PSD-0.176 PSD+1 PSD-0.176 PSD+1
f1 60.8 24.1 33.8 42.9 14.0 32.9
2 32.5 47.3 45.9 37.4 56.6 42.0
LSR=0.18 LSR=0.18 LSR=0.18 LSR=0.18 LSR=0.18 LSR=0.18
TVF=0.2 TVF=0.2 TVF=0.5 TVF=0.5 TVF=0.8 TVF=0.8
Step PSD-1 P5D-0.176 PSD-1 PSD-0.176 PSD-1 PSD-0.176
change |PSD-0.176 PSD+1 PSD-0.176 PSD+1 PSD-0.176 PSD+1
f1 40.9 62.8 39.3 44.6 62.0 36.6
2 38.0 30.0 36.6 34.0 31.2 41.9
LSR=0.15 LSR=0.15 LSR=0.15 LSR=0.15 LSR=0.15 LSR=0.15
PSD-1 PSD-1 PSD-0.176 PSD-0.176 PSD+1 PSD+1
Step TVF=0.2 TVF=0.5 TVF=0.2 TVF=0.5 TVF=0.2 TVF=0.5
change |TVF=0.5 TVF=0.8 TVF=0.5 TVF=0.8 TVF=0.5 TVF=0.8
f1 66.3 19.9 20.1 18.4 22.4 12.2
2 32.9 45.5 49.2 51.8 42.5 57.1
LSR=0.18 LSR=0.18 LSR=0.18 LSR=0.18 LSR=0.18 LSR=0.18
PSD-1 PSD-1 PSD-0.176 PSD-0.176 PSD+1 PSD+1
Step TVF=0.2 TVF=0.5 TVF=0.2 TVF=0.5 TVF=0.2 TVF=0.5
change | TVF=0.5 TVF=0.8 TVF=0.5 TVF=0.8 TVF=0.5 TVF=0.8
f1 12.9 21.9 10.4 33.1 1.8 17.7
f2 57.7 44.4 59.7 40.0 83.7 54.2
TVF=0.2 TVF=0.2 TVF=0.2 TVF=0.5 TVF=0.5 TVF=0.5 TVF=0.8 |TVF=0.8 [TVF=0.8
PSD-1 PSD-0.176 |PSD+1 PSD-1 PSD-0.176 | PSD+1 PSD-1 PSD-0.176| PSD+1
Step LSR=0.15 |LSR=0.15 |[LSR=0.15 |LSR=0.15 |[LSR=0.15 |LSR=0.15 |LSR=0.15 |LSR=0.15 [LSR=0.15
change |LSR=0.18 |[LSR=0.18 |[LSR=0.18 |[LSR=0.18 |LSR=0.18 |[LSR=0.18 |[LSR=0.18 |LSR=0.18 |LSR=0.18
f1 54.0 35.1 51.7 11.8 23.8 26.1 4.2 37.5 40.4
2 34.7 39.0 31.5 60.3 44.4 41.6 55.8 38.2 39.4

The time for tablet dissolution was strongly positively correlated with tablet tensile strength

(Figure 4.50), and inversely correlated to granule porosity.

As the LSR, TVF and PSD

decreased, granule porosity increased to yield stronger tablets, and the time for THP release
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increased (Figure 4.51). It is widely accepted in the literature that stronger tablets prolong
disintegration and drug release (Kurup and Pilpel 1977; Riippi et al. 1998). The stronger
tablets possessed fewer and smaller pores (Esezobo and Pilpel 1976), and the reduced
distance between particles increased the attractive interfacial forces. Water was able to
permeate through the body of the weaker and more porous tablet microstructure more
efficiently to hydrate the croscarmellose particles in the bulk. The croscarmellose particles
rapidly swelled to rupture the tablet into fragments, increasing the available surface area for
dissolution, and in turn the rate of THP release. This correlation is consistent with the
hypothesis that granule porosity controls dissolution (Sherif I.F. Badawy et al. 2012),
however, contrastingly, Badawy et al. (2012) found that the porosity of granules resulting
from HSM was reflected in tablet porosity i.e. more porous granules resulted in more porous

tablets that exhibited faster dissolution, despite being weaker tablets.

Interestingly, as the TVF increased the effect of formulation PSD on dissolution decreased
(PSD*TVF, p<0.05). This may be a result of the greater consolidation at the higher channel
fill resulting in denser and less compactible granules, more porous tablets, and ultimately,

comparatively faster dissolution.
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4.4.9. Evaluation of TVF

As a potential scale-up option, channel fill can be kept constant whilst increasing the TSG
throughput by calculating and maintaining the TVF. To evaluate TVF as a dimensionless
parameter, the nucleation and granulation experiments were repeated two more times at
increased MFR for each TVF value. The SS necessary to maintain TVF was calculated using
Equation 4.4 and the process maps are displayed in Figure 4.53. For TVF=0.2 repetitions at
elevated MFR, the process conditions exceeded the design space (>600 rpm), therefore the
MFR was decreased to 0.5 kg.hrand only repeated once. All repetitions were performed
at LSR=0.18 only. The relative standard deviation, RSD (Equation 4.18), was calculated for
key granule and tablet properties: median granule diameter, dso; granulation yield i.e. 250-
810 um granule fraction; mean porosity of yield granules, &eq; tablet tensile strength
following compaction at 25 kN,; and time for tablet dissolution and 80% THP release,

THP80%.

Figures 4.54 and 4.55 compare the size distributions obtained at constant TVF. The GSD
profiles are comparable but do display differences that result in a dso RSD between 10.8 and
14.4% following nucleation, but this reduced to 8.3-12.5% following granulation. The dso
generally increased with higher throughput despite maintaining a constant TVF and LSR. This
can be attributed to greater shear forces promoting greater granule growth, as the number
of revolutions inflicted upon the material per residence time increased. The RSD for
granulation yield ranged from 6.2-17.1%, but there was no general trend with respect to
throughput. Figure 4.56 shows the porosity of the granules following granulation at a higher
throughput to be, overall, slightly less porous (RSD 6.7-14.8%) than their 0.8 kg/hr

counterpart.

246



4. The Effects of Powder Properties and Channel Fill on Twin Screw Wet Granulation

600 o
® ©=0.20 ¢ 15.5s,154.9%

500 | @@=0.50

53 ® ¢=0.80
o 400
g
w ‘I. .
2 300 3
& : ® 19s(83.6H# .-
2 25.65121.2¢ | .
5 200 1 #2535, 8054
wi . K '-'-.
100 A4S 1458 | @7°30.45,57.74
: .#739.65,54.8%
0 w53 4954
0 05 1 15 2 25
Material feed rate (kg/hr)
600
® (p=0.20 ,
500 | @=0.50 ® 16.85,144.34
z ©p=080 ® 13.6s,97.54
o 400 :
=
m .
g 300
@ 2165, 7544
5 200 g e
3 28.85, 107.6# @ 2195, 684
100 38.95,66.14 0" | @-30.85,57¢
T @760, 15, 444
o piiesstt
0 05 1 15 2 25
Material feed rate (kg/hr)
600
® ¢=0.20
500 |®=0.50 ; R
= ®¢-0.80 ® 185,134.9% # 13s,97.6#
=3 400 2
=
o 300
w0 1
2 #'1955,77.88 .
S 200 ¥ 30.9s,100.3%" .®21s,68.3¢#
100 (717561070 | @ pLAs 539

0 05 1 1.5 2 25
Material feed rate (kg/hr)

Figure 4.53 Process map to evaluate TVF (¢) for each formulation — PSD-1 (top), PSD-0.176 (middle) and PSD+1
(bottom) - and the various throughput conditions. Each operating condition is labelled with the MRT, followed

by the number of screw revolutions per MRT.
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These findings show that granule properties correlate with TVF, and concur with conclusions
drawn by Gorringe et al. (2017), that MFR and SS should not be considered in isolation, as it
is their combined effect that determine the barrel conditions that influence granule
properties. Gorringe et al. (2017) also observed that granule properties were more sensitive
to throughput changes at flooded conditions than at starved conditions. Similarly, in this
study, TVF=0.8 yielded greater RSD values than TVF=0.2. Curiously, flooded conditions at
TVF=0.8 were least sensitive to changes in formulation PSD but most sensitive to increased

throughput.

As can be seen from Figures 4.57 and 4.58, and with the exception of experiment 3 (LSR=0.18,
TVF=0.2 and PSD-1), the differences in granule properties did not result in a significant
difference in tablet performance; tablet tensile strength had low RSD values of 2.8-8.1%, and
80% THP release resulted in RSDs between 3.4 and 12.5%. The higher throughput conditions
did result in slightly weaker tablets and faster dissolution. Again, this can be attributed to
the greater shear forces contributing to granule consolidation and densification from the
greater number of screw revolutions per MRT, yielding denser granules that were less
compactable. From the smaller RSD values it appears that compaction reduced tablet
variability arising from granule variability. However, the tablets resulting from experiment
3 had markedly higher RSD values of 10.9% for tensile strength and 19.0% for THP release.
The reason for this is not clear as the RSD values for the median granule size and granule
porosity were relatively small when compared to the other experimental conditions. Despite
this anomaly, the tablet properties were still well within the range accepted for immediate-
release dosage forms. Hence, this study has shown that scaling up via increasing material
throughput whilst maintaining the channel fill level is potentially an effective method of

increasing production output.
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4.5. Conclusion

An in-depth analysis of the effects of powder properties and operating parameters on TSG
was conducted. Each of the variables studied proved to have a statistically significant, albeit
small, effect on tablet performance, as indicated by the multiple linear regression models;

<0.7 MPa on tablet tensile strength and <6 minutes on THP dissolution.

Likewise, the main effect coefficient for each variable was statistically significant for each of
the granule physical properties measured. The granule physical properties were found to
be proportionally influenced by the liquid concentration as an increase from LSR=0.15 to
LSR=0.18 (20%) caused the granule dso to increase by 26.6 £15.5% (mean tsd, n=9) and the
yield granule porosity to decrease by 7.1£3.4% (mean tsd, n=9). Whereas, drastically
increasing the channel fill from TVF=0.2 to TVF=0.8 (300%) caused the granule dso to increase
modestly by 24.3+14.3% (mean #sd, n=6) and granule porosity to decrease by 7.7+2.5%
(mean tsd, n=6). Likewise, increasing the primary particle size of the formulation by 204.2%
from PSD-1 to PSD+1 resulted in granule dso decreasing by only 23.2+11.4% (mean tsd, n=6)
and granule porosity decreased by 12.0+3.9% (mean sd, n=6). This shows that for this TSG
setup, wet granulation was particularly sensitive to LSR but comparatively insensitive to
barrel conditions and formulation changes. In the absence of dramatic process
perturbations, it is unlikely that channel fill and formulation PSD would vary to the extremes
of this study’s design space. Hence, this combination of the formulation and the TSG setup
used presents a forgiving process that can accommodate relatively large throughput and
excipient variability. This was evident from the TVF evaluation studies, whereby granule
properties were comparable despite scaling-up the output by 60-150%. Variance was

further decreased by compaction to yield immediate-release tablets acceptable by
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pharmacopeial standards with respect to content uniformity, tensile strength and drug
release. Only at the extreme edge of the design space (experiment 12: LSR=0.15, TVF=0.2,

PSD-1) did the production appear to falter with inadequate content uniformity.

However, in this study TSG was shown to be inefficient with maximum yields of only 57.4%
being considered suitable for tableting. Reviews by Thompson (2015) and Seem et al. (2015)
highlight the prevalence of broad bimodal granule size distribution throughout the literature,
emanating from inhomogeneous liquid distribution at moderate liquid concentrations.
Whilst, increasing TVF and PSD improved liquid distribution, at least 42.6% and up to 65.7%
of the granulated material was either under- or over-sized. Hence, current continuous
tableting lines, such as ConsiGma®, include a milling module to homogenous granule PSD.
This workaround is inelegant, negates advantageous aspects of continuous processing and

demonstrates a lack of control.
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This thesis has sought to shed further light on the consequences of excipient variability on
continuous wet granulation by artificially manipulating the physical properties of commonly

used excipient grades.

In chapter 3 it was observed that varying the particle size distribution and bulk properties of
a static powder bed composed of commonly used excipients had a drastic effect on powder
wetting, including droplet oscillation and energy dissipation, spreading, and penetration
time. Additionally, varying the excipients across the three pseudo grades resulted in the
formation of three distinct nuclei morphologies and was dependent on the powder bed's
ability to induce capillary action on the liquid at the surface of the powder bed and in the
powder bulk following imbibition. However, the limitations of making these observations in
vitro on a static powder bed became evident when equally significant effects on TSG
granulation did not manifest in chapter 4. Whilst capillary-driven wetting was the prominent
means of liquid distribution in a static powder bed, capillary action was not indicative of liquid
distribution within a dynamic twin-screw environment whereby liquid distribution is driven
by mechanical dispersion modulated by process parameters and screw configuration rather
than excipient properties. Further, the consolidation of the static powder bed did not
correspond to the constrained conditions of the barrel controlled via the TVF. Therefore,
the results of the drop penetration tests and conclusions drawn in chapter 3 are meaningful
only as far as characterising the powders themselves. The findings in chapter 4 pertaining
to TSG indicated that process parameters, rather than formulation parameters, were most

determinative. This can be explained by considering the concurrent mechanism during
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granulation and understanding that the drop penetration tests only simulated wetting and
nucleation. Granule growth, consolidation and breakage mechanisms were not explored in
chapter 3 but featured significantly in chapter 4 and were attributable to the compressive
and shear forces inflicted in the dynamic conditions in the barrel. Hence, the findings in
chapter 4 were not informed or explained by powder-orientated observations made in
chapter 3 and demonstrate the inability to extrapolate findings from the in vitro tests to TSG.
Therefore the null hypothesis was proven true, in that wetting and nucleation did not play a
more significant role in TSG than in HSM due to the shorter period for mechanical dispersion

to occur.

Based on the robust ability of TSG to yield similar granular output and adequately performing
tablets independently of the input materials tested in chapter 4, the particle size distributions
of LAC and MCC would not be considered critical material attributes in a comparable
formulation for a low dose product. Furthermore, attempts to mitigate excipient variability
by “doping” the majority formulation component with a minority component to manipulate

granule and tablet properties proved inconsequential.

A less forgiving formulation involving a high dose formulation comprised of a less wettable
and workable APl may form the basis of a more exploratory investigation, whereby the limits
of TSG can manifest. However, from this study and assuming a similar formulation, it can be
seen that manufacturers utilising a QbD framework could incorporate a broad excipient PSD
specification into the design space, and rationally utilise numerous suppliers rather than
being dependent on the sole vendor stipulated in the CTD submission.  Applying this
approach to assess and incorporate other material attributes has the potential to liberate

pharmaceutical supply chains and mitigate drug shortages.
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To-date no adequate method of producing a monomodal narrow granule size distribution via
TSG has been presented in the literature. The addition of a milling stage post-granulation
has been used in continuous lines (GEA-Siemens 2020) but does not present an elegant
solution. Broad and bimodal granule size distributions are the result of inhomogeneous
liquid distribution, for which the underlying cause is the liquid addition method. TSG's
dependence on immersion nucleation originates from the limited number of liquid inlets
introducing large droplets onto the powder mass and reliance on mechanical dispersion. A
TSG redesign involving a greater number of liquid inlets of narrower aperture arranged
radially around the barrel and screw shaft may result in a more even liquid distribution
method approaching the drop controlled spraying nucleation common to HSM. By
considering LSR, MRT, aperture diameter and geometric distribution of the liquid inlets, the
number of droplets introduced to a cross-section of powder mass as a function of time could

be calculated and may meaningfully relate to liquid distribution and GSD.

This study and the literature are unanimous in showing that LSR is the most critical process
parameter in TSG. LSR is a relatively easy parameter to control as it is a function of the
material feed rate via a loss-in-weight feeder and the liquid addition rate via a pump.
However, it is still worth considering the segregation process if perturbations in LSR were to
arise. In this study, the RTD of the material was extensively profiled as the tracer powder
traversed the barrel length. Yet, it is unknown if this correlates directly with the granulating

liquid and hence, profiling of a liquid tracer would be of value.

By incorporating the disparity between the experimentally determined mean residence time
and theoretical residence time into volumetric fill calculations, the channel fill level could be

estimated. Increasing throughput whilst maintaining granule properties was satisfactorily
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achieved, however, whether this is also the case in larger industrial units (16 mm and above),
where higher shear forces are achieved, and for less forgiving formulations is yet to be

determined.

In summary, an in-depth investigation of formulation and process parameters has been
conducted with a direct through line to the quality and performance of the end product.
However, seeking to evaluate the influence of excipient properties on TSG in vitro proved to
be arbitrary and of limited value. However, applying a QbD approach by following a DoE and
RSM enabled for a vast quantity of data to be gathered, which can further be utilised in the

development of computational modelling.
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